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Foreword
The 46th ICFA Advanced Beam Dynamics Workshop HB2010 took place from September 27 to October 1, 2010 in
Morschach, Switzerland. This fifth meeting in a series of workshops focusing on High Brightness, High Intensity
Hadron Beams was hosted by the Paul Scherrer Institute, PSI. The workshop venue was embedded in a beautiful
landscape 200 m above Lake Lucerne. The program of the last day was held at PSI including a visit to the accelerator
facilities.
The scientific program covered recent experimental and theoretical advances associated with high intensity and high
brightness hadron beams. The number of participants, 167, was larger than that of previous workshops and
demonstrating a rising interest in the field of high intensity facilities. On the first day a plenary program was presented,
including 8 invited talks. In the afternoon a poster session took place with 54 posters and intense discussions among the
participating scientists. In parallel a dedicated session was held on the fast advancing field of laser plasma acceleration
and applications of high intensity lasers in the field of accelerators in general. The three days, Tuesday to Thursday
were filled with presentations and discussions in the seven working groups. The program was organized in two parallel
sessions and 102 oral presentations were given in total.
The majority of the papers at HB2010 were devoted to beam dynamics problems in circular and linear accelerators and
simulation methods to treat such problems. However, technical themes such as accelerator system design, operational
aspects and beam instrumentation were discussed as well. A newly established working group on beam material
interaction covered aspects related to targets and collimators, such as particle transport calculations, energy deposition
and cooling, material activation and radiation damage.
It is the interaction of the experts in these quite different and specialized fields that makes the HB workshop series so
valuable for the development of high intensity hadron accelerators. Many open discussions in a pleasant environment
and in meeting rooms that matched the number of participants contributed to the success of the workshop. The
participants also enjoyed the little excursion to the mountain village Stoos, where the workshop dinner was held in a
rustic restaurant with traditional Swiss music and demonstrations of the famous alpine horns.
The workshop proceedings are provided electronically on the well established JACOW website for accelerator related
conferences. Selected papers are to be published in longer versions in a special edition of Physical Review Special
Topics - Accelerators and Beams with Andreas Adelmann, PSI, acting as the editor.
I would like to thank all participants for their excellent presentations, all conveners for setting up a well balanced and
interesting program, my colleagues of the organizing committee at PSI for investing a lot of work in the organization of
the workshop. I also thank the editors of the proceedings who carefully processed the majority of the papers already at
the workshop.
I am looking forward now to the next meeting in this series of workshops, which will be organized 2012 by the Institute
for High Energy Physics in Beijing.

Mike Seidel, Chair HB2010
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UTILIZATION
N OF ACC
CELERAT
TORS FOR
R TRANS
SMUTATIION AND
EN
NERGY PRODUCT
TION
R.. L. Sheffield
d, LANL, Lo
os Alamos, N
NM 87545, U
U.S.A.
A
Abstract
Given the increased
i
conccern over reliaable, emission
nffree power, nu
uclear power has
h experienceed a resurgence
oof interest. A sub-critical
s
accelerator driven
n system (ADS
S)
ccan drive sysstems that haave either saffety constraintts
((waste transmu
utation) or red
duced fissile co
ontent (thorium
m
rreactor). The goals of AD
DS are some or all of the
ffollowing: 1) to significanttly reduce thee generation or
o
iimpacts due to
o the minor acttinides on the packing
p
density
y
aand long-term
m radiotoxicity in the reposittory design, 2)
2
ppreserve/use th
he energy-rich
h component of
o used nucleaar
ffuel, and 3) red
duce proliferation risk.
ADS system
ms have been actively studied
d in Europe and
d
A
Asia over the past two decades and renewed interest is
i
ooccurring in the
t U.S. This talk will coveer some of the
hhistory, possib
ble applicablee fuel cycle scenarios, and
d
ggeneral issuess to be consid
dered in impleementing ADS
S
systems.

the radioaactive isotope.. The short-livved fission prooducts
can be sttored in man-m
made containeers until they safely
decay to low radiotooxicity levels. Long-lived fissile
isotopes llike Pu-239 andd U-235 can bbe stored with U
U-238
and Np-2237 for fabricaation into nucllear fuel at a future
date. The long-lived fisssion products can be vitrifieed and
buried.
Reposittory design iss significantlyy impacted bby the
radioactivve decay heat for at least 10,000 years. Long
term storaage is also lim
mited by contaainer failure annd the
potential spread of radiotoxic isotopes. Isootopic
contributiions to the deccay heat are shhown in Fig. 1.. Note
that Am-2241 is the maj
ajor source of decay heat at times
longer thaan the lifetime of engineered barriers.

INTROD
DUCTION
block to development of add
ditional nucleaar
A key roadb
ppower capacitty is the con
ncern over management
m
of
o
nnuclear waste. Nuclear wastee is predominaantly comprised
d
oof used fuel discharged
d
from
m operating nu
uclear reactorss.
W
Worldwide, more
m
than 250,,000 tons of spent
s
fuel from
m
rreactors currently operating
g will require disposal. The
ttoxicity of the spent fuel, mainly due to ion
nizing radiation
n,
w
will affect futu
ure generationss for long into the future. The
llarge quantity
y and its long-lived
l
to
oxicity presen
nt
significant chaallenges in wasste managemen
nt.
Nuclear fuel seems ideeally suited for recycling
g.
H
However, the low price for uranium oree over the lasst
des has madee the “once-tthrough” cycle
several decad
eeconomical. Under
U
any scen
nario, at some point in time a
ccombination of short-term
m and long-tterm geologic
rrepositories mu
ust be made av
vailable to receeive the reacto
or
w
waste.
Only a smalll fraction of th
he available energy in the fueel
iis extracted on
o a single paass and the majority
m
of the
““problem wasttes” could be burned in fastt reactors. Fasttrreactors have a hard neutron
n spectrum relaative to thermaal
rreactors. Most of the remain
ning wastes haave half-lives of
o
a few hundred
d years and can be safely stored in man
nm
made containm
ment structures (casks or gllass). The very
y
small amount of remaining
g long-lived waste
w
could be
safely stored in
n a small geologic repository
y. The problem
m
ffor the next 10
00 years is thaat a sufficient number of fasst
rreactors will not
n be built by
y industry to burn
b
their own
n
w
waste and the LWR
L
waste fro
om existing an
nd new reactorss.
So an interim solution is reequired to tran
nsition to a fasst
rreactor econom
my.
One interim
m solution is to
o dispose spen
nt fuel using a
ccombination of
o approaches depending on the lifetime of
o
Plenary

Figure 1: Dominant deccay heat contribbutors in spentt PWR
fuel irraddiated to 50 GWd/MTHM
M. [1] Goal is to
eliminate components of the nuclearr waste stream
m that
account fo
for the majorityy of the heat looad and toxicityy over
the 300 too 10,000 year ttime frame. Thhe isotopes circcled in
red are thhe major contrributors to thee decay heat iin this
time fram
me. If these isottopes are remooved then: thee solid
blue line sshows the decaay heat of the rremaining wastte; the
green dasshed line show
ws the time att which the suurface
temperatuure of the wasste container is below the bboiling
point of w
water; and the blue dashed liine gives the tiime at
which thee waste radiottoxicity is beloow Class C nuuclear
waste.

ACC
CELERATO
OR DRIVE
EN SYSTEM
MS
Accelerrator Driven S
Systems (ADS
S) operate in a subcritical reeactor mode. T
This mode offfers two signiificant
advantagees over criticaal reactors: greeater flexibilityy with
respect too fuel compoosition, and potentially enhhanced
safety. Acccelerator drivven systems aare ideally suitted to
burning fu
fuels which aree problematic from the standdpoint
of criticaal reactor operration, namelyy, fuels that w
would
degrade nneutronic charracteristics of the critical coore to

1
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uunacceptable levels due to sm
mall delayed neeutron fraction
ns
aand short neu
utron lifetimes, such as U-2
233 and mino
or
aactinide fuel. Additionally, ADS
A
allows th
he use of non
nffissile fuels (e..g. Th) withoutt the incorporaation of U or Pu
u
iinto fresh fuel. The enhanced
d safety of AD
DS is due to the
ffact that oncee the accelerattor is turned off,
o the system
m
shuts down. Iff the margin to
o critical is suffficiently largee,
rreactivity-indu
uced transients can never ressult in a superrccritical accideent with poten
ntially severe consequencess.
P
Power controll in accelerator-driven system
ms is achieved
d
tthrough the co
ontrol of the beam current, a feature which
h
ccan compensatte for reactivity
y loss due to fu
uel burn-up.

required. We have prooposed an appproach, sub-ccritical
minor acttinide burner, SMART, buillt on an Am bburner
approach,, shown in Fig.. 2.

Waste Transsmutation
To date no country emplo
oys a fuel cyclle that destroy
ys
tthe minor acttinides (MA) present in ussed LWR fuell.
W
Waste transmu
utation of thee minor actiniides requires a
significant num
mber of neutro
ons with energiies greater than
n
1 MeV. A fasst-neutron specctrum can be produced by a
hhigh-energy prroton beam geenerating spalllation neutronss.
T
These spallatio
on neutrons can
n then drive a subcritical core
tto transmute the minor acctinides. Unlik
ke critical fasst
rreactors which
h generally inccorporate uraniium or thorium
m
iin the fuel for safe operation, ADS can poteentially operate
oon a pure MA
A feed stream, meaning
m
a smaaller number of
o
A
ADS can be deployed
d
to bu
urn a fixed am
mount of mino
or
aactinides. ADS
S can recycle the
t MA multiple times until it
i
iis completely fissioned. Thee only actinidee waste stream
m
ffrom these sy
ystems would
d derive from the recycling
g
rresiduals, whicch could yield a significant reduction
r
(by a
ffactor of hund
dreds) in the amount
a
of actiinide waste peer
kkW-hr of elecctricity generatted, as compaared to a onceetthrough fuel cy
ycle. Because accelerator
a
driven systems do
o
nnot require fueels containing uranium or tho
orium, they are
m
more efficient at destroyin
ng MA wastee than criticaal
rreactors, based
d on grams of minor actinidees fissioned peer
M
MW-hr of enerrgy generated.
As indicated
d in the introdu
uction, transmu
uting one mino
or
aactinide in particular,
p
am
mericium, can
n significantly
y
ddecrease the amount
a
of deccay heat in a repository,
r
thu
us
ddecreasing thee overall costs. Transmuting the long-lived
d
A
Am isotopes to shorter-lived
d fission produ
ucts enables the
eend-products to
t be disposed in short-term
m repositoriess.
T
The Am feedsstock is assumeed to be from spent fuel thaat
hhas set for 50
5 years afterr removal from
m the reactorr.
A
Accelerator-drriven systems can probably
y operate on a
ppure Am feed
d stream in th
he equilibrium
m cycle. At 50
0
yyears, 97% off the Pu-241 has
h decayed to Am-241. The
rremaining un-d
decayed 3% off Pu-241 can be sent for long
gtterm storage with the other
o
Pu iso
otopes withou
ut
significantly impacting
i
the overall properties (internaal
hheating, neutro
on source, etc.)) of the stored material.
m
For examplee, the current US
U LWR fleet generates
g
abou
ut
3 MT/yr Am after 40 yrs cooling (~1 MT/yr after 7
yyears). Burnin
ng 3 MT/yr Am
m generates 8 GW of fission
n
hheat (about 3%
% of US nucleear fleet size).. After 40 yeaar
ccooling, three high-powered accelerators caan burn the Am
m
ggenerated by the current US
U fleet. If younger
y
fuel is
i
pprocessed then
n after 7 yeaar cooling onlly 1 system is
i

2

Figure 2: SMART suppports LWR ecoonomy and presserves
U, Pu, & Np as a futurre energy resoource. Generallly this
thermal ppower can be used to offsett the facility ccapital
and operaational costs. If the processs heat is useed for
unbuffereed electrical pproduction for the grid, theen the
required accelerator reliability w
would substanntially
increase accelerator coost. Efficient use of this eenergy
would bennefit from advvanced researcch based in bioomass
conversioon or H2 advancced cycles.
A facillity for transsmutation of waste wouldd also
generate substantial poower; the process heat couuld be
utilized too produce anotther form of ennergy (e.g. bioofuels)
or could be used to generate electrical power. The
expected cost of an acccelerator basedd transmuter system
comparedd to a reactor iss expected to bbe <30%. Undder the
worst casse scenario off not using thhe process heaat, the
incrementtal cost to the ppresent electriccal rate based oon the
additionall non-power prroduction transsmuter plants iis 2 to
5 percent not including reprocessing ccosts. Not inclluding
reprocessiing costs is faair if the fuel ccycle going foorward
will be a cclosed cycle annd reprocessingg will be an inhherent
feature.

Power P
Production
Many pproposed ADS
S concepts withh the goal of ppower
productionn [2] utilizee thorium-baased fuel to take
advantagee of some off Th benefits of greater nnatural
abundanc e (3-4 times g reater than uraanium), prolifeeration
resistancee, and signifficantly reducced productioon of
transuraniics that are a m
major source of radiotoxicitty and
decay heaat relative to urranium-based ffuel. Both liquiid and
solid fuell blankets havee been proposeed. An ADS ssystem
based onn Th fuel wouuld not requirre incorporation of
fissile maaterial into fressh fuel, and could operate aalmost
indefinite ly in a closed ffuel cycle.
A limiteed number of critical reactor concepts bassed on
thorium hhave been deesigned and operated (e.gg., the
Molten S
Salt Reactor aat ORNL, annd the Light Water
Breeder Reactor at S
Shippingport). Expanded uuse of
thorium-bbased fuels is aactively pursueed in some couuntries
with largee reserves of thhorium, princippally India, Noorway
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and China. These programs are investigating whether
ADS can speed up the deployment of the U-233/Th fuel
cycle by breeding U-233, which does not exist in nature.
A well designed accelerator-driven transmuter would
operate in a sub-critical mode, and with limited excess
reactivity such that the transmuter cannot reach criticality
under any design basis accident. [3] For this type of
transmuter, the fission rate is directly proportional to the
source neutron production rate. The flexibility enabled by
subcritical operation has several advantages:
» can drive systems with low fissile content (Th or
M.A.) or high burden of non-fissile materials,
» unlike critical reactors, can safely operate with
fuel having a relatively low delayed neutron fraction, and
» can compensate for large uncertainties in initial
reactivity or burnup reactivity swings by varying the
source rate, which for an accelerator driven system is
proportional to the beam current.

Process Heat Utilization
Converting the fission power into a useable energy
source is highly advantageous for transmuters to help
recover the facility capital and operating costs and
essential for a facility designed for power production.
One option is to sell the excess power to the grid. Based
on recent experience with superconducting accelerator
technology, the design of highly fault-tolerant
accelerators is a reasonable expectation. [4] Storing
power with the use of power storage devices could
provide the electricity to run through faults if they can
store enough electricity to enable providing steady power
to the grid through the longest of expected interruptions.
The practicality of running through the range of possible
interruptions requires a more detailed design effort.
Another option is to convert the power into another
energy form. Charles Forsberg has proposed that biomass
can be converted to greenhouse-gas-neutral liquid fuels.
[5] The conversion of biomass-to-liquid fuels is energy
intensive but the transmuter can produce the significant
amount of heat, electricity, and hydrogen required for the
processing of biomass-to-liquid fuels. The overall process
has a comparable efficiency to electrical production, but
the end result can be carried away in tankers. If the
accelerator operation is deemed too unreliable for the
electrical grid, then converting biomass into fuel for a netzero carbon-footprint would seem to be not only a good
option, but the preferred option.

ACCELERATOR TECHNOLOGY
Accelerator Design
Accelerator-based transmutation includes four major
technology elements: accelerators, transmuters, and
separations, fuels and waste forms, Shown in Fig. 3. This
paper only covers the accelerator systems.
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Figure 3: Major sub-systems of an ADS facility.
The power of the accelerator is determined by the
design of the subcritical multiplier. For example, for a
subcritical blanket fission power of 1 GW and with the
multiplier keff in a range of 0.95 to 0.98( keff gives the
neutron multiplication factor in a reactor; this factor is
keff/(1- keff)) will have a proton beam power ranging from
18 MW to 7 MW and a beam current swing of 12 mA to 5
mA, assuming a beam energy of 1.5 GeV. Either starting
out with a lower keff for safety or going to deeper burn
and resulting in a lower keff at cycle end, requires an
increase in the accelerator current to maintain a constant
neutron flux in the reactor. Given fixed beam energy, the
accelerator capital cost is determined in large part by the
average current. Designing an accelerator for a large
current swing requires a very high beam current that is
used for only part of the transmutation cycle resulting in
cost inefficiency.
This application is best served by a continuous wave
machine, either linac or cyclotron. Cyclotrons could
potentially deliver up to 10 MW of beam power (10 mA
at 1000 MeV). Linacs are limited to about 100 mA per
front end system, with funneling used to double the
current. Either type could serve to drive a subcritical
transmuter.
Since this transmuter system will be a production
system, a factor of 1.5 to 2 overhead margin is typically
built into the performance specification to assure high
operational reliability and long life. Based on present
research, the maximum operational currents are 5 to 8 mA
for cyclotrons and 50 to 75 mA for linacs. We are looking
at accelerator systems that could drive several GW
thermal power plants and have currents up to 40 mA. The
accelerator technology covered in this article will be
limited to linac systems.
Economy of scale generally favors going to the highest
average power from a single accelerator. Note that the
beam may impinge on a single target in a core, be split
into separate targets in a single core, or be directed to
multiple cores. With the consideration of multiple targets,
multiple accelerators may provide system redundancy and
improved reliability, but at added cost. Beam parameters
consistent with the above operating numbers were
demonstrated to be feasible under the Accelerator
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Production of Tritium (APT) [6] program, as shown in
Fig. 4.
The linac requirements follow from other sub-system
requirements, but more thorough studies are required to
determine the full sets of requirements. For example,
beam interrupts longer than 1 second might negatively
impact the subcritical multiplier. The engineering
challenges need to be fully scoped out for the safe,
controlled coupling of an accelerator to a subcritical
reactor through a spallation target. System control and
safe operation will demand the understanding and
resolution of the potentially complex behavior of this
coupled accelerator/target/reactor system.
350 MHz
spoke
RFQ cavities

6.7 MeV

700 MHz
5-cell
elliptical

130 MeV

250 MeV

700 MHz
5-cell
elliptical

700 MHz
5-cell
elliptical

580 MeV

1500 MeV
50mA

Figure 4: The accelerator preliminary design is based on
the technologies developed for the APT program. The
superconducting linac reduces cost and improves
performance and reliability (i.e. beam continuity).
A superconducting-radiofrequency (SCRF) linac is
typically chosen for the linac because, compared to linacs
using traditional room-temperature (RT) copper
technology, SCRF linacs are more power efficient and
expected to have higher reliability. The SCRF linac will
employ independently controlled RF modules with
redundancy, allowing the less than 300 ms adjustment of
RF phases and amplitudes of RF modules to compensate
for faults of individual cavities, klystrons, or focusing
magnets. The SCRF cavities will have larger bore radius
that relaxes alignment and steering tolerances, as well as
reducing beam loss.
Alternative approaches to high proton beam power
include synchrotron technology, which has the capability
of achieving powers in excess of 1 MW, but is limited to
pulsed operation at relatively low duty factor, and FixedField Alternating Gradient (FFAG) accelerators that are
actively studied at laboratories throughout the world.
Synchrotrons and FFAGs have some similar intrinsic
features, but the repetition rate for FFAGs can be much
higher (albeit without the capability for true CW
operation). While promising, FFAGs have yet to
demonstrate high beam-power capability.

Accelerator Issues
The major ADS related issues are:
» Multiplying assembly design
o Neutronics analysis
o Thermal-hydraulic analysis
o Safety analysis
o Fuels
o Structural materials
» Coolant technologies (i.e. - lead-bismuth-eutectic, etc. )
4

o Corrosion studies / oxygen control
o Erosion studies
o Safety assessment / polonium release
» Spallation target technologies
o Window vs. windowless targets
o Target material and coolant options beyond LBE
» Accelerator systems
o Effect of transients on materials
o Effect of transients on fuels
o Quality of electrical power delivered to the grid
o Periodic maintenance
o High-power accelerator design
o Reliability-Availability-MaintainabilityInspectability (RAMI) assessments
This paper only covers the accelerator beam trip
requirements that follow from thermo-mechanical
considerations of transients on the spallation target and
subcritical assembly and, for power production
applications, reliable electrical power delivery to the grid.
The maximum number of allowed beam trips of a given
duration depends on the design details, including the
coolant parameters and characteristics, the coolant system
design, the materials used, and the average power
densities in the different ADS components.
In the last several years, more thorough and detailed
beam trip requirement analyses have been performed
based on transient analyses of ADS reactor system
components. Three analyses in particular show reasonable
agreement on the transient response and resulting beam
trip requirements. A JAEA study [7] considered an 800
MWth subcritical reactor driven by a 30 MW proton
beam. The analysis considered thermal shock and cycling
on the beam window, reactor vessel, inner barrel and
turbine system. The resulting beam trip rate limits are
25,000/yr for short beam interruptions (< 5 sec), 2500/yr
for interruptions greater than 5 and less than 10 seconds,
250 per year for interruptions greater than 10 seconds and
less than 5 minutes, and 50/year for interruptions greater
than 5 minutes. A recent MYRRHA study [8] found
similar results, yielding beam trip limits of 2500 trips/year
for interruptions greater than 1 second and less than 10
seconds, 2500 trips/year for interruptions between 10
seconds and 5 minutes, and less than 25/year for
interruptions greater than 5 minutes. These results include
a factor of 10 safety margin. A U.S. study performed in
2001 [10] yielded beam trip limits of 1000 trips/year for
interruptions longer than 0.3 sec but shorter than 100 sec,
and 30 trips/year for interruptions longer than 100
seconds. It is worth emphasizing that these beam trip
limits, derived from transient analyses of subcritical
reactor components, are two orders of magnitude less
stringent than typical values published previously [9]. For
power generation applications, the beam trip rate
requirements are more stringent, limited to only a few
long unscheduled interruptions per year in order to meet
reliability requirements set by the demands of commercial
power production.
Additional safety-related requirements include safetyclass beam shutdown capability, limitations on maximum
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bbeam current//power, rate of
o change of beam currentt,
aautomatic closed-loop conttrol of the cu
urrent and the
ccapability of controlled
c
ram
mping up (or do
own) the beam
m
ppower over secconds to minuttes.
The ADS application haas more strin
ngent trip rate
rrequirements than the hisstorical high power proton
n
aaccelerator ex
xperience basse. However, it should be
eemphasized th
hat present high
h power acceleerators were no
ot
ddesigned with a low trip ratte requirementt. In particularr,
aaccelerator faccilities to servee a scientific research function
n
ddo not typically invest in redundant hardwaare systems thaat
w
would be reequired to acchieve the high
h
reliability
y
pperformance expected
e
for an
n industrial-scaale installation
n.
N
Nevertheless, experience at
a these facillities providees
iimportant gu
uidance on the systems that require
iimprovement in
i future ADS applications. Beam
B
trip ratees
ffor the present operating hig
gh power proton acceleratorrs
((LANSCE, SN
NS, ISIS and PSI)
P
are shown
n in Fig. 5 [10]].
T
Total annual trrip counts of order
o
104 are typical,
t
most of
o
w
which last leess than onee minute. Preesent day trip
p
ffrequencies wiith outages lesss than about 10 minutes are
aapproaching reecent ADS req
quirements. Bu
ut factors of 10
0
tto 100 reductio
ons in the freq
quency of longer interruption
ns
aare needed to meet
m the latest ADS requirem
ments.

F
Figure 5: Beam
m trip frequen
ncy for operatiing high-poweer
pproton acceleraators [10].
Detailed reliiability analysees utilizing mo
odern reliability
y
eengineering ap
pproaches hav
ve been perforrmed [11]. The
rresult of these studies suggesst that reliabiliity goals can be
m
met with appro
opriately choseen redundancy, with adequate
eengineering margin,
m
and witth the incorpo
oration of rapid
d
ffault-recovery algorithms made possiible with an
n
iindependently--phased supercconducting linaac architecturee.
T
The supercond
ducting linac ap
pproach to production of high
h
ppower beams has an inh
herent operatio
onal reliability
y
aadvantage. Acceleration
A
is provided
d by many
y
iindependently--powered caviities, each of which
w
providees
oonly a small frraction of the total beam pow
wer. Failure of a
single cavity (including
(
its RF
R drive comp
ponents) can be
qquickly “tuned
d around” by bringing on-liine spares into
o
ooperation (or adjusting
a
alreaady operating cavities),
c
as haas
bbeen demonstrrated in practicce in routine operation
o
of the
SNS [12]. Thee technique for SC cavity faault recovery at
a
SNS is amenaable to rapid (<
< 1 sec) implementation with
h
specially desig
gned control sy
ystems.
Extremely high-reliability
h
y has been ach
hieved in large
aaccelerator sysstems. The Eurropean Synchro
otron Radiation
n
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Facility rroutinely achieeves Mean-Tim
me-Between-F
Failure
of many days, and hass recently opeerated for an entire
month wit
ithout a beam ttrip. The Advaanced Photon S
Source
completedd 2009 with 633 beam trips reccorded that yeaar.
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OVERVIEW OF HIGH INTENSITY ACCELERATOR PROJECTS
C.R. Prior, STFC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, U.K.

Abstract
This review covers high intensity hadron accelerator projects worldwide, ranging over spallation neutron
sources, radioactive ion beams, accelerator driven systems
and machines for particle physics, including both existing
and proposed facilities. The aim is to compare requirements, explore parameter ranges, identify areas of commonality and highlight how experience in one project can
be used to address challenges in others.

INTRODUCTION
The earlier series of ICFA mini-workshops were guided
principally by studies of spallation neutron sources and
high power proton accelerators. They led to the larger,
more formal, HB workshops where the emphasis has considerably widened the spectrum of analysis and application. Different applications impose different requirements
in terms of average power and beam energy. These are
summarised in Table 1 and show how preferred parameters
range from relatively low energy (MeV level), high power,
irradiation and ADSR facilities to what might be termed intermediate energies (a few GeV) with slightly lower power
(1-5 MW) for spallation sources, and the higher energies
(perhaps as high as the 150 GeV of the Fermilab main injector) for particle physics purposes. Individual projects
might be arranged into categories as follows:
• Multi-purpose facilities: LANSCE (US), J-PARC
(Japan), PEFP (Korea), FAIR (GSI)
• Spallation neutron sources: SINQ@PSI (Switzerland), ISIS (UK), SNS (US), CSNS (China), ESS
(Sweden)
• Radioactive ion beams (RIB): FRIB (US), EURISOL (Europe), RIKEN (Japan), SPIRAL2
(France), SPES (Italy), SARAF (Israel) .
• Secondary beams (Neutrino/muon factories):
Linac4+SPL (CERN), Project-X (US), IDS-NF
• Irradiation facilities: IFMIF (Europe/US/Japan) +
prototype EVEDA (CEA)
• Accelerator Driven Systems (ADS): EUROTRANS
(Europe), TRASCO (Italy), ADS (China), MYRRHA
(Belgium), ThorEA (UK)
These are plotted on a conventional “Energy Frontier” diagram, indicting how current and energy are balanced to
achieve beam power, in Figure 1.
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Figure 1: Beam Power Frontier: operating facilities in
green, those under construction and upgrades in blue, and
proposed new facilities in red.

SPALLATION NEUTRON SOURCES
The SINQ spallation neutron source at the Paul Scherrer Institute in Switzerland stands out not only because it is
the current leader in terms of beam power but because it is
the only spallation facility that operates CW and uses cyclotrons. An 870 keV Cockcroft Walton injector provides
protons to a 72 MeV injector cyclotron which in turn feeds
a main ring cyclotron taking the beam to 590 MeV. A separate beam line from the injector is used to send <
∼ 100 μA to
an isotope production facility. The ring cyclotron (Fig. 2) is
optimised for high intensity and delivers 2.2 mA of current
(1.3 MW) to a spallation neutron production target. Considerable efforts have been made in recent years to improve
reliability to above 90% and reduce beam loss to the 10 −4
level. A new beam intensity record was achieved in 2009
with stable operation at 2.3 mA for several hours [1]. An
upgrade programme to 1.8 MW is being implemented with
the installation of new resonators in the injector cyclotron
and a new 10th harmonic buncher. Completion is planned
for 2013. There is great confidence at PSI that the cyclotron
concept now represents a viable option for generating high
power beams for other applications, including accelerator
driven systems (ADS), where very high reliability is in demand.
The new generation of spallation neutron facilities is led
by SNS and J-PARC. In contrast to the CW operation of
SINQ, SNS at Oak Ridge, Tennessee, is the world’s most
powerful pulsed neutron facility [2]. Based on a 1 GeV
Plenary
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Table 1: Relative Power and Energy Requirements
Application
Condensed matter studies
Materials irradiation
Secondary beams, particle physics
RIBS for nuclear & astrophysics
Sub-critical reactors for energy generation
and transmutation

Note
Spallation sources
Neutrons with stripping reaction
Muons, neutrino production
with neutrons
MYRRHA demonstrator; thorium cycle

Figure 2: The SINQ sector cyclotron at PSI.
H− linac and an accumulator ring, SNS began operation in
2006 and now routinely delivers 1 MW of beam power to a
mercury target for as much as 5000 hrs per year with 85%
availability. 13 neutron scattering instruments are provided
for users. Several important principles are incorporated
into the design, of which many are accepted features of
high power proton drivers:
• A front-end comprising an H − ion source with an RFQ
and a fast beam chopper;
• A 400 MHz normal conducting linac to 186 MeV followed by a superconducting linac at twice the rf frequency;
• Charge exchange injection into an accumulator ring
via a carbon stripping foil;
• A complex chicane in the injection line providing horizontal and vertical orbit bumps for transverse distribution painting;
• Operation with uncontrolled beam losses limited to an
average of 1 W/m.
At 260 m in length, the SNS linac provides 1 ms, 1 GeV
H− pulses that are converted to protons at entry to the accumulator ring. 1.5 × 10 14 protons are accumulated over
1060 injection turns and compressed to 700 ns, whereupon
the beam is ejected to the target at a 60 Hz repetition rate.
Chopping creates gaps in the linac bunch train that allow
for low loss injection into the ring. The idea is to concentrate unavoidable beam loss in regions where it can be
properly handled so as to minimise loss in other areas and
as far as possible allow hands-on maintenance.
Plenary

Power
∼1-5 MW
2 × 5 MW
4 MW
4 MW
5-10 MW

Energy
∼1-3 GeV
40 MeV
5-15 GeV
∼1 GeV
0.6-1 GeV

Plans are in place to increase the SNS beam power and
availability to its design values of 1.4 MW and 90% over
the next two years. The number of instruments is also being
increased to 16. Two upgrade projects are in the planning
stage. The first is to raise the beam power to 3 MW by increasing the beam energy to 1.3 GeV and the beam current
by 60% to 2.3 mA. The second is to add a long pulse target
station (for which no accumulation is needed) operating at
20 Hz with pulses interleaved with the current short pulse
facility, which would then operate at 40 Hz.
A high power spallation source is also in operation at
the J-PARC facility in Japan, where neutron production
is combined with materials and life sciences facilities, a
hadron experimental unit and provision for neutrino beams
to the Kamioka detector. In contrast to the SNS, J-PARC
uses a lower energy linac to accumulate beam in a rapid cycling synchrotron (RCS) which then accelerates the beam
to its final energy for spallation or passes beam to a second synchrotron (the main ring, MR) for high energy experiments. In Phase 1 of the construction programme, a
181 MeV linac was brought into operation with a peak current of 30 mA. After charge exchange injection and accumulation, 0.6 MW of beam power at 25 Hz is provided at
the spallation target by the 3 GeV RCS. Once every three
seconds a pulse is sent to the MR synchrotron. Following commissioning in 2008, the main ring has been operating at 30 GeV, though the eventual goal is to supply 15 μA
of beam current at 50 GeV (0.75 MW) to the hadron and
neutrino facilities. Phase 2 is about to commence and new
annular coupled accelerating structures will be added to the
linac extending its range to 400 MeV. Further plans will add
a 400-600 MeV superconducting section to the linac so that
the facility can cover nuclear waste transmutation.
In Europe, study of the European Spallation Source
(ESS) actually pre-dated SNS and to some extent set
benchmarks for the final SNS design. Unfortunately, ESS
failed to secure funding in its original form as a combined short+long pulse facility. The past two years have
however seen rapid developments with the formation of a
collaboration of European countries dedicated to the construction of a long pulse facility at Lund in Sweden. In
long pulse operation, a linac drives the beam straight into
the target; accumulation is unnecessary so a proton, rather
than H− , ion source can be used and there is more flexibility in choice of linac current and energy. The proposed design [3] comprises a 2.5 GeV linac operating at
7
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20 Hz and delivering 60 mA of proton beam in 2 ms pulses
to a neutron production target at an average beam power
of 5 MW. The linac architecture is shown in Fig. 3 and
the aim is for reliability >
∼95%. Expected construction

Figure 3: Schematic layout of the proposed ESS linac.
will be during the period 2013-18 with first neutrons due
in 2018-19. To date, prototyping has included fabrication and successful testing of two half wave resonators at
325 MHz (β = 0.17, β = 0.31) and two spoke resonators
at 325 MHz (β = 0.15, β = 0.35). The cost of the facility
is expected to be ∼e1.5 bn, which includes 22 instruments,
plus annual operating costs of about e90 m. An upgrade to
7.5 MW will be achieved via progressive increases in ion
source current to 75 mA, then 90 mA, and a second target
station may later be built with an interleaved 40 Hz mode
of operation.
A further spallation facility, due to start construction
shortly, is the Chinese Spallation Neutron Source, CSNS,
at Dongguan in southern China. This is a relatively low
power facility, aiming for 100 kW in Phase 1, doubling
to 200 kW in Phase 2. The accelerator is based on an
H− Penning source, a 3 MeV RFQ and a drift tube linac
(DTL) providing, first 62.5 μA at 80 MeV, and later 125 μA
at 132 MeV, to a 1.6 GeV rapid cycling synchrotron operating at 25 Hz. The RFQ has been developed from an earlier
ADS study, and use is made of J-PARC rf technology.
The oldest serving of all dedicated spallation sources is
ISIS at the Rutherford Appleton Laboratory in the UK. After operating for many years at a beam power of 160 kW
(200 μA at 50 Hz, 800 MeV), recent developments have
seen injector upgrades with installation of an RFQ and incorporation of a dual harmonic rf system to increase the accumulated current in the synchrotron. The increased beam
power is linked to operation of an additional, newly constructed, 40 kW, 10 Hz target station. A long-term phased
upgrade path is also under study [4] and will see a new
H− linac injecting beam at a higher energy (150-180 MeV)
into the ring. Prototyping includes construction and testing
of the Front-End Test Stand (FETS) – with high current,
long life, ion source development, RFQ design and optimisation of a novel idea for a fast beam chopper. The second
upgrade phase will involve construction of a new 3.2 GeV
synchrotron, taking the beam directly from the original ring
and raising beam power to the megawatt level. At a later
stage, the old ISIS will be replaced by a new 800 MeV
H− linac at higher current, injecting via charge exchange
directly into the 3.2 GeV ring. Theoretical studies suggest
that 4-5 MW could be possible.

MULTI-PURPOSE FACILITIES
At CERN the present intent is to secure the success of
the Large Hadron Collider (LHC) through upgrades to the
8

injector complex. In addition to standard maintenance, upgrades and replacement of component parts, the first major stage is the construction of a new linac, Linac4, to inject into the PS-Booster. Linac4 is an H − accelerator, with
RFQ, chopper, DTL and CCTDL to 102 MeV followed by
a π-mode structure to 160 MeV, at an average current of
40 mA [5]. The PS-Booster is being adapted for chargeexchange injection, allowing the accumulation of higher
intensities in the rings. Ground breaking took place in
September 2008 and the tunnel and surface buildings were
delivered in September 2010, exactly two years after commencement.

Figure 4: CERN PS and PS-Booster with Linac4 and SPL.
The siting and orientation of Linac4 (Fig. 4) allow for
development into the proposed 4-5 GeV Superconducting
Proton Linac (SPL), which would eventually inject into
a 50 GeV replacement synchrotron for the PS, referred to
as PS2. In low-power mode, applications would include
ISOLDE and EURISOL (q.v.) as well as neutrino physics.
A later configuration for high power could provide a multimegawatt proton facility for future physics needs such as
beta-beams, neutrino superbeams and a neutrino factory.
With operation of the Tevatron inexorably drawing to
a close, there are proposals at Fermilab for a high power
proton facility to support a programme of neutrino and
flavour physics over the next two decades, with an eventual upgrade path to a muon collider, possibly by way of
a neutrino factory. Provisionally named Project-X [6], the
multi-megawatt proton source will support the Long Baseline Neutrino Experiment (LBNE) for which a new beam
line will be constructed to DUSEL in Lead, South Dakota;
there will also be provision for a broad suite of rare decay
experiments.
The idea deemed most flexible for Project-X is based
around a 3 GeV, 1 mA CW superconducting linac. While
most of the beam will be directed to nuclear, kaon and
muon experiments, about 10% will be accelerated in either a superconducting RF pulsed linac (5% duty cycle) or
a 10 Hz RCS, for injection to the existing Recycler/Main
injector for multi-megawatt beams at 60-120 GeV (Fig. 5).
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The RCS is not favoured because of its limited upgrade
potential, and current work is concentrated on the pulsed
linac, for which parameters are 1.3 GHz, 25 MV/m, ≤5%
duty cycle, 1-30 ms pulse duration. For the muon collider and neutrino factory, new accumulator and compressor rings will be needed, with delay lines and funnelling
to combine the beam into a limited number of highly compressed bunches (maximum three) on a pion production target.

Figure 6: Prototype CH-mode structure for the FAIR proton injector linac.

Figure 5: Preferred configuration of the multi-megawatt
proton facility Project-X at Fermilab.
For nuclear and hadron research, infra-structure is being
provided in the form of FAIR, the Facility for Antiproton and Ion Research under construction at GSI in Germany. The accelerator complex will provide high intensity
beams ranging from antiprotons to uranium ions. The main
driver is the 100 Tm SIS100 synchrotron, which will accelerate and deliver ions and protons to converter-targets for
radioactive ion beam and antiproton production, to fixed
targets, or to a second synchrotron, the SIS300, for acceleration to higher energies. New dedicated storage rings
will be provided for in-ring experiments with pre-cooled
beams. While existing machines - the UNILAC linear accelerator and the SIS18 ring - will serve as injectors for
FAIR, of interest is a new dedicated proton linac, required
for the production of the high intensity antiproton beams.
This linac will provide 70 MeV, 70 mA protons with 36 μs
pulse length at a repetition rate of 4 Hz, and will be the first
linac based on coupled H-mode cavities combined with the
KONUS beam dynamics. A prototype is shown in Figure 6.

RADIOACTIVE ION BEAM FACILITIES
As FAIR suggests, an interesting and active area of research lies in the development of radioactive ion beams to
explore exotic regions of the nuclear chart and push towards the limits of nuclei stability. The RIBs are generated using high power, relatively low energy hadron beams.
Two approaches are being developed. In the first RIBs
are produced by the fragmentation of projectiles using a
thin target. The radioactive nuclei created are separated
in flight, producing a high energy beam with potential for
good selectivity although the intensity is low. By contrast,
Plenary

the ISOL method (Isotope Separation On-line), produces
RIBs by spallation, fission or fragmentation reactions with
a thick target. The products of the reaction diffuse out
of the target, are ionised, separated on-line and then reaccelerated. The resulting secondary beams are very intense, but in this case short-lived nuclei are not reachable.
In Europe the decision of the ESFRI committee has been
to focus RIB development on SPIRAL2, currently under
construction at GANIL in France. The design uses a high
power CW superconducting linac to deliver 5 mA deuteron
beams at 40 MeV and heavy ion beams up to 14.5 MeV/u
(1 mA). The linac has two families of quarter-wave resonators (see Fig. 7) Most of the cavities have been delivered and tested and installation of the cryo-modules is underway. Commissioning should start in mid-2011 [7].

Figure 7: Layout of the SPIRAL2 RIB Facility.
SPIRAL2 is developing a completely new generation of
hadron accelerators and will allow constraints imposed by a
highly radioactive environment to be tested. However continuation in Europe requires an extensive R&D programme,
which is planned in two parts: the high energy fragmentation technique to be studied at FAIR (see above), and the
ISOL approach assigned to a collaborative study named
EURISOL. In EURISOL (Fig. 8) the plan is to accelerate
protons up to 1 GeV in a superconducting linac, producing
5 MW of beam power on a neutron converter target. The
machine is also capable of accelerating deuterons, 3 He and
ions up to mass number 40. The beams impinge simultaneously on both a direct target and an indirect target after
conversion of protons to neutrons through a loop containing
9
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one ton of mercury surrounded by fissile material. Unstable
nuclei diffuse out of the target, are ionised and selected, and
can be used directly at low energy or re-accelerated by another linac to energies up to 150 MeV per nucleon in order
to induce nuclear reactions. There is an active R&D programme into the mercury target and superconducting RF
cavities.

Figure 8: The European ISOL Facility, EURISOL.
In the United States, the policy is to study both fragmentation and ISOL techniques at a single new facility, FRIB,
to be built at Michigan State University [8]. Approval for
this project was given in June 2009, and design and construction will take up to 10 years at a cost of about $600m.
Plans are for a superconducting RF driver linac providing
400 kW for all beams. Uranium ions will be accelerated
to 200 MeV/u and lighter ions to increasingly higher energy (for example, protons at 600 MeV). There are upgrade
possibilities to 400 MeV/u for uranium and to 1 GeV for
protons.

IRRADIATION FACILITIES
With the world’s energy requirements in mind and the
construction of fusion energy test facilities like ITER, a
need has been identified for an irradiation tool to quantify the resistance of advanced materials to the extreme,
neutron-enriched conditions specific to the reactors of the
future. IFMIF (the International Fusion Materials Irradiation Facility), whose study is led by CEA-Saclay,
comprises two CW accelerators generating 2 × 125 mA
of deuterons at 40 ṀeV. The combined 10 MW of beam
power, directed onto a liquid lithium source, will generate an intense flux of 10 17 /s neutrons at 14 MeV. This will
enable experiments to be carried out to calibrate data from
a fission reactor, generate an engineering base of materialspecific activation, and support analysis of material for use
in safety, maintenance, recycling, decommissioning and
waste disposal systems. A pre-cursor of IFMIF, known as
IFMIF-EVEDA, is also under development by CEA aimed
at constructing a test facility based on a single deuteron accelerator with 125 mA at 9 MeV.
10

ACCELERATOR-DRIVER SYSTEMS
In a similar context, ADS is a rapidly growing area of
research concentrating on the use of accelerators for nuclear waste transmutation and nuclear energy generation
using spallation neutron sources. The basic principle is to
produce an intense neutron flux from spallation reactions
induced by a proton beam on a heavy target. The neutrons are moderated and used to drive a sub-critical blanket, and long-lived nuclear waste can be converted to stable
or short-lived isotopes. The idea of using the neutrons to
sustain a sub-critical reactor (ADSR) is now recognised as
having the potential to replace carbon-free nuclear power
stations with a more sustainable, cost-effective and safer
form of nuclear power.
The optimum beam energy, beam intensity, and beam
shape and profile for ADSR are a compromise between the
neutron yield, the target design, He and H production in
structure materials, accelerator construction costs and limitations in accelerator technology. Based on information to
date, an accelerator complex generating 10 MW of proton
beam power at about 1 GeV has been identified. In addition to these accelerator challenges, beam availability must
typically be an order of magnitude better than at present
to avoid cooling and re-heating of the reactor core, which
could lead to structural damage.
The world’s first ADS experiment was actually performed at Kyoto University Research Reactor Institute in
Japan in March 2009 using a 100 MeV proton beam delivered by an FFAG onto a heavy metal target. A larger-scale
test facility has recently been approved by the Belgian Nuclear Research Centre (SCK.CEN) at Mol in Belgium. This
envisages a 600 MeV, 2.5 mA CW proton beam and a PbBi eutectic target. Construction is planned to start in 2015
with operation expected in 2020.
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SNS OPERATIONL EXPERIENCE: EXPECTATIONS AND REALITIES*
J. Galambos, on behalf of the SNS team, SNS, Oak Ridge, TN, USA
Abstract
The Spallation Neutron Source (SNS) accelerator [1]
has operated at 1 MW for about one year, as a driver for a
pulsed neutron source. This represents the highest pulsed
power operational level for a proton accelerator. This
paper discusses the experiences encountered in the four
year operational period, compared to expectations. The
superconducting linac has shown some surprises, yet is
capable of delivering the required beam to the storage
Ring. On the other hand the Ring is operated close to
expectations.

the increase of accelerator beam power was crucial to
reaching one MW within 3-4 years. Later, as more
neutron user program matured, less time was available for
accelerator development and importantly, fewer risks
could be taken in beam operation.

EXPECTATIONS
During the design period, challenges were recognized
associated with increasing the existing pulsed beam power
capability by nearly an order of magnitude. Inherent with
high-pulsed beam power is high beam intensity. Space
charge effects were a concern for both the linac and the
ring. Charge exchange injection in the ring was
recognized as a challenge, with foil survivability a major
concern. In the end, beam loss was expected to be the
final limit to the attainable operational power.

a)

THE SNS POWER RAMPUP
A quite aggressive internal power ramp-up schedule
was initially proposed [2]. While the attained power level
did not completely meet this initial plan, sponsor
commitments were met and 1 MW achieved within three
years of initial operation. Figure 1a shows the realized
beam power compared to the initial expectation (more
detail on the power rampup history is given in Ref [3]).
From the neutron user perspective, the beam availability
is at least as important as beam power (see Fig. 1b). The
availability goal for the last year was 85% (which was
met), and approaches 90% over the next two years. SNS
has approached the availability typical for mature high
power accelerators for spallation sources. A more detailed
history of the power ramp-up is shown in Fig. 2, with
annotations indicating some periods where operational
power was limited by equipment issues. Presently the
operational power is limited by availability concerns. The
beam pulse length is about 15% short of the design goal,
beam energy is 7% low, and the average beam current is
about 5% lower than the design. Increasing these
parameters to their design goal will be done slowly, to
mitigate any adverse impact on the availability of beam to
the neutron scattering user program.
The aggressive initial power ramp-up schedule had an
unanticipated benefit. In the early ramp-up years, more
time was dedicated to accelerator studies, as the neutron
user program was just evolving. Making fast progress in
___________________________________________

* ORNL/SNS is managed by UT-Battelle, LLC, for the U.S.
Department of Energy under contract DE-AC05-00OR22725.
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b)
Figure 1: Expectations vs actual a) neutron production
beam power, and b) neutron production availability.

THE LINAC
The SNS linac is comprised of a traditional copper
accelerator structure to 186 MeV and a superconducting
linac (SCL) RF structure to 1 GeV [1]. SNS is the first
accelerator to employ superconducting RF for a pulsed
beam, for a high-energy hadron beam, as well as for a
high power hadron beam. A number of technical issues
were encountered [4], but the implications on beam
dynamics are emphasized here.

SCL Experience
A major unforeseen SCL linac experience was the high
degree of variability in cavity-to-cavity performance.
Figure 3 shows the present cavity performance relative to
the expected design values (initial operational experience
had even larger variations). Not only is the cavity gradient
capability spread higher than the expected ~ +10% level;
there are systematic differences in the average cavity
family performance relative to expectations (the medium
11
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beta cavities are over-performing expectations and the
high beta cavities are under-performing expectations).
Despite this variation, the SCL has proved to be quite
flexible and we are easily able to adapt to varying SCL
performance [5]. Providing acceleration with many
independent SCL cavities is the basis for this flexibility. A
model based difference scheme has been developed to
quickly recover from cavity gradient performance

changes. Also, use of this scaling method has been
employed to perform “slices” of the longitudinal
acceptance using the beam to measure the beam/RF
relationship in un-anticipated ways. The reduced level of
smooth RF focusing arising from the un-equal cavity
gradient distribution does not appear to be a significant
beam loss driver.

Figure 2: History of the SNS power ramp-up to 1 MW operation, with annotations for some equipment set-back periods.

Figure 3: SCL cavity gradient for the medium beta family cavities (1-33) and high beta cavities (34-81). The red lines
indicate the expected family performance level.
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Linac Transverse Lattice

Linac Beam Loss Experience

The copper linac quadrupoles are operated close to
design values. However the SCL quadrupole strength has
been reduced in an effort to reduce beam loss, as indicated
in Fig. 4. Figure 4 shows the present operational
quadrupole strength compared to the design values. Beam
loss is reduced by almost 50% with the lower focusing
strength mode. The drastic reduction in focusing strength
results in much reduced phase advance (a 20-30 degree
reduction) and increased RMS beam size (by almost
50%). This is one of the largest deviations from the
design expectations for the SNS accelerator. The reduced
field operation was largely an empirically motivated effort
to reduce losses.
Some possible explanations are
discussed below.

Beam dynamics simulations in the SNS design
indicated no beam loss in the SCL. However, this has not
been the experience. Figure 5 shows levels of measured
residual activation in the warm sections between the SCL
cryomodules. Activation data shown here is at 30 cm,
typically 1-2 days after a neutron production run of 3-4
weeks. Beam loss monitor calibration experiments
indicate a few x 10-5 of the beam are lost in the SCL.
Since late 2008, the linac activation levels have not
increased noticeably (see Fig. 5), despite large increases
in power and operational hours. This “breakpoint”
corresponds to the time when reduced focusing strength
operation was adopted in the SNS (see above). The copper
linac activation has not proved to be problematic.
While not completely understood, there are theories on
the source of beam loss. One recent explanation is the
possibility of “Intra-Beam-Stripping” [6], in which the
Coulomb interactions within the bunch strip the outermost
H- electron. Increasing the beam size (with reduced
focusing strength) deceases the stripping probability.
Another possible beam loss mechanism is loss of beam
from the longitudinal acceptance, resulting in a low
energy beam transported down the linac. Reduced field
strength throughout the linac reduces the level of
transverse miss-match for this low-energy beam and may
reduce beam loss from this effect
The linac beam loss, while not expected, has not limited
the power ramp-up, as the resultant activation levels are
tolerable. However, measuring and understanding the
extremely small beam fractions associated with this beam
loss are more difficult than expected, and much progress
has been made with empirical tuning.

Figure 4: SCL transverse focusing strengths for the design
(blue) and minimum loss (red) setups. The green curve is
smoothed version of the minimum loss case, with slightly
higher losses.

Figure 5: Residual activation history in the SCL warm sections between cryomodules. Values are at 30 cm 1-2 days after
production and a few hours after beam studies.
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Scraping

Ring Beam Dynamics

In the design, beam collimation was provided in the
HEBT (transport line between the linac ad the Ring), as a
means for cleaning halo that may have developed during
acceleration, before injection into the Ring. No provision
was made to scrape the low energy beam exiting the
source or RFQ. We have added scrapers in the MEBT
transport section between the RFQ and copper linac
structure. This has proved effective at reducing loss in the
linac and at the Ring Injection area, but the effectiveness
varies from source to source.

As opposed to the linac operation, the Ring is operated
close to the design lattice. The design tune is used, with
no observable resonance driven beam loss. Nominal
correlated injection painting schemes are also used and
measured profiles are close to expectations. Correlated
injection refers to the simultaneously painting the
horizontal and vertical closed orbit away from the foil
together, throughout injection.

THE SNS RING
The SNS utilizes a storage ring to accumulate about
1000 injection turns over ~ 1 ms, and provide a short 1 μs
pulse to the target via fast extraction (single turn). Present
operation of the SNS ring involves storage of 1.1x1014
ppp, a world record. Concerns with attaining this intensity
in the design stage included the injection through a
stripper foil, space charge effects leading to beam loss,
and beam stability (primarily from electron cloud effects),
and contamination of a chopped “extraction gap”. Clean
extraction of the beam from the ring has not been a
problem.

Ring Activation
Figure 6 shows the history of Ring injection residual
activation. The measurements are in the area directly
downstream of the injection foil, the highest activation of
any point in the accelerator chain. Activation is increasing
roughly proportional to the beam power, and is in rough
agreement with predictions during the design stage. Other
parts of the Ring and transport line have much lower
activation and are not a major concern.

Foil Concerns
Foil lifetime was a major concern in the design of the
SNS Ring. Consideration was given to the transport of the
convoy H- electrons, and an effort undertaken to develop
foil materials to withstand the high temperatures expected
with MW operation [7]. Foil evaporation was a primary
concern in the design period. Foil conditioning is
important, and at present operational powers, neither
evaporation nor excessive foil shape deformation are
limitations. However, damage to the mounting brackets
and beam induced foil motion have been more serious
issues in the charge exchange process to date [8].

Beam Stability
Many preventive measures were taken in the design
period to address the possibility of the electron-proton
instability in the SNS Ring. These included TiN coating
of vacuum chambers, solenoid windings on the
collimation straight chambers, and provision to bias the
BPM electrodes to enable electron collection. While we
have seen evidence of this instability under certain
conditions (e.g. reduced applied RF field), it is not an
impediment to operation [9]. Stable beam has been
demonstrated up to 1.5x1014 ppp. However, a damper
system is under development as a precautionary
measure [10].

Figure 6: Residual activation history in the ring injection area directly downstream of the stripper foil. Values are at
30 cm, 1-2 days after production and a few hours after beam studies.
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Target Protection
Safely handling a MW beam requires significant
attention. Due to the short pulse nature of the beam
power delivery, cavitation induced damage concerns
exacerbated the concerns for target protection. Beam
instrumentation was provided upstream of the target to
provide information for beam position and size, which is
extrapolated to the target by a beam model. After the
beam is set up to satisfy target constraints, protection
systems monitor components that could affect the beam
size and or position on the target. These protective
measures have required more effort to implement and to
ensure proper setup than originally expected. Direct
measurement of beam properties on the target can reduce
uncertainty and setup time. A Target Imaging System
(TIS) that monitors the response of a phosphor coating
directly on the target is being implemented towards this
goal [11]. Figure 7 shows an image of the SNS beam on
the target from this system. Also, direct imaging of the
ring injection waste beams at the injection dump is under
consideration for similar reasons.

Figure 7. Image of the beam on the SNS target from the
new target imaging system.

SUMMARY
Operating a pulsed MW beam has long been a goal of
the accelerator community. The power rampup period of
SNS towards 1 MW represents the entry into a new
regime of high power proton accelerators, and is a tribute
to the lessons learned from many predecessor devices. In
general, the SNS accelerator has worked well and met or
exceeded expectations. One MW operation at high
availability and approaching 5000 hours a year is now
achieved. In the linac a low level of unexpected beam loss
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occurs, but the operational flexibility of a
superconducting linac has exceeded expectations. The
Ring operates in large measure similar to expectations.
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HIGH INTENSITY ASPECTS OF THE J-PARC FACILITY
T. Koseki# and J-PARC Accelerator Group, J-PARC Center, KEK and JAEA, Tokai, Ibaraki, Japan
Abstract
Recent status of the high intensity operation of the JPARC accelerators is presented. Improvements performed
in the 2010 summer shutdown period and near future plan
are also reported briefly.

INTRODUCTION
The J-PARC is a multi-purpose proton accelerator
facility aiming at MW-class output beam power. The JPARC accelerator comprises an H- linac, a Rapid-Cycling
Synchrotron (RCS), a slow-cycling Main Ring
Synchrotron (MR) and related experimental facilities. The
H- beam from the linac is injected into the RCS by
charge-exchange injection. The RCS provides a 3-GeV
proton beam to neutron and muon targets in the Materials
and Life Science Experimental Facility (MLF) at a
repetition rate of 25 Hz. A part of the beam extracted
from the RCS is injected into the MR. The MR
accelerates the beam up to 30 GeV and delivers the beam
to the hadron (HD) beam facility using a slow extraction
(SX) system and to a neutrino (NU) beam line using a fast
extraction (FX) system.
Figure 1 shows a panoramic view of the J-PARC site.
Beam commissioning was initiated starting from the
upstream accelerators, while the construction of the
downstream accelerators and experimental facilities was
still in progress. The components are colored in this
figure to indicate the Japanese fiscal year (JFY) in which
beam commissioning was initiated in the various parts of
the facility.
Linac!

RCS!
Neutrino beams to SK!

MLF 	

JFY 2006 / 2007	
JFY 2008!
JFY 2009	

Hadron experimental
hall!

Figure 1: Bird’s eye view of the J-PARC site.

LINAC
The linac consists of an H- ion source, RFQ, DTL and
separated-type DTL. The beam energy is 181 MeV at
present. The designed maximum peak current for the 181
MeV operation is 30 mA. The repetition is 25 Hz and

pulse width maximum is 0.5 msec. An energy upgrade
project has already been approved by the government and
the energy will be increased to 400 MeV by installing a
new accelerating structure, the Annular Coupled Structure
linac (ACS) in the 2012 summer shutdown.
The linac beam commissioning was initiated in
November 2006, and a 181 MeV beam was successfully
accelerated in January 2007. Since then, the linac has
been delivering beams for commissioning of the linac
itself, the downstream accelerators and experimental
facilities. Trip rates for the RFQ, however, unexpectedly
increased in September 2008. This problem has limited
the RCS beam power available for the MLF users to
below 20 kW.
In March 2009, we added two ion pumps to the RFQ,
one turbo molecular pump in the Low Energy Beam
Transport (LEBT, the beam transport between the ion
source and the RFQ), and an orifice was installed in the
LEBT to reduce the gas flow from the ion source. We
also performed further vacuum system improvements
during the 2009 summer shutdown. The oil rotary pumps
were replaced with oil-free scroll pumps. In addition, we
replaced the old LEBT chamber with a new clean
chamber containing a divider plate with an orifice for
differential pumping. One cryopump was installed on the
RFQ side and one 1500 L/s turbo molecular pump on the
ion source side. In July, we performed in-situ baking for
10 days to accelerate degassing [1].
The vacuum system improvements reduced base
pressure in the RFQ section to several x 10-7 Pa, a quarter
of the pressure before the improvements. In addition,
hydro-carbon components gradually decreased during rf
conditioning.
In November 2009, based on the stable operation of the
RFQ at 20 kW in October, we tried to increase the beam
power for the MLF user operation by increasing the beam
pulse length from 0.1 to 0.2 msec and peak beam current
from 5 to 15 mA, thus obtaining a 6-fold increase from 20
up to 120 kW. We were able to deliver beam to MLF
users without any incident. Since December 2009, the
linac and the RFQ delivered the beam with a maximum
pulse width of 0.5 msec, which is in accordance with the
full design specifications. The results verified the
restoration of the RFQ performance.

RCS
The RCS has three-fold symmetry and a circumference
of 348 m. Each super-period consists of two 3-DOFO arc
modules and a 3-DOFO dispersion-free straight section.
The arc module has a missing bend cell, which makes a
very high transition energy of 9 GeV, far beyond the
extraction beam energy.

___________________________________________
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After the improvement of the RFQ, the RCS has
delivered the beam to the MLF users stably and at a beam
power of 120 kW since November 2009.
Figure 2 shows experimental and simulated results of
beam survival rate for various intensities and painting
conditions. The data sets #1-5 are for cases without
painting for beams equivalent in intensities from 60 to
300 kW, which correspond to the numbers of particles per
pulse (ppp) ranging from 5.0 x 1012 to 2.5 x 1013. The data
sets #6 – 9 are for the 300 kW equivalent beam with
various painting conditions as shown in Table 1. The red
curves and closed circles are the results measured by DC
current transformer (DCCT) and blue dotted-curves and
open circles are the results of space-charge simulation [2].
In the no painting case, the particle loss greater than 7 %
were observed around the injection energy for the case of
the 300 kW equivalent beam (data #5). On the other
hand, particle loss is reduced by the painting injection
scheme. In the cases of data sets #7-9, the painting
scheme is applied not only transverse but also
longitudinal direction. The data sets #9 gives minimum
beam loss in this study and it is about 1 % around the
injection energy.
Table 1: Painting injection parameters: εtp is the
transverse painting emittance, V2nd is voltage ratio of the
second harmonic and fundamental rf, Δφ is phase sweep
of second harmonic rf voltage relative to the fundamental,
Δp/p is momentum offset, i.e., the rf frequency offset.
Data
ID
6
7
8
9

εtp
[π mm-mrad]
100
100
100
100

V2nd
[%]
80
80
80

Δφ
[deg]
-80
-80
-80

Δp/p
[%]
-0.1
-0.2

On December 7, 2009, the RCS successfully
demonstrated a beam delivery of larger than 300 kW at 25
Hz for one hour to the neutron production target. This was
an important milestone for us. The laslett tune shift at the
injection energy of 181 MeV for the 300 kW operation is
equivalent to the value for an injection energy of 400
MeV and 1 MW operation, which is the RCS design goal.
Therefore, the stable operation of the 300 kW beam
shows that our design goal, 1 MW beam operation is
reachable from the perspective of tune shift.
The 300 kW demonstration also showed that beam loss
issues need to be solved before starting regular user
operation. The following improvements are in progress :
(1) Installation of the smaller foil (40 mm-> 15 mm in
vertical) to reduce the number of foil hits during painting
injection. (2) Installation of AC power supplies for
sextupoles. Before 2010 summer shutdown, the
sextupoles were driven by DC power supplies and
chromaticity is corrected only at the injection energy. AC
power supplies are necessary to reduce beam loss during
acceleration.
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Figure 2: Experimental and simulated results for beam
survival rate for various intensities and painting
conditions.

MR
The layout of the MR and the experimental facilities is
shown in Fig. 3. The MR has three-fold symmetry and its
circumference is 1567.5 m. An arc section consists of
eight 3-FODO arc modules. Each of the arc modules has a
missing bend cell. The MR is the first large proton
accelerator that adopts an imaginary transition energy
lattice and therefore does not have a transition crossing
between the injection and extraction energies. The three
dispersion-free 116-m long straight sections, each of
which consists of 3-FODO cells and matching sections to
the arcs at the both ends, are dedicated to “injection and
beam collimators”, “slow extraction”, and “rf cavities and
fast extraction”.

Figure 3: layout of MR and experimental facilities.

High Power Operation in Fast Extraction
The FX system is composed of five kicker magnets and
six septum magnet systems. It is a bipolar system and can
bend the extraction beam both inside (to the NU
beamline) and outside (to abort beamline) of the ring. The
beam extracted to the NU beam line is delivered to a
graphite target of the T2K (Tokai-to-Kamioka)
experiment, a long baseline neutrino oscillation
experiment. The intense neutrino beam is sent to a large
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water Cherenkov detector, the Super-Kamiokande (SK),
which is located 300 km away from the J-PARC site.
The T2K experiment started taking physics data in
January 2010. The typical beam intensity delivered
continuously to the T2K experiment was 50 ~ 70 kW until
the end of June 2010. For a high power demonstration, a
100 kW beam has been delivered to the T2K experiment.
Figure 4 shows the kinetic energy and circulating beam
current measured by a DCCT in 100 kW operation. Twobunch beam extracted from the RCS is injected into the
MR three times. The acceleration time is 1.9 sec and the
cycle time of the FX operation is 3.52 sec. The number of
extracted particles is 7.5×1013 ppp in six bunches. The
painting conditions of the RCS beam are horizontal
painting of 150 π mm-mrad, V2nd = 80%, Δφ = -100 deg.
and Δp/p = 0.2 %. At the present, the MR has no second
harmonic rf system (We install one second harmonic rf
system in the 2010 summer.). The applied rf voltage is 80
kV in the injection timing and increased from there to 160
kV in 100 ms. The aperture of the MR collimator is set to
be 54 π mm-mrad for both the horizontal and vertical
directions.
Beam loss is almost localized on the
collimator section during the injection time. The number
of loss particles is about ~1.4×1012, which is
corresponding to ~190 W, while the design capability of
the collimator is 450 W at the present.

dispersion function and the activation is caused by beam
losses which occur just at the beginning of beam
acceleration. They can be reduced by applying higher rf
voltages during the acceleration start timing.
In the June run, the aperture of the 3-50 BT collimator
was set relatively large, ~70 π mm-mrad, for both
horizontal and vertical. The reason was that installation of
an additional shield was scheduled to start in the
beginning of July 2010. The activation in the 3-50 BT
collimator area was therefore kept low level during the
June run.

Figure 5: Residual activation after three weeks of beam
delivery to the T2K experiment.

Slow Extraction

Figure 4: Intensity and kinetic energy of the 100 kW
operation.
Figure 5 shows measured residual activation
distribution in the 3-50 BT (beam transport line between
the RCS and the MR) and the MR after three weeks
continuous operation in June of 2010. In the June run, the
MR delivered a 50-70 kW beam to the T2K experiment
until end of the run at 7:00 am on June 26. The activation
was measured by detectors “on contact” with the beam
duct (red symbols in Fig. 5) and at the “one-foot distance”
from the duct surface (blue symbols). The distribution of
residual activation shows beam losses are mostly
localized to the ring collimator section. However, there
are two relatively hot areas in the arc sections, Arc-B and
Arc-C. The peaks measured “on contact” in the Arc-B
and Arc–C sections were ~1000 µSv/h and ~350 µSv/h,
respectively. The positions correspond to peaks of
18

The SX system delivers the beam to the HD
experimental facility. At present, three beam lines, KL,
K1.8, K1.8BR are open for users of particle and nuclear
physics experiments in the HD facility. So far, the
maximum beam power of 2.8 kW has been delivered to
HD facility.
For the SX, we have four bump magnets, two
electrostatic septa, ten magnetic septa in the straight
section, which is connected to the HD beam line (a beam
transfer line between the MR and the HD facility). Eight
sextupoles to excite third integer resonance, 3νx=67, are
located in the arc sections. For the SX, the horizontal
tune is gradually ramped up to the resonance line by
changing one of the quadrupole families, QFN, which has
48 magnets and located in the arc sections [3]. A spill
feedback system, which consists of two types of
quadrupoles and a Digital Signal Processor (DSP) system,
was installed during the 2009 summer shutdown. The
beam spill signal is fed to the DSP system, which
calculates the correcting current patterns sent to the
feedback quadrupoles power supplies [4].
Figure 6 shows a typical beam intensity of the SX
operation for the HD facility users. After the acceleration,
beam is extracted for 2 sec. The overall cycle time for the
slow extraction operation is 6 sec. The smooth decay
curve for the stored beam denotes stable beam extraction.
The extracted beam, however, has a spike-like time
structure, arising from fluctuations of the betatron tune.
Plenary
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These fluctuations are due to current ripples coming from
the main magnet power supplies. In order to improve the
spill time structure, we adopted the trim coil short method
of the quadrupoles [5]. We define the duty factor of the
spill as

⎛T 2
⎞2
Duty = ⎜ ∫ I(t)dt ⎟
⎝ T1
⎠

T2

T2

∫ dt ∫ I(t) dt ,
2

T1

(1)

T1

where I(t) is the beam spill intensity, T1 and T2 define the
time gate width. The duty factor of the beam extracted
using the spill feedback system and the trim coil short is
calculated to be ~11 %, while without them is 1~3 %. For
further improvement of the duty factor, spill ripple
reduction using transverse rf noise [6], a feed forward
system to cancel the spill ripple using the trim coils are
studied and adopted in the 2010 autumn run.
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makes possible operation with eight bunches, which is the
originally designed bunch configuration.
A problem with the FX operation before the 2010
summer shutdown period was an orbit drift of the
extracted beam. The orbit drift came from a kick angle
drift of the extraction kickers due to heating of ferrite
cores by the beam-induced field. The drift occurred
during continuous operation with beam power greater
than 50 kW. The horizontal orbit drift on the graphite
target reached the limit tolerable, ~1 mm after 1~2 hours
of continuous operation with a beam power of 65 kW. In
order to reduce the beam coupling impedance, a damping
resistor is attached between the coil conductors of the
kicker and chamber ground. Beam induced wall current
thus goes to the chamber ground via the resistor. This
current opposes and cancels the magnetic fluxes in the
ferrite cores. The estimated power loss in the new kicker
is 210 W for 80 kW equivalent beam (1 x 1013 ppb x 6
bunches) while the estimated loss in the old kicker is 1.9
kW for the same intensity beam. In addition, water
cooling channels were attached on the ferrite cores. This
water cooling system is expected to reduce temperature
rise to 20 % assuming a 1-kW power loss in the kicker.

Upgrade of Collimator Capacity

Figure 6: Intensity and kinetic energy profile of the SX
operation for the HD facility users.
For the SX, one of the most critical issues is radioactivation of the components. A high extraction efficiency
is required to avoid leaving residual activation which
would make hands-on maintenance difficult. Using the
DCCT and BLM signals, at present, the extraction
efficiency is estimated to be 98.5 %. For higher
extraction efficiency, a dynamic bump scheme will be
adopted from the 2010 autumn run.
The residual activation in the SX section measured one
week after five days of operation with a beam power
1~1.5 kW was less than 100 µSv/h on contact
measurement. Our guideline is that the residual-activation
maximum for the SX section should be less than ~1
mSv/h at a one foot distance.

Beam loss capacity of the both 3-50 BT collimator and
ring collimator sections is 0.45 kW. The capacity should
be increased for an operation with the designed MW-class
beam. During the 2010 summer shutdown, additional iron
shields in the collimator section of 3-50 BT were
installed. Figure 7 shows the 3-50 BT collimator section
with newly installed gated-shape iron shields. The
thickness of the shield is 0.72 m on top and 0.25 m for
both sides. The shields are mounted and slide on a linear
motion guide system to make maintenance work easily.
The loss capacity of the 3-50 BT collimators is increased
from 0.45 kW to 2 kW by the additional shields.

New FX KickerMagnet System
In the 2010 summer shutdown period, all the five fast
extraction kickers are replaced by newly developed ones.
The old kickers have following two problems, slow rise
time and a heating by the high power beam.
The rise time of the old kicker was 1.6 µs while a
required rise time is less than 1 µs. That rise time limited
the maximum number of circulating bunches to be six.
The new kicker system has a rise time less than 1 µs. It
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Figure 7: The 3-50 BT collimator section with the newly
installed gate-shaped iron shields.
We are also planning to increase the shield of ring
collimator section in the 2011 and 2012 summer
shutdown periods. Finally, the loss capacity of the ring
collimator section will be increased to 4 kW.
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Improvement of Magnet Power Supplies
For increasing beam intensity, operation with a higher
repetition rate of magnet power supplies is studied in the
2010 summer shutdown period. By reducing regeneration
condensers of the bending magnet power supplies, the
MR repetition time is shortened from 3.52 to 3.2 sec. The
run in autumn of 2010, the MR will be operated with 3.2sec cycle for the FX.
In order to reduce the current ripple, a newly designed
trap-filter for reducing a rectification ripple of 600 Hz is
adopted to the power supply of the QFN. The effect of the
new filter on the spill ripple will be tested in the October
run. If the effectiveness is confirmed using the beam, we
will adopt the filters to the other power supplies.

Impedance Reduction of rf System
We have met impedance reduction problem in the
Magnetic Alloy (MA) loaded rf cavities in the MR [7].
The reduction is relating with corrosion of cutting surface
of the MA cores. The cooling water of the rf system is
serially connected with the cooling water of the magnet
system. Although the cause is now under investigation, it
is supposed that there are some correlations between
contamination of cupper in the cooling water and the
impedance reduction. To recover the impedance, the
cutting surfaces of the damaged cores are re-polished.
Additionally, an R&D is in progress to coat the cutting
surface by silicon rubber. In the long term, we are
planning to separate the cooling water system from the
magnets.

ENERGY UPGRADE OF LINAC
The linac was originally designed to accelerate the Hbeam up to 400 MeV for the RCS injection. At the
present, however, the linac energy is limited to 181 MeV
as a compromise due to constraints of construction
budget. In the original design, the energy is increased
from 181 MeV to 400 MeV by adding the ACS linac, to
the existing system.

Figure 8: The lowest energy ACS accelerating module.
In the JFY 2008, the funding for the energy upgrade
was approved by the government in the supplementary
budget. Mass production of the major components of the
ACS system has been started in March 2009 [8]. The
ACS system has 21 accelerating modules, two bunchers
and two debunchers. Figure 8 shows the fabricated
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lowest-energy accelerating module. Installation of all the
ACS cavities is scheduled in the 2012 summer shutdown
period. Beam commissioning of the 400 MeV linac will
be started in autumn/winter of 2012.

SUMMARY
The J-PARC accelerator has started high power beam
delivery to the experimental facilities. For the MLF
users, 120-kW routine operation is continued and 300-kW
operation for 1 hour was successfully demonstrated. For
the T2K experiment, 50 - 70 kW beam was delivered by
the FX. The beam delivery of 100 kW was also
demonstrated. For the HD users, a beam of 2.6 kW in
maximum was delivered by the SX.
During the 2010 summer shutdown, we have made
various improvements of accelerator components. For the
RCS, the smaller charge-exchanging foil and the AC
power supplies of the sextupole was installed. For the
MR, all the five FX kickers were replaced by newly
developed ones having the shorter rise time less than 1
µsec. The beam loss capacity of 3-50 BT collimator
section was increased from 0.45 kW to 2 kW by installing
the additional iron shields.
After the 2010 summer shutdown, the J-PARC
accelerators will resume beam delivery to the
experimental facilities in October. The RCS will increase
the beam intensity for the MLF to 160 kW in December
2010 and 200 kW in January 2011. The MR will deliver
the beam intensity to the T2K greater than 100 kW. For
the SX, the dynamic bump system will be adopted for
achieving the extraction efficiency higher than 99 %. The
continuous operation greater than 5 kW for the HD users
and demonstration of 10 kW will be tried.
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COLLIMATION FOR THE LHC HIGH INTENSITY BEAMS
R. Assmann for the LHC Collimation Team*, CERN, Geneva, Switzerland
Abstract
The unprecedented design intensities of the LHC require several important advances in beam collimation.
With its more than 100 collimators, acting on various
planes and beams, the LHC collimation system is the biggest and most performing such system ever designed and
constructed. The solution for LHC collimation is explained, the technical components are introduced and the
initial performance is presented. Residual beam leakage
from the system is analysed. Measurements and simulations are presented which show that collimation efficiencies of better than 99.97 % have been measured with the
3.5 TeV proton beams of the LHC, in excellent agreement
with expectations.

INTRODUCTION
The Large Hadron Collider LHC [1,2] at CERN is the
new frontier collider for Particle Physics. Its discovery
reach depends critically on the beam energy and the luminosity (event rate) reached. The beam energy is presently
limited to 3.5 TeV [3] from non-conformities in the magnet and powering system. Maximizing the stored beam
intensity increases the achievable luminosity. A powerful
collimation system is required to handle the ultra-intense
LHC beams in a super-conducting environment [4,5,6,7].
Only with highly efficient collimation can the LHC targets be reached.
The important beam parameters of the proton beam operation in LHC are compared in Table 1 with the nominal
design values, with E being the beam energy, Dz the
bunch spacing, γεh/v the normalized transverse emittances,
Np the number of protons per bunch, Nb the number of
bunches, Estored the stored beam energy, Lpeak the peak
instantaneous luminosity and Ntot the total beam intensity.
It is seen that the energy stored in the LHC beams passed
already much beyond the 2 MJ values achieved in HERA
and Tevatron. Milestones of the LHC collimation project
____________________________________________

*The reported work on the LHC collimation system was performed from
2003 to 2010 and relied on the work of the following persons at CERN
and at outside collaborating institutes: O. Aberle, R. Assmann,
J.P. Bacher, V. Baglin, G. Bellodi, A. Bertarelli, P. Bestmann, R. Billen,
V. Boccone, A.P. Bouzoud, C. Bracco, H. Braun, R. Bruce, M. Brugger,
S. Calatroni, F. Caspers, M. Cauchi, F. Cerruti, R. Chamizo, A. Cherif, E.
Chiaveri, A. Dallochio, D. Deboy, B. Dehning, M. Donze, N. Hilleret,
E.B. Holzer, D. Jacquet, J.B. Jeanneret, J.M. Jimenez, M. Jonker,
Y. Kadi, K. Kershaw, G. Kruk, M. Lamont, L. Lari, J. Lendaro, J. Lettry,
R. Losito, M. Magistris, A. Masi, M. Mayer, E. Métral, C. Mitifiot, N.
Mounet, R. Perret, S. Perrolaz, V. Previtali, C. Rathjen, S. Redaelli,
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M. Santana, R. Schmidt, P. Sievers, M. Sobczak, K. Tsoulou, G. Valentino, E. Veyrunes, H. Vincke, V. Vlachoudis, T. Weiler, J. Wenninger, D.
Wollmann, CERN, Geneva, Switzerland. D. Kaltchev et al, TRIUMF,
Canada. I. Bayshev, IHEP, Russia. T. Markiewicz et al, SLAC, USA. N.
Mokhov et al, FNAL, USA. A. Ryazanov et al, Kurchatov, Russia. N.
Sammut et al, University Malta, Malta. N. Simos et al, BNL, USA.
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are listed in Table 2. It is seen that the work on the LHC
collimation system was performed under strong time
pressure, as this was the last major LHC system to be
designed and produced.
Table 1: Important parameters of LHC operation with
proton beams as achieved in 2010 and compared to the
nominal design values.
Parameter
Unit
2010
Design
E
TeV
3.5
7.0
ns
150
25
Δz
1.8
3.75
γεh/v
μm
Np
p
1.2 × 1011
1.15 × 1011
Luminosity production
Nb
368
2808
Ntot
p
4.4 × 1013
3 × 1014
Estored
MJ
24.8
362
Lpeak
cm-2 s-1
2 × 1032
1 × 1034
Peak intensity at 3.5 TeV
Nb
424
2808
Ntot
p
5.1 × 1013
3 × 1014
Estored
MJ
28.5
362
Table 2: Major milestones of the LHC collimation project.
Time
Milestone
01/2003
Start of the LHC collimation project.
System and hardware design.
06/2004
System solution approved
10/2004
Verification of collimator prototypes
with 450 GeV beam
06/2005
Signature of production contract with
industry
09/2008
Minimal system installed in LHC and
used for first beam
06/2009
Full initial system installed
10/2010
LHC reaches 28 MJ stored energy in first
year of full operation without quench
from stored beam

REQUIREMENTS FOR COLLIMATION
Storage rings like the LHC would ideally store charged
particles with infinite beam lifetime. In this case there
would be no particles and no power lost. However, there
are a number of processes that will always lead to beam
losses [5]. It would go beyond the scope of this paper to
list and discuss them in detail. It is just noted that the collision process for luminosity production itself creates
beam diffusion and losses at the aperture restrictions of
the ring. Beam losses are therefore unavoidable and become usually stronger as intensity and luminosity is increased.
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Movable collimators define aperture restrictions and are
the LHC defense against unavoidable losses. They fulfill
various tasks:
• Provide passive protection against irregular fast losses and failures [8,9,10,11].
• Provide cleaning [5,7,12,13] for slow losses in the
super-conducting environment (see Figure 1).
• Manage radiation impact of beam loss [14,15,16,17].
• Minimize background in the experiments.
The specified peak beam losses at collimators (maximum allowed loss) are as follows [5,7]:
• Slow continuous losses:
0.01% of beam per s = 50 kW
• Slow peak losses:
0.1% of beam per s for 10 s = 0.5 MW
• Transient losses:
5×10-5 of beam in 10 turns (~ms) = 20 MW
• Accidental losses:
up to 1 MJ in 200 ns into 0.2 mm2 = 5 TW
Numbers refer to the nominal design intensity at 7 TeV.
Power loads are more relaxed at lower energies, like
3.5 TeV in 2010. The loss values must be compared to the
quench limits of the LHC super-conducting magnets that
are for steady state losses in the range of 5 mW/cm3 to
100 mW/cm3, depending on magnet type and beam energy [18]. This is illustrated in Figure 2.
Losses must be intercepted and absorbed at collimators
with a high efficiency for avoiding quenches of LHC
magnets. The allowed leakage from collimation into SC
magnets is about 2×10-5 per m of magnet [5]. This is also
called collimation inefficiency [7]. The efficiency must
then ultimately be better than 99.998 %

Figure 1: Photograph of the super-conducting LHC magnets in the tunnel.

THE SYSTEM SOLUTION
The LHC collimation system is designed to provide a
four-stage collimation process, thus extending and modifying the two-stage concept developed and used before.
The basic philosophy developed for LHC is explained in
Figure 3. Robust and non-robust materials are placed
around the beam at optimal longitudinal positions, different orientations in the H-V transverse plane and various
transverse distances from the beam. The smallest collimation gaps go down to 2 mm at high energy.
The detailed system design was the outcome of a multiparameter optimization, taking into account nuclear physics processes in the jaws, robustness to beam accidents,
collimation efficiency, energy deposition, radiation impact and machine impedance. The optimization relied
heavily on various state-of-the-art numerical simulation
programs [19,20,21,22,23], some developed for the purpose of LHC collimation. A parallelized simulation program and CPU cluster were set up to numerically optimize the system. We summarize some key characteristics:
• High statistics: 2×107 protons tracked over 200 LHC
turns of each 27 km. This corresponds to 108 billion
proton-km and is equivalent to simulating a proton
that travels 700 times the distance sun-earth in an accelerator.
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Figure 2: Illustration of the maximum stored energy in
LHC during the 2010 run and the 3.5 TeV quench limit of
the super-conducting magnets.
• A detailed model of all magnetic elements and the
LHC aperture (vacuum pipes, …) with a resolution
of 0.1 m.
• Routines for halo proton generation with sub-micron
impact parameters (distance from hit to collimator
edge), halo transport and aperture checks.
• Routines for proton-matter interaction, including
several elastic and inelastic processes, in particular
single-diffractive scattering.
• Chromatically fully correct tracking up to energy
offsets of several 10%.
Important decisions were based on simulations: choice
of material and length of jaws, 20% reduced number of
primary collimators, 25% reduced number of secondary
collimators (compared to theory), additional tertiary collimators. The accelerator physics simulations were complemented by full sets of FLUKA energy deposition [18].
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Figure 3: Illustration of the multi-stage collimation philosophy that was developed for the LHC. Robust primary collimators intercept stray particles for horizontal, vertical, skew or momentum offsets and spray losses downstream. Robust
secondary collimators intercept much of the losses and dilute them further. At the end of the warm cleaning insertions,
non-robust high Z collimators absorb the diluted proton halo and showers. This three stage cleaning takes place over
two times 250 m without super-conducting magnets (the cleaning insertions in IR3 and IR7). A fourth stage of nonrobust high-Z collimators intercepts tertiary halo close to the particle physics experiments and the sensitive triplet magnets. Additional collimators around the ring (not shown) intercept luminosity-induced debris, absorb radiation and provide passive protection.
The LHC collimator-induced impedance was reviewed
(not thought to be problem). A surprise was found in
2003: collimators drive LHC impedance, even if metallic
collimators are used. The LHC impedance depends
strongly on the collimator settings. Detailed simulations
provided predictions that were tested in prototype tests
with SPS beam [24,25]. The LHC beams are stabilized
with the transverse damper feedback system and octupoles.
The detailed description of the design process would go
beyond the scope of this paper but we point to the relevant publications.
The distribution of various types of collimators around
the LHC 27 km circumference is illustrated in Figure 4. It
is noted that the sketch only includes the collimators that
have been installed for the first years of LHC operation
(“collimation phase 1”).
The number of various collimators is summarized in
Table 3. LHC collimation initially relies on 107 devices
of which 98 are movable elements. It is foreseen that the
system will be increased to 127 devices in a first upgrade
and to 169-179 devices in a second upgrade.
The system provides tight collimation all through injection, ramp, squeeze and collision. It catches safely all
losses that occur while intensity is increased. This includes “normal” losses (scattering, emittance growth,
diffusion, …) and losses with equipment failures.

Plenary

THE LHC COLLIMATOR DESIGN
The LHC collimator concept [26,27] relies on two parallel jaws that define a slit for the beam (see Figure 5).
The beam and its halo are well constrained with a twosided concept. The collimator box can be turned in the HV plane to collimate horizontal, vertical or skew halo.
Simplifications with one-sided designs and L-shaped
jaws were discussed during the design phase but were not
pursued due to concerns about operational stability.
The mechanical concept of the LHC collimator is illustrated in Figure 6. We describe the main features:
• The two parallel jaws are supported on a sliding table where they glide on rails.
• The support posts on each end of the vacuum tank
are passed through flexible vacuum bellows that deform with jaw movements.
• Stepping motors [28] on the sliding table (outside
vacuum) precisely move the jaws in distance and angle to the beam.
• Switches limit the stroke of the jaw movement to the
valid range, including limits on the jaw gap (anticollision switches).
• Position sensors (LVDT’s and resolvers) monitor
jaw position and the gap [28] between the two jaws
(relying on precise 3D calibration outside – inside

23

MOIB03

Proceedings of HB2010, Morschach, Switzerland

gap during production). Positions/gaps are surveyed
with triple redundancy.
• Temperature sensors monitor the temperature in the
collimator jaws. Cables are passed with vacuum
feed-throughs.
• Microphones are used to detect any shock waves induced by beam hits.
The photograph of an open collimator tank with installed jaws is shown in Figure 7.
The main specifications for the various types of LHC
collimators are summarized in Tables 4 and 5. The detailed analysis of the LHC requirements made it clear that
collimators for the LHC must act as high precision devices. Extensive 3D measurements were performed during
prototyping and production to ensure conformity of the
hardware and to record all calibration data for LHC operation.
.

Figure 4: Longitudinal distribution of collimators around
the 27 km long LHC ring. Collimators for beam 1 (red)
and beam 2 (black) are distinguished.

The LHC collimator design (see Figure 6) has the
unique feature that it is possible to measure a gap outside
of the beam vacuum that can be directly referred to the
collimation gap seen by the beam. Ensuring proper calibration of inside versus outside gap in production (see
Figure 8) allows LHC operation to directly measure and
know the collimation gaps around the ring. Similar is true
for jaw positions.
The achieved results [29, 30, 31] on minimal collimator
gaps, jaw flatness errors and mechanical plays are summarized in Figures 9, 10 and 11. Some non-conformities
in jaw flatness could not be avoided and were addressed
by installing the affected jaws at locations of larger beta
functions (therefore larger gaps). Figure 12 shows a photograph of 3D alignment in industry.
Table 3: Number of LHC collimators as used in 2010
(“phase 1” system for first years) and foreseen evolution
in two future upgrades.
Functional Type

2010

Upgrade
I
II

IR3
primary coll. TCP
scraper TCHS
sec. coll. TCS
absorber TCAP
high-Z coll. TCLA
cryo collimators

2
0
8
2
8
0

4
0
16
2
8
4

2
2
16
6
8
4

IR7
primary coll. TCP
scraper TCHS
sec. coll. TCS
absorber TCAP
high-Z coll. TCLA
cryo collimators
coll. reservations

6
0
22
6
10
0
0

6
0
22
6
10
0
0

6
6
44
6
10
4
10

IR2, IR8, transfer lines (incl 2 TDI)
injection coll.
19
19

19

IR6 (incl 2 TCDQ)
dump collimator

4

4

6

IR1, IR2, IR5, IR8
cryo collimators
high-Z coll. TCT

0
20

0
26

4
26

Total
Total (movable)

107
98

127
118

169-179
160-170

Figure 5: Photograph of a TCP/TCS type collimator along
the beam path. The two jaws define a collimating slit.
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Figure 6: Illustration of the mechanical concept for the LHC collimator (here TCP/TCS type). See detailed explanation
in text.
Table 4: Specifications for primary (TCP) and secondary
(TCS) collimators of the LHC. All collimators have two
parallel jaws. TCP and TCS collimators are single beam
collimators.
Parameter
Jaw material
Jaw length

Unit

TCS
TCP

Jaw tapering
Jaw cross section
Jaw resistivity
Surface roughness
Jaw flatness error
Heat load
Jaw temperature
Pressure
cooling
water
Bake-out temp.
Residual
vacuum
pressure
Minimal gap
Maximal gap
Stroke beyond beam
axis
Max. jaw angle
Mechanical play
Jaw pos. control
Angle control
Reproducibility
Max
dynamique
torque for stroke

Plenary

cm
cm
cm
mm2
μΩm
μm
μm
kW
°C
bar

Specification
CFC (carbon fiberreinforced carbon)
100
60
10 + 10
65 × 25
≤ 10
≤ 1.6
≤ 40
≤7
≤ 50
≤ 20

°C
mbar

250
≤ 4×10-8

mm
mm
mm

≤ 0.5
≥ 58
5

mrad
μm
μm
μrad
μm
Nm

2
≤ 20
≤ 10
≤ 15
≤ 20
≤ 0.5

Table 5: Main specifications for other LHC ring collimators. All collimators have two parallel jaws and accommodate either a single or two beams. Parameters not listed
are the same or similar as in Table 4.
Parameter
Jaw material
TCT, TCLA
TCL, TCLP
TCLI
Jaw length (flat top)

Unit

Specification

cm

W
Cu
CFC
100

Jaw tapering
Jaw flatness error
Minimal gap
TCT, TCLA
TCL, TCLP
TCLI
Beams in tank
TCTH, TCTVA
TCLIB
TCL, TCLP
TCTVB, TCLIA

cm
μm

10 + 10
≤ 80

mm
mm
mm

≤ 0.8
≤ 0.8
≤ 0.5
1
1
1
2
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Figure 9: Measured minimum gaps during production for
TCP/TCS and TCT type collimators.

Figure 7: Photograph of a TCP/TCS type collimator during production. Image currents of the beam are guided by
silver-coated RF fingers, visible at the tank entry and on
top of the jaws. The jaws and the vacuum tank are water
cooled.

Figure 10: Achieved jaw flatness measured in the assembled and installed collimator jaws.

Figure 8: Precision alignment and survey of collimators
with installed jaws during production.

COLLIMATION SETUP WITH BEAM
As a first step the collimators must be adjusted to the
stored beam. As the beam position is a priori not known
to the required accuracy, a beam-based setup procedure
[30,31,32,33] is performed. First, the primary collimators
are used to create reference cuts in phase space. Then all
other jaws are moved symmetrically around the beam
until they touch the phase space cut and create about
equal beam loss. This process is called halo-based adjustment and was optimized for LHC purposes (in fact
applying an iterative process from the reference collimator to all other jaws). As a result one obtains information
about the beam center inside collimators and beam size
variation from collimator to collimator.
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Figure 11: Achieved mechanical plays as measured on
installed collimators.
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Figure 12: Collimation system as installed in the LHC
tunnel. View along IR7 (top), side view of equipped collimator (middle) and view of electrical quick plugs (bottom left) and water quick connections (bottom right).
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The results of beam-based measurements [31,33] were
used for the LHC as follows:
• Injection: beam center and calibrated beam size are
used to move collimators to ± N sigma around the
beam.
• Top energy: beam center and nominal beam size (beta beat < 20%) are used to move collimators to ± N
sigma around the beam.
The theoretical target settings for the various types of
collimators around the ring are determined from simulations, usually in terms of nominal beam size (1σ) to establish a required collimator hierarchy. The settings used for
LHC collimation up to end of August 2010 are listed in
Table 6.
The actual collimator settings for the hardware (in mm
and number of steps for stepping motors) are then calculated based on beam-based data and the required normalized settings. The following constraints are taken into
account:
• Provide good efficiency.
• Provide the correct collimator hierarchy (slow primary losses at primary collimators).
• Protect the accelerator against the specified design
errors.
• Provide continuous cleaning and protection during
all stages of beam operation: injection, prepare ramp,
ramp, squeeze, collision, physics.
• Provide maximum tolerances to beam and various
collimator families.
• Provide warning thresholds on all collimator axis positions versus time.
• Provide interlock thresholds on all collimator axis
positions versus time.
• Provide interlock thresholds on all collimator gaps
versus beam energy.
The settings for LHC collimation are a complex problem with some 100,000 numbers required for controlling
the system during the full beam cycle [31,33]. In order to
avoid errors a redundant calculation is performed in two
CERN groups: the time-dependent settings are calculated
and provided by the accelerator physics group, while the
energy-dependent collimation gaps are generated by the
operations group.
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Table 6: Settings for various collimator families, here expressed as phase space cuts in betatron space (IR7) and offmomentum (IR3). The affected collimation planes are indicated. All settings are listed in terms of nominal betatron
beam size (σ). The settings refer to LHC run conditions as used up to end of August 2010. They were later adjusted for
bunch train operation with 150 ns bunch spacing.

COLLIMATION RESULTS WITH BEAM PRELIMINARY
The LHC collimation process is constantly visible in
the control room for high beam intensity. Unavoidable
beam losses occur constantly (typical lifetimes in 2010
around 75 hours) at the primary collimators and can be
observed online by operations.
The LHC collimation system performance was checked
after setup with provoked beam losses. For this purpose a
betatronic beam loss is generated by crossing the 1/3 integer tune resonance in H or V plane. Off-momentum
efficiency is checked by generating energy errors with RF
frequency trims. The losses around the ring are recorded
[34,35] and then analyzed. As these losses occur under
well controlled conditions, they can be compared in detail
with simulations. Measurements are shown in Figures 13,
14 and 15 in direct comparison with simulations. The 450
GeV simulation results shown were published years before measurements.
The following preliminary conclusions can be taken:
• We can characterize losses. E.g. off-momentum
losses after RF cavity trips occur in the momentum
cleaning in IR3. Betatronic losses occur in the betatron cleaning system in IR7.
• Essentially all losses are intercepted at primary collimators in betatron and momentum cleaning insertions.
• There is a very small leakage to super-conducting
magnets. The leakage is around 3 × 10-4, for both
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450 GeV and 3.5 TeV. This is in very good agreement with the predictions and the system design.
The achieved cleaning efficiency is then 99.97% and
better.
Performance is limited by some very characteristic
locations, as predicted. At higher energies the limiting location is in the dispersion-suppressor, due to
single diffractive scattering. The vast majority of the
magnets are protected at 3.5 TeV with an efficiency
of 99.999% and better.
The 3.5 TeV loss pattern with a β* of 2 m shows the
expected losses at tertiary collimators close to the
experiments. The triplets and experiments are well
protected against halo losses, as designed for.
The largest discrepancy between measurement and
predictions occurs for losses at IR6 collimators.
They show up to 100 times higher leakage from IR7
than predicted. This can be due to the small normalized distance to the secondary collimation cut and
therefore a high sensitivity to secondary beam halo.

The stability of the collimation system was very satisfactory, illustrating the gains due to the precision design
and production of collimators. This is shown in Figure 16,
which shows that leakage into super-conducting magnets
was kept at the 3×10-4 level for 4 months without a resetup of the collimation system.
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Figure 13: Measured (top) and simulated (bottom) beam loss around the LHC ring for a horizontal beam loss in beam 1
at the primary collimators in IR7 and at 450 GeV. Measurements are in Gy/s and must be normalized to the losses at the
primary collimator (highest peak) to obtain cleaning inefficiency as shown in the simulation. The bottom plot (no imperfections) was published in 2008 (before the measurements) as part of the PhD thesis of C. Bracco (p. 74 in [23]).
The bottom figure indicates the measured loss levels in typical parts of the ring.
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Figure 14: Measured (top) and simulated (bottom) beam loss around the LHC ring for a horizontal beam loss in beam 2
at the primary collimators in IR7 and at 450 GeV. Measurements are in Gy/s and must be normalized to the losses at the
primary collimator (highest peak) to obtain cleaning inefficiency as shown in the simulation. The bottom plot (with
nominal orbit imperfections) was published in 2006 (before the measurements) as part of the PhD thesis of G. RobertDemolaize (p. 114 in [21]). The bottom figure indicates the expected quench limit for nominal loss rates and the observed loss rates in some characteristic locations.
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Figure 15: Measured (top) and simulated (bottom) beam loss around the LHC ring for a vertical beam loss in beam 1 at
the primary collimators in IR7 and at 3.5 TeV. The β* was 2 m in measurements and simulations. Measurements are in
Gy/s and must be normalized to the losses at the primary collimator (highest peak) to obtain cleaning inefficiency as
shown in the simulation. The bottom plot (without imperfections) indicates the observed loss rates in the experimental
insertions (dashed line).
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Figure 16: Collimation leakage from betatron cleaning in
IR7 into super-conducting magnets (inefficiency) versus
time in 2010. The data is for betatron losses at 3.5 TeV
and a β* of 3.5 m.

CONCLUSION
The LHC collimation system has been designed, produced, installed and commissioned over the last 8 years
(of course, also based on previous studies). The system is
the biggest, most precise and most complex system built
so far. It provides a four-stage collimation scheme for the
LHC beams, requiring some 100,000 parameters for controlling it during the full LHC beam cycle.
The full system was successfully commissioned with
beam and it was shown that it works with the expected,
very high performance level. Predicted loss locations
(dispersion suppressors) are protected with 99.97% efficiency while the vast majority of super-conducting magnets is protected with 99.999% efficiency.
The system has shown an excellent stability over the
2010 run. The simulations are confirmed both by loss
locations and magnitude of leakage. Collimation and
beam cleaning were major contributors for allowing the
LHC to extend the intensity frontier in just 6 months,
passing Tevatron [36], HERA, RHIC, … in stored energy
by more than a factor 14 by end of October 2010. This
was achieved without a single quench with stored beam.
Upgrades [37-49] are being prepared to improve collimation by a further factor 5-10 over the next years.
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TOWARDS THE HIGH INTENSITY LIMIT IN THE FAIR PROJECT –
PRESENT STATUS AND FUTURE CHALLENGES
P. Spiller, GSI, Darmstadt, Germany
INTRODUCTION
In order to reach the desired intensities of heavy ion
beams for the experiments of FAIR [1, 2], SIS18 and
SIS100 have to be operated with intermediate charge
states [3, 4]. Operation with intermediate charge state
heavy ions at the intensity level of about 1011 ions per
cycle has never been demonstrated elsewhere and requires
a dedicated upgrade program for SIS18 and a dedicated
machine design for SIS100. The specific problems
coming along with the intermediate charge state operation
in terms of charge exchange processes at collisions with
residual gas atoms, pressure bumps by ion induced
desorption and corresponding beam loss appears far
below the typical space charge limits. Thus, new design
concepts and new technical equipment addressing these
issues are developed and realized with highest priority.
The upgrade program of SIS18 addressing the goal of
minimum ionization beam loss [5] and stable residual gas
pressure conditions has been defined in 2005. A major
part of this upgrade program has been successfully
realized, with the result of a world record in accelerated
number of intermediate charge state heavy ions.

INTERMEDIATE CHARGE STATE
HEAVY ION OPERATION
In order to minimize the required magnetic and
electrical field strengths, so far heavy ion accelerators
made use of highly charged ions where ever possible. For
the generation of highly charged ions, stripper stages
made of supersonic gas jets or foils have been installed at
suitable positions (energies) along the accelerator. Even
the major intensity loss resulting from the selection of one
charge state out of the generated charge state distribution
has been accepted.

The strength of the charge exchange processes in a
machine cycle depends on the cross sections for
ionization and electron capture as a function of the beam
energy. The atomic physics models used for the
calculation of these cross sections have been improved in
the last ten years significantly and extended to relativistic
energies [6]. Various experiments have been conducted,
e.g. with the internal gas target of the ESR at GSI, to
benchmark the predicted cross sections [7].

Figure 1: The residual gas spectrum in a synchrotron is
changed by desorbed gases. During high current operation
(left and right), additional components appear with a
density comparable with the background components.
The gap in between indicates the time of low intensity
operation.

Table 1: Existing and proposed heavy ions synchrotrons
operated with intermediate charge state heavy ions.
AGS Booster

BNL

Au32+

LEIR

CERN

Pb54+

NICA Booster

JINR

Au32+

SIS18
SIS100

GSI
FAIR

U28+
U28+

With the aim for higher intensities and consequently
increasing space charge effects and intensity restrictions,
the charge state of heavy ions must be reduced. However,
there are only a small number of heavy ion synchrotrons
world-wide operating or designed with such intermediate
charge state heavy ions. Table 1 shows the presently
running and planned synchrotrons using intermediate
charge state heavy ions.
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Figure 2: After subtracting the background spectrum
(static case) the spectrum of the desorbed gases is
obtained.
The cross sections depend significantly on the target
ion, or in other words the residual gas composition of the
accelerator. Here, it must be considered that the mass
spectrum differs significantly in the dynamic case (with
beam in the machine) from the static situation (without
beam). The mass spectrum is strongly influenced by the
gases which are desorbed from the walls by the impact of
ions. Figures 1 and 2 show the mass spectrum measured
in SIS18 in phases with and without beam. Figure 2
shows the spectrum of the desorbed gases which is
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achieved by subtracting the spectrum in the dynamic from
the static case.
Figure 3 shows the calculated cross sections for U28+ions over a large energy range for different target atoms
[8]. In comparison with highly charged ions, as they are
for instance accelerated since 20 years in SIS18, the cross
sections of the intermediate charge state ions are typically
two orders of magnitude higher.

Figure 3: Calculated cross sections for ionization and
electron capture of U28+-ions as a function of beam energy
for various target (residual gas) atoms.
However, the real strength of the charge exchange
processes is strongly linked with the realistic machine
cycle. Since the cross sections for ionization are
significantly decreasing with energy, long term operation
at low energies (e.g. injection plateaus) should be
avoided, while fast acceleration with high ramp rates is
desirable. This rule is the reason for the aim for fast
ramping within the FAIR project. The power converters
of SIS18 are upgraded for acceleration with 10 T/s, while
the key issue for SIS100 is the development of fast
ramped superconducting magnets.
An important parameter for the comparison of different
machines is the integral cross section times the number of
ions per cycle. The integral cross section is achieved by
integrating the energy dependent cross section over the
realistic machine cycle. Table 2 shows a comparison of
this product for the machines listed in Table 1.
As can be seen, the product for the FAIR SIS100 is
exceeding by far all other synchrotrons and, although the
beam energy is compared with SIS18 higher, is even an
order of magnitude stronger than for SIS18. The reason is
the four times higher beam intensity in SIS100, and the
longer cycle time with a long plateau of 1s for injection.
Since the N x σint-product indicates the total amount of
beam loss by charge exchange, the operation of SIS100
with intermediate charge state heavy ions is most
demanding and requires a dedicated machine design [9].
SIS100 is in terms of charge exchange beam loss the
most demanding synchrotrons. However, in the following
the developments and achievements for the synchrotron
SIS18 are described. SIS18 is an existing test bed where
the basic understanding of the mechanisms related to the
intermediate charge state operation and the predictions
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and expectations made for to technical upgrade measures
can be benchmarked.
Table 2: Comparison of the integrated cross section for
charge exchange times the number of particles per cycle
for different synchrotrons
Accelerator
AGS Booster

Ion
Total integ. Number N x σint
species cross section of ions
Au31+
4.5x10-21 5x109
2.2x10-11

LEIR

Pb54+

5.5x10-20

1x109

5.5x10-11

NICA Booster Au32+

4.9x10-21

4x109

1.9x10-11

SIS18

U28+

8.7x10-22

1.5x1011 1.3x10-10

SIS100

U28+

1.8x10-21

6x1011

1.1x10-9

DEVELOPMENT OF THE SIS18
BOOSTER OPERATION WITH
INTERMEDIATE CHARGE STATE
HEAVY IONS
First experiments with high intensity, intermediate
charge state heavy ion beams have been performed in
2001. At this time, most of the injected 1010 U28+-ions
have been lost by ionization in the residual gas within a
few hundred milliseconds (Figure 4). Fast pressure bumps
initiated by initial systematic beam loss generated a
strong residual gas pressure dynamics, which in turn
amplified the charge exchange process.

Figure 4: First experiments with U28+ in SIS18 in the year
2001. Ionization of the beam ions in local enhanced
pressure regions which were created by ion induced
desorption caused an almost completed loss of the beam.
In 2009, the ionization beam loss could be
significantly reduced and stable acceleration and
extraction of more than 1010 U28+-ions has been
demonstrated for the first time. This major progress has
been achieved by the completion of dedicated upgrade
measures aiming for a stabilization of the residual gas
pressure during high intensity operation.
Six major technical projects of the upgrade program
have been summarized and were realized in the frame of
an EU FP6 funded construction program.
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Table 3: Upgrade projects within the EU FP6 funded
SIS18 construction program and their present status.
New injection system for injection of Completed
U28+ beams at 11.4 MeV/u with larger
acceptance, diagnostics and protection
equipment [10]
New NEG coated dipole and quadrupole Completed
chambers for strong distributed pumping
Ion catcher system for ionization beam Completed
loss to minimize the effective gas
desorption [11]
New h=2 acceleration cavity for fast Ongoing
acceleration in a two harmonic bucket
Furthermore, the new power grid connection of the GSI
pulse power network, which has been completed in 2006,
enables ramping of SIS18 with higher ramp rates. As
described before, high ramp rates are significantly
contributing to the goal of minimizing the ionization
beam loss and stabilising the dynamic residual gas
pressure at intermediate charge state operation.
The machine development program towards highest
intensities of beams with intermediate charge state heavy
ions has been continued in 2010. Several runs have been
performed with various (heavy) ion species and charge
states. The major intensity step achieved in the year 2009,
with more than 1010 ions per cycle could be repeated
(Figure 5). It has been shown that this intensity level
represents the actual machine performance achieved by
partial completion the technical measures summarized in
the SIS18 upgrade program [12].
The latest progress in operation with intermediate
charge state heavy ions has been achieved by a slight
increase of the charge states (U39+ instead of U28+). The
new charge state could be produced by replacing the gas
stripper in the UNILAC by a foil stripper [13]. Since the
second stripper stage in the transfer channel (normally
used to generate highly charged ions) has been bypassed,
the intensity of the U39+-beam was comparable with the
intensity of the U28+-beams. Thus, also for the U39+-beam
the number of accelerated ions exceeded the level of 1010
ions (see Figure 5). However, the increased charge state
enables acceleration to a higher final energy (350 MeV/u
instead of 200 MeV/u) which is of particular interest for
the running experimental program at GSI.
Predictions made with the STRAHLSIM code [14] for
the life time of the U39+ beam could surprisingly not been
confirmed by the corresponding measurements.
According to the applied capture and ionization cross
sections it was expected, that the life time of U39+-beams
is significantly longer than of the U28+-beams and the
charge related beam loss and its consequences for the
dynamic vacuum were supposed to be correspondingly
lower.
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Figure 5: SIS18 acceleration cycles with intermediate
charge state Uranium ions in 2009 and 2010. Beam loss
by ionization, which is by far the dominating loss
mechanism, could be significantly reduced and the
number of extracted ions increased by a factor of 70.
In order to confirm the measured life times, the
measurement method itself and its dependence on various
parameters (e.g. intensity, tune etc.) have been
investigated [15]. By measurements and STRAHLSIM
simulations, it could be shown, that the dynamics vacuum
affects the results of the life time measurements down to
intensities of the order of a few 108 ions (Figure 6).

Figure 6: Calculate dependence of beam life time as a
function of the beam intensity for U39+-ions.
The selection of the charge state plays an important role
for an appropriate design concept of a future linac
replacing the existing ALVAREZ section of the
UNILAC. Therefore, a measurement campaign has been
conducted to determine the life time for several charge
states of Uranium beams under comparable conditions
(Figure 7). The dependence of the life time from the
charge state can be clearly noticed. Unfortunately, the
transition to the life time of charge state 28+ could not yet
been measured. However, it is known from previous
measurements that the trend which can be seen in the plot,
does not continue down to charge states around 28+.
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Figure 7: Life time of various Uranium beams with
different charge states at 11.4 MeV/u in the SIS18.

OUTLOOK
The SIS18 upgrade program will be continued with the
installation of a new h=2 MA-loaded acceleration cavity
and a new dipole power converter. Both systems will
enable an increase of the ramp rate from now 4 T/s to 10
T/s. A precondition for the acceleration of intermediate
charge state heavy ions are vanishing initial beam loss.
Uncontrolled initial beam loss may drive pressure bumps
which determine the pressure and beam loss evolution
over the whole cycle. The present synchrotron operation
of SIS18 is determined by the initial pressure bumps
generated by beam loss during multi turn injection.
Therefore, systematic studies have been launched to
remove these beam loss by means of a three stage
collimation system from the synchrotron into the transfer
channel. The collimators are used to a) generate a sharp
edge beam in the injection septum and b) to optimize the
efficiency of the multi turn injection process.
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from the electrodes which increases the pressure in the
septum. The enhanced pressure is potentially leading to
high voltage brake down with a spark over generating an
additional strong pressure bump. Figure 8 shows how the
local pressure bump in the injection septum (the spark
happened after injection) generates beam loss by charge
exchange of almost 50 % within the cycle. As counter
measure, NEG panels are actually installed under the
septum electrodes.
If beam loss can not be avoided, it must be dumped on
dedicated ion catcher systems which are equipped with
low desorption materials and coatings. The predicted
beam survival with an assumed uncontrolled initial beam
loss of less than 5 % in the SIS18 booster operation
running with 2.7 Hz is shown in Figure 9.

Figure 9: Results of STRAHLSIM simulations for the
SIS18 booster mode with low initial beam loss. The gas
desorption driven vacuum dynamics generates strong
charge exchange beam loss. Beam scrubbing (left) may
improve the situation significantly after ten thousand
cycles.
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HIGH INTENSITY ASPECTS OF THE CSNS ACCELERATORS
Jing-Yu Tang, Shi-Nian Fu, Li Ma, IHEP/CSNS
Note: “+” means added equipments from the previous

Abstract

phase.

China Spallation Neutron Source is a multi-disciplinary
research platform under detailed technical design, which
is based on a high power proton accelerator complex.
Beam loss control is key in designing and operating the
accelerator complex of high beam power. Major high
intensity aspects of the accelerators that may result in
beam losses are discussed in the paper. The emittance
growth due to space charge effects in the linac and the
rapid cycling synchrotron (RCS), the RF trapping and the
injection/extraction in the RCS are the major loss sources.
The measures to reduce the loss rate and the collimation
methods in the accelerators are presented. Some beam
loading effects to the RF systems in the linac and in the
RCS, and the uniformization of the beam spot at the
spallation target by non-linear magnets are also
mentioned.

SPACE CHARGE EFFECTS
Space charge effects play important roles in both the
linac and the RCS, even in the beam transport line LRBT
(Linac to RCS Beam Transport). They are the main
causes of the emittance growth and beam loss.

Linac
Strong space charge effects have been found in high
intensity linac including the CSNS linac (see Figure 1).
They are the major causes for the emittance growth from
the ion source to the DTL end.

INTRODUCTION
CSNS (China Spallation Neutron Source) is a project
under construction, which will be a unique facility in
China for multi-disciplinary research using neutron
scattering techniques. The CSNS accelerator complex,
which consists of a medium-energy linac and a Rapid
Cycling Synchrotron (RCS), is to deliver proton beams of
100 kW at Phase One, and progressively upgraded to 200
kW at Phase Two and 500 kW at Phase Three. The
upgrading path in beam power is via the increase in linac
energy and more accumulated particles in the RCS. The
main parameters of the accelerators are shown in Table 1.
Table 1: Main Parameters of the CSNS Accelerators
CSNS-I

CSNS-II CSNS-III

Beam power (kW)

100

200

500

Repetition rate (Hz)

25

25

25

Average current (μA)

62.5

125

312.5

Proton energy (GeV)

1.6

1.6

1.6

Linac beam energy (MeV)

80

132

250

Linac peak current (mA)

15

30

40

1.05

1.05

1.7

4 DTL

+3 DTL

+SCL

228

228

228

Linac duty factor (%)
Linac cavities
RCS circumference (m)
RCS accumulated particles
RCS RF cavities
(~20 kV/cavity)

38

1.6×10

13

3.1×10

13

8

+3

(H=2)

(H=4)

7.8×1013
-

Figure 1: Schematic layout of CSNS-I linac.
In the LEBT, magnetic focusing by solenoids has been
used to neutralize the space charge effect. A fast electrical
chopper is placed just before the RFQ. The three
solenoids can also produce symmetric emittance at the
RFQ entrance for a non-symmetric beam from the
Penning H － ion source by using coupling effect [1].
However, quadrupoles are needed for a good matching
when space charge is included even with a neutralization
of 90% [2].
In RFQ, based on the experience of the ADS RFQ [3],
the CSNS RFQ is expected to carry out high intensity
beam up to 50 mA with good transmission efficiency.
In MEBT, a shorter MEBT without choppers has been
designed following the successful test of the LEBT
chopper. The transverse matching and longitudinal
bunching are critical to control emittance growth during
the structure transition from the RFQ to the DTL, since
this is the most space charge dominant section in the
linac. The matching should be adaptable to different peak
currents in the CSNS phases.
On the one hand, linear space charge effect can be
compensated by adjusting the transverse focusing and
synchronous phase. The zero-current phase advance
changes smoothly with beam energy to follow the tune
depression change, as shown in Figure 2. On the other
hand, non-linear space charge effect is difficult to be
compensated and will result in betatron mismatch and

Plenary

Proceedings of HB2010, Morschach, Switzerland

MOIC02

filamentation. The coupling effect between the transverse
and longitudinal phase planes induced by the space
charge force will lead to the exchange of thermal energy
or emittance between the two planes. This latter is also
called equipartitioning, and was studied for the case of
CSNS linac [4-5]. The selection of tunes is important to
avoid the thermal energy transfer, as three different cases
are compared in Figure 3 and 4. The focusing parameters
of the linac have been selected based on the studies.

Figure 2: Zero-current phase advance per meter in CSNS
DTL.
Figure 4: RMS emittance evolutions corresponding to the
three cases in Figure 3.

LRBT

Figure 3: Stability chart for the CSNS DTL. Simulations
are with nominal emittance ratio εz/εx,y=2 and for three
different cases

LRBT has been designed to have a long reserved space
for the future linac upgrading, which is filled with
periodic triplet cells. Space charge effects are found
important especially in the entrance matching section and
the bending section. However, it is still an emittance
dominant beam line, and the linear space charge effect
can be well compensated by adjusting the focusing
elements including quadrupoles and a debuncher. The
debuncher will suppress the momentum spread increase
due to the longitudinal space charge to within ±0.1% that
is required for the injection into the RCS. One interesting
effect due to space charge is that the stripped protons by
the foil scrapers are focused by the main H- beam (see
Figure 5).

RCS
The RCS lattice is designed to be four-fold, all triplet
cells and have separate-function long straights as shown
in Figure 6. Space charge effects in the RCS have been
studying by using ORBIT and SIMPSONS codes [6].
This includes both transverse and longitudinal space
charge effects in the injection painting process, RF
capture and acceleration. The working point, injection
painting scheme and RF voltage pattern have been
selected based on the simulations. The longitudinal
painting by using off-momentum injection helps reducing
the tune shift/spread. The maximum Laslett tune shift at
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CSNS-I is about -0.3. The transverse emittance growth
due to the space charge is the most important source of
beam losses. Both correlated and anti-correlated painting
schemes have been studied for controlling of the
emittance growth [7].

Figure 6: Functional layout of the RCS.

Figure 5: Beam distributions in phase spaces at the third
foil scraper (left: without space charge; right: with space
charge. Blue for H－ particles, cyan for protons).
In order to reduce the tune excursion, higher order
harmonic RF cavities will be added in the upgrading
phases [8]. A dual harmonic RF system composed of
eight second-harmonic (H2) cavities and three
fourth-harmonic (H4) cavities at CSNS-II can limit the
Laslett tune shift within -0.2 (see Figure 7). At CSNS-I,
the dual harmonic RF working mode by transforming one
of the eight H2 cavities into H4 in the first milliseconds
and then returning to H2 is also under study.

40

Figure 7: Dual harmonic acceleration at CSNS-II. Upper:
voltage patterns for the two harmonics; lower: Laslett
tune shifts with and without dual harmonic acceleration.

BEAM LOSSES AND COLLIMATION
Although total beam loss power in high intensity
accelerators is very important, the uncontrolled beam is
more important for hands-on maintenance. At CSNS, the
beam loss rate regulation of 1 W/m is also obeyed as in
other similar facilities. Therefore, efforts have been paid
to reduce the total beam loss and localize the lost particles
by collimators.
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Beam Loss Control in the Linac
Emittance growth due to beam chopping in LEBT will
result in larger beam loss in the RFQ. Certainly, beam
loss is more important in the DTL tanks where the energy
is higher. Although the geometrical rms emittance
decreases with beam energy and the apertures of the drift
tubes increase with higher β, the emittance growth due to
the space charge effect and all kinds of errors can still
lead to possible beam losses in the DTL tanks. Therefore,
careful tuning of the linac is necessary.
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collimation system has been studied by employing both
the transverse secondary collimators and dedicated
secondary momentum collimators at the arcs [12].
To reduce the beam loss at the extraction, a method
using slow bumps at both the transverse collimation and
the extraction regions has been proposed to remove some
halo particles at low energy and is under detailed study
[13].

Collimation in the LRBT
In order to reduce beam losses at the injection, e.g. H－
particles missing the stripping foil, and obtain better
painting results, the H－ beam is well collimated to be
within 4 πmm·mrad by foil scrapers in the LRBT [9-10].
Three groups of four foil strippers are combined together
with triplet focusing cells of a phase advance of 60° in
both the transverse planes, and this will produce ideal
emittance of hexagonal shape in the two planes (see
Figure 5). The converted protons are transported along
with the main H－ beam until the downstream switch
magnet where the protons are directed to the experimental
area for medium-energy proton applications, whereas the
H－ beam is injected into the RCS. The thickness of the
scraping foils is optimized as a trade-off between the
beam loss due to partially-stripped H0 particles and the
multiple scattering effect in the foils.

Beam Loss and Collimation in the RCS
The beam loss mechanisms in the RCS have been
studied. The main loss sources are: 1) loss at the injection
stripping foil due to nuclear scattering and multiple
scattering, and non-stripped H－ particles; 2) RF capture
loss; 3) transverse emittance growth due to space charge
and nonlinear resonance crossing; 4) loss at the extraction
septum due to the misfiring of the kickers; 5) accidental
total beam loss. Fortunately, most particle losses happen
at low energy or close to the injection energy. This means
that the loss power is relatively lower on the one hand and
that the collimation is easier on the other hand. The total
beam loss rate in the RCS is estimated to be within 5% at
CSNS-I, 2% at CSNS-II and 1% at CSNS-III, and this
means a total beam loss power less than 1 kW in the RCS.
A good collimation system with the collimation
efficiency higher than 90% is designed. Both transverse
collimation and momentum collimation are considered. A
dispersion-free long straight section provides the required
space and phase advances for designing a two-stage
transverse collimation system, which is made of a
primary collimator to scatter the halo particles and two to
four secondary collimators to collect the scattered
particles [11] (see Figure 8). The lattice has been
designed to provide high normalized dispersion at the
middle points of the arcs, where is ideal to place a
primary momentum collimator. A combined momentum
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Figure 8: Transverse collimators along with a ring
superperiod. The primary (pink) & secondary (blue)
collimators are shown with betatron functions.

BEAM SPOT UNIFORMIZATION AT THE
SPALLATION TARGET
In order to prolong the lifetimes of the spallation target
and the proton beam window and decrease the direct
irradiation of the proton beam to the moderators, special
non-linear magnets – step-like field magnets (SFM) have
been designed in the RTBT [14]. Two pairs of SFMs can
transform the irregular distribution of the extracted beam
from the RCS into a uniform-like distribution at the
target, and reduce the halo part outside of the target. From
CSNS-I to CSNS-III, the core emittance of the extracted
beam from the RCS increases and the spot size also
increases to control current density at the target, as shown
in Figure 9 and in Table 3. The distribution
transformation system has been designed to adapt the
changes. Another option using octupoles is also under
study.

Figure 9: Transformed beam distribution at the CSNS-III
target.

41

Proceedings of HB2010, Morschach, Switzerland

MOIC02

Table 2: Beam Characteristics at the Target
w/o SFM

with SFM

Particles out of footprint

2.2%

2.0%

Particle out of target

0.64%

0.16%

5.51

2.52

Peak density (10-2 A/m2)

OTHER HIGH INTENSITY ASPECTS IN
THE CSNS UPGRADING PHASES
Beam loading effect: The beam injection into the RCS
at CSNS-I can work with non-chopped beam or chopped
beam. In the first case, the RF voltage should start from
very low value, e.g. about 10 kV, to obtain
quasi-adiabatic RF capture. However, a low RF voltage
also means strong beam loading effect in the RF system.
Sophisticated LLRF system including feed-forward loop
is under developing to address this issue. At CSNS-II or
CSNS-III, only chopped beam will be used so that higher
RF voltage is used to allow the painting in the
longitudinal phase plane, but beam loading effect is still
important as the circulating beam current will increases.
The injection stripping foil becomes an important issue
at CSNS-III, although it is considered a relatively easy
problem. With more accumulated particles in the RCS,
the foil lifetime due to temperature rise becomes a
concern. Preliminary study shows that it is still less
critical than that at SNS. Relatively thick foils are used at
CSNS to have a good stripping efficiency, as the CSNS
injection system is designed to have a low power beam
dump at injection and only H0 particles are sent to the
dump after being stripped by the second stripping foil
[15].

CONCLUSIONS
CSNS has been designed to tackle a high-intensity
beam that will be increased to 200 kW and 500 kW in the
upgrading phases from 100 kW in the first phase. Linac
energy will be increased to alleviate the space charge
effects with more accumulated particles in the RCS in the
upgrading phases, and a dual-harmonic RF system will be
built for the same purpose. Beam loss control and
collimation system are key in operating the accelerator
complex at high beam power, and they have been studied
with great cares. Other high-intensity aspects such as
beam uniformization at the spallation target and beam
loading effect have also been studied.

the CSNS colleagues for the substantial contributions to
the materials presented in the paper.
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BRIEF REPORT OF THE FIRST WORKSHOP OF THE JOINT ICFA-ICUIL
TASKFORCE ON HIGH AVERAGE POWER LASERS FOR FUTURE
ACCELERATORS
W.P. Leemans, Lawrence Berkeley National Laboratory, Berkeley, USA
Abstract
A new taskforce has been formed in 2009, jointly with
the International Committee for Future Accelerators
(ICFA) and the International Committee for Ultra-Intense
Lasers (ICUIL). This Joint Taskforce (JTF) has as goal to
understand the needs imposed by future accelerators on
laser technology. A preliminary summary, from a
personal perspective, is presented of the activities at the
first workshop held at GSI (Darmstadt) from April 8-10,
2010.

INTRODUCTION
Accelerators, x-ray light sources and lasers have been
essential tools for advancement of science and technology,
and have provided the basis for a vast number of
industrial activities and societal benefits in the 20th
century. As we enter the second decade of the 21st century,
key challenges in science and technology will require next
generation accelerators, light sources and lasers that far
exceed today’s capabilities.
Modern accelerators have become increasingly
dependent on laser technology ranging from the
production and manipulation of electron beams, to novel
acceleration techniques and advanced light sources. The
high average power demands imposed by today’s
accelerators on lasers is rapidly exceeding their state-ofthe-art capabilities. Future accelerators that may rely
entirely on lasers to power them far exceed today’s
capabilities. In order to bridge the gap between what
exists today and what will be needed in the future, a Joint
Taskforce (JTF) was formed with endorsement by both
ICFA and ICUIL, to develop a roadmap for laser
technology for future accelerators.

JTF ORGANIZATION
The 2009-2011 membership of the JTF consists of
members of the ICFA Beam Dynamics Panel (Ralph
Assman, Weiren Chou -- Chair ICFA BD, Ingo Hofmann,
Kaoru Yokoya), the ICFA Advanced and Novel
Accelerator Panel (Bruce Carlsten, Dino Jaroszynski, WL,
Akiro Noda, James Rosenzweig, Siegfried Schreiber and
Mitsuru Uesaka -- Chair ICFA ANA) and ICUIL (Chris
Barty, Paul Bolton, Robert Byer, Almantas Galvanauskas,
WL and Wolfgang Sandner). The JTF is chaired by WL.

WORKSHOP ORGANIZATION
A first workshop was organized at GSI (Darmstadt)
from April 8-10, 2010 by the JTF to discuss the needs of
accelerators that drive collider facilities, light source
facilities and medical applications as well as an overview
of the state-of-the-art in laser technology. The Chair of
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the local organizing committee was Ingo Hofmann.
Experts on high power laser technology as well as
accelerator technology and their applications were invited
to this first meeting. The 47 participants came from China
(1), France (4), Germany (18), Japan (4), Switzerland (2),
the UK (4) and the US (14).
The goals of the workshop were the following:
• Establish a comprehensive survey of requirements
for laser-based light and particle sources with
emphasis on sources that can advance light and
particle driven science, and that require lasers
beyond the state-of-the-art or state-of-current use.
The emphasis was placed on the fact that the
workshop was not intended to carry out a down
selection of specific designs or technology choices
but instead have an inclusive approach that represent
a community consensus.
• Identify future laser system requirements and key
technological bottlenecks.
• From projected system requirements, provide visions
for technology paths forward to reach the survey
goals and outline the required laser technology R&D
steps that must be undertaken.
• Write a technical report.
Four work packages were identified:
• Colliders -- effort led by Weiren Chou
• Light sources -- effort led by WL
• Medical applications -- effort led by Mitsuru Uesaka
• Lasers -- effort led by Chris Barty and Wolfgang
Sandner.
The first day of the workshop was devoted to plenary
talks covering the different workpackages and discussions
of the material presented. The second day was devoted to
working group discussions and material development and
gathering. One the third and final day, final discussions
were held followed by a summary and assignment of
follow-up tasks for manuscript preparation.

COLLIDER WORK PACKAGE
The largest challenge for laser technology is a laserplasma e-e collider up to the 10 TeV goal. The consensus
in the world high energy physics community is that the
next large collider after the LHC would be a TeV-scale
lepton collider. Options currently under study include the
ILC (0.5-1 TeV), CLIC (up to 3 TeV) and the muon
collider (up to 4 TeV), all using RF technology. The very
high gradients (~10 GeV/m) possible with laser plasma
acceleration, on the other hand, open up new avenues to
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reach even higher energy and more compact machines
(see W. Leemans and E. Esarey, Physics Today 62, 44-49
(2009)). This workshop investigated the beam and laser
parameters of a 1-10 TeV, 1036 cm-2s-1 e+e- collider based
on two different technologies – laser plasma acceleration
(LPA) and direct laser acceleration (DLA). The main
challenges to the practical achievement of laser
acceleration are: high average power (~100 MW), high
repetition rate (kHz to MHz), high efficiency (~40-60%)
at a cost that ideally would be an order of magnitude
lower than using RF based technology. The workshop also
studied the laser requirements for a 200 GeV γγ collider,
proposed as the first stage of a full scale ILC or CLIC.
The required laser systems for such a collider may be
within reach of today’s technology.

LIGHT SOURCE WORK PACKAGE
For light sources, lasers already play a significant role
in existing facilities, and face new challenges with future
light sources that aim at much higher repetition frequency.
Ultrafast (femtosecond) lasers reaching 1-10 kW levels
will be required for seeding and user driven experiments.
Lasers, producing a few Joules in 30-50 fs pulses at high
repetition rate (100-1000 Hz) could be used to drive laser
plasma accelerators that thanks to their ability to produce
GeV-class, ultra-short, high peak current electron
bunches, could drive compact free electron lasers
operating in the soft x-ray regime. Higher energy per
pulse lasers (~40 J) would be needed to drive multi-GeV
electron bunches for hard x-ray FELs.

some light source and medical applications need ultrashort laser pulses with pulse duration on the order of a
few femtosecond, others need longer laser pulses such as
is the case for colliders. A preliminary design for a laser
plasma accelerator based collider suggests that laser
pulses with pulse duration of order 150 fs may be suitable
which opens up material choices that have smaller optical
bandwidths but can be directly diode pumped and have
excellent thermal properties. These tradeoffs will be the
subject of a subsequent workshop.

SUMMARY
An interim report was presented of activities at the first
workshop on High Average Power Laser Technology for
Future Accelerators. Results of the workshop, including
parameter tables on laser technology requirements and
goals will be compiled in a workshop report and
submitted to ICFA and ICUIL for their approval, prior to
public release.
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MEDICAL APPLICATION WORK
PACKAGE
The third area of application has been medical
applications of laser acceleration of protons/ions and its
potential to replace current technology used in tumor
therapy. Such lasers are typically very high peak power
(PW-class) and require special pulse shapes with very
high temporal contrast. Again, multi-kW compact lasers
will be needed.

LASER WORK PACKAGE
Laser requirements for the applications discussed
above, are often many orders of magnitude beyond the
capabilities of the lasers used in today's scientific
demonstrations, i.e. MW's vs 10’s of W's. Laser science
representatives at the meeting discussed and outlined how,
with appropriate R&D, emerging 100-kW-class industrial
lasers, 10-MW-class laser fusion energy technologies and
MW-class defense laser systems might be adapted to meet
these challenging requirements. Approaches include the
use of fiber based laser systems, novel materials for high
efficiency pumping and extraction of laser energy, diode
pumping and amplification media that include bulk
materials shaped as rods or slabs. Since the required laser
technology depends highly on the accelerator
requirements, it is clear that not a single technological
solution will be appropriate for all applications. Whereas

44

Plenary

Proceedings of HB2010, Morschach, Switzerland

MOPD05

DYNAMIC APERTURE AND SPACE CHARGE EFFECT STUDIES FOR
THE RECYCLER RING FOR PROJECT-X*
M. Xiao#, L.G. Vorobiev and D.E. Johnson, Fermilab, Batavia, IL 605010, U.S.A.
Abstract
A simplified Recycler lattice was created to fine tune
injection straight, ring tune, and phase trombone. In this
paper, we will present detailed modifications for further
optimization of Recycler lattice which requires the
investigation of tune footprint and dynamic aperture
based on higher order momentum components of the
magnetic fields, together with the space charge effects.

INTRODUCTION
Project X [1] is a multi-MW intense proton source that
provides beam for various physics programs. The
Recycler ring will be used as a proton accumulator where
H- would be injected and converted to protons. Protons
are provided to the Main Injector and accelerated to
desired energy. The injection system for converting H- to
protons in Recycler is a multi turn stripping system, see
Fig. 1. A simplified toy lattice was created to fine tune the
injection insertion, ring tunes and phase trombone for the
Recycler ring [2]. In this paper, a realistic lattice was
created by using the measured magnetic field for all the
magnets and further optimization of this lattice was
completed. Based on this lattice, the tune footprint and
dynamic apertures in the present of higher order multipole
components of the magnetic fields have been investigated
and are presented. Space charge effect is another issue for
this lattice since the beam intensity at the end of injection
reach 1.6E14, which is 2 order of magnitude larger than
the existing beam intensity in the Recycler ring. The
preliminary results of the space charge effect study is also
presented in this paper.

REAL RECYCLER LATTICE FOR
PROJECT X
To accommodate the injection system in the Recycler
ring, a 21.5 m long drift space is designed by converting
the existing FODO lattice in RR10 straight section into a
doublet, shown in Fig. 2. Instead of the standard ideal
magnetic field used in the toy lattice, the measured
magnetic fields, up to 8th order multipole components,
have been implemented in the real lattice for Project X. In
addition, the RR30 straight section was converted to a
FODO lattice with standard permanent quads, and the
trim quads in RR60 phase trombone straight section are
set to zero. To get nominal tunes (25.425, 24.415),
• the end-shim field of each gradient magnet in the
arc cell were adjusted, so that the phase advances
of the arc cell changed from μx =83.624o, μy
=78.290o to μx =85.236o, μy =79.007o
• added additional trim quads in the dispersion
suppressor sections on either side of the RR10 to
match the two ends of the RR10 injection
insertion to the whole ring
The lattice was shown in Fig. 3. The chromaticities in
the Recycler ring were designed to be corrected by body
sextupole components and the sextupole components of
the end-shims of each dipole gradient magnets. The
chromaticities are now (-1,-1) with the measured
magnetic field. For additional chromaticity corrections,
there are 8 and 16 sextupoles in horizontal plane and
vertical plane respectively. They are set to 0 for this
lattice.

Figure 1: Injection insertion.

Figure 2: The lattice in RR10 with symmetric structure
for injection.
___________________________________________

*Work supported by U.S.Department of Energy under the contract
No. DE-AC02-76CH03000.
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Figure 3: Real Recycler lattice for project X. Included are
measured magnetic field up to 12th order of multipole
components, nominal tunes are (25.425, 24.415).

DYNAMIC APERTURE STUDY
The scenario of beam injection into the Recycler ring
for Project X is shown in Fig. 4. The beam of 1.6E14 is
divided into 6 injections with the time interval of ~100
ms, total time of the particles circulating in the Recycler
is about 0.5 second, which is about 45,000 turns
(Recycler Revolution period is 11.12 ms). The 95%
normalized emittances of 25 πmm·mrad in both planes
are achieved after painting.

amplitudes are stable over this number of turns. This is
repeated for several x amplitudes until the largest yamplitude falls to 0. The dynamic aperture is then defined
as the average of all the largest stable radial amplitudes.
The gradient dipole magnet in arc cell is 4.496 meters
and 3.099 meters in dispersion suppressor cell. Previous
experiences [3] show that the magnet needs to be sliced
into at least 16 pieces, each with (1/16)th of the integrated
strength of the whole single kick, for the non-linear lattice
model to incorporate the multipole kicks. We observed
that the beta functions are not varying rapidly along the
length, but the phase advance change of ~7 degree along
the length of each gradient magnet. When there are
several kicks along the length, each of these occurs at a
slightly different phase, the resultant of these somewhat
incoherent kicks will always be smaller than a single
coherent kick which has the same length as the sum of all
the individual kicks. This is a qualitative explanation of
the effects of several incoherent kicks. For this tracking,
each gradient magnet is sliced into 16 pieces. Fig. 4 gives
the dynamic aperture of the Recycler ring for Project X.
Particles with 3 constant momentum deviations of
Δp/p=0, Δp/p=0.2% and Δp/p=-0.2% are tracked. The
average dynamic aperture is 10σ in radial for the particles
with Δp/p=0, and 8.4σ in radial for the particles with
Δp/p=0.2% or Δp/p=-0.2%.

Figure 5: Dynamic aperture in the Recycler ring for
Project X after 45,000 turns for 3 cases of constant
momentum deviations: Δp/p=0 (Green), Δp/p=0.2%
(Blue) and Δp/p=-0.2% (magenta). Also shown is the
physical aperture (Red) of the Recycler beam tube. The
dynamic aperture of the particles with Δp/p=0 exceeds the
physical aperture.
Figure 4: The scenario of the Beam injection into the
Recycler ring.
The dynamic aperture tracking was done using MAD
(Ver8.23). Particles are launched with a distribution of
amplitudes with neighbouring particles differed in
amplitude by either 1σxo or 1σyo which are the beam sizes
at launch point. For each fixed x-amplitude, we search
the largest y-amplitude for which the particles survive
45,000 turns. We also check that particles with smaller y
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The physical aperture was calculated from the Recycler
beam tube, size of 47.625 mm x 22.225 mm. Fig. 4 shows
that the dynamic aperture of the particles with Δp/p=0
after 45,000 turns exceeds the physical aperture.
Actually, the emittance only reaches 25 πmm·mrad after
the last injection and only last for less than 1,000 turns.
Therefore it would be still safe for the off momentum
particles circulating for 45,000 turns.
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Tunes for the particles with up to 6σxo or 6σyo
amplitudes are calculated by tracking the particle 1024
turns, and perform a FFT from the calculated turn by turn
data. They are plotted in the tune diagram shown in
Figure 5. The resonance lines are 7th, 9th and 12th order.
Most of the tunes are lined within 12th resonances lines.
Our nominal tunes are also on the 12th resonance lines,
which should be safe since the Recycler ring now is a
proton accumulator, driving strength of higher order
resonances is not large enough to drive the particle out in
a short time(~0.5 second).

MOPD05

The evolution of the space charge tune spread after turn
1, turn 400 and 800 turns are shown in Fig.7 (a) (b) and
(c) respectively. We can see most of the particles (30,000
among of 50,000) are in the core of the beam distribution
(represented by the red colour) after turn 1, but they
smear out (10,000 left after turn 803), and the tunes are
spread and shifted down by 0.01 in both planes

(a) Tune spread after Turn1

Figure 6: Tune footprint of the particles with 6σxo or 6σyo
amplitudes. Also shown is the nominal tunes (green solid
circle).

SPACE CHARGE EFFECT STUDY
To reach the level of 1.6E14 protons, circulating in the
Recycler in Project-X, one needs a multi-turn H- stripping
injection, using a painting procedure. The detailed
injection painting was considered in [4]. In our numerical
studies we skip the injection cycle, have been taking into
consideration the resulting beam of 1.6E14 protons and
simulated the dynamics during 800 turns using the multiparticle code ORBIT [5].
ORBIT package was extensively used for SNS design
and operations and combines the tracking with the space
charge physics. It allows easy extensions, by adding new
modules to the existing library of C++ classes. Our
current version [6] was equipped with a corrected 2nd
order transfer matrices, a foil hits module and the
procedure for injection painting of the longitudinal train
of arbitrary chopped microbunches
The calculations were done with 50,000 macroparticles. The initial phase space distribution was assumed
to be a bi-Gaussian with 95% normalized emittance of
25 πmm·mrad. Our first step is to check how the space
charge affects the particles with the small amplitudes. So
far a linear toy lattice for the Recycler was implemented
and the Twiss and Transfer matrices from MAD were
imported into ORBIT. The space charge was taken into
account with full generality and space charge kicks were
applied at the centre of each element. We would include
the lattice non-linearity into the model later.

Beam Dynamics in High-Intensity Circular Machines

(b) Tune spread after Turn 400

(c) Tune spread after turn 800
Figure 7: The evolution of the space charge tune spread.
We place space charge tune spread on tune diagram for
turn 2 and turn 803, shown in Fig. 8 We can see after 803
turns, the space charge effect tunes are spread to 5th order
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resonance lines, which would potentially cause emittance
growth.

will be done soon. Also after the next shutdown we
should look at the strength of the 5th order resonance with
protons.
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Figure 8: Space charge tune footprint.
Figure 9 presents the beam distribution in (x,x’) and
(y,y’) planes after 2 turns and after 803 turns. The total
rms emittance (both for x and y directions) growth is
below 1.5%.
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Figure 9: Beam distributions in phase space. (x,x’): Red –
after 800 tuns, Green – after 1 turn; (y,y’): Blue – after
1000 turns, Magenta – after 1 turn.

CONCLUSION
Dynamic aperture was found to be 10 σ in radial for
the beam with the 95% normalized emittances of
25 πmm·mrad in the Recycler lattice for Project X. This
was obtained for the measured magnetic field for all the
magnets up to 8th order momentum components. It is
larger than the physical aperture in the Recycler ring.
Space charge effect study show that the total rms
emittance (both for x and y directions) growth is below
1.5%. The space charge tune spread down to the 5th order
resonance lines could potentially lead to emittance growth
or beam lifetime issues. Shifting the base tune up by .005
in both planes should elevate this issue.
Further simulation study with more particles and
longer turn tracking, together with magnetic field errors
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ACHIEVING HIGH LUMINOSITY IN AN ELECTRON-ION COLLIDER*
Yaroslav Derbenev, Geoffrey Krafft, Byung Yunn and Yuhong Zhang#,
Thomas Jefferson National Accelerator Facility, Newport News, VA 23693, U.S.A.
Abstract
A future electron-ion collider is required to deliver a
high luminosity exceeding 1033 cm-2s-1 per detector for
probing the hadronic structure of matter. At JLab, a
medium energy ring-ring collider (MEIC), based on the
CEBAF SRF linac as a full-energy electron injector and a
green-field design of an ion complex, is one of several
proposals to meet this science need. The present MEIC
design relies on high bunch repetition and high averagecurrent colliding electron and ion beams with short bunch
length and small transverse emittance for reaching the
high luminosity goal. This is an approach significantly
different from traditional hadron colliders. In this paper,
we present a review of this luminosity concept and its
impact on the accelerator design, particularly design of
the ion complex for delivering required ion beams. We
will also discuss some new ideas towards the realization
of this high collider luminosity concept.

INTRODUCTION
As articulated in the latest Long Range Plan [1] issued
by US DOE-NSF Nuclear Science Advisory (NSAC)
Committee, a new electron-ion collider (EIC) is critically
needed as a gluon microscope for the emerging QCD
frontier. While the EIC science programs are under active
development, a set of basic machine requirements has
been gradually converging. Among them is a minimum
luminosity of 1033 cm-2s-1, roughly 100 times higher than
the final achieved luminosity of HERA, the world’s only
and highly successful high energy electron-proton collider
at DESY recently decommissioned.
JLab has been engaged in feasibility studies and
conceptual design of a polarized electron-ion collider for
over a decade. The present baseline is a medium energy
ring-ring collider (MEIC) with a CM energy up to 52
GeV [2] while a future energy upgrade (ELIC) will extend
the CM energy to or beyond 100 GeV [3]. Since the very
beginning, the focus of the JLab EIC studies has centered
on achieving ultra-high luminosity over multiple (3 or 4)
collision points, an order of 20 to 100 times higher than
the desired luminosity requested by the Long Range Plan.
Such unprecedented high luminosity is achievable in
principle due to MEIC or ELIC employing a special
luminosity concept which has already been proved in
several lepton-lepton colliders but is still new to colliders
involving hadron beams. JLab possesses a unique
opportunity to adopt this luminosity concept for its MEIC
design due to the following two facts: the 12 GeV
upgraded CEBAF SRF linac will serve as a full energy
injector into the MEIC electron ring; and being a green
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field, the MEIC ion complex can be specially designed to
produce ion beams with optimized time and spatial bunch
structures. Therefore, MEIC and its energy upgraded
version ELIC hold a very attractive promise of an ultrahigh luminosity in a range from a few 1034 to above 1035
cm-2s-1, depending on acceptance of the detectors and
arrangement of interaction regions.
Though the JLab EIC designs and their luminosity
concept were proposed nearly a decade ago and reported
in various conference proceedings [3,4] and a design
report [5], we will present a comprehensive review in the
next section with emphasis on the luminosity concept
itself rather than machine design details. In the third
section we will discuss ideas and accelerator design for
forming the required ion beams to support high
luminosity.

MEIC LUMINOSITY CONCEPT
Briefly, the key to the MEIC high luminosity concept is
that both colliding electron and ion beams have short
bunch lengths and small transverse emittance such that a
strong final focusing can be adopted to reduce beam spot
sizes to a few μm at collision points, hence, combined
with a high bunch repetition rate and high averaged
current, greatly boosting the collider luminosities. To
illustrate this concept, let us first examine how ultra high
luminosities had been achieved in several lepton-lepton
colliders.

Lessons Learned from Lepton-Lepton Colliders
The present world records of the highest achieved
luminosity are held by e+e- colliders at the KEK-B and
PEPII B-factories, with sustained peak values of 2.11 and
1.21 times 1034 cm-2s-1 respectively [6,7]. These high
luminosities can be attributed to the following machine
design features and key beam parameters (see Table 1):
(1) high bunch repetitions, up to 508.6 MHz for KEK-B
and 476 MHz for PEPII; (2) high average beam current,
up to 3 A; (3) short bunches, with RMS bunch lengths
shorter than 1 cm; (4) small transverse emittance, of the
order of a few mm-mrad (normalized) on vertical
direction and very high aspect ratio; (5) extremely small
(less than one cm) vertical beta-star (betatron function at
collision points). It is clear that (1) and (2) lead to modest
bunch charges, about several 1010 electrons or positrons
per bunch, hence lesser effects of single bunch
instabilities. (5) is possible since (3) ensures the hourglass effect is still relatively small even under a very
strong final focusing (beta-star), combined with (4),
leading to micrometer beam spot sizes at collisions points.
In addition, (4) reduces the beam spot size inside the final
focusing quads, and thus requires smaller apertures in

49

Proceedings of HB2010, Morschach, Switzerland

MOPD06

magnets and makes the interaction region optics design
much easier.
Table 1: Main Parameters for e+e- Colliders and MEIC
Current
Bunch repetition
Particles/bunch
Bunch length σz
Horiz. emit., norm.
Vert. emit., norm.
β*x
β*y
Beam-beam par. vert.
Luminosity (1034)

KEK-B
(e-/e+)
1.6/1.2
508.6
1.6/1.2

A
MHz
1010
mm
μm-rad
μm-rad
cm
120 / 120
cm
0.59 / 0.59
0.13/0.13
s-1cm-2
2.11

PEPII
(e-/e+)
1.9/2.9
476
11/10
52/35
1.1/1.3
48/44
1/0.8
0.05/0.06
1.21

MEIC
(p/e-)
1/3
750
0.4/2.5
7.5/7.5
0.35/54
0.07
4/4
0.8/0.8
0.007/0.03
1.4

Luminosity Concept
The luminosity of a collider with head-on collisions is
given by [8]
N N
1
(1)
L=
f c e* *p
4π
σ xσ y
assuming both colliding bunches are short and their spot
sizes are matched. The key luminosity parameters are
bunch collision frequency (fc), number of particles per
bunch (Ne, Np) and spot sizes at the collision point (σx*,
σy*). Their values depend on the collider design and are
usually limited by collective beam effects. Among these
limiting effects, the most important is the beam-beam
effect characterized by the following parameter
rp N e
β y*, p
(2)
ξ y, p =
γ p 2πσ *y (σ x* + σ *y )
where rp is the classical radius of proton and γp is the
relativistic factor of the proton. Thus the luminosity
formula (1) can be rewritten as
γ N fξ
σ*
(3)
L = p p c* y , p (1 + y* )
σx
2rp β y , p
and a similar formula using the electron beam-beam
parameter. It is clear that a high current Npfc is preferable
for a higher luminosity; however, the bunch charge is
nevertheless limited not only by the beam-beam
parameters of the other beam but also by additional
collective beam effects such as ion space charge tuneshifts. Presently there is no good theory which can predict
maximum allowable values of the beam-beam parameters
of a collider; however experiences from years of operation
of existing colliders indicate that a value of 0.035 is a
practical limit of the total beam-beam parameters for
hadron beams and roughly a factor of 4 larger for lepton
beams thanks to their synchrotron radiation damping [9].
With the above facts, the luminosity can be optimized by
pushing up bunch collision frequency within limits of the
beam currents and squeezing values of beta-star.
For ring-ring colliders involving hadron beams, there
are traditionally very small numbers of bunches per beam,
ranging from just a handful (9 for SPS) to several dozen
(36 for Tevatron) [9]; therefore their collision frequencies
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are very small. With relatively large bunch charges (up to
1011) in order to maintain even a modest beam current,
bunch lengths are usually very long (of the order of 0.5 to
1 m) partially due to limits of collective effects and also
slow processes of accumulating and acceleration of
particles. Long bunches prevent a strong final focusing
(small beta-star) due to the hour-glass effect, and
combined with large transverse emittance if no beam
cooling is applied, lead to large beam spot sizes at
collision points, as a result, pulling down luminosities.
The luminosity concept proved at the B-factories
spearheads with very large bunch collision frequency by
storing tens to hundreds times more bunches in the rings,
and hundreds times smaller beta-stars (the spot sizes at
collision points) through strong final focusing enabled by
short bunch lengths. Though bunch charges should be also
scaled down proportionally to maintain small charge
densities and thus similar severity of collective beam
effects, the high average currents can be achieved by a
very large number of bunches. The net effect, combined
with appropriate interaction region design discussed
below, is several order of magnitude increase of
luminosity

Design of MEIC Colliding Beams
It has been a primary design strategy of MEIC to break
away from the traditional approach of hadron colliders
and to adopt the new luminosity concept of short-bunch
and high-collision-frequency for the first time in a ringring collider involving ion beams. At JLab, the CEBAF
recirculated SRF linac delivers an extremely good quality
CW beam at 1497 MHz bunch repetition rate, split three
ways to three experimental halls of fixed targets. After
completion of the current 12 GeV energy upgrade, there
will be no further upgrade requirement to utilize this
facility as a full energy injector to the electron storage
ring of MEIC. Stacking and storing an electron beam with
up to 3 A average current is technically proved in Bfactories. It should take very short (less than a second)
time to fill the MEIC electron ring by the CEBAF linac,
thus if there is a science need, CEBAF can be operated
simultaneously for both the MEIC collider and the fixed
target programs. A technical challenge of providing high
RF power to compensate energy loss due to synchrotron
radiation of the high current beam leads us to keep the
bunch repetition rate below 1 GHz at least initially; hence
a choice of 750 MHz had been made for the present
conservative baseline design [10].
On the ion beam side, we need to produce and store
high average current beams with matched properties in
terms of bunch repetition rates, length and emittance. The
key beam parameters for a typical MEIC point design are
summarized in Table 1, in order to implement the new
luminosity concept. Such ion beams do not exist yet,
however, they are technical feasible given advances of
accelerator technologies over the last several decades,
notably in ion sources, SRF linacs and the cooling of ion
beams. It should be noticed from Table 1 that number of
protons per bunch in MEIC is only 4x109, a factor of 10 to
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50 times smaller than that in a traditional ion collider.
Significant studies have been devoted over the last several
years at JLab to the conceptual design of such a modern
ion complex. A brief description of this ion complex plus
a process of formation of MEIC ion beams will be
presented in the next section. What we want to point out
here is, being a lepton lab, we have in our hand a greenfield design of an ion complex. This provides us a great
opportunity to create a new facility for producing ion
beams with desired time and spatial structures without
being constrained by decades-old out-dated legacy
systems or suffering a tremendously high cost for
updating and even rebuilding almost every part of an
existing facility.
A comment should be made on the aspect ratios of
transverse emittance of MEIC colliding beams. Like the
cases of two B-factories, the stored electron beam of
MEIC tends to become highly flat due to synchrotron
radiation. This large aspect ratio of transverse emittance
(and transverse beam sizes) could be preserved with a ring
optics of zero or very small residual x-y coupling, and
therefore could be exploited for enhancing luminosity and
optimizing interaction region design. The ion beams of
MEIC, on the other hand, naturally have a round shape
since the energies are too low to emit synchrotron
radiation. However, they can also be made oval or highly
even flat if electron cooling is applied such that the aspect
ratios of transverse emittance are determined by a balance
of (non-isotropic) intra-beam scatterings and (isotropic)
electron cooling [11]. Studies indicated that emittance
aspect ratios of cooled ion beams depend on ion energy
and ring optics in addition to the electron cooler design.
They could approach 5 to 7 for a 60 GeV proton beam in
the MEIC baseline design but can be as high as 25 for 250
GeV protons in the ELIC case.

ERL-Ring Collider vs. Ring-Ring Collider
A linac-ring collider was considered at an early stage of
the EIC Studies at JLab. In that proposal, an ion beams
stored in a ring collides with an electron beam from the
CEBAF SRF linac. The key advantage of a linac-ring
collider is that a much larger beam-beam disruption can
be tolerated by the electron beam since it is not stored for
a long time in a ring. A large beam-beam parameter could
increase luminosity in principle as shown in Eq. (3).
Nevertheless a major upgrade of CEBAF to an energy
recovery linac (ERL) is required in order to avoid drawing
hundreds of GW RF power from the linac (and wall plug).
This ERL-ring approach has also been adopted recently at
BNL as the baseline of the eRHIC design [12] as well as
at CERN as one option of the LHeC design [13]. While
this is an attractive concept, our studies show that its
luminosity advantage over a ring-ring collider is not
significant when the bunch repetition rate is very high as
in the MEIC design [14]. Further, an electron beam with a
modest to high average current must be made available to
reach a high luminosity. This current requirement is very
difficult to meet for the MEIC case since the electron
beam must be highly polarized. A clever idea of
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employing a circulator electron ring had been suggested,
in which an electron beam recirculates several hundred
rounds while colliding with an ion beam before being
ejected and sent to the CEBAF SRF linac for energy
recovery. Therefore it can effectively reduce the required
beam current from the CEBAF linac from 2 to 3 A to 20
to 30 mA, a factor of hundred reduction. However even
the reduced current is still a hundred times beyond the
current state-of-the-art of the polarized electron sources;
thus a tremendous R&D effort is needed to close such a
giant gap. A high demand of electron source R&D
combined with an ERL upgrade of CEBAF, but with only
a small luminosity gain compared to the alternate ringring collider led us to choose naturally a ring-ring collider
as the MEIC baseline and rely on the new concept
described above for achieving a high luminosity.

Interaction Regions
The luminosity concept discussed in the previous
subsections could not work without a proper design of the
interaction regions. Several important issues warrant
special attentions in design considerations. The first is
elimination of a large number of parasitic collisions due to
ultra small (40 cm) bunch spacing that comes with ultrahigh bunch repetition frequency (750 MHz). Current
detector design for MEIC requires a magnet-free space of
±4.5 to ±7 m near a collision point, and thus could bring
up more than 70 parasitic collisions in a head-on collision
setup. It is well known that long-range beam-beam
interactions at parasitic collisions are major sources of
troubles in terms of beam loss, detector background and
luminosity lifetime. Following the KEK-B e+e- collider
[7], the MEIC design adopts a crab crossing scheme for
colliding beams to mitigate this problem. It has been
shown that a crab crossing angle of 25 mrad or larger is
sufficient to separate two MEIC crossing beams fast
enough to eliminate all parasitic collisions. Further, it is in
the MEIC baseline design that multi-cell SRF crab
cavities will be developed and installed on both sides of a
collision point to recover luminosity loss by restoring
head-on collisions. The second issue is correction of large
natural chromaticity induced by a strong final focusing.
The value of natural chromaticity is, to the first order,
depending on a ratio of the final focal length and value of
beta-star. In the MEIC design, the natural chromaticity
could be 10 even 100 times larger than the existing hadron
colliders after pushing down the beta-star to a few cm. It
is further amplified in MEIC compared to the e+ecolliders in the B-factories since the magnet-free space
(which roughly equals the final focal length) in KEK-B
and PEPII are much smaller (less than 1 m). As a key
R&D topic of MEIC, a chromatic compensation block
must be carefully designed such that it not only could
provide adequate correction of chromaticity but also
should leave a large enough dynamic aperture in order to
have a good beam lifetime.
It should be pointed out that highly flat ion beams in the
high energy end of ELIC may provide a real opportunity
to implement a crab-waist scheme [15] for the interaction
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region design. Such a new scheme has already been
chosen for conceptual designs of both the SuperB and
Super-KEKB colliders [16, 17] after complete success of
a proof-of-principle experiment at DAΦNE [18]. It is
expected this scheme will help both super B-factory
designs to achieve a luminosity above 1036 cm-2s-1. Our
initial studies suggest ELIC may be also benefited by
employing this scheme.

FORMATION OF MEIC ION BEAM
While the MEIC design is following the luminosity
leaders, namely two B-factory e+e- colliders, to achieve
ultra-high luminosity, it must be acknowledged that ion
beams are different from lepton beams. First, there is no
synchrotron radiation damping for ions at the MEIC or
ELIC energy range. Second, it is not feasible
economically to build a linac based full energy injector to
the MEIC ion ring. These two differences are extremely
critical not only to formation of high bunch repetition and
high average current ion beams but also to the ability to
reach and maintain short bunch length and small
transverse emittance during the entire store and collision
of ion beams. The MEIC ion complex design must take
these two disadvantages into account and should make
every possible effort for proper mitigation.

Staged Electron Cooling in Ion Collider Ring
A damping mechanism could be in principle introduced
into the MEIC ion collider ring. The best candidate of
such as we believe is staged electron cooling. As an
essential part of the MEIC or ELIC design, an ERL based
circulator electron cooler is proposed to deliver such ion
beam cooling [19]. A staged cooling scheme means that
electron cooling will be called for first at the injection
energy of the ion collider ring for initial 6D emittance
reduction, then at the top beam energy after boosting for
conditioning the beams to the designed state for collision,
and most importantly, will be utilized for continuous
cooling during collisions in order to suppress intra-beam
scattering heat-up and other nonlinear collective effects.
Our estimations indicate that, with a proper cooling
electron beam (good beam quality and 2 to 3 times the
current compared to the ion beam), electron cooling
efficiency is good enough to achieve the design goal
stated above. Nevertheless, it must be pointed out that the
damping time associated with the electron cooling is in a
range of ten seconds to a minute, roughly a thousand
times longer than the typical radiation damping time of
lepton beams in MEIC and in B-factories. It remains an
open question, and therefore presently a key R&D issue,
whether the continuous electron cooling is able to help
mitigate long term effects of beam-beam instabilities and
to improve luminosity lifetime. Computer simulations of
beam-beam effect with electron cooling up to a time scale
of seconds or minutes are currently underway.

MEIC Ion Complex
Accelerating protons or ions from sources to high
energies and accumulating them to a beam with even a
52

modest current is a very slow and painful process
presently, compared to the lepton beams. Commonly used
synchrotron based boosters accelerate ions very slowly in
comparison to a linac of the same energy boosting
capacity, and thus prolong the time the non-relativistic
ions spend in the space charge dominated region. The
strong space charge forces at the stage of extremely low
energy could cause beam emittance blow-up as well as a
serious bottle-neck of accumulating ions into a bunch
bucket. Like Project-X in Fermilab [20], the MEIC design
calls a SRF linac to accelerate ions from sources to about
200 MeV/u. The ion energy at end of the linac is
determined mainly by the constraint of machine cost.
There are two booster rings after the linac to bring the ion
energy from 200 MeV/u to 3 to 5 GeV/u (pre-booster or
accumulation-cooler ring) and then to 15 to 20 GeV/u
(large booster or low energy ring). The ion beams will be
finally injected into the collider ring and be accelerated to
the top energy for collision. It should be noted that all the
energies given here are for a proton beam; the
corresponding energies for ions (from deuterons to fully
stripped leads) should be scaled proportionally by mass
and charge unit of the ions. Figure 1 shows a schematic
drawing of the MEIC ion complex design and roles of its
major components are summarized in Table 2. The figure8 shapes of all three rings are adopted for preserving high
polarization of light ions as well as for accommodating
polarized deuterons, an equally important issue of the
MEIC design. However, that being out of the scope of this
paper, it will not be discussed here.

Figure 1: A schematic drawing of MEIC Ion Complex.
Table 2: Major Components of MEIC Ion Complex
Source
SRF Linac
Pre-booster
Large Booster
Collider Ring

Peak Energy
(GeV/u)
~0
0.2
3 to 5
15 to 20
20 to 60 (100)

Cooling

Processes

DC

Stripping
Stripping
Accumulations

Staged

RF bunching

Several design goals have been set for the MEIC ion
complex after careful consideration. For example, optics
of all three MEIC synchrotrons, i.e., boosters and collider
ring, should be specially designed such that no crossing of
transition energies will be permitted for any ion species in
order to prevent particle loss associated with the crossing.
Electron cooling with a DC beam will also be called for at
the pre-booster as a cornerstone of the design concept to
help accumulation of ion beams.
Some advanced concepts have also been envisioned or
are under study though they have not yet been integrated
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into the MEIC ion complex baseline. The first example is
multiple RF frequencies in boosters and in the collider
ring. In this case, ion bunches are very long in the booster
rings with a low RF frequency to alleviate space charge
tune shift limits at low ion energies, and the short bunch
length could be achieved at higher energies in the collider
ring with a ultra-high RF frequency, through either a debunching then re-bunching process enabled by RF
frequency gymnastics, or an adiabatic bunch splitting
technique [21]. This concept may also help to solve the
problem of synchronization of MEIC colliding electron
and ion beams at interaction points [22]. As another
example, a scheme for alleviating space charge tune-shift
limit at higher energy is also envisioned in which the ion
beams will be kept in a round shape in most of the
collider ring but will be converted to a very flat beam at
interaction regions for collisions by using an emittanceexchange procedure [4].

CONCLUSIONS
In this paper we present a review of an MEIC high
luminosity concept. Key ingredients of this concept are
ultra-high bunch repetition frequency, very short bunch
length and strong final focusing. We also discussed the
impact of this luminosity concept on the interaction
region design. Presently at JLab, a conceptual design of
the MEIC ion complex is under development which will
be responsible for producing ion beams that meet the
requirement of the luminosity concept. There will be
significant R&D work ahead in order to successfully
implement the luminosity concept.
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NEW, HIGH POWER, SCALING, FFAG DRIVER RING DESIGNS
G. H. Rees, D. J. Kelliher, ASTeC Division, Rutherford Appleton Laboratory, STFC,
Chilton, Didcot, Oxon OX11 0QX, U.K.
Abstract
High power driver rings are examined, using new
FFAG designs, based on cells of five, symmetrical,
scaling pumplet magnets. Apertures are minimized by
using large, betatron phase shifts per cell, typically
μh ~ 280º and. μv ~ 130º. Key aspects are the lengths of
the long straight sections, particularly if H¯ charge
exchange injection is required. Rings are considered for
ISIS upgrades and Neutrino Factory proton and muon
drivers, both with and without insertions.

INTRODUCTION
FFAG rings of pumplet cells have previously been
thought better in a non-scaling than a scaling form [1].
However, scaling pumplets may be simpler and have
smaller apertures if operation is in a higher stability
region of Hill’s equation [2], at betatron phase shifts per
cell of μh ~ 280º and μv ~ 130º. Scaling triplet cells, in
such a mode, using similar non-linear magnet field
profiles, are found to have beta-functions which are
significantly larger than those of the pumplet cells.
The cell forms are: O f(+) o D(-) o F(+) o D(-) o f(+) O
(when scaling) and : O d(-) o F(±) o D(+) o F(±) o d(-) O
(when non-scaling), where the ± refer to bend directions.
Long (OO) and short (o) straight sections interleave with
vertical focusing (D) and defocusing (f, F)) units. Scaling
cells have the same normalized field gradients and bend
radius in all magnets, whereas isochronous and nonisochronous, non-scaling cells do not, having more
complex, non-linear magnet field profiles.
Field gradients and unit spacings may be varied to
adjust the cell tunes. To minimize misalignment and field
error effects, the scaling cells are set with the tunes above
the fourth-order betatron resonances, 4qv = 1 and 4qh = 3
(μh = 270º) but below the fifth-order, 5qh = 4. The stable
area is wide, but the vertical beta-values, β-v, need
optimization, as the clearances required for extraction set
the acceptances for injection above the typical values
used in synchrotrons.
Fields are modified from traditional scaling forms, as
discussed later in the report. Also described are the ways
in which various sequences of long and short straight
sections may be realized in rings of pumplet cells. More
non-linear cell resonances may be excited than in a
typical high current linac focussing structure.

SCALING PUMPLET CELLS
A scaling pumplet cell has the sequence of combinedfunction magnets: O f(+) o D(-) o F(+) o D(-) o f(+) O,
where (+) and (-) represent normal and reverse bending
and (OO) and (o) are the long and short straight sections.
The cell has mirror symmetry about the centre of the F(+).
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The traditional magnet field profile for a scaling cell
and its local, normalized field gradient are described by:
By = 0 = B = Bo (1 + x/ro)K, and B / Bρo ≈ K/ ρo(ro + x),
where x defines a radial offset from a Bo reference orbit,
at distance ro from the centre of the FFAG ring, and the
common values of the parameter K define the magnetic
field gradients.
Parallel edged magnets are used, offset relative to one
another. Vertical guide fields are then modified, from the
traditional scaling form given above, to an exponential
form, to produce a smaller variation of B / Bρo values over
the poles of the high k/ρo (=K/ro), parallel edged magnets:
By = 0 = B = Bo exp (kx/ρo) and B / Bρo ≈ k/ ρo2.
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Figure 1: Pumplet cell, qh, qv resonance diagram.
Cell tunes for Figure 1 are at qh = 11/14 and qv = 5/14.
The adjacent resonances are shown in blue (horizontal),
red (vertical), brown (for coupled, sextupole (qh - 2qv = 0)
or octupole (2qh - 2qv = 1) or for decapole (qh + 4qv = 2,
3qh + 2qv = 3)) and in green (qh + qv = 1, 3qv = 1). The two
cell resonances in green are due to the combined effect of
vertical orbit errors and the sextupole or octupole field
components in the pumplet magnets.
Tunes are set to optimize lattice parameters, avoid as
many of the cell and ring resonances as possible, and also
provide straights, approximately two cell lengths apart,
for the 3π-horizontal and π-vertical, orbit bump units.
Typical choices that are provided for the cell tunes are:
(qh = 11/14, qv = 5/14) or (qh = 10/13, qv = 5/13). These
have the form of a ratio of two integers, as this is often
found advantageous in the lowering of cell resonance
excitations.
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Due to the strong focusing, lattice parameters for small
beam amplitudes exhibit low β-h and β-v values near the
cell centre and large, maximum to minimum, β-ratios. On
lowering the tunes, there is an increase of β-values and
ratios, but there is little initial change in the values of
momentum dispersion.
27.5 mm, 27.5º

horiz

longit
F(+)

2.5 m

f(+) D(–)

2.5 m

D(–) f(+)

vertical

Figure 2: Typical beam amplitudes in a pumplet cell.
Approximate beam amplitudes may be found with a
linear beam envelope code, by including quadrupole and
dipole magnet fields but omitting all the higher multipole
field components. In Figure 2 are given approximate, rms
amplitudes for a 800 MeV beam with rms emittances of
27 (π) mm mr rms, in a pumplet cell of length 12.5664 m.
Linear space charge tune depressions of ~ 0.25 do not
significantly affect the beam envelopes.
The ratio, By′/ Bo = k/ρo = K/ro, is a better indicator of
the strength of focusing of the pumplet cell than is either
of the field indices, k or K. Beam dynamics for the
exponential pumplet field is similar around each closed
orbit, as all normalized dipole, quadrupole and off-axis
multipole fields are given by:
.
By /Bo = 1 + (k/ρo) x + (k/ρo)2 (x2 - y2)/2 +
(k/ρo)3 (x3 - 3xy2)/6 + (k/ρo)4 (x4 - 6x2y2 + y4)/24 +....
Bx /Bo = 0 + (k/ρo) y + (k/ρo)2 (x y) +
(k/ρo)3 (3x2y - y3)/6 + (k/ρo)4 (x3y-xy3)/6 + ..............
Beam dynamic apertures are set by the excitations of
resonances, caused by alignment and field errors and the
amplitude-dependent tune-shifts. Major areas requiring
study are sensitivity to errors, beam losses for multi-turn
H¯ injection, beam loss protection, effects of space charge
fields and the component cost and reliability.
The Zgoubi code [3] is proposed for the beam tracking
needed to study effects of the large non-linear fields. Of
interest is the h-v coupling due to the fixed and adjustable
orbit bumps used for H¯ injection and beam collimation.
Coupling while bump magnet currents are collapsed
during a machine cycle may affect foil and collimator
interceptions and painting of injected beam distributions.
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LONG STRAIGHT SECTIONS
A ring’s circumference may become too large if each
cell has a long straight. It is thus of interest to see if cells
may be designed with identical pumplet magnets but with
different straight section lengths. This possibility has been
examined in three ways, and examples are given for the
driver designs outlined later.
Firstly, a ring of regular pumplet cells is modified by
extending the straight section in a few of the cells (two,
for example). Lattice parameters are enhanced but the
increases may be reduced by minor adjustments of the
short inter-magnet spaces.
Next, the magnet sets from two adjacent cells are
moved towards each other to form two different length
straights, and this is repeated around the ring. The dual
pumplet cells may also have the ripple of the β-values
reduced by inter-magnet space adjustments.
Finally, bending pumplet cells of low dispersion are
arranged to form insertions with integer tunes, for
automatic arc cell matching. The cell tunes are chosen as
outlined previously. Arc and insertion cells have different
length straights, but they may be arranged to have the
same qh and qv values, by adjusting the tune-sensitive,
inter-magnet spaces. A small ripple for the β-values
results over the insertion.

ISIS UPGRADE, 0.8-3.2 GEV H+ DRIVER
The main parameters for a potential, ISIS upgrade
FFAG proton driver are a 50 Hz pulse repetition rate, a
0.8 to 3.2 GeV energy range, a 2 to 5 MW average beam
power, a 52 m mean ring radius (twice that of ISIS ring),
a h =4, harmonic number rf system, and 2 1014 accelerated
protons per pulse. Table 1 gives possible parameters.
Table 1: Data for 26 Pumplet Cells with 5 m Straights
Mean and bend radius (m)
52.000,
7.92846
Short and long straights (m)
0.500,
5.00236
Length, bend angle for f (m, r)
0.540,
0.06810
Length, bend angle of D (m, r)
0.912,
–0.11502
Length, bd. angle of F/2 (m, r)
1.330,
0.16775
B /B = k/ρo (m-1), B /Bρo (m-2)
±8.827,
±1.11335
Cell betatron tunes (qh , qv)
0.778,
0.36120
Ring betatron tunes (Qh,Qv)
20.215,
9.39000
Gamma-t, dispersion Dh (m)
21.425,
0.11300
Maximum β-h, β-v in f (m)
18.261, 12.91800
Maximum β-h, β-v in D (m)
5.979, 25.07500
Maximum β-h, β-v in F (m)
1.125,
7.96800
Minimum β-h, β-v in F (m)
0.781,
1.02200
Orbit sep’n. (m), max.B (T)
0.113,
1.69570
V inj, ext accept (π mm mr)
760.000, 100.00000
The Table 1 data is for a suitable, scaling FFAG ring of
26 identical pumplet cells, each with a 5 m long straight
section. These allow direct fast injection of the bunches
from the ISIS ring, at the required rate of 50 Hz.
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The maximum β-v in the D magnet is a key item for
comparing cell designs, as beam extraction, and hence
injection, requires a large vertical acceptance. Though it
is large, the maximum β-v of 25.08 m is less than half that
obtained for similar rings designed with high-k, scaling
cells of combined-function, triplet magnets.
The scaling ring has to be modified, however, to allow
for multi-turn, charge exchange injection from a 0.8 GeV,
H¯ upgrade linac. An 8 m straight is required and, for this,
the second and the first schemes that have been outlined
earlier are considered.
A ring of 26 cells may have 13 dual pumplet cells and
26 long straights, which alternate in length around a set
circumference. For 3 and 7 m straights, β-v rises from
25.1 to 30.0 m and β-h from 18.3 to 25.5 m, but small
adjustments of the inter-unit spaces and k-value reduce
the maximum β-v values to 26.8 m and the β-h to 24.8 m.
For alternate, 2 and 8 m straights, however, the resulting
β-values are not acceptable.
In the other scheme, the straights are shortened in 24 of
the cells, increased to 8 m in two, diametrically opposite
cells, and the tunes are re-adjusted. Also required are
increases from 0.5 to 0.503 and 0.547 m, respectively, in
spacing between the two nearest and two, next-nearest
magnets in the cells next to the 8 m straights. For the
mean radius of 52 m needed, the final ring requires 24,
4.7424 m straights and two 8.022 m straights. Peak β-v is
26.0 m, peak β-h is 19.7 m, and modified ring tunes are
Qv = 9.765 and Qh = 20.386. A scaled-down model for
this preferred solution is outlined next, and is followed by
outlines for Neutrino Factory proton and muon drivers.

MODEL FOR A H¯ INJECTION STUDY
A 40 MeV, ten cell ring of scaling pumplet cells, with
two straights of 5.0 m and eight of 2.6 m, is proposed for
error sensitivity and H¯ charge exchange injection studies.
Cell tunes are retained at the previous values, but the bend
angles have to increase due to the fewer number of cells.
The model has a circumference of 60.78 m; the orbit
fields are 0.6995 T, and the ring tunes, for the ten cell
design, are Qh = 7.774 and Qv = 3.700.
Orbit lengths in the f, D and F units are, respectively,
0.220, 0.3396 and 1.0688 m, and B /Bρo is 6.6724 m-2 for
the design orbit. The gamma-transition value is 9.233, and
the Dh functions vary from 0.106 to 0.117 m. The maxima
of the β-v vary between 7.98 and 13.8 m and those of the
β-h between 6.00 and 7.47 m.
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NEUTRINO FACTORY, H+ DRIVER
Required for the protons are a 3-10 GeV energy range,
a 50 Hz repetition rate and a 4 MW of beam power. There
are 16 dual pumplet cells with superconducting magnets
in a 400.792 m, circumference ring (one half that of an
earlier design). The long straight sections alternate in
length from 4 to 6 m; the orbit fields are 1.295 to 3.687 T;
the cell tunes are qh = 0.65, qv = 0.32, and the ring tunes
are Qh = 20.80 and Qv = 10.24.
Orbit lengths in the f, D and F units are, respectively,
0.500, 0.8924 and 2.720 m, for bend radii of 9.85589 m.
The common B /Bρo value is ±1.114525 m-2, for a k value
of 108.3. The maximum of β-v is 27.5 m and of β-h is
26.0 m. Gamma-transition has a value of 26.47, and orbit
separations are 0.0953 m

NEUTRINO FACTORY MUON DRIVER
A 6.2-16 GeV, 684.71 m circumference., μ± ring has
two arcs of 20 cells with 2.5 m long straights and two, 14
cell insertions with 5.5 m long straights. Superconducting
magnet orbit fields are 1.28 to 3.26 T. All cell tunes are
set at qh = 11/14 and qv = 5/14, so the arcs are matched
and the ring tunes are Qh = 53.429 and Qv = 24.286.
Orbit lengths of the f, D and F units are, respectively,
0.41, 0.69544 and 2.0928 m. Bending radii are 16.471 m
and B /Bρo are ±1.16943 m-2. The maxima of β-v and β-h
are, respectively, 22.3 and 16.6 m in the arcs, and 26.2
and 19.4 m in the insertions. Acceleration for half a phase
oscillation is above the transition-gamma of 55.43.
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QUADRUPOLE MAGNET ENVIRONMENT
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Abstract
The Beam Based Alignment (BBA) of the BPM is inevitable for precise and absolute beam position measurements. Even though careful fabrication and installation of
the BPM detector, it has to be calibrated by using the beam.
Usually, it requires that the individual quadrupole magnet
is able to be controlled. However, it is not always that case.
In addition, scanning over the all BPM is time consuming
procedure. The BBA method under coupled QM environment would help to reduce time for calibration. It presents
general formula and experiences at J-PARC RCS and parts
of results are compared with the ordinal method at J-PARC
MR.

INTRODUCTION
The Japan Proton Accelerator Research Complex (JPARC) comprises three accelerators [1] and three experimental facilities by using various intensive secondary particles for a variety of scientific programs. Its construction
phase has been completed and started user operation[2, 3].
The RCS (3-GeV rapid-cycling synchrotron) is a 25Hz cycle machine and designed to provide 1 MW beam power
for the MLF (Material and Life science experimental facility) and the MR (Main Ring). The RCS beam power
has been regularly 120kW (intensity of 1 × 10 13 ppp) since
November 2009. One hour 300kW operation, which intensity is about 2.6 × 1013 ppp, was also performed as a
demonstration. This intensity is provided to the MR every
3.52s, if the MR beam power is set to 100kW. The MR
has been beam commissioned in May 2008, started from
very low intensity, 4 × 10 11 ppp. Before a summer shut
down of 2010, it gives maximum beam power of 100kW
(several 10kW in regularly) for Fast Extraction (FX) to the
neutrino beam line.
The BPM (Beam Position Monitor) system of the
RCS [4, 5] and that of the MR [6, 7] is one of the important devices. These BPM detectors have a good linear response due to its diagonal cut electrode and a resolution of
20∼30μm. However, its offset with respect to the nearest
QM (quadrupole magnet) remains as uncertainties, in spite
of careful and precise fabrication and installation. Those
uncertainties have to be measured using the beam experimentally, namely by beam based alignment (BBA).
If an individual QM is controllable, it is rather simple
and there are some examples of such analysis [8, 9, 10, 11].
However, in the RCS, it is more complicated, since several
∗ naoki.hayashi@j-parc.jp
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QMs are coupled together and only a group of QM can
be controlled as family. For such a case, by extending the
single QM sweep method to the multiple QM sweeping,
and multiple BPM offset can be determined simultaneously
and its preliminary results are presented [12].
In the MR, only some selected BPMs, which are in the
slow or the fast extraction section, are corrected. Although
determination of the offset and its correction is important,
BBA is time consuming measurements. So far, it is not
able to find such measurements during the limited accelerator machine study time. If the multiple BPM offsets are
determined at once, it may help.
In this paper, in order to show this multiple QM sweeping method works generally, two analysis methods were
applied to the MR for comparison. It is also presents further analysis, including higher order effect, on the RCS are
presented.

REVIEW OF BEAM BASED ALIGNMENT
METHOD AND ITS EXTENSION
The principle of BBA is that the orbit is not affected
when one QM focusing is changed (ΔK), if the beam
passes through the center of that QM. Otherwise, the beam
is displaced by x1 = 0 at that QM and the orbit is modified
due to the dipole kick of ΔKx 1 .
BPM COD data for different initial orbits are taken with
varying the QM field strength for BBA. An original orbit, x1 (s), is described by following Hill’s equation using a focusing function K(s) of QM, and any field error
−ΔB/Bρ.
x1 (s) + K(s)x1 (s) = −

ΔB
Bρ

(1)

Then, one of QM at s = s n , has a changed field gradient
by the amount ΔK , and the orbit is modified from x 1 (s)
to x1 (s) + x2 (s). This is expressed as,
ΔB
.
Bρ
(2)
By taking the difference between eq.(2) and (1), it becomes

(x1 (s)+x2 (s)) +(K(s)+ΔK)(x1 (s)+x2 (s)) = −

x2 (s) + K(s)x2 (s) = −ΔK × [x1n + x2n ]  −ΔKx1n
(3)
by ignoring the term ΔKx 2n . Here, x1 (sn ) ≡ x1n , and
x2 (sn ) ≡ x2n . Since ΔK(s) is none-zero only at s = s n ,
eq.(3) could be rewritten using this constant ΔK as,
x2 (s) + K(s)x2 (s) = −ΔKδ(s − sn )x1 (s)

(4)
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Now, the orbit change x 2 (s) is described as a COD caused
by a single kick ΔKx1n and it is expressed by
x2m ≡ x2 (sm ) = anm ΔKx1n ,

(8)

Assuming virtual dipole elements at the varied QMs and
using an optics model, the modified COD (x 2 (s)) could be
fitted by using these dipole kicks ΔKx 1n , ΔKx1l , ΔKx1s
as free parameters. Dividing the determined dipole kick by
the field gradient change ΔK, one can estimate the beam
position inside these QMs, x1n , x1l and x1s .
Here, an effect due to neglecting ΔKx 2 would be evaluated. The effect of higher order terms of (ΔK) in eq.(8)
are calculated as follows. In case of one QM (at s = s n ),
the modified orbit x 2 (s) at the location m is
x2m = −amn ΔK(x1n + x2n )

(9)

and particularly the position at m = n, it becomes
x2n = −ann ΔK(x1n + x2n )
ann ΔKx1n
.
1 + ann ΔK

(10)

(11)

= −amn ΔK(x1n + x2n )
amn ΔK(x1n )
.
= −
1 + ann ΔK

(12)

In case of multiple QM (at s = s n , sl , ss ), it is similar as
above. The equation of x 2 (s) is
x2 (s) + K(s)x2 (s) + ΔK(x1n + x1l + x1s )
+ΔK(x2n + x2l + x2s ) =

0,
(13)

expression appears in ref.[9], but K in its denominator should
be corrected by ΔK. And this is no more only lowest order expression,
but includes higher order ΔK contributions.
1 Similar
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When m is equal to n, l or s, (m = n, m = l, or m = s),
each cases are
x2n

=

−ΔK [ann (x1n + x2n )+
anl (x1l + x2l ) + ans (x1s + x2s )] , (15)

x2l

=

−ΔK [aln (x1n + x2n )+
all (x1l + x2l ) + als (x1s + x2s )] ,

(16)

x2s

=

−ΔK [asn (x1n + x2n )+

asl (x1l + x2l ) + ass (x1s + x2s )] . (17)
⎞
⎞
⎛
⎛
x1n
x2n
Here, using x1 = ⎝ x1l ⎠, x2 = ⎝ x2l ⎠ , A =
x2s
⎛
⎞ x1s
ann anl ans
⎝ aln all als ⎠, and 3 × 3 unit matrix I, they are
asn asl ass
expressed as following.
x2 = −ΔKA(x1 + x2 ).

(18)

Explicit expressions of x2 , and x1 + x2 are
x2 = (I + ΔKA)−1 (−ΔKA)x1 ,
x1 + x2

(19)

= (I + ΔKA)−1 {(I + ΔKA) − ΔKA}x1
= (I + ΔKA)−1 x1 .
(20)

ams ](I + ΔKA)−1 x1 .
(21)
This formula can be easily extended if the number of
sweeping QM is increased.
x2m = −ΔK[ amn

aml

BPM AND QM SYSTEM OF THE RCS
AND THE MR

Then, at a location m, orbit change x 2m would be, 1
x2m

(14)

Finally, the solution of equation (13) becomes,

and this constant x2n can be determined as
x2n = −

= −ΔK [amn (x1n + x2n )+
aml (x1l + x2l ) + ams (x1s + x2s )] .

and
(7)

A well measured optics model and one set of orbit data
for all BPM by QM variation allow us to estimate the BPM
offset. The solution of eq.(3) is eq.(5), and the solution of
eq.(7) is similarly,
x2m = ΔK[amn x1n + aml x1l + ams x1s ].

x2m

(5)

where, m indicates an arbitrary location in the ring (s m )
and
√
βn βm
cos (πν − |φn − φm |) .
(6)
anm =
2 sin πν
βn ≡ β(sn ), φn ≡ φ(sn ) are the beta function and the
phase at s = sn and ν is the tune.
In case, multiple QMs have been changed simultaneously, for example three QMs at s = s n , sl and ss are
coupled together, the equation of the orbit change x 2 (s)
becomes,
x2 (s) + K(s)x2 (s) = −ΔK[x1n + x1l + x1s ].

and its solution at arbitrary location m is,

There are 54 BPM sensor heads around the ring for COD
measurements at the J-PARC RCS [4]. Every half-cell, one
BPM is located in front of a QM or behind. There are seven
QM families, called QFL, QDL, QFM, QDX, QFX, QDN
and QFN. The numbers of QM for these families are: 6,
6, 3, 9, 12, 12 and 12, and the total number is 60. QMs
among each family are coupled, because they are connected
to one power supply in series, and only a complete family
can be controlled, not an individual QM. Most of QM have
a corresponding BPM, except a half set of the QFX family.
In the MR, there are 186 BPM detectors and 216 QM
with 11 families. Its insertion straight section, there are 7
Beam Dynamics in High-Intensity Circular Machines

Measured Condition
RCS The data for BBA were taken with the following
condition. The RCS was set to the DC storage mode, no acceleration mode. The initial operating tune was (ν x , νy ) =
(6.38, 6.45), the linac current was 5mA, the macro pulse
was 0.1ms, the chopping was 560ns, the number of bunches
is 1, and the beam intensity was about 8 × 10 11 ppp. The
BPM electronics gain was selected to be ×10.
Each QM family current had been changed by
0, ±2, ±4% in principle, however, sometimes different set
points were used to avoid the beam loss by resonance. Nine
steering magnets, both horizontal and vertical each, had a
kick of 0.5mrad to define the initial orbits.
MR As same as the RCS, the special measurements
for BBA were taken with 3-GeV DC mode. BPMC (BPM
signal processing units)[7] were operated with ’continuous COD mode’. The beam was kept about two seconds
and the last half of the continuous data were taken with
1 ms sampling speed, namely 1000 points, and these are
averaged for the analysis. The beam intensity is about
4.8 × 1012 ppp with 6 bunches and the initial operating tune
was (νx , νy ) = (22.40, 20.80).
When an individual QM was excited, the condition
was following. The quadrupole magnets of the MR are
equipped with the auxiliary coil winding and a remote controllable switcher selects one of the auxiliary coil and connects to a small DC power supply. The current from -4 to
+4 Ampere were put on the auxiliary coil, which is correspond to about 2% of the main power supply. Initial orbits
were defined by neighbor steering magnets to create local
bump orbits, typically -8, 0, or +8 mm.
To excite a whole family of QFS, the main power supply
of QFS were changed its output current from 0 to ±2% (via
5 to 9 points). This causes variation of tune ν  ±0.36 ∼
0.4. Nine steering magnets were used to define the initial
orbits by adding +0.2mrad kick.

Analysis and Results
Results of MR An analysis procedure of BBA is as
follows. The focusing force of one of QFS magnets located at s = sA were changed by varying the current of
its auxiliary coil. As shown in Figure 1, orbit changes at
s = sn (BPM003), x2 (sn ), are plotted as a function of
ΔK (namely the current of the auxiliary coil). Here, a term
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Figure 1: Example of MR BBA. Three plots show the position changes as a function of the auxiliary coil current. The
right down graph indicates the determination of the BPM
offset.
of anA x1 (sA ) is considered as a slope (see eq.(5)). Such
measurements would be performed for three initial orbits
[i]
x1 (s) (i = 1, 2, 3). In Figure 1, they are three local bump
orbits, -8,0,8 mm at QFS001 (near BPM001). Then, pre[i]
viously obtained slope a nA x1 (sA ) is plotted versus mea[i]
sured position x1 (sA )measured at the nearest BPM of the
ΔK modified QM. Exactly speaking, the location of the
magnet sA and that of the nearest BPM is slightly different,
but it is assumed that their beam positions are the same.
The fitted line intersection with x−axis is determined as
the offset of the BPM. If the measured beam position is
that value, it does indicate no kick is given, namely where
is considered as the center of the quadrupole magnet. The
coefficient anA determined from an optics model does not
appear during the analysis procedure. Hence, this is considered as a model independent analysis.
BPM=001,x.Offset.by.BBA(using.BPMs)
Offset by BBA (mm)

families, QFS, QDS, QFT, QFP, QDT, QFR, QDR, which
consist of 6 or 9 magnets. Rest of 4 families, QFN, QDN,
QFX, QDX, are located around the arc section. For this
measurement, one of QM family (QFS) was selected and it
was compared with normal analysis and the new analysis
method. All QMs are equipped with auxiliary coil, whose
number of turns is 11 and whereas the main coil is 24 turns.

bpm=003,x(mm)
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Figure 2: BPM001 offset determination by whole BPM
around the ring. Upper shows determined offset values by
individual BPM. Lower shows statistics of all BPM results.
Beam orbit change x 2 due to ΔK can be measured anywhere around the whole ring, so above measurements can
be applied for all the BPM as shown in Fig.2. Some BPM
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is very less sensitive, because its slope is very small and
shows large error to determine the offset. Those data are
eliminated.
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Now, it is considered the case of multiple coupled QM.
As previously mentioned, QFS family magnets are controlled together. A procedure is similar to what is explained
above. Firstly, the slopes at all BPM are determined as
the QFS main current changed. Then, taking these slopes
as COD, it is determined the COD source at all modified
QFS ΔKx1 (sA ), where sA corresponds to all QFS location. The optics model is used through a nm in the module CorrectionOrbit[ ] of SAD [13]. From these COD
sources ΔKx1 , the original beam position x 1 is determined
at the QM. Then, this absolute position at the QM and measured position at the nearest BPM are compared and the
difference is defined as “the BPM offset with respect to the
QM magnetic center”.
Results of these two method are compared and shown in
Fig.3. Results of two methods are consistent within error.
RCS results The estimated BPM offsets for various
initial orbits are plotted in Figure 4 [12]. One of the BPM
offset is large (about -10mm). There is a large pipe step between that BPM and its upstream chamber, and this causes
such a large offset. This known problem is also corrected
in the framework of BBA. The lower band shows the standard deviation for each BPM and these values are around
σ ∼ 0.5mm, but some BPMs are larger.
60

σ

kicked steer

Figure 3: MR BBA offset estimation of BPM attached to
QFS family magnets. Upper and lower are horizontal and
vertical, respectively. Most left data is determined by single QM sweeping and reference. Eight data sets are independent measurements for different initial orbits defined by
various steering magnets.
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Figure 4: Results of estimated offset for all 54 BPMs. Nine
different initial orbits are plotted with several colors. The
upper plot contains results for horizontal and the lower plot
is for the vertical offset. The bottom bands indicate the
estimated error for each BPM.

Analysis including higher order term The essential
difference between previous linear (ΔK) term analysis and
higher order (ΔK) terms is embedded in an inverse matrix
(I + ΔKA)−1 of eq.(21). Otherwise, eq.(21) and eq.(8)
are the same. If (ΔK) is small, of course, it becomes close
to the unit matrix. However, it is not practical to obtain analytical expansion of the matrix. Then, this inverse matrix
is calculated numerically for each ΔK. It is turned out that
sometimes none diagonal term would be as large as 20% or
more for ΔK/K = −4%. It has to be taking into account
absolutely.
For example, QFL family has 6 unknown x 1 (si ) (i =
1, ..., 6). Using measured orbit difference at all 54 BPM
x2 (sj ) (j = 1, ..., 54) for every ΔK and above inverse matrix, six unknown were obtained. Again these beam position at QFL magnets were compared with neighbor BPM
and those offsets were determined.
Figure 5 is as same as Figure 4, but it is taking into account the higher order (ΔK) terms contributions. Its unBeam Dynamics in High-Intensity Circular Machines
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going to apply these new results for the RCS COD correction after 2010 summer shut down.
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slightly different, but in the present analysis these are not
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this systematic error. Model accuracy is also important and
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SUMMARY
We presented an analysis of the BPM Beam-BasedAlignment at the J-PARC RCS and MR. It shows that new
BBA method under multi-coupled quadrupole magnets and
the normal ordinary method are consistent within error. For
the RCS, the higher order term contribution were taking
into account and it improves the offset estimation. We are
Beam Dynamics in High-Intensity Circular Machines
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IBS FOR NON-GAUSSIAN DISTRIBUTIONS*
A.V. Fedotov#, BNL, Upton, NY 11973, USA
A. O. Sidorin, A. V. Smirnov, JINR, Dubna, Russia
Abstract
In many situations distribution can significantly deviate
from Gaussian which requires accurate treatment of IBS.
Our original interest in this problem was motivated by the
need to have an accurate description of beam evolution
due to IBS while distribution is strongly affected by the
external electron cooling force [1]. A variety of models
with various degrees of approximation were developed
and implemented in BETACOOL in the past to address
this topic [2]. A more complete treatment based on the
friction coefficient and full 3-D diffusion tensor was
introduced in BETACOOL at the end of 2007 under the
name “local IBS model” [3]. Such a model allowed us
calculation of IBS for an arbitrary beam distribution. The
numerical benchmarking of this local IBS algorithm and
its comparison with other models was reported before. In
this paper, after briefly describing the model and its
limitations, we present its comparison with available
experimental data.

LOCAL IBS MODEL
The process of change of distribution function as a
result of many small-angle scatterings can be described by
Fokker-Planck equation, which offers self-consistent
description of the system in diffusion approximation. The
diffusion approximation reduces the problem of
determining the effect of the fluctuations in the interaction
force to the calculation of the dynamical friction F and
diffusion coefficient D, which are related to the first and
second velocity jump moments, respectively. For the case
of Coulomb interaction, expressions for the friction force
and diffusion tensor are well known from plasma physics
and are given by:

r
r
4πne 4 Z t2 Z 2f
Δp
F=
=−
Δt
⎛ m f mt ⎞
⎜
⎟
⎜m +m ⎟
t ⎠
⎝ f

INTRODUCTION
Typically, in the absence of beam loss and external
amplitude-dependent force, time evolution of beam
profiles due to the Intrabeam Scattering (IBS) can be
described by Gaussian distribution. Thus, analytic models
of IBS developed for Gaussian distribution are very useful
and provide good agreement with experimental
measurements (see Ref. [4], for example). When
longitudinal distribution starts to deviate from Gaussian
for example due to the losses from the RF bucket,
assumption of Gaussian distribution may already result in
inaccurate prediction of intensity loss. To address this
issue 1-D Fokker-Planck approach was effectively used
before [5-6]. A more dramatic situation occurs when there
is an externally applied force, like electron cooling. Since
electron cooling force depends on the amplitudes of
individual particles, the distribution under such force very
quickly deviates from Gaussian. This effect is especially
magnified when electron cooling is “magnetized” [7]. The
problem of how to accurately account for IBS for such
distributions became of special interest with a proposal to
use electron cooling directly in a collider. For realistic
prediction of luminosity gain from electron cooling an
accurate treatment of IBS is required. Several
approximate models were developed in the past to address
this issue [1, 8-9]. However, a more general description
requires full treatment of kinetic problem. Such a
treatment was introduced in the BETACOOL code under
the name “local IBS model” [3].
____________________________________________
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⎠
2

Here α, β = x, y, z, the angular brackets indicate
averaging over the field particles, Zt, Zf are the charge
r r r
numbers of the test and field particle, U = V − v is the
relative velocity of the test and field particle, n is the
mean density and f(v) is the distribution function in the
velocity space of field particles, respectively. The
logarithm under the integrals is also called Coulomb
logarithm, and is a measure of the relative contribution of
(weak) remote interactions compared to (strong) near
interactions. A validity of the diffusion approximation
requires Coulomb logarithm >> 1, which is valid for IBS.
In standard treatment of IBS one usually assumes
Gaussian distribution function and also averages over
beam distribution to produce expressions for the growth
rate of beam emittances. For present problem we need to
keep dependence of the friction and diffusion coefficients
on particle amplitudes. The beam distribution is
represented by an array of particles. For each of the
particles a smaller array of local particles is chosen, and
local density and rms parameters of the particle
distribution in each local array are calculated. The local
parameters are used for calculation of the friction and
diffusion coefficients. Since evaluation of the friction and
diffusion coefficients is done numerically, the algorithm
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applies for an arbitrary distribution, although a faster
option is available for Gaussian distribution with analytic
evaluation of the integrals. Details of numerical
implementation can be found in Refs. [2-3].
The “local” algorithm of calculating amplitudedependent friction and diffusion coefficients in
BETACOOL is common both for IBS and electron
cooling simulation based on arbitrary distribution. It was
first benchmarked in simulations of electron cooling with
an arbitrary distribution function of electrons with the
results reported in Refs. [10-11].
A full numerical solution (on a grid) of Fokker-Planck
equation with more than two degrees of freedom is
complicated. However, it is possible to transform a
Fokker-Planck equation into an equivalent system of
Langevin equations [12], which is adopted in the
BETACOOL code. For simulation of the beam
distribution function evolution in time, the Model Beam
algorithm is used in the code. In the framework of this
algorithm the ion beam is represented by an array of
model particles, and all the effects changing the
distribution function lead to the variation of the particle
momentum components. The program then solves
Langevin equation for each model particle from the
particle array. The particle momentum during simulations
is changed regularly by an action of the friction force and
randomly by diffusion. In the three dimensional case each
component of the particle momentum is changed
according to the step of integration over time Δt as:
3

Pi (t + Δt ) = Pi (t ) + Fi Δt + Δt ∑ C i , j ξ j ,

(3)

j =1

where Fi are the components of the friction vector, ξj are
independent random numbers, the coefficients Ci,j are
calculated from the diffusion tensor components
according to:
3

∑C
k =1

i ,k

C j ,k = Di , j ,
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BENCHMARKING FOR GAUSSIAN
DISTRIBUTION
A series of benchmarking tests were done first for a
Gaussian distribution to make sure that “local” IBS model
produces the same results as an analytic formalism
available for Gaussian distributions.

Figure 1: Simulations of beam emittance (upper plot) and
momentum spread (lower plot). Circles and thin black top
lines – analytic model for Gaussian distribution for full
and reduced lattice, respectively. Color curves (red and
green) – “local” IBS model with only diagonal elements
of the diffusion tensor included.

(4)

which is a system of 6 non-linear algebraic equations [3].
The algorithm of finding solutions of these equations
follows closely the one presented in Ref. [13], but with
more general expressions for the friction and diffusion
coefficients. The model developed in Ref. [13] was also
implemented in BETACOOL under the name “kinetic
model” and was used for benchmarking purposes [3].
For IBS simulations, the friction and diffusion
coefficients have to be calculated at each optics element
of the ring. To keep the calculation time reasonable for
simulation run on a PC, the total number of optics
elements should be reduced to just a few. This procedure
should be done without sufficient distortion of the optics
structure with respect to its IBS properties.
For the
lattice like the one used in RHIC, we found that such
reduction is possible with an accuracy of IBS rates
calculation within 10% compared to a full lattice with
thousands of optics elements. Thus, for simulations with
“local” IBS model presented here, we used simplified
optics structure with only 15-30 optics elements.

Beam Dynamics in High-Intensity Circular Machines

Figure 2: Simulation of beam emittance (upper plot) and
momentum spread (lower plot). Thin top black lines –
analytic model for Gaussian distribution. Color curves
(red and green) – “local” IBS model including offdiagonal elements of the diffusion tensor.
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For RHIC operation at top energy, which is much
higher than transition energy, IBS diffusion is dominated
by the longitudinal component Dzz of the diffusion tensor.
In such a case, the account of the off-diagonal tensor
elements has little effect on the results of the simulations,
as shown in Figs. 1-2. Also, for a Gaussian distribution,
the evolution of beam emittances is predicted with very
good accuracy even with constant diffusion tensor
components (independent of particle coordinates and
velocities), which was confirmed by using “kinetic”
model of IBS. For the case of distributions which
significantly deviate from Gaussian, the use of amplitudedependent diffusion coefficients becomes important.

HOLLOW LONGITUDINAL
DISTRIBUTION

transverse IBS, with off-diagonal elements of the
diffusion tensor included in calculations. Although we
should note that for this specific example, when
transverse distributions stay approximately Gaussian and
transverse IBS rates are very weak, even the use of an
approximate analytic expression for the transverse growth
rates gives reasonably good agreement with the
measurements [5].
As an example, comparison of simulations using
“local” IBS model (assuming fully coupled transverse
motion) with measured data for a single bunch of medium
intensity is shown in Figs. 3-6. Similar agreement
between the measurements and simulations was observed
for other bunches with different intensities and emittances
as well.

The “local” IBS model was benchmarked vs. dedicated
IBS measurements with “hollow” longitudinal distribution
done in RHIC for Au ions at 100 GeV/n in 2004. In that
experiment, the RF synchrotron phase in one of the RHIC
rings was jumped by about 90 degrees to create hollow
longitudinal particle distribution. In both the horizontal
and vertical directions, the particle distribution remained
Gaussian and fully coupled transversely. As in a typical
dedicated IBS measurement [4], several bunches of
different bunch intensity were injected. Time evolution of
emittance for each individual bunch was recorded with
the ionization profile monitor. The longitudinal beam
profiles and de-bunching beam loss were recorded using
wall current monitor.

Figure 4: Bunch intensity evolution: red curve –
measurements, blue dash curve – simulations with local
IBS model.

Figure 3: Time evolution of transverse emittance (95%
normalized): red solid curve – measurements, blue dash
curve – simulations with local IBS model.
It was already reported before, that to simulate correctly
evolution of such longitudinal profile and achieve good
agreement with the measured de-bunching loss, the use of
1-D longitudinal Fokker-Planck is required [5]. Here we
present comparison of simulations using “local” IBS
model with the same experimental data as reported in Ref.
[5]. In present simulations with the local IBS, no
approximations were used either for the longitudinal or
64

Figure 5: Measured longitudinal bunch profile: red (top)
curve – initial, blue (lower curve) – after 1800s.
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Figure 8: Bunch intensity: red solid line – measurements,
blue dash curve – simulations with local IBS model.

Figure 6: Simulated longitudinal bunch profile with local
IBS model: red (top) curve – initial, blue (lower curve) –
after 1800s.

DISTRIBUTION WITH LOSSES FROM RF
BUCKET
For another benchmarking of the model with
experimental data we have chosen a data set for a
different ring lattice with the reduced transverse IBS [1415]. Due to large losses from the RF bucket during that
experiment, longitudinal distribution quickly deviated
from Gaussian. As an example, in Figs. 7-9 comparison
between experimental data and simulation with “local”
IBS model is shown for a single bunch from the 2007 IBS
measurements during dedicated Accelerator Physics
Experiments (APEX) in RHIC [15].

Figure 7: Time evolution of transverse emittance (fully
coupled): blue curve – measurements using ionization
profile monitor, red curve – simulations using local IBS
model.

Beam Dynamics in High-Intensity Circular Machines

Figure 9: Bunch length evolution: red – measurements,
blue – simulations with local IBS model.
If Gaussian approximation is used instead of “local”
IBS, then evolution of the longitudinal profile and debunching loss become inaccurate (Figs. 10-11).

Figure 10: Bunch length: red – measurements, blue (upper
curve) – simulations using Gaussian approximation with
rms calculated from all particles, black (lower curve) –
simulations using Gaussian approximation with
calculation of FWHM of the distribution.
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Figure 11: Bunch intensity: red (top curve) –
measurements, blue dash curve – simulations using
Gaussian approximation.

SUMMARY
A model of IBS based on numerical evaluation of
amplitude-dependent diffusion and friction coefficients
was developed and implemented in the BETACOOL
code. This model is suitable for IBS calculation for an
arbitrary distribution function. In addition to the
numerical benchmarking which was reported before, in
this paper we presented comparison of simulations based
on this model with available experimental data.
In many cases when distribution does not deviate
significantly from Gaussian, the use of analytic IBS
models available for Gaussian distribution seems to be
well justified, especially since they do not require
significant computational resources, as needed for local
IBS model. However, in some cases, as shown in this
paper, an amplitude-dependent treatment of IBS may be
desired.
Of a special interest is accurate prediction of ion beam
distribution evolution in time under combined effects of
both IBS and electron cooling, as proposed for several
collider projects, since resulting luminosity directly
depends on the details of the distribution. The local IBS
model developed allows verification of previous
simulation results based on the approximate models. Such
comparison will be reported elsewhere.
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LINEAR AND NON-LINEAR OPTIMIZATION OF THE PS2 NEGATIVE
MOMENTUM COMPACTION LATTICE
H. Bartosik, Y. Papaphilippou, CERN, Geneva, Switzerland
Abstract
PS2 is a design study of a conventional magnet synchrotron considered to replace the existing PS at CERN.
In this paper, studies on different aspect of single particle
dynamics in the nominal PS2 Negative Momentum Compaction lattice are described. The global tuning flexibility
of the ring and the geometric acceptance is demonstrated
by a systematic scan of quadrupole settings. Frequency
map analysis and dynamic aperture plots for two different
chromaticity correction schemes are presented. The impact of magnet misalignments on the dynamic aperture is
studied for one of them. A first study of the beam dynamics with magnetic multipole errors using frequency maps
and the corresponding analytical tune-spread footprints is
reported. It is thus demonstrated that multipole errors determine to a large extend the beam dynamics in PS2.

INTRODUCTION
A possible upgrade scenario of the CERN injector complex considers the aging PS to be replaced by a separated
function synchrotron called PS2. As the PS2 lattice is designed with negative momentum compaction (NMC), the
transition energy γt is imaginary, thus allowing operational
flexibility and reducing beam losses during acceleration.
The PS2 should provide the same flexibility for handling
different kind of beams as the PS but with higher intensity. Since the intensity of the proton beam will be roughly
doubled with respect to the PS, the injection energy is increased from 1.4 GeV to 4 GeV for obtaining similar space
charge induced incoherent tune shift. The extraction energy is increased to 50 GeV, which would allow a further
reduction of beam instabilities due to collective effects in
the subsequent SPS. In order to achieve an optimized filling pattern of the SPS for delivering LHC bunch trains, the
circumference of the PS2 is fixed to 1346.4 m, i.e. 15/77
of the circumference of the SPS. A summary of the main
lattice design constraints is given in Table 1.

Table 1: PS2 Lattice Design Constraints
Parameter
Injection energy, kinetic
Extraction energy, kinetic
Circumference
Transition energy
Maximum bending field
Maximum quadrupole gradient
Minimum drift space, dipoles / quads

Value
4 GeV
50 GeV
1346.4 m
imaginary
1.7 T
16 T/m
0.8 / 1.3 m

Beam Dynamics in High-Intensity Circular Machines

Figure 1: Optics functions for a quarter of the PS2 lattice,
with (Qx , Qy ) = (11.81, 6.71) and γt = 25.3i.
The baseline lattice for the PS2 [1] has a twofold symmetry with tunable arcs and two zero dispersion long straight
sections (LSS). Each of the arcs consists of five NMC cells
and two dispersion suppressor modules. The working point
of the machine is tuned by adjusting the phase advances in
the NMC cells and matching the dispersion suppressors to
the optics of the LSSs. The mirror symmetric LSSs are
based on two pairs of quadrupole doublets [2] formed by
wide aperture magnets with a length of 2.4 m. As required
by the general layout of the LHC injector complex, all
beam transfer systems are installed at the same LSS. The
layout of the NMC cell is based on two FODO cells, linked
by a central insertion of quadrupole doublets. Imposing
negative dispersion at the entrance of the module leads to
negative momentum compaction [3]. Optimizing to maximum gradients of 16 T/m yields 3 types of quadrupoles for
the 4 families with lengths of 0.8 m, 1.6 m and 2.2 m. The
dispersion suppressor modules on either side of the NMC
arc share their first and last quadrupole with the adjacent
LSS and NMC cell, respectively. Ten dipole magnets and 6
independent quadrupole families based on the same types
of magnets as used in the arc cells are needed to achieve the
matching constraints. The PS2 lattice contains 170 dipoles
with a length of 3.7 m and a maximum field of 1.7 T at
top energy. The 116 quadrupole magnets are grouped to 15
families. They are based on 4 different types, 3 for the arcs
and the wide aperture magnets for the LSSs.
Figure 1 shows the optics functions for the working point
(Qx , Qy ) = (11.81, 6.70) with γt = 25.3i. The natural
chromaticities of (ξx , ξy ) = (−21.5, −11.0) are compensated by relatively weak sextupoles, as they are located at
high-dispersion areas.
67

Proceedings of HB2010, Morschach, Switzerland

MOPD10

TUNING FLEXIBILITY

9.5

9.5

>40
38

9

Qy

36
8.5

34

8

32
30

7.5

28

7

26
24

6.5

22
6
5.5
10.5

3.7

8.5

3.65
3.6

8

3.55

7.5

3.5

7

3.45
6.5

3.4

6
5.5
10.5

3.35
11

11.5

Q

12

12.5

13 Nσ

3.3

x

Figure 3: PS2 tuning range, color-coded with the geometrical acceptance in terms of high-intensity beam sizes.
Figure 3 shows the geometrical acceptance Nσ of the
machine, i.e. the number of beam sizes fitting into the vacuum chamber, as a function of the betatron tunes. A large
number of solutions is found with a maximal geometrical
acceptance between 3.3 σ and 3.5 σ. Higher geometrical
acceptance is achieved for solutions in the center of the tuning range with peak values of 3.8 σ. Note that for the nominal working point Nσ = 3.6.

CHROMATICITY CORRECTION
Chromaticity control is enabled through sextupole magnets with a length of 40 cm located in dispersive regions of the arcs. In order to minimize their contribution to non-linear effects, chromatic sextupoles are preferebly positioned in high dispersive areas of the ring where
the β-functions reach maximal values, i.e. close to the
quadrupoles in the arc cells. Previous studies showed [5]

20
11

11.5

Q

12

12.5

13 γt (i)

18

x

Figure 2: Optics solutions for the nominal PS2 lattice. The
color-code indicates the value of γt as function of the betatron tunes, with values above 40i represented by dark red.
One of the interesting parameters changing with the tune
is the transition energy γt . Figure 2 shows γt for all solutions in the tune diagram. The smaller tuning range in the
horizontal plane and the clear dependence of γt on the horizontal tune can be explained by the constraint of periodicity of the dispersion function, which reduces the number
of possible solutions and the flexibility in γt . The smallest
reachable value of γt = 18i is obtained for Qx ≈ 12.5
,
while γt goes up to 80i for tunes around Qx ≈ 10.5. It
should be emphasized however that γt can be adjusted by a
few units for most of the working points, as different sets of
solutions are found for a given region in the tune diagram.
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Qy

The working point is tuned by changing the phase advances of the basic NMC cell and matching the dispersion
suppressor module to the LSS injection optics. A complete
picture of the achievable tuning range is obtained from a
Global Analysis of all Stable Solutions (GLASS) [4]. In
the present case, basically the 4 quadrupole families of the
NMC module determine the tune. Thus, a four dimensional
parameter space has to be explored. The normalized gradients are scanned in steps of 0.001 m−2 , i.e. a total of
108 possible combinations. For each stable solution, the
geometrical acceptance is computed using the fixed target
beam parameters at injection, i.e. normalized emittances
of (x , y ) = (9, 6) πmm.mrad, and momentum spread of
δp/p = 0.65%. In addition, 20% β-beat and 5% parasitic
dispersion are assumed. These values are pessimistic compared to the values observed in the chromaticity and orbit
correction studies on the same lattice [5]. For each of these
solutions, the main parameters of the ring together with all
quadrupole gradients are stored. Finally, all valid solutions
are obtained by filtering the solutions where the quadrupole
gradients in the suppressor module are below 16 T/m without changing sign and the number of beam sizes Nσ accepted by the vacuum chamber is at least 3.3.

Table 2: Chromaticity Correcting Sextupole Schemes
Scheme
2 families
4 families

Hor. correctors

Vert. correctors

24 MS.2
24 MS.2, 12 MS.4

24 MS.3
24 MS.3, 24 MS.1

Figure 4: Chromaticity correction sextupoles in the dispersion suppressor (left) and the basic NMC cell (right) of the
PS2 ring. The color-code represents the different families.
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that it is advantageous to extend the sextupole families distributed in the NMC cells by additional members in the
dispersion suppressors for minimizing off-momentum βbeat. Two different configurations of sextupoles are considered (Fig. 4 and Table 2). The two family (extended)
scheme is formed by 48 magnets, where 4 sextupoles are
installed symmetrically around the quadrupole doublets in
each NMC cell. Together with the 8 additional members
in the dispersion suppressor modules, they form the families MS.2 and MS.3. The four family (extended) scheme
requires 84 sextupoles. Twenty additional sextupoles are
installed close to the central quadrupole in the NMC cell.
They are connected in series with four sextupoles in the
suppressors, to form the third family MS.1. The 12 magnets of the fourth family MS.4 are located in the NMC
modules at mirror symmetric positions with respect to the
center of the arc. Note that, in contrast to previous versions
described in [5], all the families apart from MS.4 are extended in the dispersion suppressor cells, as this leads to
smoother off-momentum optics.
Dynamic aperture − 2 families
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Figure 5: Dynamic aperture for the ideal PS2 lattice including fringe fields for the two (left) and the four family
scheme with reduced second order chromaticity (right).
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Type
Relative field error
Transverse shift (mm)
Longitudinal shift (mm)
Tilt (mrad)

Dipole

Quadr.

Sext.

−4

−4

0
0.2
1
0.3

5 · 10
0.3
1
0.3

5 · 10
0.2
1
0.3

−5

6.78
6.76

6.74

Table 3: Assumed Machine Imperfections for the 100 Error
Seeds (Rms Values)

δp/p=0.000

−10

11.76

−15

Frequency map − 4 families
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Correction of orbit distortion in the PS2 is achieved by
108 bi-planar beam position monitors (BPMs) in combination with 60 correctors for the vertical plane and 48 for the
horizontal plane located close to quadrupole magnets. The
effect of random magnet errors on closed orbit distortion is
studied for the following machine imperfections: misalignment of dipole, quadrupole and sextupole magnets with a
Gaussian distribution cut at 3 σ and errors in the main field
component of dipoles and quadrupoles with a cut at 2 σ.
The corresponding rms values for the 100 error seeds are
summarized in Table 3. In addition, random misalignments
with a flat distribution of values between ±0.5 mm are assigned to the BPMs.
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y/σy

y/σy

25

6.84

First order chromaticity can be set to zero with each of
the two correction schemes. Second order chromaticity and
linear tune-shift with amplitude can be controlled to some
extent with the 4 family scheme. The dynamic aperture is
studied for the error-free lattice including fringe field effects by tracking particles for 1000 turns. Compared to the
geometrical acceptance, the area of stable particle motion
is huge for both schemes, as shown in Fig. 5. Beam size
values quoted here correspond to the fixed target beam at
injection, at which the geometrical acceptance in the arcs is
around Nσ = 3.6. Frequency maps [6] for on-momentum
particles are presented in Fig. 6 for both sextupole schemes.
The additional sextupoles in the four family scheme change
the tune foot-print which leads to a smaller dynamic aperture for the working point studied here. However, for other
working points, the additional families allow to reshape the
footprint which may result in an increased dynamic aperture. As for the dynamic aperture scans, the working point
used for these frequency map studies is optimized in terms
of dynamic aperture with respect to single particle dynamics in the error-free lattice.

Dynamic aperture − 4 families
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−15

Figure 6: Diffusion and Frequency Maps for the two (left)
and four (right) families schemes. The colormap shows the
diffusion coefficient. Systematic resonances up to 6th order
are shown in the frequency maps.
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The maximal deviation from the nominal orbit before
and after the correction in the lattice with the two family
sextupole scheme is shown in Fig. 7. In all cases, the maximum orbit distortion can be reduced well below 1 mm in
both planes. Maximal corrector kicks of up to 0.4 mrad
are needed in some of the cases. As already shown in previous studies [5], the β-beat resulting from magnet misalignments and random errors in the main components of
the linear magnets are reduced to below 10% by the orbit
correction. Therefore, no additional measures seem neces-

69

Proceedings of HB2010, Morschach, Switzerland

MOPD10
Dynamic aperture for δp/p=0 − 2 families
50
45
40

40

35

35

30

30

25

20

15

15

10

10

5

5
−30

−20

−10

0

x/σx

10

20

0

30

50

40

−20

−10

0

x/σx

Δymax (mm)

20
15

30

0.4
0.2

25

25

20

0.6
30

35
30

10

35

Max values
Error free lattice
Average of 100 seeds
Min values

45

−30

Maximal orbit distortion

Dynamic aperture for δp/p=−0.07% − 2 families

y/σy

25

20

0

Max values
Error free lattice
Average of 100 seeds
Min values

45

y/σy

y/σy

Dynamic aperture for δp/p=+0.7% − 2 families
50

Max values
Error free lattice
Average of 100 seeds
Min values

0
0

0.5

40

50

1

20
15
10

10

5

5
0

−30

−20

−10

0

x/σ

x

10

20

30

0
0

10

20

Δx

30
max

(mm)

60

Figure 7: Impact of machine imperfections for a sample of
100 seeds in the case of the two family sextupole scheme:
dynamic aperture scans for δp/p = 0 and ±0.7%, together
with the distribution of the maximum orbit distortion before and after correction.
sary for restoring the optical functions’ variation. Figure 7
shows also the impact of the errors for the 100 seeds on the
dynamic aperture. The maximal, average and minimal dynamic aperture together with the dynamic aperture for the
error-free lattice are plotted in green, blue, red and black,
respectively. In all cases, the dynamic aperture is slightly
reduced but still remains comfortable. The biggest reduction is observed for positive momentum spread.

MAGNETIC MULTIPOLE ERRORS
A first study on the impact of multipole errors on the
beam dynamics including tune-shift with amplitude and
FMA is based on error tables from existing machines. In
particular, the measured multipole components of the JPARC Main Ring (MR) magnets at 20 GeV beam energy [7] served as example for the quadrupoles and sextupoles. For the dipoles on the other hand, the multipole errors from the Fermilab Main Injector [8] at injection energy
are considered. The field distribution of the dipoles calculated from these multipole components provides a good
field region of around 60 mm (the horizontal half-aperture
in PS2 dipoles is 63 mm), which is similar to the J-PARC
dipoles at 3 GeV [9]. At this stage, only upright components of multipole errors are included in the simulations.
The first step in the simulations is assigning the machine
imperfections to the magnets, i.e. misalignments together
with the systematic and random multipole errors (Gaussian
distributions cut at 2 σ) according to Table 3 and Table 4.
After orbit correction, the tune of the machine is readjusted
using the 2 central quadrupole families of the NMC module. Chromaticity is reset to zero with the 2 main sextupoles families. Using this lattice, particles are tracked for
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1056 turns in 5D. At the same time, the tune shift with amplitude coefficients (anharmonicities) of the normal form
analysis are calculated up to 5th order. Figure 8 shows
the results for one error seed and momentum deviations of
δp/p = 0 and ±0.7%. Compared to the error-free lattice
with the 2 family sextupole scheme (cf. Fig. 6), a strong
degradation of the stable area in configuration space is observed. The most severe reduction occurs for negative momentum offset, where the dynamic aperture is limited by
the difference coupling resonance and reduced to below 3 σ
of the fixed target beam, i.e. below the physical aperture.
In contrast to that, the limiting resonances for positive momenta are found above the working point. The reason for
this can be understood with the frequency map analysis:
For positive momentum offset the tune shift with amplitude
leads to increasing betatron-tunes. On the other hand negative tune shift with amplitude is observed for negative momentum offset. Thus, the orientation of the tune-footprint
changes completely and strong folding is observed for onmomentum particles. The dominant anharmonicity terms
are of higher order which results in large tune-shift for increasing amplitude and the folding of the frequency maps.
Both effects can be reconstructed in good agreement from
the anharmonicities up to 5th order (cf. Fig. 8).
The biggest contribution to the non-linear tune-shift with
amplitude and to dynamic aperture reduction is due to the
higher order components of the dipoles, particularly due to
their large number. In addition, the dipoles are relatively
strong compared to the quadrupoles and especially to the
sextupoles. Therefore, multipole components with similar relative strength have much bigger absolute values for
the dipoles. Although the full width of the vacuum chamber lies within the good field region of the dipoles for the
assumed multipole distribution, the impact on the particle
motion is severe. Since the excitation of the sextupoles
needed for chromaticity correction is relatively small, the
high order multipole errors determine to a large extend the
non-linear single particle dynamics in the PS2 lattice.

Table 4: Assumed Relative Multipole Components in Units
of 10-4 at the Respective Reference Radius R
Order
n
1
2
3
4
5
6
7
8
9
10
11

Dipole
bn /b1
(R=2.54 cm)

Quadrupole
bn /b2
(R=5.95 cm)

Sextupole
bn /b3
(R=5.95 cm)

104 ± 5
0.06 ± 0.23
−0.4 ± 0.2
0.04 ± 0.08
0.33 ± 0.08
−0.01 ± 0.08
−0.03 ± 0.1
-

±1
104 ± 5
−2 ± 1
1±1
1 ± 1.5
3±1
0.5 ± 1
0.5 ± 0.5
0.1 ± 0.3
0.5 ± 0.3
0.1 ± 0.3

±3
± 10
104 ± 5
−0.5 ± 1.5
0.5 ± 1.5
−1 ± 0.5
1 ± 0.5
0.5 ± 0.5
−4 ± 0.3
0.1 ± 0.5
0.1 ± 0.5
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Figure 8: Diffusion map, frequency maps and tune-shift with amplitude reconstructed from anharmonicities up to 5th
order for δp/p = 0 and ±0.7% for the PS2 lattice (two family sextupole scheme) including magnet misalignments and
multipole errors for one error seed sample. The tune diagrams show systematic resonances up to 8th order.

CONCLUSION
In conclusion, the PS2 negative momentum compaction
lattice provides high tuning flexibility. Chromaticity correction can be achieved with a two and a four families
scheme of relatively weak sextupoles. Orbit distortion and
β-beat induced by magnet misalignments and random errors in the main components of the linear magnets can be
reduced to tolerable values and their effect on the dynamic
aperture is moderate. On the other hand, first studies show
significant impact of multipole errors on the beam dynamics with a strong reduction of the dynamic aperture. In fact,
the non-linear single particle motion is completely dominated by the high order multipoles (mainly of the dipoles)
leading to strong non-linear tune shift with amplitude. Further studies are needed for establishing an error table which
allows for sufficient (off-momentum) dynamic aperture. In
particular, the individual contributions of the high order
multipole components of the dipoles have to be understood.
The final choice of the working point should be based on
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space charge simulations including multipole errors. Additional correction schemes may also be considered.
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SPACE CHARGE EFFECTS DURING MULTITURN INJECTION INTO
SIS-18
Stefan Paret, Oliver Boine-Frankenheim, GSI, Darmstadt, Germany
Abstract
For the FAIR [1] project, the intensity of heavy-ion
beams in SIS-18 has to be increased by an order of magnitude. In order to achieve the design intensities, the efficiency of the multiturn injection from the UNILAC has
to be optimized for high beam currents. This is especially
important for the operation with intermediate charge state
heavy-ions, where beam loss during injection will lead to
pressure bumps and to a reduced lifetime of the beam. An
analytic model exploring the limits of lossless injection
without collective effects is discussed. The multiturn injection into SIS-18 is studied by virtue of 2D particle tracking simulations using an extended version of the computer
code PATRIC. The impact of space charge and image currents on the efficiency of the injection process is analyzed.

INTRODUCTION
GSI’s UNILAC and SIS18 are being upgraded in order
to increase the beam intensity to the ambitious design parameters for the booster operation for FAIR [2]. For U28+
the goal is to accumulate effectively a current of 15 mA for
15 turns in SIS18, corresponding to 2.3 × 1011 particles.
For these beam parameters, collective effects are expected
to affect the multiturn injection (MTI). The impact of space
charge and image currents on the injection efficiency and
the particle distribution needs therefore to be investigated.
Furthermore, endeavors are being made to reduce the
horizontal emittance in UNILAC [3], which is a key quantity for the MTI. However, investigations are needed to
specify the maximal acceptable emittance. For this reason,
the injection efficiency and effective particle accumulation
are studied as a function of the beam emittance and the particle distribution. The results of the numerical studies shall
serve as reference for planned experiments in SIS18.
The particle tracking code PATRIC was modified enabling it to simulate the MTI. In the first section the implementation of the MTI is described. Then an analytic model
helping to find good injection parameters is discussed. Finally simulation results without and with space charge are
shown. The phase-space distribution, losses and particle
accumulation are discussed. An outlook on planned experiments and numerical studies is given.

MTI IN PATRIC
Over the years, PATRIC has been developed at GSI for
numerical studies of various kinds of collective effects (see
e.g. [4]). So far it was applied to accumulated beams in a
ring in storage mode only. In order to investigate the MTI,
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the sources of the code were modified.
The most important aspect is the introduction of a time
dependent local orbit bump to adjust the orbit to the incoming beam. PATRIC is able to read the sector-maps
produced by a MAD-X [5] script which provide the transport matrices around the synchrotron. At the position of
the 4 bumpers generating the local orbit bump, markers
were inserted as place holders into the file providing the
SIS18 beam optics. Hence MAD-X is used to calculate the
sector map without injection bump. The bump is added
by PATRIC by virtue of horizontal kicks at the markers
representing the bumpers. The corresponding elements of
the kick vector (K), provided by the sector-map file, are
changed to deflect the particles. The deflection angles are
adapted turn by turn, until the bump disappeared.
Another change concerns the generation of the particle
distribution. Instead of initializing the beam once at the
beginning of a simulation, this procedure is repeated at
the beginning of the loop until the injection finished. The
particles are transported using the transport matrices from
MAD-X and the modified kick vectors. If space-charge effects are to be included, Poisson’s equation is solved on
a 2D transverse grid and momentum kicks corresponding
to the local field strength are applied. The boundary conditions can be set to represent the (perfectly conducting)
beam pipe or empty space. Thus the impact of image currents can be separated from that of direct space charge.
The modified version of PATRIC can be employed to
study losses, particle accumulation, emittance growth and
the phase-space distribution for varying tune, bump settings, injection duration and initial particle distribution,
emittance and intensity.

LOSSLESS INJECTION
An injection scheme without losses allowing the longest
injection is looked for as first step. The beam lattice functions at the end of the injector are assumed to be matched
to the synchrotron. The beam cross section is presumably
elliptical. The bumper ramp is linear and the ramp rate
constant. The position of the septum and the injection angle are taken from SIS18. What remains to be optimized
for a given emittance and working point are the height of
the orbit bump and the angle of the bumped orbit with respect to the incoming beam, as well as the ramp rate of the
orbit bump.
First the phase space after a single turn injection is considered. The position of the incoming beam in the horizontal phase space is parameterized as depicted in Fig. 1. The
horizontal coordinate x of the beam’s barycenter is decomposed into the bump height xr0 and the offset x̃. Due to
Beam Dynamics in High-Intensity Circular Machines
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Figure 1: Position of the incoming beam.

Figure 2: Injected beam after one turn.

Phase space at septum

the offset the beam moves around the orbit on an ellipse of
which the orientation and shape depend on the Twiss parameters α and β. Therefore it is convenient to express
√ x̃
by means of a phase ϕ and a constant of motion x̂ = ˆβi ,
x̃ = x̂ cos ϕ.

(1)

x̂ depends on the one-particle emittance of the barycenter
given by ˆ = γi2 x̃2 + 2αi x̃x̃ + βi x̃2 and the Twiss parameters at the injection point. The phase of the beam be
ϕ0 upon injection and ϕm after m revolutions. The phase
advance per revolution is equal to 2πQf , where Qf is the
fractional part of the horizontal tune. Thus we have
ϕm = ϕ0 + 2πQf m.

5

3

(2)

In addition the beam is shifted synchronously with the
orbit due to the reduction of the bump with the decrement
Δxr per turn in x direction. The resulting location of the
first injected beam after m turns then writes
xm = xr0 + x̂ cos ϕm − Δxr m

MOPD11

(3)

until the injection finished. Afterwards the last term in the
equation vanishes.
The most compact filling of the horizontal phase space
without losses is achieved by letting the surface of beam
touch the septum from the one side when coming in and
from the other side after one turn. This means that
x0 = xs + a + ds

(4)

x1 = xs − a,

(5)

and
where xs is the position of inner side of the septum and
ds the septum thickness, as displayed in Fig. 2 The small
wires forming the last part of the septum can be neglected
with respect to the beam diameter in good approximation.
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Figure 3: Beam at the septum during successive turns.
After the first turn the beam moves away from the septum before it comes closer to the septum agian after a few
turns. The closest approach will happen close to the turn
n ≈ 1/Qf , when one revolution in the transverse phase
space is about complete. Particle loss is avoided if the
bump was decremented enough to yield
xn = xs − a.

(6)

For any smaller xn the injection efficiency would be reduced.
The injection parameters xr0 , xr0 and Δxr can be adjusted such that xn corresponds to the largest offset the
beam assumes after the first turn. Figure 3 shows the position of the beam during consecutive turns. The red line
shows the time continuous interpolation of Eq. 3,


t
t
x(t) = xr0 + x̂ cos ϕ0 + 2πQf
− Δxr , (7)
T
T
where T is the revolution period of the beam.
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Table 1: Parameter Sets Used in the Simulations
ǫ (rms) / mm mrad
distribution
1.325
KV
1.325
semi-Gauss (SG)
2.0
KV

0.010

00
0

0.01
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Figure 4: Distance of the beam to the septum for Qf =
0.17, n = 5 and a = 9.3 mm. The special cases highlighted
by the horizontal lines are explained in the text.
More general, applying Eq. 4 to Eq. 6, allows the injection parameters to be expressed as functions of the initial
phase ϕ0 . Whether the beam suffers particle loss can be
determined considering the distance of the outer edge of
the beam d(t) = x(t) + a from the septum. Negative values correspond to at least a part of the beam being behind
the septum. Particles are lost if d(mT ) < 0 for m > 0. For
other times negative values can be tolerated. The distance
of the beam from the septum as a function of t and ϕ0 is
visualized in Fig. 4.
The distance assumes negative values some time after
t = T for any phase except ϕ0 = 0.67 rad. This setting actually corresponds to the afore discussed case that the offset
becomes the largest after n = 5 turns. In Fig. 4 the horizontal red line highlights this situation. For 0.27 < ϕ0 < 1.09
negative values do occur, but not while the beam passes
the septum. Hence there is no particle loss in this range
of phases. Starting with the smallest possible phase, the
beam touches the septum after 5 and 6 turns, while with
the largest allowed value this happens after 4 and 5 turns.
The green and blue horizontal lines in the same figure indicate these limiting cases.
Figure 4 also reveals that smaller phases imply larger
distances after 3 turns from which follows that a larger
volume of the phase space is occupied. Phases closer to
1.09 rad are hence favorable under ideal conditions. This
setting seems to more prone to losses due to imperfections
like lattice errors or collective effects, though.
The injection ends when xr = 2a + d. The maximal
number of turns available for the injection is consequently
nmax =
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xr0 − 2a
.
Δxr

(8)

0
x [cm]

5

10

Figure 5: Phase space after 20 turns without collective effects.
With the beam parameters assumed for the booster operation follows that maximal 11 turns can be used for the injection. The targeted 15 effective turns can therefore only
be injected accepting losses. The optimal setting for a lossy
injection is currently investigated [7].

SIMULATION RESULTS
Numeric simulations were performed with PATRIC. xr0
and xr0 were determined as discussed in the previous section. In order to inject more particles than possible without
losses, the ramp rate was adapted to the given number of
injections according to
Δxr =

xr0 − 2a
.
nmax

(9)

The beam deflection to be caused by the four bumpers was
evaluated as in Ref. [6].
Three scenarios are highlighted in this section. The variable parameters are summarized in Tab. 1. 1 corresponds
to the design emittance for the booster operation. A KV and
a more realistic semi-Gauss (SG) transverse particle distribution are compared. In order to assess the consequences
of a larger emittance, simulations were accomplished with
2 . Always a Gaussian longitudinal momentum distribution
with σp = 5 × 10−4 was used. The longitudinal position
is meaningless as only the transverse dynamics is studied.
All particles are therefore put into one disc. The set tune
was Qhor = 4.17.
The horizontal phase space at the septum after 20 turns
of which 16 were used to inject the beam, is shown in Fig. 5
without collective effects and in Fig. 6 with space charge
and image currents. The smearing out of the particle distribution due to space charge is obvious. Close to the center individual beamletts even cannot be distinguished. The
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Figure 6: Phase space after 20 turns with space charge and
image currents.

Number of injections
Figure 8: Losses during injection.
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Figure 7: The number of stored particles depending on the
length of the injection for the three beams with the parameters given in Tab. 1.
outer beamletts differ by position, though all injection settings were equal. This observation is attributed to the tune
shift.
The number of particles accumulated in SIS18 as a function of the injection length is displayed in Fig. 7. 16 turns
of the beam with the smaller emittance and KV profile suffice to reach the intensity goal. There is only a marginal
difference between the simulation with and without space
charge and image currents. For the SG profile, 18 turns
are needed. The impact of space charge is slightly higher.
Finally, for the larger emittance, the goal is not reached
within 20 turns.
The corresponding losses are shown in Fig. 8. The loss
rate to be accepted for the smaller KV beam is 5 % only,
but 18 % for the SG profile when space charge is taken into
account. For the larger beam, the losses are significantly
higher, independent of whether collective effects are included or not. The impact of the image currents was found
to be negligible compared to space charge so the discussion of direct space-charge effects without image currents
is omitted here.

Beam Dynamics in High-Intensity Circular Machines

An injection scheme to evaluate the bump parameters for
an efficient and lossless MTI was elucidated. However, it
does not allow to inject enough particles to reach the design
intensity for FAIR. Hence losses have to be accepted during the injection. Numerical simulations of the MTI were
performed and indicated that the targeted rms emittance of
1.3 mm mrad at injection, permits to reach the demanded
beam intensity with moderate losses. An rms emittance of
2 mm mrad is too large to fulfil the requirements. Space
charge and image-current effects strongly change the particle distribution but only moderately affect the losses.

OUTLOOK
First simulation results have been obtained, but systematic studies are still to be done. A more realistic loss consideration has to include errors in the lattice. For a lossy
injection scheme, the local orbit bump can possibly still be
improved. Better injection schemes, possibly with a nonlinear ramp [7] or coupling to transfer emittance to the vertical phase-space [8] are considered. Also the dependence
of the injection efficiency on the tune is of interest.
Finally, measurements in SIS18 are planned to confirm
the simulation results. An ionization profile monitor with
turn-by-turn time resolution to be installed in SIS18 [9] will
allow us to track the phase-space evolution.
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REDUCING LOSSES AND EMITTANCE IN HIGH INTENSITY LINAC
AT BNL *
D. Raparia#, J. Alessi, B. Briscoe, J. Fite, O. Gould, V. Lo Destro, M. Okamura, J. Ritter,
A. Zelenski, C-AD Dept., BNL, Upton, NY, USA
Abstract
BNL 200 MeV linac has been under operation since
1970 and gone through several changes during its 40 year
lifetime. The latest (2009-10) reconfiguration in low and
medium energy (35 and 750 keV) beam transport lines
resulted in about a factor of 2 reduction in the transverse
emittance for the accelerated polarized proton beam, and
a several fold reduction in the radiation levels due to
beam losses throughout the linac and isotope production
facility complex with 30% more beam current for the unpolarized H- beam for BLIP.

INTRODUCTION
The Brookhaven National Laboratory (BNL) 200 MeV
drift tube linac (DTL) has been operating since November
1970 and was designed for 100 mA of peak current with
200 μs of pulse length at 10 Hz. During last 40 years of
operation, linac has gone through many changes to
accommodate changing requirements of the BNL
accelerator complex for higher average beam current,
better beam quality, or higher reliability. To satisfy
present requirements, linac now provides H- beam at 6.67
Hz, 200 MeV for the polarized proton program at
Relativistic Heavy Ion Collider (RHIC) and 66-200 MeV
for Brookhaven Linac Isotope Production (BLIP) [1].
The requirements for these programs are quite different
and are the following. (1) RHIC: 200 MeV, 200 μA
beam current, 400 μs pulse length, polarization as high as
possible and emittance as low as possible, (2) BLIP: 66200 MeV, 450 μs pulse length, current as high as possible
(~40 mA), uniform beam distribution at the target, and
losses as low as possible. In this article, we will discuss
only the high intensity aspects of the linac.

BNL 200 MEV LINAC HISTORY
Table 1 summarizes changes of the last 40 years. There
are several points worth noting. In 1982 switching to Hoperation increased the intensity in the AGS, while
decreasing the linac output. In 1989 switching to RFQ
preinjector provided high reliability and lower cost of
operations. The changes in 1996 included shorting 35 keV
line by removing diagnostics and adding PMQ in the
flange of the RFQ at the high energy end to better match
the beam line. These changes resulted in a 50% higher
peak beam current and about 45% lower emittance. In
2009, the medium energy beam line length was reduced to
70 cm from 7 meters, resulting in an emittance reduction
for high current by a factor of 4 and for the polarized Hby a factor of 2. The reduction in emittance for polarized
____________________________________________
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H- was translated into emittance reduction in RHIC by
25% at the collision energies. But due to longer 35 keV
line, the beam current for BLIP was not increased as
expected. In 2010, the beam current for BLIP was
increased by 30 % by reducing the length of 35 keV line
to two meters. Now linac is delivering the highest average
current to BLIP while maintaining minimum losses since
it was built in 1970.
Table 1: BNL 200 MeV Linac History
Year
Design
1972
1975
1976
1979
1982
1984
1984
1986
1989
1990
1996
1996
2000
2009
2009
2010
2010
2011

Rep
Pulse
Peak
Avg.
Rate
Length
Current Curret
Hz
μs
mA
μA
10
200
100
200
10
80
55
44
10
100
60
60
Switch to 5 Hz operation
5
220
70
77
Switch to H- acceleration
5
200
25
25
Add polarized H- operation
5
470
30
71
Switch to RFQ pre-injector
5
500
25
63
Switch to 6.67 HZ and changes in
LEBT/MEBT
6.67
400
38
90
Add Polarized source OPPIS
LEBT/MEBT reconfiguration (short MEBT)
6.67
430
32
80
Shorten LEBT
6.67
430
38
110
New Buncher and einzel-lens solenoid
combo

The linac was designed for 100 mA and smaller
emittance since it was designed for protons. Particle
simulations showed that transverse and longitudinal
matching and the quadrupole focusing laws are essential
for controlling the emittance growth in transverse as well
as longitudinal planes. All the emittance growth occurs
within the 1st tank (10MeV).The beam was pre
accelerated with Cockeroft-Walton (C-W) to 750 keV
than followed by an 8.5 meter long line consisting with
eight triplets and two bunchers. To minimize the
emittance growth in the 750 keV line, the beam size was
kept small and the emittance growth in the line was about
50%. The beam was matched to DTL in all three planes.
The capture efficiencies in the DTL were about 65-70%.
It was recognized that longitudinal beam size was the key
contributor in the transverse emittance growth, and the
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qquadrupoles laaws in the DTL
L played a sig
gnificant role in
n
ccontrolling em
mittance growth
h for high curreents.
In 1989 when Cockeroft-W
Walton was reeplaced with an
n
R
RFQ, a new transport lin
ne at 35 keV
V (LEBT) waas
iintroduced bettween the ion source and th
he RFQ, which
h
pprovided spacee for a chopperr. The transpo
ort line between
n
R
RFQ and linacc was 7 meterss long and had
d fast and slow
w
cchoppers, a dip
pole to accomm
modate polarizzed protons, ten
n
qquadrupoles, three
t
buncherss, four emittance probes, five
ccurrent toroidss, five segmentted and a fast faraday
f
cup [2]].
T
This 750 keV
V line is nameed the medium
m energy beam
m
ttransport (ME
EBT). The beam
m was matcheed into DTL in
n
aall three planees. The importaance to keep the
t longitudinaal
bbeam size as small
s
as possib
ble was realized
d, but the given
n
cconstraints in the MEBT, lon
ngitudinal beam
m size grew up
p
tto +/- 120 deg
grees at bunch
her locations, although abou
ut
775% of the beaam fit in the lo
ongitudinal buccket of the DTL
L
[3]. There were
w
no meeasurable imp
provements in
n
ttransmission or
o beam losses, but noticeablle sensitivity of
o
aamplitude and phase of the RFQ
R
and bunch
hers were noted
d
aat 200 MeV while
w
producing
g no observablle effect on the
bbeam in the 75
50 keV lines [4
4].
In 1996 thee linac rf pow
wer supplies an
nd high poweer
ttransfer lines were
w
upgraded to operate at 7.5
7 Hz and 550
0
μs long beam pulses. At the same time LE
EBT length waas
rreduced from 2.1 meters to 1.4 meters by
y removing the
ffast chopper an
nd emittance probe.
p
To captu
ure more beam
ms
iinto the LEBT
T from the ion source, the firsst solenoid waas
m
moved closer to ion sourcce and the seecond solenoid
d
m
moved closer to RFQ to pro
ovide a better match into the
R
RFQ. These changes resulteed in a 20% reeduction of the
eemittance at the RFQ en
ntrance and about a 10%
%
iimprovement in
i transmission
n of the RFQ [5
5]. The 7 meteer
llong MEBT transmission was about 75%.
7
The firsst
qquadrupole waas too far from
m the RFQ; by
b the time the
bbeam reached the first quadrrupole, it had gone through a
w
waist in the x plane, hencce it was diveerging in both
h
pplanes. Also the
t longitudinaal beam size was
w very big by
y
tthe time the beam
b
reached the
t first bunch
her. To improve
tthe capture an
nd transmission
n of the beam
m in MEBT, the
R
RFQ end flang
ge at the high energy end was
w modified to
o
aaccommodate a permanent magnet quadrrupole (PMQ)).
T
The PMQ wass similar to onee used in the SSC DTL [6]. In
n
aaddition, this PMQ can bee moved tran
nsversely while
rrunning the beam
b
via miccrometer adjustment outside
vvacuum in ord
der to steer thee beam. A pictu
ure of the RFQ
Q
eend flange wiith PMQ is sh
hown in Figurre 1. The gate
vvalve and currrent transform
mers also rearranged to bring
g
tthe buncher close
c
to RFQ. Last quadrup
pole quadrupleet
w
was converted to quadrup
pole triplet. These
T
changees
rresulted in a 50%
5
higher traansmission at 200 MeV with
h
445 % lower em
mittance [7]. But
B still there were
w
40% beam
m
llosses in tank1
1 and emittancee growth of sev
veral fold at the
eend of linac. In 2000, a new
n
high inten
nsity polarized
d
source OPPIS was added in
n the LEBT before
b
the RFQ
Q
aand the dipolee in the MEB
BT was replaceed with a spin
n
rrotator soleno
oid [8]. The resulting
r
layou
ut is shown in
n
F
Figure 2.
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Figure 1: RFQ
Q end flange w
with PMQ.
There w
were no measuurable changes in the high inttensity
operation except about a 5% drop in the intensity aat 200
MeV.

EM
MITTANCE GROWTH
H AT BNL 2000
ME
EV LINAC
Severall observations can be made for the changees that
occurred from1970 too 2000. (1)Thhe replacemeent of
Cockeroft
ft -Walton by R
RFQ did not reesult in an impproved
transmissiion of linac. A
Amplitude andd locations of beam
losses weere the samee as when thhe cw beam from
Cockeroft
ft- Walton was bbunched by tw
wo bunchers. (22) Any
improvem
ment in LEBT w
was translatedd to the output of the
linac, keeeping the transsmission efficiencies of linaac the
same.(3)T
The phase andd amplitude off RFQ and bunnchers
were mosst sensitive to tthe output of 2200 MeV and not at
MEBT.

BT layout in 2000 after aadding
Figure 2 : LEBT-MEB
polarized source in the L
LEBT.
The ideeal match betw
ween RFQ annd DTL couldd have
been obtaained with a 5 βλ long F
FODO lattice with
quadrupolles spacing aabout one βλλ and at leastt two
bunchers [9]. But the reequirements off beam choppinng and
the polariized beam dicttated a triplet solution. Indicating
problems lie at the MEB
BT in the longitudinal plane not in
the transvverse plane, beecause there w
were enough deegrees
Beam Dynamics in High-Intensity Circular Machines
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oof freedom (k
knobs) availab
ble to match into the linacc.
M
Moreover, tanks quadruples can be tuned independently
y.
T
The MEBT reesulted in a lattice mismatcch in both the
ttransverse and
d longitudinal direction. Thee RFQ (βλ ~ 6
ccm) and DTL
L (βλ ~ 6 cm)) both have a FODO lattice
((period of 6-12
2 cm) but MEB
BT had 15 to 20
2 times longeer
ddrift spaces to accommo
odate chopperr, dipole and
d
ddiagnostics. Fo
or the given em
mittance, the trransverse beam
m
size roughly scales as driift length betw
ween focusing
g
eelements. The MEBT apertu
ure grew 10 cm
c in diameteer
ffrom 1 cm in RFQ,
R
and back
k to 2 cm in DT
TL. During thiis
pprocess, the external focusin
ng forces rem
mained linear in
n
nnature, and not
n much dam
mage occurred
d in transverse
eemittance in th
he MEBT, conssistent with thee observation.
Similarly, in
n the longitud
dinal direction
n, the focusing
g
pperiod in RFQ
Q and DTL is much smaller than the space
bbetween uneveenly distributeed three bunchers. The bunch
h
llength grew faster
f
than tran
nsverse beam size since the
llongitudinal focusing
f
perio
od is half of the transverse
ffocusing perio
od in RFQ. Bu
ut restoring forrces (sinusoidaal
rrf) are non-llinear in natu
ure and this non linearity
y
eembedded in the particle distribution results in particle
llosses at high
her energies [10]. Figuree 3 shows the
llongitudinal ph
hase spaces att (a) RFQ, (b) buncher 1, (cc)
bbuncher 2, (d) buncher 3, (e)) end of MEBT
T, and (f) at celll
220 of DTL.

MOPD12

discontinuuities are ccompensated by shiftingg the
synchronoous phase of th
the first and laast few cells inn each
tank [15].
The priimary mechaniism of emittannce growth forr BNL
linac liess in the couupling of thee longitudinall and
transversee oscillation annd consists off (a) the depenndence
of the transverse rff defocusing impulse onn the
longitudinnal phase and ((b) the dependdence of energyy gain
on the trannsverse displaccement in the rrf gap.

((b)

(a)

(c)

(ee)
(f)
(d)
Figure 4: Transverse sppace (x-y) plotss (a) at end off RFQ,
(b) after bbuncher 1, (c) after buncher 2, (d) after buuncher
3, (e) at ennd of MEBT, aand (f) at cell 220 of DTL.
The cooupling betweeen transversee and longituudinal
space liess in the equatioon of motion giiven by
1
2
4
1

2
where β,γγ are the relaativistic param
meters, kt,kl arre the
transversee and longituddinal wave num
mber, δφ=φ-φs, φs is
the synchrronous phase aand g=cot φs.
The m
maximum am
mplitude grow
wth due to phase
differencee from synchroonous phase is given by

F
Figure 3: Lon
ngitudinal phasse space plotss (a) at end of
o
R
RFQ, (b) afterr buncher 1, (c)
( after bunch
her 2, (d) afteer
bbuncher 3, (e) at end of MEB
BT, and (f) at ceell 20 of DTL.
These PAR
RMILA simulations indicatte that bunch
h
llength was too
o big when it reached
r
to buncher 1, 2 and 3
aand the beam is only partiallly bunched ass it reaches the
D
DTL. Figure 4 shows the co
orresponding trransverse space
((x-y), there is no apparent effect
e
on the trransverse space
iin MEBT, bu
ut it is quite clear in the DTL.
D
There is
i
iinherent mismatch between DTL
D Tanks. Th
his mismatch is
i
ddue to the faact that there is 0.6 – 1meeter drift space
bbetween the taank causes disccontinuities in the
t longitudinaal
ffocusing patttern. In th
he modern linacs, these
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| | |
4 |2
Emittancee growth will bbe order of squuare of the ampplitude
growth.
It can bbe shown thatt the emittancee growth due to the
different displacement in the rf gapp, excited in T
TM010
mode, is ggiven by
∆
where c1 and c2 are coonstant and deepend on the cavity
parameterrs like acceelerating graddient, length and
frequencyy.
It is eessential to kkeep the trannsverse as weell as
longitudinnal beam size aas small as posssible in the buuncher.
If the lonngitudinal beam
m size is largee enough, it wiill see
non linear
ar part of the ssinusoidal rf fiield in the gapp. The
emittancee growth and paarticle loss maay not be immeediate,
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bbut it tends to show up at hig
gher energies. If
I the transverse
bbeam size is big enough,, then non liinear field (rrddependence) will cause non
n
linear rellative velocity
y
ddistribution in the longitudin
nal as well as trransverse plane
aand emittance growth shows up immediatelly.

EMITTA
ANCE GRO
OWTH MIT
TIGATION
In 2008 th
he LEBT and MEBT weree reconfigured
d,
ddriven by the aim to reducce the emittan
nce growth fo
or
ppolarized proto
on to increase luminosity in the RHIC [10]].
F
Figure 5 depicts
d
the LEBT and MEBT afteer
rreconfiguration
n. The MEBT
T length was reduced
r
from 7
m
meters to 70 cm.
c It has three quadrupolees, two pairs to
o
steerers in each plane, one buncher and
a
a curren
nt
ttransformer. Due to physiccal constraintss, the polarized
d
source could not
n be moved, and linac tank
ks could not be
m
moved, thereffore we ended up with a lo
ong LEBT. The
L
LEBT for the high intensity
y beam was ab
bout 4.5 meterrs
llong and had two solenoid
ds, two sets of
o steerers and
d
ccollimator in each plane, a beam stop, a slow chopperr,
aand an einzel lens before th
he RFQ. The einzel
e
lens waas
ttested with th
he RFQ for th
he transmission
n in 2007, and
d
ggave about a 80%
8
transmissiion through thee RFQ for high
h
iintensities and a 90% for the polarized H-. .

F
Figure 5: Laayout of LE
EBT and ME
EBT after the
rreconfiguration
n.
In the ME
EBT (see Figu
ure 6), we have
h
used the
qquadrupoles from
fr
the LED
DA [15] projecct with a solid
d
ccore. The pow
wer required fo
or the buncherr was about 10
0
kkW, but the buncher
b
RF po
ower source was
w capable of
o
oonly a maximu
um of 5 kW. The
T buncher was
w modified by
y
aadding an addiitional feed loo
op to each of th
he cavity’s two
o¼ wave resonaator arms. The buncher was powered
p
by two
o
77651 tetrode, 5 kW powerr amplifiers. Each
E
amplifieer
ndependently phase
p
adjusteed and poweer
system is in
ccombined in the buncher. One
O of the add
ditional loops is
i
uused for feeedback for both
b
phase and
a
amplitude
stabilization loops
l
about both amplifieers. We have
successfully op
perated the bun
ncher at 8 kW’’s of RF powerr,
4 from each am
mplifier system
m. During prev
vious operating
g
yyears up to 3 bunchers were required with
w
the highesst
ppower requirin
ng 3.5 kW.
In 2009[11], with up to 10
00 mA out of the ion sourcee,
w
we measured only
o
30 mA in
n front of RFQ
Q and about 17
7
m
mA out of RF
FQ, and big cu
urrent fluctuatiions during the
4400 μs long pu
ulse. Similar in
nstability has beeen seen earlieer
80

[12, 13]. Various connfigurations w
were then tried, by
changing second solennoid location, but neither ccurrent
transmissiion efficienciies nor the ccurrent fluctuuations
improvedd. The transmisssion efficienccies were almoost the
same for a wide range oof currents (soource current 550 mA
to 100 mA
A) and energy (20 keV to 35 keV).

Figure 6: Photto of 70 cm lonng MEBT.
more solenoid was added, now having three
One m
solenoids and an einzell lens in frontt of RFQ. Witth this
configurat
ation, one got aabout 45 mA iin front of thee RFQ
and 22 m
mA after the RF
FQ. With einzeel lens #3 turnned on
(supposedd to be used forr the polarizedd beams only) w
we got
50 mA inn front of the RFQ and 25 mA after the RFQ.
Finally, thhe einzel lens bbefore the RFQ
Q was replacedd with
one of thee solenoids, annd the other soolenoid reconfiigured
such thatt the distancee between thee RFQ and thhe 2nd
solenoid was approxim
mately the saame as beforre the
reconfigur
uration. This configuration resulted in 35 mA
after the RFQ. When Xe gas was introduced intto the
beam pipee, one got 65 m
mA in front of the RFQ and 442 mA
out of thee RFQ. The LE
EBT had an aveerage pressure of 3.7
x 10-6 Torrr. The ionizatiion cross section for the Xe gas is
8 x 10-16 ccm-2 and the required pressuure for the Gabbovich
critical deensity [12] forr complete neuutralization is 3.6 x
10-6 Torrr (Xe gas dennsity of 1.2 x 1011 cm-3 )). We
measuredd a neutralizatioon rise time aabout 40 μs, annd the
The stripping cross
calculatedd value is abbout 38 μs. T
section foor 35 keV H-- is about 4 x 10-15, which gives
about a 220% stripping loss for the 4 meter long L
LEBT,
while aboout a 32% loss in the LEBT iis measured. T
Table 2
summarizzes commissionning of LEBT for high intenssity.
Table 2: Summary of LEBT Comm
missioning for High
Intensity
uration
Configu

Beforee
RFQ
2 sol. + eein. lens
30 mA
A
3 sol. + eein. lens
45 mA
A
3 sol. + eein. lens#
50 mA
A
3 sol. + eein. lens + Xe gas
65 mA
A
#
Solenoiid in front off RFQ and E
Einzel
chopper

After
RFQ
17 mA
A
22 mA
A
35 mA
A
42 mA
A
lens beefore
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The transmiission though linac
l
was limited by buncheer
ppower. At 8 kW
W power, the maximum
m
currrent out of linac
w
was about 32 mA (76% tran
nsmission), in agreement
a
with
h
simulations. We
W measured no
o beam losses in
i the MEBT.
In 2010, thee high intensity
y source was moved
m
upstream
m
w
with a bend an
ngle of 45 degrees as shown in Figure 7. The
nnew length off the LEBT iss now 2 meterrs and has two
o
solenoids, two
o quadrupoless, and two steerers in each
h
pplane, a cho
opper and on
ne 45 degreee dipole. The
ttransmission through linacc was increaased by 30%
%.
A
Average beam current on thee BLIP target was
w increased to
o
110 μA in 2010 from 80 μA
μ in 2009. Radiation
R
in the
B
BLIP transportt line was furth
her reduced.
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beam lossses has been rreduced everyw
where, comparred to
before thee upgrade.

(b)
(a)
LIP target (a) bbefore
Figure 8: Beam foot prrint at the BL
and (b) affter reconfiguraation of LEBT//MEBT showinng the
same num
mber of contourrs.

RE
EFERENCE
ES

EBT and MEBT
T in 2009.
Figure 7:: Layout of LE

RES
SULTS
Table 3 com
mpares the emiittance and linaac transmission
n
eefficiencies beefore and after the
t upgrade in 2009
T
Table 3: Emitttance and Tran
nsmission Effiiciencies of the
L
Linac. Transm
mission Efficieencies Measureed as Ratio of
o
L
Linac Output Current
C
to Sourrce Current.
Year
2008
2009

εX, N, 95
5%
(π mm mr)
m
10.7
4.5

εY, N 95%
m
(π mm mr)
15.9
5.5

Trans.
(%)
50-55
65-70

The reductio
on in emittance is seen in ev
very step of the
R
RHIC acceleraator chain and
d translated to
o about a 25%
%
rreduction in em
mittance in thee RHIC at colllision energies..
T
Table 4 show the linac perfo
ormance for hig
gh intensity fo
or
tthe last three years
y
T
Table 4: BNL
L Linac Perform
mance for Hig
gh Intensity HH
ffor Last Three Years.
Parameters
Average Currrent
within 2” targ
get
Beam outsidee 2”
Collimator teemp.
Radiation

2008
2
71μA
7

200
09
80μ
μA

2010
110μA

8%
8
160°C
1
Normal
N

0%
70°C
Low
w

0%
65 °C
Lower

Figure 8 sh
hows a compariison of the beaam foot-print at
a
tthe target befo
ore and after th
he upgrade. Radiation due to
o
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THE EMMA ACCELERATOR AND IMPLICATIONS FOR HADRON
NON-SCALING FFAGS
S. L. Sheehy∗ , John Adams Institute, Oxford, UK
Abstract

EXPERIMENTAL METHOD

EMMA (Electron Model for Many Applications) is the
worlds first non-scaling FFAG constructed at the Daresbury Laboratory, UK. Commissioning activities have recently been undertaken and beam dynamics results relevant
to hadron non-scaling FFAGs are presented. The impact of
these results on the future design of non-scaling FFAGs for
high intensity hadron beam applications is discussed.

THE EMMA NS-FFAG
The EMMA accelerator has been built as a proof-ofprinciple demonstrator for ns-FFAG technology [1, 2, 3, 4].
The project aims to demonstrate feasibility of ns-FFAGs
and to study the novel beam dynamics of these machines
in detail. The availability of the partial EMMA ring in the
initial stages of commissioning in August 2010 allowed a
few basic measurements to be made including the betatron
tune and dispersion. These measurements are relevant to
the design of proton ns-FFAGs as they are a crucial test of
the ZGOUBI simulation code, used both for the EMMA
design and in existing work towards proton ns-FFAGs for
low intensity [5] and high intensity [6] beams.
The ALICE 35 MeV electron energy recovery linac prototype [7] is used to inject appropriate beams into EMMA.
During EMMA operation the two linac sections of ALICE (the booster linac and main linac) are used to provide
beams in the 10 to 20 MeV energy range of EMMA. The
electron beam is diverted out of ALICE to the EMMA injection line and so ALICE does not run in energy recovery
mode during EMMA operation. Details of ALICE and its
setup for EMMA can be found in Ref. [8].
The main parameters of EMMA are given in Table 1.
EMMA consists of 42 cells which are physically organised
into seven sectors, with six cells in each sector. For some of
the experimental work outlined here, only four of the seven
sectors of EMMA were used.
Table 1: Lattice Parameters of the EMMA Accelerator
Parameter

Value

Radius
Circumference
No. of cells
Cell type
Cell length
RF
Energy range

2.637 m
16.57 m
42
DF doublet
394.481 mm
19 cavities; 1.3 GHz
10 to 20 MeV

∗ s.sheehy1@physics.ox.ac.uk
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In planning the experimental commissioning work the
decision was made to keep the beam energy of the ALICE injector constant and to represent different relative momenta by changing the EMMA quadrupole strengths while
maintaining the ratio between the D and F quadrupoles (the
D/F ratio). This means that to reproduce the dynamics of
a relative momentum of +5% the main quadrupole magnet
strengths have to be changed by −5%1 .
The EMMA ring is heavily instrumented with diagnostic
devices as it is an experimental machine with novel beam
dynamics that need to be studied in detail. The full EMMA
Beam Position Monitor (BPM) system consists of 81 button BPMs. Each BPM includes a button electrode pickup
and a pair of front-end modules connected via a single low
loss cable 40 m in length to a VME module2, where the
pickup signals are measured using analog to digital converters (ADCs) [9].
During the initial commissioning process the electronic
BPM readout system was not yet available. To read positions from the installed BPMs, seven coaxial cables were
available which were connected directly from the BPMs to
the control room where the analog signals were monitored
using a Tektronix TDS6124C oscilloscope. For each BPM,
the left-right signals are multiplexed onto the same cable
with a set time delay, which is one of the main functions of
the front-end module. This means that the horizontal position can be read from a single cable, and similarly for the
top-bottom signals for the vertical position. The oscilloscope was used to read out the raw voltage signals from the
BPMs and beam positions were calculated from these raw
values using a pre-measured calibration algorithm [10].
With a total of just seven coaxial cables the amount of
data taken was limited during this period, as each cable can
only supply either a horizontal or vertical position. A machine shut down is required in order to change which BPMs
are connected, so this is minimised during the commissioning shifts.
During the measurements only horizontal BPMs were
connected to give the maximum of 7 horizontal positions
simultaneously. The vertical offset prior to the injection
septum was minimised using the vertical correctors in the
injection line, though only to within a few mm.
1 This change is not immediately obvious. As Bρ ∝ pc, usually for
constant B (in a fixed field accelerator) pc is increased and the bending
radius ρ increases proprtionally. In this case we keep pc constant but want
to mimic the increase in ρ, hence B is reduced.
2 Versa Module Europa (VME)
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Dispersion Measurement
To measure the dispersion, repeated measurements of the
beam orbit are taken while varying the relative momentum
of the beam. The dispersion is then calculated as:


δp
D(p, s) = x(s)
p0

−1

.

(1)

For this measurement the horizontal readout of the
BPMs situated between the D and F magnets in cells E12
to E18 are connected. The measurement is made well after
the septum and kickers to allow the betatron oscillations to
become roughly constant in amplitude.

Tune Measurement
The measurement of the betatron tune in a ns-FFAG is a
challenge, particularly with an incomplete ring. The lack
of a reference ‘closed orbit’ to compare particle positions
against means that an assumption has to be made about
where the centre of the betatron oscillations ought to lie.
In most cases, the mean of the measured particle positions
is sufficient. In practice this may introduce problems if the
beam has large oscillations or is clipped due to beam loss
which could skew the position measurements. This is a
problem specific to this type of machine as the beam is designed to be off-centre in the beam pipe and this off-centre
position changes with energy. Measurements may be improved by minimising betatron oscillations to avoid beam
loss.
An additional challenge in measuring the tune with only
four sectors of EMMA is the small number of BPM readings available. Fourier analysis relies on a large number
of BPM readings so is not reliable in this instance. The
method adopted is a least squares fit to a sine wave.
In this method, it is assumed that the data points follow
a curve of the form:
f (s) = A.sin(

2πνx s
+ φ) + Δx
lcell
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Table 2: Parameters Used to Describe the EMMA Accelerator in ZGOUBI
Parameter

Value

D offset
F offset
Long drift
Short drift
Quad length F
Quad length D
Quad radius (inscribed) F
Quad radius (inscribed) D
Quad gradient F
Quad gradient D

34.048 mm
7.514 mm
210 mm
50 mm
58.782 mm
75.699 mm
37 mm
53 mm
6.695 T/m
4.704 T/m

closed orbits were found by locating the centre of the minimised phase space ellipse with multi-turn single particle
tracking. These closed orbit positions are plotted relative
to a small change in momentum in Fig. 1. In the small
momentum range being considered, the dispersion can be
approximated as linear in order to make a comparison with
the experimental data. The dispersion is estimated by the
gradient of a least-squares linear fit, the result of which is
D(s) = 53.9 ± 0.52 mm. The betatron tunes were also
calculated at each momentum step, shown in Fig. 2. These
results provide a point of comparison with the experimental
data obtained in the next section.

(2)

where lcell is the design cell length3 (0.394481 m). The remaining four variables, A, the amplitude of the oscillations,
νx the horizontal cell tune, φ the phase and the horizontal
offset of the ‘orbit’ from the centre of the BPMs, Δx, are
all used as free parameters to make the least squares fit.

Figure 1: Simulated change of closed orbit position with
momentum using ZGOUBI.

Simulating the EMMA Experiments
EMMA has been simulated using ZGOUBI [11] with a
hard-edge magnet model. The geometry considered is the
baseline lattice, which corresponds to one of eight different
lattice configurations proposed as part of the EMMA experiment [12]. The lattice parameters used in this instance
(additional to those in Table 1) are given in Table 2.
To ascertain the tunes and dispersion which ought to be
observed during the EMMA four sector commissioning,
3 It

is assumed in the tune measurements that the real distance between
the BPMs is the same as the design cell length.

Beam Dynamics in High-Intensity Circular Machines

Figure 2: Simulated tunes for the baseline EMMA lattice
using a hard-edge model in ZGOUBI.
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RESULTS
Dispersion Measurement
Using the position data obtained, the centre of the orbit is
approximated by taking the mean of the 7 horizontal beam
position readings. The dispersion is then found by making
a linear fit to the mean positions with relative momentum,
as shown in Fig. 3. The measured mean dispersion in this
momentum range is D(p) = 42.01 ± 12.1 mm, compared
to D(p) = 53.9 ± 0.52 mm obtained from the earlier simulation. The error on this measurement is calculated as the
difference between the best fit and the maximum/minimum
linear fits which remain within the error bars of the data
points.

Figure 3: Measured dispersion in EMMA four sector setup.

Horizontal Tune Measurement
The measured horizontal cell tunes taken on 5th August
2010 are shown with the simulated tune values in Fig. 4.
Given the difficulty of measuring the tune in this scenario,
the agreement with simulation for the two higher momenta
is remarkable. However, the two lower momentum values
differ significantly from the expected tunes.
During the measurements at lower momenta there appears to have been significant beam loss occurring upstream of the BPMs. Although there is no beam loss monitor to verify this hypothesis, there was a reduction in the
amplitude of the raw BPM signals observed. Further information can be gained by looking at the sinusoidal fit to the
BPM data points. It is clear that the sinusoidal fit to the
data points in Fig. 6 is far superior to that in Fig. 5. Beam
loss upstream of the BPMs or in the 7 cells in which these
measurements were taken would result in a non-uniform
and mis-shapen bunch which could give false or misleading
position measurements. As the tune measurement relies on
the frequency component of these position measurements,
the tune measurements at lower momenta cannot be considered to be reliable.
On August 30th , further measurements were made of the
beam position with varying momenta. The same central
momentum of 18.5 MeV/c was used and the BPMs in cells
E12 to E18 were measured, this time for two turns in the
EMMA accelerator with the RF system off. The same
84

Figure 4: Measured horizontal cell tunes in the EMMA
four sector setup.

Figure 5: Sinusoidal fits to measured data points for the
lower momentum p/p0 = 0.9.
method as before was used both for taking the measurements and to find the horizontal betatron tunes.

Full Ring Experimental Results
The measured horizontal cell tunes using the full EMMA
ring over two turns are shown in Fig. 7. The tunes measured in this case agree with the ZGOUBI simulation presented earlier and seem to resolve the ambiguity of the
low momentum tunes in Fig. 4. A detailed comparison
of codes for EMMA has been undertaken previously [13].
The predicted tunes using a second simulation code called
the Polymorphic Tracking Code (PTC) [14] from the code
comparison are included for reference.

Figure 6: Sinusoidal fits to measured data points for the
reference momentum p/p0 = 1.0.
Beam Dynamics in High-Intensity Circular Machines
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ns-FFAGs. However, the inclusion of space charge effects
will be necessary to accurately model high power proton
ns-FFAGs and future work will focus on identifying a suitable code for this purpose.
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have been used to compare the dispersion and betatron
tunes predicted by the ZGOUBI simulation code to those
of a real ns-FFAG. The results agree within error, indicating that a reasonable degree of confidence can be placed
in the code for estimation of the basic beam dynamics of
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CONTROLLED LONGITUDINAL EMITTANCE BLOW-UP IN A DOUBLE
HARMONIC RF SYSTEM AT CERN SPS
T. Argyropoulos, T. Bohl, T. Linnecar, E. Shaposhnikova, J. Tückmantel, CERN, Geneva, Switzerland

INTRODUCTION
The nominal LHC beam in the SPS consists of four
batches separated by 3 gaps of 225 ns. Each batch contains 72 bunches spaced by 25 ns with 1.15×1011 protons
per bunch. This beam is accelerated by four 200 MHz
travelling wave cavities, equipped with feed-forward and
feed-back systems. However, a longitudinal coupled bunch
instability observed at high energies appeared to be a limiting factor because of its low threshold at 2 × 1010 p/b.
This beam is finally stabilised by increased synchrotron frequency spread using a fourth harmonic RF system [1] and
controlled longitudinal emittance blow-up which is applied
during the ramp by introducing band limited noise through
the phase loop of the main RF system [2].
Although the controlled emittance blow-up is necessary
to stabilize the nominal intensity beam at flat top, the final
bunch length and therefore emittance is limited due to the
injection into the 400 MHz buckets of LHC. For that reason, bunch to bunch emittance variations along the batch
can lead to particle losses in the LHC. Non-uniform emittance blow-up of high intensity beam in SPS had been observed at the end of 2004 and previous studies [3, 4] suggested that this eﬀect can be attributed to the bunch to
bunch variation of the incoherent synchrotron frequency
due to the residual beam loading. This analysis showed that
for the bunches at the edges of the batch the zero amplitude
synchrotron frequency is lower than for those in the middle.
Therefore, for a constant noise band along the batch for all
bunches we would expect the blow-up to be more eﬀective for those in the middle of the batch (optimum phasing). However, the experimental results show that bunches
at the edges of the batch are blown-up more than those in
the middle.
The present work extends the previous analysis by considering how the whole synchrotron frequency distribution
is modified for the diﬀerent bunches in the batch, defined
mainly by the residual beam loading in the 200 MHz RF
system. It will be shown that for the bunches at the edges
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OBSERVATION OF NON-UNIFORM
EMITTANCE BLOW-UP
With the controlled emittance blow-up a stable beam of
emittance up to ∼0.6 eVs can be delivered to the LHC.
However, the measurements that are presented here were
done for a single batch with nominal intensity, with the
aim to obtain maximum emittance (∼0.9 eVs) for transfer
to LHC which might be requested. Particle momentum and
applied RF voltages (200 MHz and 800 MHz) for the SPS
cycle are shown in Fig. 1. The band limited noise [2] was
introduced through the phase loop of the 200 MHz RF system at 185 GeV (14.8 s along the cycle) and lasted for 3 s.
Figure 2 depicts the noise band and the synchrotron frequency spread (calculated for low intensity) during the cycle where the noise is applied. For nominal intensity beam
the low intensity settings should be shifted down by ∼10 Hz
due to an incoherent frequency shift produced by the SPS
inductive impedance ImZ/n7 Ohm.
7
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Controlled longitudinal emittance blow-up together with
a fourth harmonic RF system are two techniques that are
being used in the SPS in order to stabilize the beam before injecting into the LHC. The emittance blow-up has
been achieved by introducing a band-limited phase noise
during acceleration. Measured variations of the final emittance along the batch can be explained by the modification
of the synchrotron frequency distribution due to the eﬀect
of beam loading in a double harmonic RF system.

of the batch, where the bigger synchronous phase variations due to beam loading occur, a significant change in the
synchrotron frequency distribution appears, making larger
blow-up possible.
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Figure 1: Particle momentum (green), the 200 MHz voltage
(blue) and 800 MHz voltage (red, ×10) programme along
the cycle.
The bunch lengths were deduced from the acquired
bunch profiles after correcting for the pick-up and cable
transfer function [5]. Figure 3 shows the results for two
cycles where diﬀerent noise bands were applied. The plots
present the bunch lengths at diﬀerent moments in the cycle.
Both cases correspond to a successful blow-up in the sense
that at the flat top the bunches were stable. However, it is
apparent that bigger blow-up occurs for the bunches at the
beginning and the end of the batch. Furthermore, we can
clearly see from the bottom plot where the noise band was
lifted up 10 Hz compared to the top one, that the relative
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vious pattern. The eﬀects of beam loading are considered
in the next section.
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Figure 2: Noise excitation (red dashed lines) and synchrotron frequency spread at the end of the cycle, calculated for low intensities and for a bunch of 0.5 eVs.
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excitation of the bunches in the edges of the batch was less
compared to those in the middle.
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Figure 4: Longitudinal bunch position shift with respect to
nominal position along the batch. The data correspond to
those of Fig. 3.

1.5
1.4
1.3
0

20

40
Bunch number

60

1.9
Bunch length [ns]

0

18

1.8
1.7
1.6
1.5
1.4
1.3
0

20

40
Bunch number

60

Figure 3: Measured bunch lengths before the blow-up
(green), just after (red) and at the flat top of the cycle (blue).
The noise frequency band was shifted down ∼20 Hz (275175 Hz) at the top plot and ∼10 Hz (285-185 Hz) at the
bottom with respect to the calculated values (low intensity).
The bunch position variation along the batch Δt (found
from the bunch profiles after a Gaussian fit), which corresponds in the stable situation to the synchronous phase
displacement Δφ s = ωr f Δt (ωr f is the 200 MHz RF frequency), is shown in Fig. 4 for the same data presented in
Fig. 3. The antisymmetric pattern of the curves before the
noise excitation (green line) indicates that the bunch positions are mainly defined by the beam loading in the main
200 MHz RF system, compensated by the feed-back and
feed-forward systems. At flat top (blue line), where the
bunch lengths become smaller the eﬀect of the 800 MHz
beam loading, without feed-back and feed-forward systems, also becomes non negligible and it disturbs the pre-
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BEAM LOADING EFFECTS
It is apparent from the measurements presented in the
previous section that the beam loading in the RF cavities
of the SPS, for nominal intensity beam, is changing significantly the position of the bunches along the batch. For this
reason the calculation of the beam loading eﬀects is presented in this section, based on the theory of the travelling
wave RF systems given in [6].
The DC beam current for bunches with 25 ns bunch
spacing and 1.15×1011 protons per bunch is 0.74 A. For a
Gaussian distribution, the 200 MHz fourier component of
the beam current would be around 1.30 A before the blow
up (bunch lengths∼1.7 ns), while the 800 MHz component
would be about 0.15 A. The induced accelerating voltage
Vb in the cavity depends on the filling time τ f . When the
batch enters the cavity the bunches at the head see only the
accelerating voltage created by the power amplifiers Vr f .
As more bunches enter the cavity the induced voltage finally reaches a steady value according to the filling time of
the cavity. The first situation is defined as transient beam
loading state, while the second is called steady state.
The beam loading impedance Zb = VIbb defined from the
ratio between the beam induced voltage Vb and the beam
current Ib is given, for a travelling wave cavity, by the formula [6]
⎡
⎤
τ 2
L2 R2 ⎢⎢⎢⎢ sin 2
τ − sin τ ⎥⎥⎥⎥
− j·2
Zb = −
(1)
⎢
⎥,
8 ⎣ 2τ
τ2 ⎦
where R2 is the series impedance of the travelling wave
cavity, L the interaction length and τ the total phase slip
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between the proton bunches and the travelling wave, given
as a function of the RF frequency ω by
τ=

L
(ω − ω0 ),
υg

(2)

where ω0 is the cavity central frequency, υg is the group velocity, given in the travelling wave cavity by υg /c = 0.0946.
The parameters of the cavities that were used for the calculations of the impedances are listed in Table 1.
In the case of the 200 MHz RF system the 4 travelling wave cavities (2 short and 2 long) are equipped with a
feed-forward and a one turn feed-back system which compensate the beam loading eﬀect [7, 8] by modifying the
impedance Zb . For the 800 MHz RF system two travelling
wave cavities are installed but only one is used for acceleration, without feed-back or feed-forward systems (to be
installed in 2011). Figure 5 presents the calculated values
of the induced voltage in the 200 MHz (feed-forward and
feed-back were taken into account) and 800 MHz RF systems just before the noise application.

Figure 6: Vector diagram showing the beam loading voltage. On top for one cavity at steady (black) and transient (red) state and on bottom for both the 200 MHz and
800 MHz RF systems.
From the vector diagram the following relations can be
obtained
Vt cos φ s − Vb sin τ/3
(4)
tan φL =
Vt sin φ s + Vb cos τ/3

1.5
1
0.5
Vind [MV]

the beam loading angle. The angle φ s corresponds to the
synchronous phase.

0
−0.5

Vr f =

−1
−1.5
−500

0

500

1000 1500
Time [ns]

2000

2500

(5)

For fixed Vr f in the top vector diagram the variation of the
synchronous phase Δφk (bunch position) according to the
values of the induced voltage Vbk along the batch (red arrows in Figure 6) can be calculated.

1.5
1
0.5
Vind [MV]

Vt sin φ s + Vb cos τ/3
cos φL

0

tan(φ s + Δφk ) =

−0.5

Vr f cos φL − Vbk cos τ/3
,
Vr f sin φL + Vbk sin τ/3

(6)
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1000 1500
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Figure 5: Calculated beam induced voltage in the 200 MHz
(top) and 800 MHz (bottom) RF systems just before the
noise excitation. V200 = 4.5 MV and V800 = 0.5 MV. The
time 0 is when the first bunch enters the cavity.
The total voltage Vt seen by a synchronous particle
passing through a travelling wave cavity (200 MHz or
800 MHz) is given by
r f + V
b
t = V
V

(3)

This equation for the steady state value of Vb (in the centre of the batch) is visualized in the case of acceleration, in
the top vector diagram of Fig. 6 (black arrows). With respect to the beam current Ib , the accelerating voltage of the
power amplifier Vr f is placed at angle φL , while the beam
induced voltage Vb is at angle -τ/3. This angle is calculated from the beam loading impedance and is defined as
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where k corresponds to the bunch number along the batch.
The formalism described above can be used to calculate the
phase shift along the batch for the 200 MHz (Δφ200
k ) and
the 800 MHz (Δφ800
)
RF
systems
with
the
only
diﬀerence
k
that in the case of 800 MHz RF system the phase φ s in the
top vector diagram of Fig. 6 is 0. The phase shift variations
800
Δφ200
k and Δφk of the two RF systems can be used in order
to find the total phase shift, by taking into account that the
vectors Vt200 and Vt800 found for each RF system have a
phase angle φ s for the steady state (black arrows at bottom
plot of Fig. 6). Note that here is considered only the case
where phasing between the two RF systems is established
using measurements in the middle of the batch. According
to that the phase shift Δφ sk can be derived from
tan(Φ sk ) =

800
800
Vtk200 sin(Φ200
k ) + Vtk sin(Δφk )
800
800
Vtk200 cos(Φ200
k ) + Vtk cos(Δφk )

(7)

where Φ sk = φ s0 + Δφ sk , φ s0 is the synchronous phase of
= φ s + Δφ200
the total voltage for the steady state and Φ200
k
k .
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Table 1: Parameters of the Travelling Wave Cavities (2 of each Type)
Centre frequency
Interaction length
Series impedance R2
Filling time L/υg
Beam loading impedance L2 R2 /8

200 MHz Long

200 MHz Short

800 MHz

200.222 MHz
20.196 m
27.1 kΩ/m2
0.712 µs
1.38 MΩ

200.222 MHz
16.11 m
27.1 kΩ/m2
0.568 µs
0.879 MΩ

800.888 MHz
3.46 m
647 kΩ/m2
0.330 µs
0.968 MΩ

Calculation of the Bunch Position
Using Eq. (7) we can calculate the variation of the synchronous phase Δφ sk which corresponds to the bunch position variation along the batch, just before the noise excitation. The results for both 200 MHz and 800 MHz RF
systems are plotted in Fig. 7 (solid line). An example of
measured bunch positions is also presented for comparison
(dashed line).
100

= Δφ s + δφ s
Δφmeas
s

0

we can estimate that
δφ s =

)
Vt800 sin(4Δφmeas
s
.
200
Vt cos φ s

(11)

(12)

can be simplified to
which for small values of Δφmeas
s

−50

Δφ2 =
20

40
Bunch number

Figure 7: Bunch position variation along the batch at the
time in the cycle before the noise excitation. V200 =
4.5 MV and V800 = 0.5 MV.
We can clearly see that our model can closely reproduce the measurements, indicating that the main cause of
the bunch position variation is the induced voltage in the
RF systems. However, the diﬀerence shows that there are
other parameters that have not been taken into account in
the consideration of the model.
The total external voltage that is seen by the particle in
the centre of the batch, considering both Vr f and Vb for the
two RF systems is
Vt200

sin φ +

Vt800

4Δφmeas
s

60

sin(4φ + Φ2 )

(8)

where Φ2 is programmed to Φ2 = −4φ s + π for the bunch
shortening mode above transition. The induced voltage in
the 200 MHz system is changing the bunch position by
Δφ sk . Taking into account that the phase shift between
the 200 MHz and 800 MHz RF systems is fixed at φ s for
Δφ sk = 0 (Fig. 6), this change of synchronous phase due to
beam loading in 200 MHz is equivalently introduced in Φ2 .
V = Vt200 sin φ + Vt800 sin(4φ + Φ2 + Δφ2 ),

(9)

where Δφ2 = 4Δφ s . Due to the presence of the second RF
system the synchronous phase changes by an angle δφ s .
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1+4

Vt800
Vt200 (− cos φ s )


(13)

This means that for the batch edges, where Δtmeas 
100 ps we have Δφ2  40◦ . Inserting this value into (9)
we can calculate the synchrotron frequency distribution inside the bunch using for Φ2 the programmed value. The
results are plotted in Fig. 8 for Δφ2 = 0, ±40◦, ±70◦. In
the plot the noise frequency bands were lifted up by 10 Hz
(195-295 Hz and 185-285 Hz) compared to those used in
operation (185-285 Hz and 175-275 Hz), since for the calculations the synchrotron frequency shift due to the SPS
inductive impedance was not taken into account .

fs [Hz]

−100
0

V=

(10)

From Eqs. (10) and (11) we have


)
Vt800 sin(4Δφmeas
s
Δφ2 = 4 Δφmeas
−
,
s
Vt200 cos φ s

calc
meas

50
Δt [ps]

Considering now that the measured shift of the bunch posiis given by the sum
tions Δφmeas
s
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Figure 8: Synchrotron frequency distribution as a function
of action normalized to emittance calculated for the voltage
of Eq. (9) with Φ2 = −4φ s + π. The dotted and dashed lines
present the phase noise bands that were used.
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The blue curve in Fig. 8 shows that for one end of the
batch (k=1), a flat region (ω (J) ∼ 0) appears on the
synchrotron frequency distribution, indicating that these
bunches for fixed noise band can be blown-up more
(0.57 eVs, 0.59 eVs) than those at the centre of the batch
(k=36, 0.49 eVs). On the other hand, the synchrotron frequency distribution is diﬀerent for the opposite batch end
(k=72, red curve) which shows that this bunch is blownup less (0.45 eVs, 0.465 eVs). The system is very sensitive to the diﬀerences in Φ2 and since the calibration of the
phase shift between the two RF systems is based on beam
measurements (bunch shape or beam stability) [4] we always have an oﬀset which in general is not known. For
that reason the synchrotron frequency distribution can be
significantly modified. In addition the calculated value of
Φ2 [1] is diﬀerent from the programmed one by ∼ 10◦ at
800 MHz. Of course the diﬀerence is not big but larger
variation can cause critical changes in the synchrotron frequency distributions.
In addition to the bunch to bunch oﬀset in Φ2 the total
voltage is also diﬀerent for the bunches at the edges of the
batch, because of beam loading. Figure 9 shows the synchrotron frequency distribution after taking into account
the voltage modulation at the edges of the batch (k=1 and
k=72). For Φ2 the programmed value was used, while a
larger value of Δφ2 = ±70◦ was used, in order to demonstrate the sensitivity of the synchrotron frequency distribution for this parameter.
300
280

Δφ2 = 0 (k=36)

260

Δφ2 = 70° (k=1)

fs [Hz]

240

Δφ2 = −70° (k=72)

220
200
180
160
140
0

0.2

0.4
2πJ [eVs]

0.6

Figure 9: Synchrotron frequency distribution as a function
of emittance. The change in the total voltages at the edges
of the batch was taken into account. Same color code as in
Fig. 8.
The last plot gives an example where the bunches for the
extreme cases of Δφ2 are more blown-up for the applied
noise bands. This diﬀerence becomes more pronounced
during the 3 seconds of the noise excitation where the
bunch parameters are changing. For a more accurate model
we need to implement also the potential well distortion that
occurs from other impedances and in particular the kickers.
This impedance does not introduce a diﬀerence from bunch
to bunch but still modifies the synchrotron frequency distribution. Furthermore, locking the phase of the voltage in
the two RF systems by a measurement outside the batch
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can also aﬀect significantly the results.

CONCLUSIONS
Controlled longitudinal emittance blow-up together with
the operation of a high harmonic RF system are essential
for the LHC beam stabilization in the SPS. Measurements
of bunch lengths at the flat top show that after the noise excitation a non-uniform emittance blow-up occurs. Taking
into account the residual beam loading in the 200 MHz RF
system and the beam induced voltage in the 800 MHz RF
system the observed variation of the bunch position along
the batch can be closely reproduced. The bunch positions
are mainly modified by the residual beam loading in the
200 MHz RF system. The synchrotron frequency distribution calculated for bunches at diﬀerent positions in the
batch using the total voltage derived from this model can
explain the large variation in emittance along the batch for
the applied phase noise band.
We would like to thank G. Papotti for her help during the
measurements.
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[6] G. Dôme, “The SPS Acceleration System / Travelling Wave
Drift-Tube Structure for the CERN SPS”, CERN-SPS-ARF77-11 (May 1977).
[7] D. Boussard, “Beam Loading”, CERN Accelerator School,
Oxford, England, 16-27 September 1985, CERN 87-03, 21
April 87.
[8] P. Baudrenghien, G. Lambert, “Control of strong beam loading Results with beam”, 11th Workshop of the LHC, 15 - 19
Jan. 2001, Chamonix, France, CERN-SL-2001-003.

Beam Dynamics in High-Intensity Circular Machines

Proceedings of HB2010, Morschach, Switzerland

MOPD16

SIMULATION OF THE LONG TERM BEAM INTENSITY
PERFORMANCE OF THE NEG-COATED SIS18∗
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Abstract
The StrahlSim code has been developed to simulate dynamic vacuum effects and charge exchange beam loss in
the GSI and FAIR heavy ion accelerators. The code accounts for charge exchange cross sections at the actual
beam energy, it determines the loss positions of charge exchanged ions, and the pressure rise caused by desorption
due to the impact of these ions onto the vacuum chamber. Recently, the modeling of time dependent longitudinal pressure profiles has been implemented in StrahlSim.
Thereby, localized pressure bumps during a cycle and the
lifetime of NEG-coated surfaces depending on their distance from the local pressure bumps, and the corresponding
influence on the beam performance resulting from the saturation process can be simulated. The new code was applied
to SIS18 considering two scenarios: 1) the currently available U28+ intensity of 2×1010 extracted particles per cycle,
and 2) the proposed FAIR booster operation with 1.5×10 11
extracted particles per cycle. The simulations show, that the
beam scrubbing effect, which is also accounted by the code,
is crucial for a stable booster operation of SIS18, as it stabilizes the dynamic vacuum over long term operation. Already for the currently available beam intensity, the beam
scrubbing effect is important, as it prevents an exceeding
saturation of the NEG near the injection septum.

INTRODUCTION
In order to provide high intensity heavy ion beams, the
FAIR project [1] relies on the use of intermediate charge
state heavy ions. SIS100, the main synchrotron of the FAIR
accelerator complex, is supposed to accumulate 5 × 10 11
U28+ ions per cycle. The existing SIS18 will work as
booster for SIS100 and is supposed to accelerate 1.5 × 10 11
U28+ ions per cycle. Four SIS18 cycles will be accumulated in SIS100. A major upgrade program, which is still
ongoing, is performed to increase the beam intensities of
SIS18 [2].
The use of intermediate charge state heavy ions is necessary to avoid intensity losses in stripping stages, and to increase the space charge limit. However, the operation with
such intermediate charge state ions may suffer from significant beam loss due to charge exchange processes. Beam
ions are ionized by collisions with residual gas particles
and deflected differently with respect to the reference ion in
∗ This

work is supported by HIC for FAIR.
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dispersive elements. At collisions with the vacuum chamber or other inserts, a high-energy desorption process takes
place, which leads to a local pressure rise in the machine.
This effect can be self amplifying and is referred to as dynamic vacuum. In order to minimize the amount of desorbed gas, a dedicated ion catcher system has been installed
in SIS18 [3]. The catcher system is able to catch about
68 % of the charge exchanged uranium ions 1 and has a very
low desorption yield, three orders of magnitude lower than
that of a standard stainless steel vacuum chamber.
In order to minimize the static residual gas pressure
and to remove the desorbed gases as fast as possible, all
dipole and quadrupole chambers of the SIS18 were coated
with the non-evaporable getter (NEG) material TiZrV. The
NEG-coating provides a high pumping speed of approximately 7 l/s·cm2 for heavy gases like carbon monoxide and
carbon dioxide [4]. Unfortunately, the NEG-coated surfaces saturate over time, depending on the amount of absorbed particles. The maximum capacity was measured
to be about 10 15 particles per cm2 . Since the hydrogen
molecules diffuse into the getter material, it has to be noted
that hydrogen does not contribute to the saturation. Chemically inert gases like argon and methane are not pumped at
all.
A natural effect which counteracts the desorption problem is beam scrubbing. Measurements by Mahner et al. [5]
show that the desorption yield decreases with an increasing number of heavy ions bombarding the surface of a vacuum chamber. After a bombardment of 10 12 ions per cm2 ,
the desorption yield from a stainless steel vacuum chamber
drops by two orders of magnitude, and is finally comparable with the low desorption yield from the ion catchers.
The StrahlSim code has been developed to simulate
beam loss due to charge exchange processes and the corresponding pressure evolution in a synchrotron. The new
code version has been extended for the simulation of longitudinal time dependent pressure profiles [6]. The real distance and vacuum conductance from the locations of the
desorption to the pumps is considered. The locations of
beam loss and desorption are determined by tracking simulations of the charge exchanged ions. The intensity of the
charge exchange processes depends on the pressure profile and the energy of the beam ions at a given time in the
machine cycle. The number of lost ions hitting the vacuum chamber and the number of particles absorbed by the
1 This number is valid for the main charge exchange process U28+ →
U29+ .
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Figure 1: Simulated saturation of the NEG-coated surfaces for the currently available beam intensity including beam
scrubbing. A minor saturation can be noticed in sector 12 behind the injection septum (210 m).

Table 1: Composition of the outgassed and desorbed gases
used for the simulations. These numbers where measured
during machine experiments in March 2010.
Gas component
Outgassing Desorption
Hydrogen
88%
40%
Nitrogen
0%
0%
Oxygen
0%
0%
Argon
1%
0%
Water
4%
0%
Carbon monoxide
2%
25%
Carbon dioxide
1%
10%
Methane
4%
25%

MODELING OF THE NEG-SATURATION
AND THE BEAM SCRUBBING
Before the simulation of the dynamic phase is started,
a static pressure profile is calculated. This static pressure
profile is obtained by evolving the vacuum system until an
equilibrium between outgassing and pumping is reached.
The composition of the static residual gas, measured during machine experiments, is shown in Table 1. Figure 2
shows the static pressure profile along the circumference
of SIS18 calculated by the StrahlSim code. The calculated
static pressure is in a good agreement within a factor of
two with the measurement. Since argon and methane are
92

not pumped by the NEG-coated vacuum chambers, these
gases are of particular interest. Therefore, the partial pressures of argon and methane are explicitly plotted in Fig. 2.
The calculated static pressure is about 2 × 10 −11 mbar.
10−10

Pressure [mbar]

NEG-coated surfaces are recorded. Taking the beam scrubbing effect into account, the influence of the saturation of
the NEG on the beam survival can be calculated.
In this study the StrahlSim code was used to extrapolate
the beam performance for different scenarios. In the first
scenario the currently available beam intensity of SIS18 has
been considered: 2 × 10 10 U28+ ions are accelerated from
11.4 MeV/u to 200 MeV/u with a ramp rate of 4 T/s. This
corresponds to a cycle time of 1.4 s. In the second scenario
the future booster mode was simulated. Here 1.75 × 10 11
U28+ ions are injected into SIS18 and accelerated with a
ramp rate of 10 T/s. Four of these cycles form a booster
cycle, which takes 1.33 s, corresponding to a repetition rate
of 3 Hz.

Total
Argon+Methane

10−11
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−12

0

50

100

150

200

Position [m]

Figure 2: Static pressure profile along the SIS18 circumference calculated by the StrahlSim code. The absolute pressure minima are situated within the NEG-coated regions
and are dominated by the partial pressures of argon and
methane (which are not pumped by NEG-coated surfaces).
There are other beam loss mechanisms than charge exchange that lead to (local) pressure rises in the machine.
First, there is systematic beam loss at injection and during Rf-capture. Desorption driven by the systematic losses
does also create a pressure rise, which then again increases
the intensity of charge exchanges. The composition of the
desorbed gases is summarized in Table 1. Since the loss
distribution of the charge exchanged ions depends only on
the lattice structure, it is calculated at the beginning of the
simulation2 . The intensity distribution is then scaled with
the pressure profile and the energy-dependent beam loss
cross sections at each time step during the simulation.
For the simulation, the accelerator is discretized into elements with a length of about 10 cm. The number of ions
2 The influence of the adiabatic dampening of the emittance on the loss
distribution is negligible.
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Figure 3: Simulated saturation of the NEG-coated surfaces for the currently available beam intensity without beam scrubbing. After 3 × 10 6 cycles a considerable saturation takes place behind the injection septum (210 m) as well as in sectors
1 and 2.
incidenting in each element is counted, whereby it is distinguished between electron loss (incident on the inner side of
the ring) and electron capture (incident on the outer side of
the ring). The area of beam impact is crucial for the calculation of the number of ions per area, and is determined
by the average vertical beam size multiplied by the length
of the element. In order to simulate the beam scrubbing effect, the desorption yield of each element is scaled with the
number of incidented ions divided by the impact area. The
scaling for a standard stainless steel vacuum chamber was
taken from [5].
The amount of gas pumped by each NEG-coated surface is integrated over time. The saturation of the NEGcoated surfaces causes a decrease of the pumping power.
The pumping speed is scaled linearly with the number of
pumped particles. Hydrogen does not contribute to the
saturation. After 10 15 particles per cm2 are pumped, the
pumping speed drops to zero.
Because of the long computing time, the simulation of
several million cycles is impossible. Thus, an extrapolation scheme for the effect of beam scrubbing and the saturation of the NEG-coated surfaces had to be applied. After
a given number of cycles, the number of pumped particles
and the number of incidented ions within each element is
multiplied by an extrapolation factor. Before this extrapolation is applied, the vacuum system is evolved to its equilibrium state. In other words, in case of shorter breaks between the cycles, the effect of higher starting pressures at
the beginning of the following cycles is neglected. Thus,
the obtained results may slightly underestimate the NEG
saturation.

SIMULATION PARAMETERS
So far, two scenarios are considered. In the first scenario, SIS18 cycles with the presently achieved beam intensity of 3.2 × 1010 injected U28+ ions per cycle with injection losses of 20 % and Rf-capture losses of 10 % are assumed. These numbers were measured during machine experiments in March 2010. The currently possible ramp rate
is 4 T/s, which implies a cycle time of 1.4 s. For the beam
scrubbing and the saturation of the NEG-coated surfaces an
Beam Dynamics in High-Intensity Circular Machines

extrapolation factor of 10 5 has been used after each cycle.
In order to investigate the influence of the beam scrubbing
effect, simulations with and without this effect have been
performed.
The second scenario considers the booster mode of
SIS18. Four SIS18 cycles will be accumulated in SIS100
over 1 s, which requires an operation of SIS18 with a repetition rate of 3 Hz. For the simulation, an extrapolation
factor of 2.5 × 10 4 was used after every four SIS18 cycles. For the booster mode an initial beam loss of 3 %
and a Rf-capture loss of 2 % has been assumed. As recently shown [2], a total systematic beam loss of about 5 %
and an average of 1.5 × 10 11 extracted particles over four
booster cycles is feasible. An operation with initial losses
of 3 % in the booster mode is the goal for the optimization of the multiturn injection process into SIS18. During
machine experiments in June 2010, multiturn injection of
about 3 × 1010 U28+ ions into SIS18 over 20 turns with an
efficiency of 98 % was demonstrated [7].
Both scenarios are based on the same setup for the vacuum system.

SIMULATION RESULTS
In each of the simulated scenarios, the long term beam
performance develops differently depending on the beam
scrubbing effect. As described before, in case of beam
scrubbing, the number of incidented ions is accounted for
the cleaning process of the vacuum chambers. Systematic
losses at injection may also have a strong influence on the
pressure evolution within a SIS18 cycle. From machine experiments it is known that injection losses occur within the
injection channel, and after injection into the ring close to
the back side of the injection septum (longitudinal position
of about 210 m in sector 12). Beam scrubbing should efficiently clean the injection loss positions, as for a given
machine setting, the loss positions should be fixed.
Figure 5 shows the long term beam loss in a cycle for
scenario 1 depending on the number of cycles. With beam
scrubbing (left plot), already after 10 5 cycles the dynamic
(charge exchange) beam losses decrease considerably. The
corresponding saturation of the NEG-coated surfaces can
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Figure 4: Simulated saturation of the NEG-coated surfaces for the proposed booster operation including beam scrubbing.
Saturation takes place in all sectors. However, the amount of saturation is not critical.
be seen in Fig. 1. The NEG-coated surfaces around the injection section (end of sector 12) and the NEG in sector
1 (where ions, which underwent a charge change in sector 12, hit the vacuum chamber) do not show considerable
saturation. The initial saturation of the NEG in sector 12
does not increase from 10 5 to 3 × 106 cycles. Thus, this
scenario shows a stable long term performance. The increasing saturation of the NEG at the beginning and the
end of all NEG-coated chambers is due to the pumping of
gas, diffusing from the not-coated parts of the machine into
the NEG-chambers.
reference
after 1E5 cycles
after 5E5 cycles
after 3E6 cycles

2.8x1010
2.6x10

10

2.4x10

10

2.2x1010
2.0x1010
1.8x10

2.5x10

10

1.6x1010
0

0.25

0.5 0
Time [s]

0.25

0.5

Figure 5: Beam loss after a different number of performed
cycles for the currently available beam intensity with beam
scrubbing (left) and without beam scrubbing (right).

Number of Particles

Number of Particles

3.0x1010

as can be seen clearly in Fig. 4. An avalanche-like effect
takes place and leads to the saturation of the NEG, starting at the injection section and progressing downstream the
machine. This behavior is consistent with measured beam
loss patterns on the ion catchers in sectors 12 to 3.
Figure 6 shows the beam loss for the booster mode of
SIS18 with and without the consideration of beam scrubbing effects. As can be seen, the beam scrubbing in the
simulation stabilizes the booster operation at rather high
transmission values after already 2.5 × 10 4 cycles. The
corresponding saturation of the NEG surfaces is shown in
Fig. 4. The scrubbing at injection in sector 12 circumvents
the saturation of the NEG within this sector due to the reduction of the desorption yield by a factor of 10 −2 . The
losses in the sectors 1 and 2 are smaller compared to the
injection losses. It takes a longer time for the beam scrubbing to be efficient, which leads to a higher saturation of
the NEG-coated surfaces in these sectors.
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reference
after 2.5E4 booster cycles
after 1E5 booster cycles
after 1E6 booster cycles

2.0x1011
1.5x1011
1.0x1011
5.0x10

The same scenario without beam scrubbing looks quite
different. Without beam scrubbing, the surfaces are not
cleaned and the desorption yield does not decrease. This
leads to a saturation of the NEG behind the injection septum (sector 12) as can be seen in Fig. 4. The NEG in front
of the septum is not affected due to a limited vacuum conductance and a rather high pumping power of conventional
pumps between the septum and those NEG-coated surfaces. Due to the saturation of the NEG behind the septum,
the desorbed gases cannot be removed efficiently anymore.
At this location, many ions undergo a charge exchange process and hit the collimator and the vacuum chamber in sector 1. The NEG close to the loss position saturates as well,
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Figure 6: Beam loss as a function of the performed cycles
for the proposed SIS18 booster operation with beam scrubbing (left) and without beam scrubbing (right).
The simulation of the same scenario without beam
scrubbing shows a dramatic decline in beam performance
(Fig. 6) and the saturation of almost all of the NEG in SIS18
within 106 booster cycles (Fig. 7). These simulations indicate that beam scrubbing is an invaluable effect for the operation of a NEG-coated synchrotron with very high intenBeam Dynamics in High-Intensity Circular Machines
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Figure 7: Simulated saturation of the NEG-coated surfaces for the proposed booster operation without beam scrubbing.
The simulation shows a dramatic amount of saturation along the ring.
sities of intermediate charge state heavy ions. Beam scrubbing may stabilize the dynamic vacuum in the machine for
a long term operation.
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The StrahlSim code was used to simulate the long term
beam performance of SIS18 considering the saturation of
the NEG-coated surfaces. For the currently available beam
intensities of U28+ ions, the simulation shows, that a stable
long term operation is feasible, under the assumption of
an efficient beam scrubbing. Without beam scrubbing a
saturation of the NEG-coated surfaces close to the injection
septum and in sector 1 is supposed after 3×10 6 cycles. This
saturation causes a higher pressure in these sectors and will
lead to an ongoing saturation of the NEG in the subsequent
sectors.
In the second scenario, which addresses the planned
booster mode, beam scrubbing is even more important to
guarantee a stable long term operation. Without beam
scrubbing a saturation of the NEG surfaces all over the machine can be observed after about 10 6 booster cycles.
The beam scrubbing seems to be a stabilizing effect, that
is invaluable when operating a NEG-coated synchrotron
with very high intensities of intermediate charge state
heavy ions.
It is worth to note, that a beam scrubbing scenario, with
injection losses creating over long term a drastic decrease
of the initial pressure rise, is equivalent to the installation of
a low desorption ion catcher for the multiturn injection process. Such a system is currently under investigation at GSI.
The simulations show that such a system would strongly
contribute to a stable booster operation.
Due to some presently needed numerical approximations, the results may be slightly optimistic with respect
to an uninterrupted continuous booster operation. Furthermore, the beam scrubbing rates used, apply for clean UHV
surfaces and are based on a high performance quality assurance at UHV preparation and installation. The scrubbing of
polluted surfaces may take sufficiently longer, and will lead
to a much stronger saturation of NEG surfaces.
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VERTICAL ORBIT EXCURSION FFAGs
S.J. Brooks∗ , RAL, Chilton, OX11 0QX, UK
Abstract
Fixed-field strong focussing accelerators (FFAGs), in
which the beam orbit moves with increasing momentum
into higher field regions, have been widely studied. Less
well-known is that the central orbit does not need to move
outwards with energy: it can move in any direction including the vertically-moving orbit discussed in this paper. This
allows for a magnet design with a smaller magnetised volume for a larger total energy range. A vertical analogue to
the scaling FFAG is defined and its dynamic aperture studied for the case of an energy booster to the 800 MeV ISIS
synchrotron [1] at RAL with various possible lattices.

MAGNETIC FIELD FOR VERTICAL
ORBIT EXCURSION
Many magnetic fields permit vertical orbit excursion: if
a dipole field (By ) exists at y = 0, the central orbit will
move to paths where By  is larger as momentum increases
in order to close the orbit. Thus if the magnetic field for
x = 0 and y > 0 is a pure By component that increases
with increasing y, then closed orbits for higher momenta
will exist moving up the y axis. It is a misconception to
think that ‘centrifugal force’ moves the orbit outwards as
momentum increases: in fact the beam adiabatically tracks
the closed orbit provided it has stable optics. In the vertical excursion case, any initial outward movement from
centrifugal force moves particles horizontally into regions
where the vertical gradient implies there is a Bx component, which then pushes the particles upwards as required.

chines are derived from a symmetry principle. If a closed
orbit is scaled by a factor a in size (and possibly translated
or rotated) while magnetic fields on that orbit are scaled by
b, then the beam momentum p ∝ Bρ must scale by ab.
Scaling FFAGs use a group of transformations that scale
about the ring centre with b = ak [2] for some field index
k. Vertically scaling FFAGs as defined here use a group of
translations for which a = 1 but b = ekΔy for vertical orbit
offset Δy.
The field in a long magnet (with no field variation in z)
that satisfies the vertical scaling condition can always be
written, after a possible shift of x origin, as
By = B0 eky cos kx

Bx = −B0 eky sin kx.

This field is plotted in Figure 1: its strength increases exponentially with y and Maxwell’s equations ensure that the
field vector rotates with x. This stems from the one-to-one
correspondence between 2D magnetic fields and complex
functions, in this case e−ikz .

Figure 2: Skew focussing in the vertically-scaling FFAG
field. The purple field lines cause the focussing forces
(black arrows) along the u and v axes, giving beam cross
sections that vary between the two elliptical shapes shown.

Figure 1: General form of a two-dimensional magnetic
field that varies exponentially with y.
This paper concentrates on what could be termed the
scaling vertical-orbit-excursion field by analogy with (horizontal) scaling FFAGs. The magnetic fields in scaling ma∗ stephen.brooks@stfc.ac.uk
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As in scaling FFAGs, this magnetic field is combined
function, with a dipole and gradient (and all higher multipoles) superimposed. For small distances from the origin,
the field is to first order
By

= B0 + B0 ky + · · ·

Bx

=

− B0 kx + · · · ,

which produces skew focussing optics as shown in Figure 2. Is it useful to define new transverse axes
√
√
v = (y − x)/ 2,
u = (x + y)/ 2
Beam Dynamics in High-Intensity Circular Machines
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which are rotated by 45◦ . Using these, the usual expression
for a quadrupole field reappears:
√
√
√
Bu = (Bx + By )/ 2 = B0 / 2 + B0 k(y − x)/ 2
√
= B0 / 2 + B0 kv
√
√
√
Bv = (By − Bx )/ 2 = B0 / 2 + B0 k(x + y)/ 2
√
= B0 / 2 + B0 ku.
Another important feature shared with scaling FFAGs
is that optics are identical at each momentum, so tunes
stay constant, which is important for proton machines with
many turns or significant space charge. Also, the focussing
is proportional to the bending, which has the unfortunate
consequence of requiring extensive use of reverse bends in
all alternating gradient lattices.

MAGNET DESIGN IMPLICATIONS
Producing a vertical magnetic field on a vertical orbit
sweep can be easier than on a horizontal aperture, as required by conventional machines. Figure 4 shows that conductors placed symmetrically above and below a horizontal
aperture slot, in order to produce a pure By field on orbit,
actually cancel each other out at the nearest point on the
plane. Normal conducting dipoles resemble split solenoids
on their side for this reason, with the coil at the periphery
of the beam region and field enhanced by iron.
Reversing the current in one of the conductors so that the
fields are additive on the plane produces more field closer
to the sources but now the field is horizontal. This problem can be turned into an advantage by rotating the whole
situation so that both the field and aperture slot are vertical.
Figure 3 shows how such a magnet might be realised
in practice, with 250 A/mm2 current density for the lattice
Figure 4: (a) Conventional method for producing a vertical dipole field on a horizontal slot aperture using conducting coils. (b) Reversing the direction of one current gives
constructive interference but field in the Bx direction. (c)
Rotating by 90◦ gives a vertical dipole field in a vertical
aperture.
used later in this paper. The coils are generally thinner than
those required in a horizontal orbit excursion machine because they are nearer to where the field is required. For
small beams, the magnetised volume can be made very
small by narrowing the gap between the conductors. As
the conductors have opposite polarity, forces on the coils
are outwards, which allows a large external support structure to be used if necessary.
Figure 3: Cross-section of a superconducting magnet design that produces the vertical scaling field. Circles indicate outer bounds for the ISIS beam at 0.8 and 12 GeV.
Bottom right is the PAMELA magnet for a horizontal orbit
excursion, shown to scale, adapted from [3].

Beam Dynamics in High-Intensity Circular Machines

TRACKING
A vertical FFAG has been investigated for application as
an energy booster for the ISIS synchrotron, starting with a
bunch-to-bucket transfer of the existing 800 MeV beam and
accelerating to 12 GeV with possible parameters shown in

97

Proceedings of HB2010, Morschach, Switzerland

MOPD19

Figure 5: Tracking simulation of the FODO lattice showing real space, normal and skew phase space planes for increasing
numbers of cells.
Table 1. The use of superconducting magnets is desired to
reduce the machine footprint but high mean power operation demands a 50 Hz acceleration cycle. As explained
in [4], fixed field solutions allow both superconducting
magnets and a larger time available for acceleration than
a sinusoidally-varying field.
Table 1: Parameters of the FODO Lattice
Energy range
Orbit excursion
k
B0
Bmax

800 MeV–12 GeV
43.5 cm (vertical)
5 m−1
0.5 T
4.41 T (beam centre)
4.96 T (beam top)
5.33 T (whole magnet)

Lattice
F length
D length
Drift length

FODO
0.4 m
0.45 m
4m

The final machine will have to be a non-scaling variant of
the vertical FFAG, rather than the scaling one shown here,
because the requirement to have roughly equal bends and
reverse bends means the lattice would not form a closed
ring for 10.9 km. The magnet packing factor of 9.6% would
also have to be increased: it is low here because additional
bending gives additional unwanted focussing unless k is
reduced, which increases the orbit excursion.
A simulation of the transverse optics was performed with
results shown in Figure 5. The ISIS beam at extraction has
a geometrical emittance of 150 mm.mrad and was injected
as a circular waterbag beam with upright phase spaces into
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the middle of the drift in the FODO lattice (note that more
sophisticated matching would require beam manipulation
in the skew planes). The remaining parameter to choose
was the Twiss beta at injection and it was found empirically that β = 8 m produced the best results. Different particles in the beam have different tunes due to the presence
of higher-order multipoles, which causes spiralling in the
skew phase spaces and it can be seen that the equilibrium
phase space shapes are not entirely ellipsoidal.
An accelerating voltage was applied to the beam while
it was simulated, producing the expected vertical motion
shown in Figure 6. The adiabatic shrinkage√in beam size is
√
also apparent, with size proportional to 1/ βγ i.e. 1/ p,
1
or in spatial terms e− 2 ky .

DYNAMIC APERTURE
With nonlinear magnetic fields present in every element, it is sensible to ask whether the dynamic aperture
of the machine can contain the beam. Simulations using
10000 particles and tracking through a length of 1 km (113
cells) were performed to test the beam transmission as the
lengths of the F and D magnets in the FODO cell were varied, as shown in Figure 7. The beam remained the same
150 mm.mrad one as before. Many resonances are visible
in this diagram and they can only be avoided entirely by
staying with fairly low cell tunes of below 0.2, with nearequal focussing in both planes also being a requirement.
One method that has been used by the PAMELA FFAG
design study [5] to reduce the amount of reverse bending
is to find the second stability region of a triplet cell where
Q > 0.5. Figure 8 shows the beam transmission scan of
an FDFO cell. The slanted line corresponding to equal fo-
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Figure 7: Effect on beam transmission of the lengths of the
F and D magnets in the FODO cell. Magnetic fields are
kept constant so this varies the total amount of focussing.
Cell tune lines in the u and v skew planes are shown.
• Longitudinal dynamics. This is expected to be
mostly decoupled from the transverse motion, although it will modulate the space charge.
Figure 6: Acceleration of the 150 mm.mrad beam in real
space, showing vertical motion and the increase in size of
the beam as it matches to the nonlinear equilibrium phase
space of the magnets over the first few MeV after injection.
cussing is prominent at the top left but the second stability
region in the bottom right is quite far away from this line.
Unfortunately the dynamic aperture of this region is not
enough for the ISIS beam, as optics from the second stability region typically include large variations in beam size.
The region is suitable for PAMELA because it is a proton
therapy machine with a much smaller beam.

CONCLUSION AND FUTURE WORK
Without the availability of large superconducting magnets that can vary their field at high speed (e.g. 50 Hz),
fixed-field machines will be pursued for applications that
require high mean power or repetition rate. Applications
that replace synchrotrons typically also require a fixed tune,
which is guaranteed by a scaling FFAG (of horizontal or
vertical type), though can be achieved with some care in a
non-scaling machine. This paper combines the fixed field
and fixed tune with a large dynamic aperture and a vertical orbit excursion that can reduce the magnetic volume
required.
Currently the following features still need to be included
for realistic simulation:-

Beam Dynamics in High-Intensity Circular Machines

• Space charge. Although the peak space charge in
ISIS is at 70 MeV injection and decreases rapidly with
energy, a ring with larger circumference and strong
resonances could make it a problem again at 800 MeV.
• Field errors. Any new sort of magnet and optics must
be tested for its sensitivity to field errors.
Additionally, non-scaling variants of the vertical FFAG
must be pursued to give a practical ring circumference,
which will require fixed tunes to be enforced by some other
method.
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Figure 8: Beam transmission as a function of F and D element length in a triplet cell. The second optical stability region
is visible to the right, though it does not have enough dynamic aperture for all of the beam. Bands of partial transmission
outside the theoretical stable regions are residual unstable particles that have not yet been lost at 1 km distance.
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TRANSVERSE DECOHERENCE IN BUNCHES WITH SPACE CHARGE
Vladimir Kornilov and Oliver Boine-Frankenheim,
GSI, Planckstr. 1, 64291 Darmstadt, Germany
Abstract
bunch offset / σx0

1

Transverse bunch offsets typically occur after bunch-tobucket transfer between synchrotrons. Decoherence of the
oscillations can cause emittance growth and beam loss,
which should be avoided in high-intensity synchrotrons,
like the projected SIS-100 synchrotron of the FAIR project.
In this contribution we investigate how space charge modifies the bunch decoherence and associated diagnostics
methods as turn-by-turn chromaticity measurements.
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DECOHERENCE DUE TO
CHROMATICITY
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here Q0 is the bare betatron tune, ξ is the chromaticity:
ΔQξ /Q = ξΔp/p, δp = σp /p is the normalized rms
momentum spread and Qs is the synchrotron tune. Here,
the linear synchrotron motion is assumed, the only source
of the tune spread is the chromaticity with the momentum
spread. Figure 1 shows an example for bunch decoherence
after the kick x = σx0 , where σx0 is the horizontal rms
beam width, ε0 is the initial transverse rms emittance. The
effect of the chromaticity is usually quantified by the betatron phase shift over the bunch length,
χb =

Q0 ξ
τb ,
η

(2)

where η is the slip factor and τb is the bunch length in radian, calculated accordingly to the longitudinal truncation
at 2σ, which was taken for simulations. Figure 1 demonstrates that a higher chromaticity provides a faster decoherence, and that after the synchrotron period Ns = 1/Qs
the initial offset amplitude appears again, which is called
recoherence.
The usual rms emittance, to which we refer here as the
“global” rms emittance, is given by

ε = (x − xb )2 (x − x b )2  −
1/2
,
(3)
(x − xb )(x − x b )2

Beam Dynamics in High-Intensity Circular Machines

1.4
ε / ε0

As a result of an initial transverse displacement A0 , a
bunch oscillates in the corresponding plane (here x). In the
case of the Gaussian momentum distribution, the amplitude
of the bunch offset evolves with the turn number N as [1]


 ξQ δ
2
0 p
sin(πQs N )
,
(1)
A(N ) = A0 exp −2
Qs
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Figure 1: A particle tracking simulation for a Gaussian
bunch after an offset kick x(τ ) = const. Top plot: time
evolution of the bunch offset for the head-tail phase shift
χb =1.5 (blue) and χb =4.3 (red), the dashed lines are given
by Eq. (1). Bottom plot: time evolution of the global rms
emittance [full lines, Eq. (3)] and of the local rms emittance
[dashed lines, Eq. (4)]. Line colors correspond to the top
plot. The synchrotron period is Ns =100 turns.
where ... denotes averaging over bunch particles; xb and
x b are the coordinate offset and the momentum offset of
the whole bunch. Additionally, the so-called “local” rms
emittance can be defined,

[x − x(τ )]2 [x − x (τ ) ]2  −
εlocal =
(x − x(τ ))(x − x (τ ) )2

1/2

,

(4)

where x(τ ) and x (τ ) are the bunch offsets at the longitudinal particle position τ in the bunch. Figure 1 (bottom)
demonstrates the difference between these two values for
the bunch decoherence and recoherence due to the chromaticity.
For the decoherence due to the chromaticity, all the
bunch parameters behave periodically. The opposite case
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what we can observe in Fig. 2, where εmax = 1.5ε0 . The
total and the local emittances are nearly identical in this
case. We should point out that in the case of bunch decoherence due to chromaticity the largest rms emittance is
also given by this εmax , and it can be reached if the betatron
phase shift χb is high enough, see Fig. 1.
Transverse oscillations excited by a bunch kick can be
also used to measure the chromaticity [2]. After an offset
kick x(τ ) = const the phase difference in coherent betatron oscillations between head and tail evolves as
Δψht = Δχ[1 − cos(2πN Qs )] ,

(6)

where Δχ = Q0 ξΔτ /η is the head-tail phase shift between two bunch positions. The turn-by-turn chromaticity
can then be determined as
ξ(N ) =

Δψht (N )
η
.
Q0 Δτ 1 − cos(2πN Qs )

(7)

bunch offset / σx0

1
0.8
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ε / ε0

This method can be also useful for numerical simulations,
as we demonstrate in the present work. Figure 3 shows the
head-tail phase difference between two bunch positions and
the resulting from Eq. (7) chromaticity, both in the turnby-turn mode. The phase difference was obtained using a
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Figure 2: Bunch decoherence with an octupole nonlinearity: time evolution of the bunch offset (top plot), rms emittance (bottom plot). The global (black) and the local (red)
rms emittance is shown. Simulation parameters correspond
to Fig. 1.
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harmonic analysis for each single turn signal, for the bunch
head and for the bunch tail. In Fig. 3 (right) we see that this
method clearly reproduces the chromaticity.
80
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1.5

40

1.0

|ξ|

is an oscillation damping due to e.g. a transverse nonlinearity. Figure 2 shows an example for an octupole nonlinearity, where the bunch decoherence is irreversible. Damping
of the coherent oscillations is accompanied by an increase
in the transverse emittance [3],
1  A0 2
εmax
=1+
,
(5)
ε0
2 σx0

Δψht (deg)
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Figure 3: Time evolution of the turn-by-turn head-tail
phase difference (left) and the corresponding chromaticity [right, obtained using Eq. (7)] after an offset kick.
The particle tracking simulation was made for a Gaussian bunch, chromaticity ξ = −1 and synchrotron period
Ns =100 turns.

DECOHERENCE WITH SPACE CHARGE
Decoherence in bunches with self-field space-charge can
be understood using the effect of Landau damping [4, 5,
6]. The space-charge tune spread due to the longitudinal
density profile provides Landau damping. This damping
is induced exclusively by the space-charge effect. In order
to characterize the space-charge strength, we introduce the
space-charge parameter q = ΔQsc /Qs , where ΔQsc is the
peak space-charge tune shift (i.e. in the bunch middle). In
this work we assume a Gaussian longitudinal profile.
As we see in Ref. [6] (Fig. 2 there), at moderate space
charge ΔQsc ∼ Qs , the head-tail mode k = 1 is effectively
damped by the space-charge effect, and higher-order modes
are damped much faster, while the k = 0 mode is not affected by space charge. If we consider the initial offset kick
x(τ ) = const as a superposition of the head-tail eigenmodes, it is clear that the modes k ≥ 1 will be damped and
the eigenmode k = 0 will continue to oscillate if there are
no other damping mechanisms. For stronger space charge,
Landau damping for the lowest-order eigenmodes becomes
much weaker (see Fig. 2 in [6]), thus a combination of the
k = 0 mode with higher-order modes will continue to oscillate, depending on q.
In Ref. [6] we also discuss that the transverse eigenfunctions in a Gaussian bunch with space charge are
very close to the airbag [7] eigenmodes, xk (τ ) =
A0 exp(−iξQ0 τ /η) cos(kπτ /τb ). Hence, in the further
discussion here we use the airbag [7] eigenmodes as a reasonable approximation.
Particle tracking simulations presented in this work were
done using PIC codes PATRIC [8] and HEADTAIL [9]. For
the transverse space charge force, the “frozen” electric field
model was used, i.e. a fixed potential configuration which
follows the mass center for each single slice. A round transBeam Dynamics in High-Intensity Circular Machines
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Figure 5: Time evolution of the bunch offset after an offset
kick for a Gaussian bunch with space charge q = 1; χb =
1.5 (the red line) and χb = 2.9 (the blue line).
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Figure 4: Turn-by-turn chromaticity after an offset kick for
a bunch with space charge q = ΔQsc /Qs = 1, directly
after the kick (left) and 3000 turns later (right). Black symbols: obtained using Eq. (9), red symbols: obtained using
Eq. (7).

0

we see that the head-tail phase difference Δψht = Δχ is
constant and the turn-by-turn chromaticity is given by
η
ξ(N ) =
Δψht .
(9)
Q0 Δτ
The black symbols in Fig. 4 are calculated using this expression. The right plot confirms that only the k = 0 mode
remained in the bunch oscillations. Directly after the kick
(the left plot in Fig. 4), the head-tail phase difference can
not be described by Eqs. (7), (9), because the oscillation is
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Figure 6: Relative oscillation amplitude of the k = 0 mode
in a x(0) = const kick. The blue circles: results of decoherence simulations for a Gaussian bunch with space
charge q = 1. The red line: analytical expression Eq. (11).
a complex mixture of eigenmodes, each of them affected
by space charge differently.
Important bunch parameters, as the oscillation amplitude and the beam size, which stay after the active phase
of bunch decoherence with space charge, depend on the
space-charge strength q and on the head-tail phase shift χb .
As discussed above, at q = 1 only the mode k = 0 continue
to oscillate. The final oscillation amplitude can be readily
estimated. The x(τ ) = const kick can be decomposed into
a superposition of head-tail eigenmodes,
1=
k

verse cross-section and a homogeneous transverse beam
profile were used in the simulations in this work. The code
validation, especially for long-time simulations with space
charge, was presented in [10].
In order to demonstrate the decoherence with space
charge, we use the method of the head-tail phase difference.
Figure 4 shows results of the chromaticity evaluation in a
simulation for a Gaussian bunch with space charge q = 1.
Red symbols in the left plot of Fig. 4 demonstrate that it is
not possible to use Eq. (7) for the chromaticity in the case
of a bunch with space charge. However, after some time
the bunch oscillations saturate, as we show in Fig. 5. If we
now consider a bunch with the k = 0 head-tail mode,
χ τ 
b
(8)
x(τ ) = A0 cos
τb
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  kπτ 
 χ τ
b
.
ak exp −i
+ iφk cos
τb
τb

(10)

The relative oscillation amplitude of an eigenmode can be
calculated as Ak = ak dmax , where dmax is the maximum
bunch offset produced by the mode k. For the mode k = 0
we obtain
χ 
4
b
.
(11)
Ak=0 = 2 sin2
χb
2
In order to obtain Ak=0 (χb ) for a realistic Gaussian bunch
with space charge, we perform simulation runs for q = 1
with an offset kick x = σx0 for different χb , see an example in Fig. 5. The resulting amplitudes of the k = 0
mode are presented in Fig. 6, together with the estimation
Eq. (11). The agreement is not perfect, since the airbag
[7] eigenmodes differ from the eigenmodes of a Gaussian
bunch, but the χb -dependencies are similar.
The transverse emittance blow-up after the bunch decoherence is also of high importance. Here we would like
to discuss not only the global rms emittance, but also the
local rms emittance from Eq. (4), because it gives a more
complete picture, especially in the case of persistent bunch
oscillations. Figure 7 shows an example for global [Eq. (3)]
and local [Eq. (4)] rms emittances in a decoherence simulations with χb = 2.9, q = 1. With space charge, the global
rms emittance (the blue line) increases irreversibly by 32%.
But this does not describe the decrease of the phase-space
density correctly, because the bunch continues to oscillate.
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Figure 7: A comparison between the global rms emittance [Eq. (3)] and the local rms emittance [Eq. (4)] in a decoherence
simulation after an offset kick x = σx0 for a Gaussian bunch with space charge q = 1 and without space charge.
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The maximum emittance blow-up for εlocal (the red line) is
only 16%.
Results for the emittance blow-up in decoherence with
space charge are summarized in Fig. 8. For oscillating
emittances, the maximum values are given. The increase
of the global emittance for decoherence with space charge
(the blue line) is always smaller than the maximum emittance blow-up for the case without space charge (the black
line). The local emittance blow-up, which is relevant in
terms of the phase space density, is roughly a half of the
increase in the global rms emittance for the cases considered. In a comparison with the damping due to nonlinearities, which causes εfinal = 1.5ε0 for our parameters
here, the decoherence with space charge provides a smaller
emittance blow-up at moderate χb . Only at large head-tail
phase shifts the emittance increase reaches the limit of the
nonlinearity damping Eq. (5).
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Figure 8: Head-tail phase shift dependence of the emittance
blow-up after the bunch decoherence with an offset kick
x = σx0 for a Gaussian bunch with space charge q = 1
and without space charge. For the oscillating emittances,
the maximum values are given.
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Figure 9: Summary of the bunch decoherence simulations
for a Gaussian bunch with space charge q = 6: the oscillation amplitude (top plot), the emittance blow-up (bottom
plot). For the oscillating emittances, the maximum values
are given.
As discussed above, at stronger space charge the mode
k = 1 is nearly not damped, and after the decoherence
phase the oscillation does not correspond to the k = 0
mode, but it is a mixture of modes. The simulation results
for space charge q = 6 are presented in Fig. 9. The oscillation amplitude does not saturate in these decoherence runs,
as it is the case in Fig. 5, instead it “beats” periodically. The
same is true for the rms emittance. Thus, the corresponding maximum values are plotted in Fig. 9. In a comparison
to the q = 1 case (Figs. 6 and 8), for q = 6 the amplitude
reduction with growing χb is weaker, but the global rms
Beam Dynamics in High-Intensity Circular Machines
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emittance blow-up is stronger. Instead, the increase in the
local rms emittance is small. This difference is related to
the large oscillation amplitudes and small reductions in the
phase space density.
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The method to determine the chromaticity [2] using the
head-tail phase difference in coherent oscillations has been
used. Generally, for bunches with space charge it is not
possible to use the usual model Eq. (7) for the turn-by-turn
chromaticity. It has been demonstrated, that, if Landau
damping due to space charge suppresses the k ≥ 1 modes,
which is the case for e.g. q = 1, the chromaticity can be
obtained using Eq. (9).
The emittance blow-up due to bunch decoherence has
been examined. Without space charge, the rms emittance
increases periodically, recovering to the initial value each
1/Qs turns. The emittance blow-up depends on χb , but
the maximum emittance increase corresponds to that of
the damping due to nonlinearities, see Eq. (5). For bunch
decoherence with space charge, the increase of the rms
emittance is normally smaller than the maximum emittance
blow-up for the case without space charge. In a comparison
with the damping due to nonlinearities, the decoherence
with space charge provides a smaller emittance blow-up at
moderate χb . Only at large head-tail phase shifts the emittance increase reaches the limit of the nonlinearity damping
Eq. (5). In order to describe the emittance blow-up more
accurately, the concept of the local rms emittance Eq. (4)
has been used. It has been demonstrated, that in the case
of an oscillation with a large amplitude, the increase in the
global emittance can be large. However, this is not always
true for the phase space density. This can be seen using the
local rms emittance which can have a small increase.
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SLOW EXTRACTION FROM SIS-100 AT HIGH BEAM INTENSITY
S. Sorge∗ , GSI, Darmstadt, Germany
INTRODUCTION
The heavy ion synchrotron SIS-100 will play a key role
within the future FAIR project underway at GSI. Although
this synchrotron is optimised for fast extraction, also slow
extraction will be used.
A major requirement to provide high-intensity beams,
particularly, of the reference heavy ion U28+ . Uncontrolled
beam loss within high-intensity operation can lead to irradiation of the device and degradation of the vacuum resulting
in a reduction of the beam life time. During slow extraction, particles can become lost due to collisions with the
blade of the electro-static (ES) septum, where they are scattered out of the beam. Furthermore, the particle collisions
can damage or destroy the ES septum blade.
Slow extraction from SIS-100 is based on the excitation
of the 3rd order resonance given by 52 = 3νx by means of
11 resonant sextupoles. During slow extraction, the particles leave the phase space area occupied by the beam along
separatrices. The spread in the particle momenta generating a tune spread causes an effective broadening of the
separatrices resulting in an increase of the cross section for
particle collisions with the ES septum. A reduction of this
tune spread will be achieved by the correction of the horizontal chromaticity ξ.
The extraction precess can be influenced by additional,
undesired non-linearities in the lattice arising from errors in
magnets and space charge fields. In the present study, systematic errors in bending magnets and quadrupoles as well
as the space charge of the ion beam have been included in
a particle tracking model based on the MAD-X code. The
space charge has been introduced as frozen space charge.
Although the maximum number of U28+ ions is 5.0 · 1011 ,
simulations with space charge according to an ion number
up to Nion = 5.0 · 1012 have been performed in order to
investigate the effect of very large space charge fields. Furthermore, the lowest extraction energy E = 400 MeV has
been used.
First results are presented in this work, where, up to now,
the simulations were restricted to a few thousand turns and
test particles. Calculations concerning longer time intervals
and using larger test particle ensembles will be done later.

SETTINGS AND PARAMETERS
Chromatic Sextupoles
A reduction of the dependence of the separatrices to reduce beam loss due to particle collisions with the ES septum blade can be achieved by a correction for the chro∗ S.Sorge@gsi.de
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Table 1: SIS-100 Parameters as Proposed in the Technical
Design Report [1]. The horizontal position of the ES septum blade are negative although it is located at the outer
side of the ring because the direction of beam motion in
SIS-100 is counterclockwise so that the x axis points to the
centre of the ring.
Circumference, C
1083.6 m
Reference ion
U28+
Maximum ion number, Nion,max
5.0 · 1011
Working point, νx , νy
17.31, 17.8
Harmonic number of the resonance, n
52
Hor. Twiss functions at ES septum start:
βx
16.126 m
αx
1.23
Number of sextupoles for
resonance excitation, Mrsext
11
chromaticity correction, Mcsext
48
Sextupole amplitude, k2,a L, Equation (1)
Standard settings
0.15 m−2
Modified settings
0.7 m−2
Chromatic sextupoles’ strength, k2,c L
−0.41 m−2
Harmonic number h, Equation (1)
4
Hor. ES septum blade position, xsep
−41 mm

Tilt angle of ES septum blade, xsep
1.3 mrad
RMS momentum spread, δrms
5 · 10−4
maticity [2]. For that purpose, 48 chromatic sextupole
will be installed in SIS-100. It turned out that the vertical
dynamic aperture is strongly decreased if the chromaticity is corrected to a degree that the Hardt condition is totally fulfilled [3]. Therefore, in the present scheme only
a partial correction of the chromaticity is foreseen. The
natural chromaticity is (ξnat,x , ξnat,y ) = (−1.17, −1.16),
after correction it is (ξcorr,x , ξcorr,y ) = (−0.29, −2.23).
That will be performed using a scheme where all 48 chromatic sextupoles have the focussing strength k2,c L =
−0.408 m−2 [4], see Figure 2.8-19 in in [1]. In doing so, a
large maximum strength is avoided which could drive additional resonances.

Resonant Sextupoles
Slow extraction from SIS-100 will be done using the 3rd
order resonance given by 52 = 3νx excited by 11 resonant sextupoles. They are symmetrically located in the
ring, where there are two sextupoles in each section except
for the section used for beam transfer from SIS-100 to the
next synchrotron SIS-300. The focussing strengths of the
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resonant sextupoles are given by [4]


2πsm
+ φ0 ,
k2,m = k2,a sin
C

(1)

where sm are the locations of the sextupoles, C is the circumference of the ring, and h = 4 is the harmonic number.
k2,a is the sextupole “amplitude” defining the maximum
possible focussing strength. φ0 is a phase which determines
the orientation of the triangular stable area in horizontal
phase space.
0,004

-0,002
ES septum blade

-0,04

-0,02

x (m)

0

0,02

0,04

Figure 1: Stable particle trajectories in horizontal phase
space for a lattice with standard sextupole settings.
The actual standard scheme for the focussing strengths
proposed in [1, 5] uses sextupoles with k2,a L = 0.15 m−2 .
So, the resonant sextupoles are weaker than the those for
chromaticity correction. A consequence is the formation of
stable islands in horizontal phase space which include the
position of the ES septum blade, see Figure 1. Particles will
not reach the islands, if they are extracted sufficiently fast.
Indeed, it could be shown by means of multi-particle tracking calculations that slow extraction occurs with a particle
loss rate below 10 % because the particles are sufficiently
fast extracted so that only a few particles reach the islands
[6].
To circumvent such uncertainties, a modified sextupole
scheme with k2,a L = 0.7 has been introduced [6]. Using
that, particle loss below 5 % has been obtained in multiparticle tracking calculations.
In this study, results obtained with both settings are presented because it is not finally decided, yet, which settings
will be used.

KO Exciter
In SIS-100, KO extraction is foreseen as the standard
procedure for slow extraction. To regard that in the present
study, an element providing a transverse beam excitation
by means of a sinusoidal momentum kick has been implemented in the thin lens tracking tool of MAD-X.
In most of the simulations, the simulation interval was
restricted to 5000 turns. The corresponding time interval
at E = 400 MeV/u is about t = 0.03 s. In reality, the
extraction process will have a duration of about 1 s corresponding to ≈ 150000 turns. As a consequence, the
Beam Dynamics in High-Intensity Circular Machines

By + iBx = Bρ

∞


(kn + ijn )

n=0

(x + iy)n
,
n!

(2)

has been used. kn and jn are normal and skewed multipole
components, respectively, which were theoretically determined [7, 8]. Separate multipole components for the body
and the edge of each magnet type up to n = 16 have been
taken into account in this study.

Inclusion of the Space Charge
In the calculations, the space charge has been introduced
in the SIS-100 lattice given as a MAD-X script as nonlinear transverse momentum kicks using the BEAMBEAM
element. Here, a Gaussian beam was assumed. The procedure to implement the space charge kicks in the lattice consists of three steps [9]. At the beginning, markers are put
at the locations foreseen for the space charge kicks. After
0
-0,01

Δνx,sc

x’ (rad)

To include the systematic field errors of the bending
magnets and quadrupoles, the representation of the magnetic field by multipoles components,

0

-0,06

maximum deflection angle of the KO exciter in the simulations has been chosen to be much larger than it would
be possible in reality. The KO exciter was represented by
26 sinusoidal kickers with an amplitude deflection angle

Δxa = 0.002 mrad. The resulting maximum deflecting

angle is Δxmax = 26 · 0.002 mrad = 0.052 mrad, what
is about one order of magnitude larger than the probable
realistic value. The frequencies of the 26 kicks are equidistantly set in a frequency interval which corresponds to the
interval of the fractional tune νf rac ∈ [0.3, 0.34] to cover
the fractional tune of all particles as well as that of the resonance.

Magnet Errors
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Figure 2: Horizontal Laslett tune of a beam of 5.0 · 1011
U28 ions determined from analytical formula vs. MAD-X
simulation using dynap module. The emittances were chosen according to rms,x = 8.75 mm mrad and rms,y =
3.75 mm mrad at injection energy, E = 0.2 GeV/u, and
the assumption of conservation of the normalised emittances.
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that, the beta function at these locations is determined and
stored. Finally, the markers are replaced with space charge
kicks, where their RMS width
is matched to the initial RMS
beam width given by σz = βz rms,z , z = x, y. The
number of space charge kicks was 48 placed at equidistant
positions in the lattice. The phase advance between was
about 2.0π · νy /48 = 2π · 0.37. The influence of the number of space charge kicks needs still to be studied.
Nevertheless, a very good agreement between the Laslett
tune shift determined with MAD-X and that given by the
analytic formula for a Gaussian beam [10],
Δνsc,z = −

2πβ 2 γ 3

√

Nion r0
√

rms,z

rms,x

+

√

rms,y

 (3)

could be achieved, where r0 = q 2 /(4π 0 m0 c2 ) is the classical radius of an ion of rest mass m0 and charge q. The
Lasslett tune shift for U28+ and Nion = 5.0 · 1011 is shown
as a function of the energy in Figure 2.
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Figure 3: Particle loss for both sextupole schemes and vertical tune affected by space charge as a function of the ion
number Nion . The vertical black solid line denotes the tune
νy = 17.5.

PARTICLE LOSS
The first step was to study slow extraction perturbed only
by space charge.
For both sextupole schemes, no dramatic increase of
beam loss due to space charge according has been observed, as long as an ion number Nion ≤ 1012 was assumed. If weak sextupoles according to the standard sextupole settings were used in the simulations, an increase of
space charge even led to a reduction of particle loss, as one
can see in Figure 3. In case of using sextupoles according to the modified scheme, a slight increase in beam loss
appeared.
A strong increase in beam loss was observed only for
ion numbers far above Nion = 1012 . On the other hand,
the inclusion of space charge led to a strong deformation of
the horizontal phase space area. So, for Nion = 5.0 · 1012 ,
the horizontal stable phase area no longer has a triangular shape which indicates that the influence of the resonant
sextupoles is strongly reduced. That resulted in a strong
decrease of the number of extracted test particles to about
1 % of the initial test particle number. As one can see in
Figure 4, all dots of the black graphs remain in the beam,
where 100 test particles had been started for each graph in
this figure.
The magnet errors were found to affect the beam loss
only if also space charge was present. The beam loss found
in the simulations is shown in Table 2.
Nevertheless, all results have, possibly, a large error due
to bad statistics as a consequence of a small number of
extracted test particles. Hence, further studies with larger
numbers of test particles and turns are necessary.

SUMMARY
For the present study, systematic magnet errors as well
as frozen space charge have been taken into account in a
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Figure 4: Horizontal phase space plot of the particles’ coordinates depending on the ion number for standard sextupole settings (graph above) and modified sextupole settings (graph below).
particle tracking model. This model has been used to simulate slow extraction from SIS-100 in order to estimate
particle loss due to particle collisions at the ES septum
blade affected by both these effects. In the simulations,
two schemes for the focussing strengths of the resonant
sextupoles were applied, the standard scheme with weak
resonant sextupoles and a modified scheme with strong resonant sextupoles. For both schemes, the inclusion only of
the space charge led to a significant increase of beam loss,
only if the number of ions in the beam generating the space
charge field is much larger than it will be in reality. For
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Table 2: Particle Loss Affected by Space Charge and Magnet Errors
(a) Standard sextupoles settings
Nion = 0 Nion = 5.0 · 1011
without magnet errors
10.0 %
8.7 %
with magnet errors
10.0 %
12.7 %
(b) Modified sextupoles settings
Nion = 0 Nion = 5.0 · 1011
without magnet errors
3.2 %
3.5 %
with magnet errors
3.2 %
4.0 %
realistic space charge fields, the beam loss was systematically increased by space charge only if also the magnet
errors were taken into account.
Generally, the simulations showed that both, space
charge as well as magnet errors do not cause a dramatic
increase in beam loss.
On the other hand, the number of test particles in the
simulations was not very large. Furthermore, the number
of extracted test particles was, in particular if the standard
sextupole settings were applied, even smaller, and it was
further reduced if space charge was taken into account. For
those reasons, the particle loss obtained has, possibly, a
large error. Therefore, further simulations with more particles and during longer time intervals are necessary to verify
the results.
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USING ELECTRON COOLING FOR OBTAINING ION BEAM WITH HIGH
INTENSITY AND BRIGHTNESS
V.V. Parkhomchuk, V.B. Reva, BINP, Novosibirsk, Russia
X. D. Yang, IMP, Lanzhou, China
Abstract
Electron cooling is used for damping both transverse
and longitudinal oscillations of heavy particle. This effect
is widely used in the existing and is being designed
storage rings. This article describes the last experiments
with electron cooling carried out on the cooler EC-300
produced by BINP. The ultimate sizes of the ion beam are
discussed. The accumulated experience may be used for
the project of electron cooler on 2 MeV (COSY) for
obtaining high intensity proton beam with internal target.
Using electron beam enables to have physics experiment
with high quality of the ion beams at despite of the target
interaction.

INTRODUCTION
One way to increase or keep constant by compensation
scattering the luminosity in hadron storage ring is using
electron cooling. In this method hadron and electron
beams with equal velocity are brought together in an
interaction section. Because of Coulomb interactions the
hadrons transfer own thermal energy to the electron beam.
In presence time the main goal of the electron cooling
devices is operation at the injection energy with purpose
to storage a maximum storage current. The main reason of
such using the electron coolers is insufficient electron
energy of the typical medium energy coolers device (30
kV). However, there is permanently desire of the electron
technique for high energy [1-2] that can provide
luminocity upgrade of the physics experiment. The
electron cooler is considered as essential part for the
PANDA experiment at the planned HESR storage ring for
antiprotons at the new GSI facility [3-4]. The 2 MeV
cooler for COSY storage ring is under construction now
will be used with the internal target.
The operation with internal target imposes the
requirement on the cooling rate. This value should be
large enough for the suppression of the target effects that
can be categorized into longitudinal (energy loss due to
ionization) and transverse effects (due to Rutherford
scattering on target nuclei). So, the cooling rate should be
enough high. The HESR facility requires the cooling rate
about a few sec [4].
The strong cooling can only be achieved by the socalled magnetized cooling requiring a strong longitudinal
magnetic field (B ≥ 0.5 T) that guides the electron beam
along the entire interaction region. The requirements on
the parallelism of the magnetic field are very strong
(Br/Bz ≤ 1×10-5) and it is necessary for fast electron
cooling.
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The 4.34 MeV cooler is used for cooling antiproton
beam at RECYCLER [5] and preparing the antiproton
bunch for TEVATRON. Conclusion about efficiency the
electron cooler made in [6]: “Without the Recycler and
electron cooling, we estimate that the yearly
integrated luminosity would be half of its current level”.
But FNAL project is not focused to achieve the
considerably higher cooling rates with magnetized
cooling. The system electron cooling for experiments with
inner target need few order magnitude faster coolinginstead hour cooling time it should be few seconds.
New generation of the electron coolers designed and
produced at BINP has made with classical scheme and has
purposed to obtain the maximum friction force. The
coolers were commissioned with ion beams during last
years at storage rings CSRm, LEIR and CSRe. These
coolers have a few specifics features:
a. The electron guns of these coolers have possibility
for the easy variation of the electron beam profile from
the parabolic shape with maximum at center to the hollow
electron beam with deep minimum at the center of the
beam. Such type of profile can be used for optimizations
of accumulation, when accumulated beam interacts with
low density electron beam. As results we can control the
recombination rate and prevent the overcooling storage
ion beam.
b. For bending electron beam at toroid the electrostatic
field is used. This bending doesn’t depend from the
direction of the electron velocity and helps to return main
part of the reflected from collector electrons again at
collector. In this case the resulting efficiency of the
electron capture of collector becomes better then 10-6. The
low losses of the electron beam at cooling section lead to
good vacuum condition and high life-time of high charge
ions.
c. The design of the cooling section magnet system
from moveable pancake coils lets to have very good
straightness magnet lines at cooling sections. Increasing
the cooling rate for the low ions amplitude play key roles
for obtain high luminosity with internal target.

COOLING FORCE MEASURING
First cooling of a carbon beam with energy 400 MeV/u
was made in CSRe coolers at May 2009. The ion beam
was accumulated with electron cooling at CSRm ring
(energy 7 MeV/u), was injected at CSRe after
acceleration and was cooled down as it is shown in Fig 1
and Fig. 2. The typical life-time at the cooling process
was about 500-1000 sec.
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Figure 1: Schottky signal from pick-up electrodes during cooling process. The left picture illustrates the cooling down of
the initial injection of carbon beam. The centre and right pictures illustrates the procedure of the cooling force
measurement. The horizontal axis is the frequency, the vertical is time and the intensity is the power of spectral harmonics.
The obtaining measurements of the cooling force were
performed by the following method. After injection the
ion beam was cooled down to the equilibrium state and
then the fast jump of the energy of the electron beam was
done. The dynamic of the ion beam to the new
equilibrium state was measured with Schottky Beam
Diagnostics.
The cooling force is calculated using equation:
1 dp γβ Mc df c
=
, (1)
F=
ηe dt ηeη p f 0 dt

< 4 *10−6 cm . The effective “temperature” of the electron

gas Veff2 is one from main parameter that determines the
cooling rate.

Where ηe is fraction the electron beam at the ion beam
orbit, η p = dp / df * f / p is coefficient of frequency
variation of particle circulation with momentum p , f 0 is
central frequency of Schottky spectra analyzer. An
example of such a friction force measurement is shown in
Fig. 1 and Fig. 3.
The fitting of cooling force in the beam reference
system of ion with velocity V is made with equation [7]
4r 2 Z 2 n
ρ + ρ L + ρ min
F = me c 4 2 e i 2 e3/ 2 V * ln( max
) (2).
ρ L + ρ min
(V + Veff )

Figure 2: Momentum spread (r.m.s) versus time during
cooling down of 400 MeV/u 12C+6 carbon beam. The
initial momentum spread is 2⋅10-4 and one is 2⋅10-5 after
cooling down.

All parameters in Eq. (2) are taken in the beam reference
system, re2 is the classical radius of electron, ne is the
density of electron beam, me is the mass of the electron,
Z i = 6 is charge of the carbon nuclei, V is the ion
velocity V 2 = V⊥2 + V⎜⎜2 , ρ L = mecve ⊥ / eB = 3 ⋅ 10−3 cm is the

The main component of the effective temperature may
be written as
2
Veff2 = VΔΘ
+ VE2× B + Ve2 ,

r.m.s. Larmour radius of the electron beam, the maximum
ρ max = τ V 2 + Veff2 > 0.08cm ,
impact parameter
τ=

induced by the curve ΔΘ2 =

lcool / γβ c , lcool is the length of the cooling region, the

minimal impact parameter is ρ min = e 2 / (me (V 2 + Veff2 ))

Beam Dynamics in High-Intensity Circular Machines

where VΔΘ = γβ c ΔΘ 2

is the effective velocity
1
ΔΘ 2 ds of the magnetic
lcool ∫

field lines (the velocity spread due to transverse
components of the guiding magnetic field of the cooling
device), VE × B is the electron drift velocity in the crossed
the space charge fields of the beams and the guiding
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magnetic field, meV e 2 is the longitudinal temperature of
the electron beam. The effective velocity obtained from
the experiment is Veff = 8 ⋅ 106 cm / sec (see Fig. 4.).
f, kHz
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Figure 3: Central Schottky frequency 400 MeV/u carbon
beam versus time after the electron beam energy jump on
±400 eV.
F, eV/sm
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displacement of the magnetic elements during long
operation period of the cooler may be important.
According the equation [2] the corrugation of the
magnetic field is the most important at the high energy.
So, the device for the measuring of the force line of the
magnetic field is requires apparently during the
experimental process. In present time the life-cycle of the
cooler device includes the magnetic field measurement
procedure at the initial assembling only. Because the
researcher hasn’t information about the real quality of the
magnetic field and should rely on indirect measures only.
The measure of the magnetic field can be done with
compass like device installed in the vacuum chamber [9]
or with the set of the pick-ups [10].
The Fig. 5 shows the influence of the quality of the
magnetic field on the cooling process. The most
parameters of the estimation are taken from COSY ring
[11]. The electron beam is 1 A, the electron beam radius
is 0.5 cm, the proton energy 1 GeV and the thickness of
the hydrogen target is 1016 cm-2. One can see that the
good quality of the magnetic field strongly improves the
quality of the ion beam with target interaction.
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Figure 4: Cooling force versus velocity between the ion
and electron beams. The velocity is taken in the beam
reference system.
If the effective velocity is defined only by quality of the
magnetic field then the effective angle is about 10-4. At
the commissioning time the effective angle of the
magnetic field was tuned 2·10-5 at the magnetic field level
750 G [8]. The deterioration of the magnetic force can be
induced by the incorrect value of the longitudinal
magnetic field in the cooling section and toroid. The
alignment of the magnetic field is effective only for the
value of the magnetic fields installed at time of the
alignment procedure. Another factor that can have
influence on the magnetic field quality is the order of the
magnetic field switching on. The incorrect order of the
applying magnetic field can induce the parasite residual
magnetic field. This residual magnetic field can be
removed by the special repeating procedure of the
switching on/off the power supply but the operation with
the magnetic field of the cooler demands to pay the
attention to this problem. Moreover, the mechanical
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Figure 5: Estimation of distribution function at the
different quality of the magnetic field lines.
The compass device in the vacuum chamber enables to
give high accuracy of the measurement of the force line
of the magnetic field but it has a complicate vacuum
moving mechanics. The set pick-up is very good passive
devices but the resolving power of such method is
restricted by the finite number of the measuring points.
The project of 2 MeV cooler for COSY contains the
compass for the measurement of the magnetic force line.
This experience enables to experimentally clarify the
problem of the maximum target density. This experiment
will be very useful for the realization of high resolution
(HR) mode of HESR experiment in FAIR project [4].

BUNCH BEAM COOLING
The cooling of bunch ion beam (with RF voltage on) is
important part of experiments with inner target and ion
collision system. The short length of an ion bunch
increases the peak luminosity and gives a start-time point
for using of the time-of-flight methodic.
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The experiments with bunch cooling were made with at
CSRe on 200 MeV/u energy and RF cavity voltage 1 kV,
first harmonic. The electron energy was 110.4 keV and
the electron current was 0.3 A. During cooling process the
signal from pick-up electrodes was observed. The typical
oscillograms are shown in Fig. 6. The signal has a small
amplitude and large level of the noise in the initial time of
the cooling process. In the finale stage the signal growths
and becomes very narrow that is evidence of the small
size of the ion beam in the longitudinal direction. The
most of the particle is condensed on the well of RF
potential. After finish of the cooling process the typical
life-time of intensive 1 mA ion beam was about 200 sec.
During cooling process the particle was being lost, the ion
current was decreased and the life-time was increased.
For the low intensive ion beam <0.1 mA increased up to
1200 sec as it is shown in Fig. 7.
Figure 8 shows that with increasing ion beam current
the bunch length was increased as Jion1/3 but for current
Jion>0.15 mA increasing became more fast as Jion1.7. At the
same time for high ion beam current we see additional
noise at pickup signal Fig. 6 and fast decreasing the ion
beam life time. The low intensity zone can be easy
interpreted as compensation of the RF voltage by own
space charge electric field of the ion bunch. For parabolic
shape ion bunch with bunch length σ s the pick current is
Π 3 ⎛ ⎛ 2s ⎞ ⎞
⋅ ⋅ ⎜1 − ⎜ ⎟ ⎟ .
σs 2 ⎜ ⎝σs ⎠ ⎟
⎝
⎠
Averaged over circumference Π the electric field RF
system is equal to
U
s
E ( s ) = RF ⋅ sin(2π s / Π ) ≈ U RF 2π 2 .
Π
Π
2

J ( s ) = J ion ⋅

V

after cooling (Ji=100 mka)
before cooling (Ji=400 mkA)
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Figure 7: Life-time of ion beam versus ion current during
cooling process.
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Figure 8: Shape of ion bunch for different ion beam
current.
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Figure 6: Signal from the pickup electrodes (input
impedance 50 oHm, 54 dB preamplifier, 1 GHz
bandwidth).
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Figure 9: Ion bunch length at nanosecond versus DCCT
ion current.
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Figure 10: Ion bunch length versus DCCT ion current.
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The obtained experimental results from the electron
cooler with magnetized cooling are useful for prediction
of the process in high-voltage cooler designed for
operation with the detector and internal target. The
electron cooling device of EC-300 enables to increase the
phase density of the particle to about 104 times. But the
understanding of the ultimate possibility of the electron
cooling process is restricted by the lack of the information
about the quality of the magnetic field. So, the presence
of the system for the measurement of the quality of the
magnetic field during operating period may be very useful
for the understanding of the experimental condition and
the possibility to obtain the maximum cooling rate.
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but only for low current. For high ion beam current the
noise fluctuation increased longitudinal temperature ions
and the bunch length was increased faster.
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MEASURING OF THE TRANSVERSE
BEAM SIZE
In order to estimate of the cooling efficiency in the
transverse direction the technique of the beam size
measuring with scrapper was used. Moving with velocity
1 mm/s scrapper crosses the ion beam orbit and the ion
beam current is measured. If the scrapper touches with the
ion beam then it is lost. Figure 10 shows that the cooling
strongly shrinks the size of the ion beam and the resulting
size becomes about 1 mm (see Fig. 11). The beam
profiles are calculated as P = dN ( 2π ⋅ r ⋅ dr ) and
correspond to the phase plane density. So, the phase
density of the ion beam was increased to 400 times in the
radial direction and to 20 times in the momentum spread.
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THE FAIR PROTON LINAC: THE FIRST LINAC BASED ON A
ROOM TEMPERATURE CH-DTL
G.. Clemente, W. Barth, L.Groening, S. Yaramishev, GSI, Darmstadt, Germany
R.Brodhage, U. Ratzinger#, R. Tiede, J.W. Goethe University, Frankfurt a.M., Germany
Abstract
The antiproton program at FAIR requires a dedicated
proton linac to be used as injector for the SIS 100
synchrotron. This 325 MHz linac will accelerate up to 70
mA proton beam to the injection energy of 70 MeV. This
linac will be the first machine based on CH-DTL's, the
novel cavity developed at the Frankfurt University. This
new cavity is characterized by slim drift tubes without
internal focusing elements which allow the construction
of very compact cavities resulting in higher shunt
impedance when compared to conventional RF structures.
The proton linac is based on 3 coupled CH-cavities
followed by three standard CH's for a total length of
around 22 meters. A complete description of the beam
dynamics together with the general status of the project is
presented and discussed.

INTRODUCTION
The FAIR Project [1] (Facility for Antiprotons and Ions
Research) requires a massive upgrade of the existing GSI
accelerator facilities in terms of beam intensities and
quality.
In particular a considerable increase of ion beam
intensities up to a factor of 5 at the end of the UNILAC is
required from the heavy ion physics program while a new
proton injector [2] will start the accelerator chain for the
production of cooled antiprotons.
The final goal is to provide primary proton fluxes of
2·1016 protons/h by the accelerator chain shown in Fig. 1.
Taking into account the pbar production and cooling rate
this primary beam will lead to a secondary beam of
7·1010 cooled antiprotons/h.

The dedicated proton linac will deliver a proton beam of
70 MeV which will be then injected into the SIS 18. At
this energy in fact the saturation of p-bar production [2] is
reached. The injection into the synchrotron is planned by
a multiturn injection scheme. The horizontal acceptance
of the SIS 18 will be filled by a 35 mA within a
normalized brilliance of 16.5 mA/μm, while a momentum
spread of less than 1 ‰ is required The maximum
repetition rate is fixed at 4 Hz.
Concerning the RF frequency, a multiple of the basic
resonance frequency of the UNILAC HSI (36.136 MHz)
has been considered as the best option. The value of
325.224 MHz meets this criterion and allows the use of
the 3 MW klystrons developed for the JPARC facility at
324 MHz. The adaption to the small difference in
frequency has been straightforward.
The general parameters of the proton linac are listed in
Table 1.
Table 1: The Main Parameters of the FAIR Proton Linac
H+, 95 keV, max. 100 mA
Source
95 keV, 100 mA, εnorm.=1.8
LEBT
μm
3
MeV, 90 mA, εnorm=2 μm
RFQ
3
CCH+ 3 CH-DTL, 70 MeV
DTL
Frequency [MHz]
325.224
Current [mA]
70 (design), ≥ 35 (operation)
Emittance (μm]
≤ 2.8
Mom. Spread [‰]
≤1
RF Pulse [μs]
70
Max Beam Pulse[μs] 36
Repetition Rate [Hz] 4
Duty Factor [%]
0.1
~ 30
Total Length [m]

LINAC GENERAL DESIGN

Figure1: The schematic view of FAIR showing in the
detail the accelerator chain for the production of
antiprotons.

Beam Dynamics in High-Intensity Linacs

The general layout of the proton injector is presented in
Fig.2: an ECR ion source developed at CEA, Saclay, will
provide a proton beam extracted at 95 kV. The first stage
of acceleration to 3 MeV is provided by a four-rod RFQ
[3] investigated at the University of Frankfurt. After a
compact matching section which includes a quadrupole
triplet, an RF buncher, a doublet and the required
diagnostics, the beam enters the first section of the main
linac. Three coupled cavities [4] provide the acceleration
to the intermediate energy of 37 MeV where a 1.6 meter
long dedicated diagnostic section is foreseen.
This section will include the main diagnostic devices
such as an emittance scanner, phase probes, current
transformers and transverse scrapers to get rid of
particles with larger emittances with respect to the beam
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Figure2: The proposed layout for the FAIR Proton injector.
core. From 37 MeV onwards the defocusing effects of
space charge and RF are less of concern and, by use of
the KONUS beam dynamics, long lens free sections
can be built with slightly different beam aperture at the
cavity ends.
Three of those long standard CH cavities perform the
last stage of acceleration up to 70 MeV. This choice
results in a reduction of the number of triplets while the
mechanical and RF design becomes simpler resulting
in an effective cost saving. RF simulations showed that
energy gains of 10 MeV along 10 to 21 gaps could be
achieved within a maximum power demand of 950 kW
per individual CH cavity. Table 2 summarizes the main
parameters of the 9 drift tube sections which form the
proton injector.
Table 2: RF Parameters of the CH Xavities
Cavity
1a
1b
2a
2b
3a
3b
4
5
6

Eff. Voltage [MV]
3.65
5.78
6.23
7.26
6.86
7.71
10.92
11.44
11.44

Energy [MeV]
3 – 6.6
6.6 - 11.6
11.6 – 17.4
17.4 – 24.1
24.1 – 30.5
30.5 – 37.6
37.6 – 48.1
48.1 - 59.3
59.3 – 70

Gap
10
12
13
14
15
17
20
21
22

BEAM DYNAMICS LAYOUT
Beam dynamics simulations through the main linac
have been performed with the LORASR code [5]
starting with different RFQ output distributions and
with different output currents. The ECR ion source can
in fact deliver a maximum current of 100 mA and the
RFQ tracking performed with TOUTATIS [6] and
PARMTEQ [7] has shown a transmission higher than
97 % within a current range from 45 to 100 mA by use
of a waterbag input distribution. The lattice of the CH
sections was designed assuming an RFQ output current
ranging from 45 to 70 mA [8, 9] and the final results
fulfilled the FAIR requirements for the injection into
the SIS 18.
Recently, a realistic 100 mA LEBT output
distribution was calculated at CEA and tracked at GSI
with the DYNAMION code through the RFQ. From
the resulting RFQ output distribution, a sample
including particles with a phase spread less than 40
degree and corresponding to 78 mA was selected and
then used as an input distribution for the CH-DTL
section. Table III presents the main beam emittances at
the RFQ exit and at the final energy of 70 MeV.
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Figure 3: Calculated particles distribution at the
entrance of the RFQ.

Figure 4: The particles distribution at the RFQ exit.
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Table 3: The RMS normalized emittance at the RFQ
exit and at the end of the proton linac
Energy
RMS ε norm X-X' mm mrad
RMS ε normY-Y' mm mrad
RMS ε normΔΦ-ΔW keV/ ns

3 MeV
0.23
0.21
1.41

70 MeV
0.46
0.46
2.65

The beam envelopes for the RFQ output current of 78
mA are shown in Fig. 5, from which one can see that a
safety margin is available against beam loss along the
whole structure. The factor two in currents with respect
the required 35 mA at the injection offer not only a
reasonable safety margin against beam losses but could
also be used to introduce flexibility concerning the
injection scheme, as a higher current would imply a
shorter beam pulse. Brilliance analysis shows that the
best window for the injection into the synchrotron
occurs between 50 and 60 mA. This is shown in Fig. 6
where the dependence of the beam current within the
corresponding emittance is compared with the FAIR
brilliance requirements.

Figure 5: Beam envelopes on the transverse planes.

Figure 7: The output transversal emittances at the exit
of the proton linac

ERROR STUDIES
The main parameters which could influence the
correct operation of the machine are, in terms of
tolerances, the quadrupole errors in the transverse
positioning together with the quadrupole rotation errors
in 3D space. On the other hand, voltage and phase
oscillations could result from instabilities from the
power supplies, while single gap voltage could slightly
differ from design values.
All those effects could lead to beam dynamics results
significantly different from the design settings. In order
to investigate the robustness of the FAIR proton
injector against those errors, several simulations have
been performed.
In LORASR quadrupole translations are applied
separately to each singlet while rotations are applied to
the entire triplets.
The errors, including amplitude and phase are
generated randomly with a Gaussian distribution cut at
2 σ. Previous investigations [8] have shown that only
quadrupole translations represent a major risk in terms
of beam losses and emittance degradation while the
single tolerances, in accordance with other projects like
CERN LINAC 4 [10] are fixed at:
• Transverse displacements: Δx, Δy = ± 0.1 mm;
• Pitching, yawing and rolling angle: ΔΦx,y,z= 0.5°;
• Single Gap Voltage: Vgap/Vdesign = ± 5%;
• Klystron Voltage: Vklys/Vdesign = ± 1%;
• Klystron phase: Φklys/ Φdesign = ±1°.
3000 runs were performed with a 20000 particles
RFQ-output distribution to evaluate the effect of all
errors when applied at the same time. No steering
correction was included as this feature is still under
implementation for LORASR.
Figure 8 shows the relative rms growth with respect
to the nominal case while Fig. 9 describes the statistical
analysis of the single run transmissions. The analysis of
the relative rms growth shows that the beam quality
remains acceptable in the transversal plane while,
considering the longitudinal plane most of the runs are
even within ± 5% deviation from the nominal case.

Figure 6: Evaluation of the beam emittance as function
of the correspondent current at the energy of 70 MeV.
The red line represents the FAIR requirements.
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separation are actually investigated at the RF model.
Concepts for fine tuning of the voltage distribution
already during cavity fabrication with static tuners are
studied. The results seem very promising.
In 2010 the construction of the full scale prototype
has started. In a first stage the cavity will be tested with
dummy stems (made from aluminium) which will
allow precise frequency and field tuning. Copper
plating and low level RF tuning are foreseen within
summer 2011. A full power test will be performed at
the new GSI test stand for the end of the same year.

Figure 8: The relative RMS emittance growth resulting
from the error analysis.

Figure 10: Frequency shift due to the movable tuner
inserted in the coupling cell.

Figure 9: The statistical analysis of the transmission
when errors are applied.
Finally, even if no steering correction is applied
more than 75% of the runs show a transmission higher
than 95 %. As a next step particle numbers out of the
RFQ will be increased to cross check all the
specifications with respect to mechanical tolerances
and sensitivity during operation.

CAVITY DESIGN
In order to prove the validity of the coupled scheme
for the CH cavities, a scaled model of the second
coupled cavity of the FAIR proton injector, has been
built and tested at Frankfurt University. The main goal
was to experimentally verify all the RF properties and
to define the best tuning strategy concerning the
coupling.
The coupling between the acceleration sections and
the coupling cell is accomplished by RF-fields around
the coupling drift tube as well as by the gap capacity.
The corresponding drift tube inside the coupling cell is
charged oppositely at the ends in the mode of
operation. This means, that it acts like an Alvarez type
drift tube.
The coupling factor is around 0.3%. This means, the
spacing between the 0-mode and the π/2-mode is about
1.3MHz [11]. Possibilities for an increased mode
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Figure 11: On the right side the design of the end cell
showing the last half drift tube housing the focusing
elements. On the right side the coupling cell with the
internal triplet.

CONCLUSIONS AND FURTHER
MILESTONES
The GSI Proton injector will be the fist linac based
on a room temperature CH-DTL with a KONUS beam
dynamics lattice. The layout has been designed
assuming an input current up to 70 mA and later
assuming up to 80 mA at the RFQ exit. Loss studies
showed that the design is robust against machining
tolerances and random operational errors. At present,
IAP is producing the technical drawings of the second
resonator of the proton injector after the RF coupling
scheme was developed successfully by simulations and
by measurements on the scaled model. The
construction of this cavity will finish in summer 2011
and a high power test will follow at the GSI test bench.
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Figure 12: Scaled model of the second coupled resonator of the proton injector showing the position of the tuners. The
central drift tube housing the focusing triplet has been removed from the drawing.

REFERENCES
[1] ''An International Facility for beams of ions and
Antiprotons", CDR, GSI, 2001.
[2] U.Ratzinger et al, "A 70 MeV Proton Linac based
on CH cavities", Proceed. of the LINAC 06
Conference, Knoxville, US.
[3] C. Zhang, A. Schempp, Nucl. Instrum. Methods
Phys. Res., Sect. A 609, Issue 2-3, 95, (2009).
[4] G. Clemente, PhD Dissertation, University of
Frankfurt, 2007.
[5] R.Tiede, PhD Dissertation, University of
Frankfurt, 2009.
[6] R. Douperrier et al., in Proceedings of the 2000
Linear Accelerator Conference, Monterey, Ca,
USA, pp.839-841
[7] Manual of the LANL RFQ Design Codes, Report
No.LAUR-96-1836, LANL, revised June 3,2005
[8] G. Clemente et al, "Beam dynamics layout of the
FAIR Proton Injector", Proceed. of the EPAC 08,
Genoa, Italy.
[9] G. Clemente et al, " Investigation of the Beam
Dynamics Layout of the FAIR Proton Injector ",
Proceed. of the 2008 HB Conference, Nashville,
USA.
[10] M. Baylac et al., in Proocedings of the HB 2006
Conference, Tsukuba, Japan, pp.137-139
[11]R. Brodhage and al, “Development and
measurements on a coupled CH proton linac for
FAIR“, Proceedings of IPAC’10, Kyoto, Japan,
750-752.

Beam Dynamics in High-Intensity Linacs

119

MOPD27

Proceedings of HB2010, Morschach, Switzerland

ION BEAM INTENSITY INCREASING IN UNDULATOR LINEAR
ACCELERATORS
E.S. Masunov, S.M. Polozov, A.V. Voronkov,
National Research Nuclear University “MEPhI”, Moscow, Russia
Abstract
The undulator linear accelerator (UNDULAC) was
suggested as an initial part of high intensity ion linac [1,
2]. Ion beam is accelerated by the combined field of two
non-synchronous space harmonics in UNDULAC. The
space charge force is the main factor limiting beam
intensity. There exist two ways to increase ion beam
intensity: (i) to enlarge the beam cross section and (ii) to
use the space charge neutralization. The high intensity
ribbon ion beam can be accelerated in UNDULAC [3].
Accelerating force value in UNDULAC is proportional to
squared particle charge and oppositely charged ions can
be accelerated simultaneously within the same bunch and
the beam space charge neutralization can be realized.

INTRODUCTION
As it is well known, the space charge is the main factor
limiting the beam intensity in ion bunchers and low
energy accelerators. We can say that the limit low energy
beam current is achieved or close now. But it must be
enlarged up to 300-1000 mA for same facilities as neutron
generators, accelerating driven systems or medical
isotopes breeders. It is provide to discussion about new
acceleration and focusing methods which can to be used
for this facilities. There are two ways to increase ion
beam intensity: to enlarge the beam’s cross section and to
use the space charge neutralization. The aperture of
accelerator and the necessary RF potential on electrodes
should be enlarged in first case. The ribbon ion beam
acceleration can be used as an alternative method of beam
current enlarging [1-3].
The second way of the limit beam current enlargement
is more discussable. It is known three (or more?) ideas for
beam space charge neutralization: (i) neutralization using
plasmas, ionized residual gas or electron cloud; (ii) socalled “funneling” method; (iii) simultaneous acceleration
of positive and negative ions in the same bunch.
The idea of beam space charge neutralization by means
of electron cloud was proposed and analytically studied in
[4, 5]. It was shown that electron cloud can really provide
to the proton or heavy ion partially neutralization.
The neutralization of Coulomb field influence by
means of plasma lenses is widely used in beam transport
lines (see for an example [6]). More interest results were
analytically shown and experimentally verified by
number of research groups [7-10] for bunched and
continuous proton and ion beams. The ionized residual
gas influence was studied in the all noted experiments. In
was shown that the influence of ionized gas can provide
to beam emittance decreasing.
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The term “funneling” we can find in 30 years old
reports [11, 12]. The LAMPF DTL linac long time works
in LANL uses funneling (but not use this term) [13, 14].
The previously accelerated to 300 MeV H+ and H- were
injecting in last section of LAMPF linac and
simultaneously accelerated up to 800 MeV. The
acceleration was provided in different (opposite)
reference phases and bunches of H+ and H- ions were
spatially separated.
The systems for beam bunching and low energy
acceleration were proposed later in LANL [15] and
Frankfurt University [16] using RFQ or magnetic
quadrupole lenses [17]. A number of RFQ linacs using
funneling was studied and constructed in Frankfurt
University [18-20]. The funneling is used to increase the
total beam current in these linacs. The four stage
funneling scheme was presented in [18]. As it is clear the
funneling method can be used for positive (or negative)
ion beam acceleration only using frequency multiplying.
The linac with very high current can be used for fusion
technologies facilities or spallation neutron sources (see
for example [21]).
Other bunching and acceleration mechanism can be
realized in case when the positive and negative ions were
accelerated in RFQ simultaneously. It was shown by
numerical simulation [22] that the total beam flux is lower
and beam transverse emittance decreases in case of
simultaneously acceleration of H+ and H- ions. The
decreasing of output beam flux seems very strange and
can be caused by specific model used for simulation. The
space-charge forces in this model was calculated by
assuming that the charge distribution is periodic and
treating by following a separate group of particles for
each beam. In case when the two beams have equal input
parameters the problem was simplified by following only
the positive ions.
The results of experiential study of simultaneously
acceleration of O+ and O- ions were represented in [23]. It
was shown that the total beam flux can be sufficiently
(approximately 1.8 times) increased using funneling
method. The analysis of beam dynamics shows that in
RFQ or DTL the intensity of the ion beam can be made
twice as higher by simultaneous acceleration of ions with
opposite charge signs. The accelerating force in these
linacs is proportional to the charge of the ion. Oppositely
charged ions are bunched and accelerated in the different
phases of the accelerating wave. Two bunches (one with a
positive and another one with a negative ions) become
separated and weakly interact with each other after the
initial part of the buncher and full space charge
neutralization can’t be achieved. The intensity of the ion
beam can be made twice as higher therefore. These results
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were confirmed in general by numerical simulation [2426]. Note that the simulation results [24] were observed
using modified PARMTEQ code. The distribution of ions
and Coulomb fields was calculated separately for positive
and negative ions on 2D grid. The full field was
calculated by superposition that is not all correct for two
beam acceleration because the beams of oppositely
charged particles are overlapping.

ION BEAM ACCELERATION IN
UNDULAC
An alternative method of space charge neutralization
can be realized if the oppositely charged ions will bunch
in the same phase. In undulator linear accelerator
(UNDULAC) the ion beam is bunching and accelerating
in electromagnetic fields without a synchronous RF field
spatial harmonic [1-2]. Some analytical studies of beam
dynamics in UNDULAC have already been published in
[2, 27]. The acceleration mechanism is similar to the
acceleration mechanism in an inverse free electron laser
(IFEL), where the electron beam is accelerated by a
ponderomotive force. In IFEL the accelerating gradient
equals the product of undulator field amplitude (B or E)
and electromagnetic wave amplitude (Ev). In our case, the
accelerating force is driven by a combination of two nonsynchronous waves which are supplied by two undulators.
Three different types of undulators that can be used to
design the required configuration of accelerating fields:
magnetic, electrostatic and RF undulator. As it has been
shown, one of the undulators must be of the RF type, the
second one being, optionally, of magnetic (UNDULACM), electrostatic (UNDULAC-E) or RF (UNDULAC-RF)
types. The accelerating structure of UNDULAC can be
realized as an interdigital H-type (IH) periodic resonator
with drift tubes. It is simpler than RFQ and extends the
limit of the beam current and the rate of energy gain as
well as it increases the transmission coefficient [28]. It
should be noted that the ribbon ion beam can be
accelerated in UNDULAC-RF or UNDULAC-E. The
ribbon beam has the large transverse cross-section and
limit beam current can be sufficiently enlarged this case.
In UNDULAC the beam bunching, acceleration and
focusing are realized in the accelerating force which is
driven by a combination of two non-synchronous waves.
As it is well known the ponderomotive force is
proportional to charge of ion squared. It is possible to
bunch and to accelerate the positive and negative ions
simultaneously in the same bunch by means this
spatiality. As two examples, the equation of motion in
UNDULAC-RF is
2

dβ ⎛ eλ ⎞ E 0 E1
=⎜
sin 2ϕ
⎟
dτ ⎝ 2πmc 2 ⎠
β
,

(1)

and for UNDULAC-E
2

o
dβ ⎛ eλ ⎞ E 0 E 0
=⎜
cosϕ
⎟
dτ ⎝ 2πmc 2 ⎠
2β
.
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Here β is the ion velocity, τ=ωt is the dimensionless time,
λ – the length of wave, e – the ion charge, ϕ - the phase of
particle in accelerating wave, E0 and E1 are the amplitudes
of base and first RF field spatial harmonics in periodical
resonator, E 0o is the amplitude of electrostatic undulator
field.

ION BEAM DYNAMICS SIMULATION IN
UNDULAC
The results of numerical simulation of deuterium Dion beam dynamics were discussed in [3] for
UNDULAC-E and in [28] for UNDULAC-RF. It was
shown that the limit ribbon beam current for the
UNDULAC-E is higher (0.8-0.9 A and 0.3-0.35 A
comparatively) and the rate of energy gain is smaller
(500 keV/m and 800 keV/m) than for the UNDULAC-RF.
The accelerators consisted of two sub-sections: the first
for beam bunching and the second for acceleration. The
current transmission coefficient is equal Kt=80% for
UNDULAC-E and 90 % for UNDULAC-RF.
The simulation of dual beam dynamics study was
provided using especial version of BAEMDULAC code.
This code is developing in MEPhI to study the beam
dynamics in linear accelerators and transport lines since
1999. 2D and 3D versions were developed for
axisymmetric structures and for ribbon beams
respectively. The equation of motion for each particle is
solved in the external and the inter-particle Coulomb
fields. The well-known cloud-in-cell (CIC) method is
utilized for an accurate treatment of the space charge
effects. To determine the potential of the Coulomb field,
the Poisson equation is solved on the grid with the
periodic boundary conditions at both ends of the domain
in the longitudinal direction. The aperture of the channel
is represented as an ideally conducting surface of a
rectangular or a circular cross-section. This allows
consideration of the shielding effect, which is sufficiently
important for transverse focusing of ribbon beams. The
fast Fourier transform (FFT) algorithm is used to solve
the Poisson equation. The obtained Fourier series for the
space charge potential can be analytically differentiated,
and thus each component of the Coulomb electrical field
can be found as a series with known coefficients. In our
code, the space charge field can be calculated with the
same precision as the Coulomb potential without
numerical differentiation. The external fields in
BEAMDULAC code can be represented by means of
three different methods: analytically, as a series of spatial
harmonics and in “real field” which can be defined on 2D
or 3D grid by electrodynamics simulation codes or
experimental measurements. Time is used as an
independent variable and standard fourth-order RungeKutta method is applied for integration of the equation of
motion.
Especial code version BEAMDULAC-2B allows to
study the simultaneous motion of positive and negative
ions, mainly it leads to an improved computation of the
dual beam Coulomb field. The Poisson equation is
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solving using the conventional FFT algorithm: the
distribution of particles on 3D grid is calculated first.
Then the Fourier series coefficients for charge are defined
and the algebraic equations connecting Fourier
coefficients for the charge and the potential are solved on
the grid. The final stage is the Fourier synthesis of the
Coulomb potential and its differentiation to find the space
charge field components. In the case of the beam
containing oppositely charged ions, the Fourier
coefficients for both types are added and Fourier
synthesis is performed normally. The modification of
space charge distribution calculation and noted algebraic
equation was provided for two-component ion beam selfconsistent dynamics simulation.
The results of the simulation of dual deuterium D+ and
D beam dynamics in UNDULAC-RF are discussed detail
in [30] and for UNDULAC-E in [31]. Let us represent
some of them briefly. It was shown by means of
numerical simulation that D+ and D- ions are accelerating
within the same bunch in UNDULAC as it was proposed.
It is clear from figure 1 when the results of beam
dynamics in UNDULAC-E simulation are presented.

Figure 1: The input and output normalized transverse
emittance in (y,βy) plane (a), the oscillations of phases for
mass centre (b), output beam phase spectra (c) and current
transmission coefficient versus initial beam flux (d) for
D+ and D- dual beam in UNDULAC-E (blue points and
lines for D- ions and cyan for D+).
The current transmission coefficient abruptly decreases
and the beam emittance enlarges in case then every beam
current is larger than some value, although the total
Coulomb field compensation is taken place. The analysis
of numerical simulation results shows that the nonlinear
Coulomb effect is primary cause of this two beam
instability. The limit flux value is very high: about 4 A for
UNDULAC-RF [30] and 20 A for UNDULAC-E [31]
(Fig. 1d). Note that this flux value is unachievable for
contemporary accelerator technology. For example the
limit beam current of modern ribbon ion sources is
limited by value 1 A approximately. The beam power
could be equal to 10 MW when the total beam flux is
equal to 10 A and the output beam energy is 1 MeV. This
is impossible for modern RF generators.
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CONCLUSION
The methods of ion beam intensity increasing using
dual beam acceleration were discussed. The review of
these methods was represented. The numerical model for
dual beam dynamics study was described. Some results of
effect of beam space charge neutralization in UNDULAC
were discussed.
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BEAM LOADING EFFECT SIMULATION IN LINACS
E.S. Masunov, S.M. Polozov, V.I. Rashchikov, A.V. Voronkov, T.V. Bondarenko,
National Research Nuclear University MEPhI, Moscow, Russia
Abstract
The accurate treatment both self beam space charge and
RF field is the main problem for all beam dynamics
codes. Traditionally only the Coulomb field is taken into
account for low energy beams and the RF part is account
for high energy beams. But now the current of accelerated
beam enlarges and some radiation effects should be
discussed for low energy beam also. The beam loading is
being more important. This effect should be studied now
not only in electron linacs but for proton one too.

INTRODUCTION
The high-current accelerators has the great perspectives
for solving the problems of thermonuclear fusion, safe
nuclear reactors, transmutation of radioactive waste and
free electron lasers. A large number of low energy
particle accelerators are applied in micro- and
nanoelectronics, material science, including the study of
new construction materials for nuclear industry, in
medical physics, in particular for cancer by using the
accelerators of protons and light ions, in radiation
technology over the past three decades.
The accurate treatments of the beam self field and its
influence on the beam dynamics is one of the main
problems for developers of high-current RF accelerators.
Coulomb field, radiation and beam loading effect are the
main factors of the own space charge. Typically, only one
of the components is taken into account for different types
of accelerators. It is Coulomb field for low energy linacs
and radiation and beam loading for higher energies. But
both factors should be treated in modern low and high
energy high intensity linacs. The mathematical model
should be developed for self consistent beam dynamics
study taking into account both Coulomb field together
with beam loading influence. That is why threedimensional self-consistent computer simulation of high
current beam bunching with transverse and longitudinal
motion coupling is very actual.
Let us describe the beam loading effect briefly. The
beam dynamics in an accelerator depends not only on the
amplitude of the external field but on the beam self field.
The RF field induced by the beam in the accelerating
structure depends on the beam velocity as well as the
current pulse shape and duration in general. The influence
of the beam loading can provide irradiation in the wide
eigen frequency mode and decrease the external field
amplitude. Therefore we should solve the motion
equations simultaneously with Maxwell’s equations for
accurate simulation of beam dynamic.
The most useful methods for self-consistent problem
solving are the method of kinetic equation and the method
of large particles.
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Solving the Maxwell equation can be replaced by
solving the Poisson equation if we take into account only
the Coulomb part of the own beam field. This equation
can be solved by means of the well-known large particles
methods as particle in cell (PIC) or cloud in cell (CIC).
There is no easy method for dynamics simulation that
takes into account the beam loading effect.
Currently there are a large number of commercial
programs for electron and ion beam dynamics study. The
most famous of them are MAFIA, PARMELA.
Unfortunately they are not considering the important
aspect associated with the beam loading in the beam
bunching for the different cases.
The mathematical model for beam dynamics simulation
taking into account the beam loading effect has been
developed in MEPhI; the results are described in [1-2].
Now beam intensity in ion and electron linacs has
considerably increased and the accounting of beam
loading became necessary. New code development has
led to necessity for modern computers. The new
mathematical model for three-dimensional computer
simulation in the Cartesian coordinates system has been
developed.
The purpose of the present work is self-consistent high
current beam dynamics investigation in uniform and nonuniform traveling wave accelerating structures by means
of three-dimensional program BEAMDULAC-BL. The
BEAMDULAC code is developing in MEPhI since 1999
[3-4] for high current beam dynamics simulation in linear
accelerators and transport channels. Runge-Kutta 4th
order method is using for the integration of differential
equations of motions. The algorithm of BEAMDULACBL code uses any previously defined initial particles
distribution in 6D phase space to calculate the Coulomb
field distribution and radiation in harmonic form. As a
result, the new coordinates, velocities and phases of large
particles are determined, and the new values of the selfconsistent field is defined. The traditional CIC method is
used for Coulomb field calculation.

THE EQUATION OF MOTION IN SELF
CONSISTENT FIELD AND SIMULATION
METHODS
Let us discuss the methods of beam loading effect
simulation used in BEAMDULAC-BL. Usually a
longitudinal movement of charged particles is considered
only for high current beam dynamics calculation in selfconsistent fields. Thus, it is assumed, that the beam is in
strong enough focusing field and transverse motion can
be neglected. In traditional linear resonant accelerators
where longitudinal components of current density jz >> j┴
this approach is quite reasonable as the integral of current
density and field interaction is defined by an amplitude
123
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and a phase of Ez component and the system for the
equations of longitudinal dynamics and field excitation
will be self-contained. In this approach transverse motion
is completely defined by the longitudinal one.
For a long current pulse duration τu ≥ Tf, considering
periodicity on time Tf, it is enough to divide at «large
particles» only one bunch. Dimensionless longitudinal
field amplitude on an axis is Az=e·λ·Ez1/m·c2. Here e – the
electron charge; λ – the wave-length; Ez – longitudinal
component of electric field; m – the mass of electron; c velocity of the light.
The step-by-step calculation in time domain is used in
BEAMDULAC code for beam dynamics simulation as it
was noted above. The process is repeated until the
particles are not carried the end of accelerator (ξ= ξend), or
until the current number of large particles (Nnow=Ning-NrNφ) will not lower any minimal value (Nnow=0, here Nnow –
current number of large particles, Ning, Nr and Nφ - number
of large-particle injected into the accelerator and out of
the acceleration in transverse and phase directions
respectively).
The radiation component of own field can be
represented in harmonic form as in [1, 2]. The equation of
motion can be rewritten in this case as
⎞
dAz ⎛
1 d
2⋅B
+ ⎜⎜ w1 + ⋅
ln B ⎟⎟ ⋅ Az = m
×
N
dξ ⎝
2 dξ
⎠
(1)
N
⎛ 2 ⋅π
⎞
2
⎜
⎟
× ∑ I0 ⎜
⋅ 1 − β b ⋅ η n ⎟ ⋅ cos(ψ n )
n =1
⎝ βb
⎠
⎛ 1
dψ
1 ⎞⎟ 2 ⋅ B
= 2 ⋅π ⋅⎜
−
±
×
⎜ β b β ξ ⎟ Az ⋅ N
dξ
⎝
⎠
(2)
N
⎛ 2 ⋅π
⎞
× ∑ I 0 ⎜⎜
⋅ 1 − β b2 ⋅ η n ⎟⎟ ⋅ sin(ψ n )
n =1
⎝ βb
⎠
where N is the number of large particles; βb is phase
velocity, ηn=rn/λ and ψn are dimensionless particle
transverse coordinate and its phase in RF field, Rp=E2/2·P
is the characteristic impedance, P – total external RF
power, w1=α·λ is the dimensionless damping factor, ξ=z/λ
is the dimensionless longitudinal coordinate. The
parameter B=eJ0·λ2Rp/2·m·c2 defines beam and structure
coupling on the accelerator axis. The sum in the right part
of these expressions is product of all large particles on
one period. This part corresponds on own beam field
radiation field.
Equivalent RF field amplitude can be written now as:
⎛ 2 ⋅π
⎞
βb
Aeq⊥ =
⋅ I 1 ⎜⎜
⋅ 1 − β b2 ⋅ η ⎟⎟ ×
2
β
⎝ b
⎠
2 ⋅ π ⋅ 1 − βb
⎧⎛
⎞
1 d
× ⎨⎜⎜ w1 + ⋅
ln B ⎟⎟ ⋅ Az ⋅ cosψ +
d
ξ
2
⎠
⎩⎝
2 ⋅π
+
⋅ (1 − β ⋅ β b ) ⋅ Az ⋅ sinψ ±

βb

±
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⎫⎪
⎞
2 ⋅ B N ⎛ 2 ⋅π
⋅ ∑ I 0 ⎜⎜
⋅ 1 − β b2 ⋅ η n ⎟⎟ ⋅ cos(ψ − ψ n )⎬
N n =1 ⎝ β b
⎪⎭
⎠

(3)

where A┴eq is the equivalent field amplitude in a nonstationary case when Tb<<τu<< Tf is calculated by the
same way, η=r/λ. Az and A┴eq now are slow functions of
time.
All received equations can be rewritten easily to 3D
case.

SIMULATION METHOD EFFICIENCY
AND ACCURACY
A number of the test calculations must be done to
estimate numerical model accuracy before start beam
dynamics simulation for real accelerators. Testing should
be done for radiation and Coulomb beam own field. Let
us estimate the beam loading effect to the beam bunching
for simple examples. The motion of strongly modulated
beam consisting of point bunches in traveling wave
section with constant βb=0.9 and injection energy γin=2.1
was considered. This problem can be solved analytically
because the beam self fields influence on bunched
particles velocity can be neglected. The bunch in this case
can be treated as one large particle. Computer simulation
results are obtained in a good agreement with analytical
one. The error is less than 2 %. The second test has been
carried out to estimate beam current loading. Computer
simulation of electron beam motion in traveling wave
accelerating structure was considered. Two variants with
identical initial conditions were calculated: taking into
account beam loading effect in the first case, the second –
without (Fig. 1). It is clear from figures that the beam
loading must be considered even for short waveguide
with current more than 1А. Energy difference in this case
equals 12 %.

a

b

Figure 1: Energy dependence on longitudinal coordinate
(a)
and
phase
portrait
(b).
Curve 1 – without beam loading effect; 2 – taking into
account beam loading.

PROTON AND ELECTRON BEAM
DYNAMICS SIMULATION
The results of beam dynamics simulation were
compared with the measurement data obtained on the
traveling wave electron linac U-28 of Radiationaccelerating centre in NRNU MEPhI. The main U-28
characteristics are given at Table 1. Three-dimensional
code BEAMDULAC-BL was used for beam dynamics
simulation in U-28.
The results of simulation are presented in the Table 2. It
is shown, that beam loading effect is too small for beam
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current I ≤ 0.2 A. Results of numerical simulation are in a
good agreement with experimental one.
Table 1: Parameters of U-28 Linac
Parameterer

Value

Average output energy, MeV

10

Range output energy, MeV

2 - 12

Max pulse beam current, mA

440

Max average beam current, µA

170

Normalized

energy

3

spectrum

(∆W/W)min, %
Pulse duration, µs

0.5 – 2.5

Pulse repetition, 1/s

400

Table 2: Results of the Electron Beam Dynamic
Simulation
Parameter

Injection

Output

Velocity, β

0.5681

0.999

Average energy, MeV

0.6219

9.525

200

103

Beam current, mA
Current transmission, %

51.7

Phase losses, %

45.4

Transverse losses, %

3.0

The computer simulation in a wide range input beam
current has been carried out to study the beam loading
effect on beam output energy (Fig. 2). Initial current
variation leads to the beam output energy and current
transmission coefficient decreasing. In particular, at the
high initial currents more than half injected particles were
lost, that lead to beam loading effect attenuation and deep
beam energy adjustment impossibility.
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beam static self field becomes very essential. Computer
simulation results for proton beam are presented in
Table 3. It was shown that the Coulomb field has the
main influence to particle dynamics. For low injection
current (I < 0.24 A in our example) the beam loading
effect has a weak influence to the proton beam bunching.
It can be explained by low output beam energy in
comparison with input RF power and small value of the
parameter E·λ/√P defining beam and structure coupling.
But some interest nonlinear effects were observed when
beam loading was taken into account.
It is interesting to consider the possibility of average
output protons energy variation for high beam currents. It
can be possible to change output beam energy by
injection beam current variation. Computer simulation
results for proton linac with different input beam currents
shows that it is not obviously possible to change the
output energy by input current varying unlike electron
linac.
Table 3: Results of the Proton Beam Dynamics
Simulation
Parameter

Injection

Output

Velocity, β

0.015

0.057

Average energy, MeV

0.1055

1.553

200

154

Beam current, mA
Current transmission, %

77

Phase losses, %

23

CONCLUSIONS
The high current electron beam dynamics study in the
linear accelerator is carried out for stationary beam
loading. The mathematical model of self-consistent threedimensional high current beams simulation in linacs has
been described. Using this model the algorithm and
computer code was done. The analysis of an electron
beams dynamic in the traveling wave linacs let us make
the conclusion, that even for low beam current (less than
I<1 A) beam loading effect should be taken into account.
Computer simulation of beam loading effect for high
current electron and proton beam linacs was carried out.
The developed methods can be used to solve the wide
range of accelerator and RF electronics problems.
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TRANSVERSE MATCHING PROGRESS OF THE SNS
SUPERCONDUCTING LINAC*
Y. Zhang, S. Cousineau, Y. Liu,
Spallation Neutron Source, ORNL, Oak Ridge, TN 37831, USA
Abstract
Experience using laser-wire beam profile measurement
to perform transverse beam matching in the SNS
superconducting linac is discussed. As the SNS beam
power is ramped up to 1 MW, transverse beam matching
becomes a concern to control beam loss and residual
activation in the linac. In our experiments, however, beam
loss is not very sensitive to the matching condition. In
addition, we have encountered difficulties in performing a
satisfactory transverse matching with the envelope model
currently available in the XAL software framework.
Offline data analysis from multi-particle tracking
simulation shows that the accuracy of the current online
model may not be sufficient for modeling the SC linac.

INTRODUCTION
The Spallation Neutron Source (SNS) is a short-pulse
neutron facility. Its accelerator complex consists of a 2.5MeV H− injector, a 1-GeV linac, an accumulator ring and
associated beam transport lines. The SNS linac has a
normal conducting front end approximately 100-m long
that includes a medium energy beam transport (MEBT)
line, six drift tube linac (DTL) cavities and four coupled
cavity linac (CCL) tanks for beam energy of up to 186
MeV, and a superconducting linac (SCL) 160-m long that
consists of 81 independently powered 6-cell niobium
cavities installed in 23 cryomodules, with a design output
beam power of 1.56 MW [1].
Because of the high beam intensity and the SRF
technology, no beam intercepting diagnostic device is
allowed in the SCL. Laser wire (LW) beam profile
monitors are used for transverse profile measurements and
for performing beam matching. For more details about the
nine LW monitors installed in the SCL see reference [2].
The usual matching process include LW measurements
first, and then fits to the measured beam size with an
envelope model in the XAL [3], which is applied online in
the control room. For offline analysis, we use the multiparticle tracking code IMPACT [4]. Currently, the later is
still not appropriate for online application because of
lengthy computational times, but it has been proved to be
a very helpful tool to analyze the SNS linac [5].
Beam matching in the SNS linac with the online model
has not been a success thus far. Fortunately, beam loss in
the linac system is not very sensitive to the beam
matching condition: even without a good transverse
match, we are able to control the SCL beam loss to a
tolerably low level (10-5 to 10-4) for 1 MW neutron
___________________________________________

* SNS is managed by UT-Battelle, LLC, under contract DE-AC0500OR22725 for the U.S. Department of Energy.
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production, thanks to a very robust linac design. A lot of
efforts have been taken to address potential problems with
laser wire measurements since it is a relatively new
diagnostic device. However, offline analysis with multiparticle tracking simulation shows that a major issue is the
model itself. We previously attributed all the problems of
the model to nonlinear issues such as emittance growth,
chromatic aberrations, etc, but ignored errors associated
with basic linear optics, which are more important.

FIRST MATCHING ATTEMPT
Based on the linear envelop model, we performed beam
transverse matching with laser wire measurements in
2008. The effort failed: instead of reducing the beam size
beating in the SCL, it actually made both the horizontal
and vertical planes worse. Figure 1 shows the laser wire
measurements and the beam model obtained by a fitting
those measurements, before any matching was done.
Figure 2 shows the same plot after the matching.

Figure 1: LW measurements (markers) and envelope
model (lines) before a transverse matching in the SCL.

Figure 2: After transverse matching, the beam size beating
in both horizontal and vertical planes is worse (solid lines)
than the model predicted (dashed lines).
Beam Dynamics in High-Intensity Linacs
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In addition to the poor matching obtained, according to
the online model, we also noticed that model-fitted initial
Twiss parameters in the SCL had changed before and
after the beam matching; if they had remained the same,
we should have observed a much improved matching
according to the model predictions (dashed lines, in
Fig. 2). We do not understand the exact reason for the
large change. Since the same model software works in the
high energy beam transport (HEBT) and the ring target
beam transport (RTBT) lines with conventional wire
scanners, the failure of this SCL matching attempt was
initially wrongly assumed to be due to errors of the laser
wire measurements.
Extensive laser wire measurements were subsequently
performed, and they showed that the laser wires actually
produce very precise beam size measurements (within
about 5%). Additionally, in most measurements, the SCL
injection beams are usually quite stable – except the first
20 µs of the beam pulse, which may vary by several tens
of percent from pulse to pulse due to the ion source
transient and the linac low-level RF feed forward
learning. This portion of the beam pulse should be
avoided for transverse matching or beam profile
comparison purposes.

USING DIFFERENT MODELS
We performed several SCL transverse beam matching
attempts with the online model then, and the results are
scattered randomly: after transverse matching, sometimes
it improves beam matching in the horizontal plane but
deteriorates it in the vertical plane, while at other times
the opposite is true. It is noted that the online model
works in the HEBT and RTBT, where no RF cavities
exists, nor significant space-charge effects. However, in
other sections of the linac which contain RF acceleration
and significant space-charge effects, the performance has
not been a satisfactory, even with conventional wire
scanners. We tested the same beam size fitting technique
using the multi-particle tracking simulation model,
IMPACT, during offline analysis, and it proved that the
major problem with the SCL beam matching is indeed the
model.
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The fit clearly does not agree with the measurements,
since the two planes, horizontal – x, and vertical – y, are
swapped. Using the same techniques with IMPACT
instead, the beam size measurements in both planes agree
closely with the multi-particle tracking simulation model,
as shown in Fig. 4.

Figure 4: Fit injection beam Twiss parameters with
IMPACT: both planes agree closely with beam size
measurements.
Disagreements between the online model and IMPACT
have been known to us for a long time. Some suspected
that IMPACT might be wrong, because the online model
is essentially converted from TRACE3D [6], while the
latter agrees with PARMILA [7]; others were concerned
that there are several high-order, nonlinear terms, such as:
beam emittance growth from space-charge, chromatic
aberrations of the linac quadrupoles, RF acceleration
nonlinearities, etc, which might be significant in the
superconducting linac. Very recently, bugs in the online
model for both RF acceleration and space-charge were
found and fixed [8].
It is possible to perform transverse beam matching
based on laser wire beam profile measurements using the
online model before the bugs were fixed, or even without
using any linac model at all. However, the process is very
time consuming, and it also requires some luck. Figure 5
shows a SCL beam matching with the online model
before the bugs been fixed, and in this case, the targeted
Twiss parameters were from IMPACT instead. However,
we now know that it was merely a coincidence.

Figure 3: Fitted initial beam Twiss parameters with the
online model: x and y swap against the 5th LW
measurements.
Figure 3 shows a typical beam Twiss parameter fit
performed with the online model: The beam sizes at the
first 4 LWs (markers) were fit, and the fit (lines) was
checked against the 5th LW measurements (at Z ~74 m).

Beam Dynamics in High-Intensity Linacs

Figure 5: Before and after the SCL beam matching using
the online model before the bug fixes. Both planes could
be improved.
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Before the bugs in the online model were fixed, errors
in the initial beam Twiss parameter fits were on the order
of 50%, which could explain the reasons for our previous
failures in the SCL beam matching. But even after the fix,
the errors remain as high as 30%, and one still can not
expect sufficient accuracy. As a comparison, IMPACT
often shows an uncertainty less than 10%. But even today,
we still could not use IMPACT for this kind of online
application, unless a supercomputer could be dedicated to
the linac online beam matching, as it requires a multiparticle tracking simulation for several ten hours with PC.
Or, we need to wait for Moore’s law to be continued for a
few more years.
There are two other potential solutions: 1) first, extract
the linear transfer maps of the SCL lattices using multiparticle tracking simulation models, such as IMPACT,
and then apply the beam transverse matching technique
based on these more accurate matrices which are derived
directly from particle tracking, or 2) add several basic
linear optics terms which are missing in the online model,
such as: fringe fields of RF cavities [9] and fringe fields
of short quadrupoles, a more robust model than the
current thin-lens approximation of the SRF cavities, and
additional high-order, nonlinear components which are
significant, until the envelope model becomes accurate
enough. Both of the two solutions require very extensive
model analysis, in addition to a lot of beam study time.
But beam study time is limited due to the requirement of
more than 90% availability for neutron production. While
for the model analysis, a question arises: Is it worth? Time
consuming transverse beam matching in the SNS linac
system offers almost no impact on beam loss, while a low
loss is the primary goal – if not the only goal - of the SNS
linac beam optics study.

better matching case, as shown in Fig. 6, is much larger –
by about a factor of two that of the worse matching case
as shown in Fig. 4. However, loss reduction in the case of
worse transverse matching might have nothing to do with
the transverse matching itself. Because in this case, all the
quadrupole strengths and transverse phase advance of the
SCL lattice are reduced by 20% [10]. Even for the same
quadrupole strength and transverse phase advance, we do
not have a clear picture of the relationships between the
observed beam matching and the SCL beam loss.

Figure 6: Beam matching of the SCL for 180kW
production.

Figure 7: SCL beam matching before beam loss reduction.

MATCHING VERSUS BEAM LOSS
As previously mentioned, beam loss in the SNS linac,
particularly in the SCL, is not sensitive to beam transverse
matching. For example, in the case of SCL beam
matching as shown in Fig. 5, there is almost no noticeable
beam loss difference before and after matching. And
because of the model issues, perhaps we have never
achieved a very good beam matching through the entire
linac system, which is unfortunate. In the past several
years of neutron production and beam optics study, the
beam matching condition in the SCL and in other sections
of the linac have varied greatly, but we do not observe
any significant loss reduction even for the best matching
condition. On the contrary, sometimes, the opposite is
true.
Figure 6 shows the SCL beam matching for a neutron
production run at relatively lower power, approximately
180 kW, compared with Fig. 4 which is for high power, 1
MW. The SCL beam is much better matched as most of
the linac quadrupoles are close to the design. But for high
power production, because the linac beam loss becomes
more critical, a lot of quadrupoles have to be manually
adjusted away from the design to achieve a minimum
beam loss. The total fractional SCL beam loss in the
128

Figure 8: SCL beam matching after beam loss reduction.
Usually, beam matching in the SCL is not great, as the
injected beam may not be exactly the same as the design.
But occasionally, we can start from a well-matched linac
with the initial design lattice, as shown in Fig. 7. For
production tuning to reduce beam loss in the linac and in
the downstream beam transport lines, several upstream
linac quadrupoles have to be adjusted manually. After the
loss reduction, we may end up with a mismatched linac
lattice, as shown in Fig. 8. Should we conclude that a
worse transverse matching in the SCL is preferable for
beam loss reduction? Certainly not, because at other
times, we do observe that a smooth linac lattice and
improved matching reduce beam loss, though the loss
reduction is not dramatic.
In the SCL, beam matching and beam loss are likely
tied to two different aspects of the beam: one relates to the
beam core only, requires manipulation of beam size,

Beam Dynamics in High-Intensity Linacs
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while the other solely concerns a halo of 10-5 to 10-4 of the
beam particles, which has a much greater impact on the
beam loss.
We still consider that it an important task to improve
transverse beam matching in the SNS linac. First, a fully
matched beam through the entire linac, which we have
never achieved before, might make a greater difference
than what we have observed from better matching
conditions in merely a few short sections of the linac.
Second, improve matching may reduce beam halo
generation from the superconducting linac itself, and
reduce beam loss and residual activation at downstream
accelerator subsystems, such as the ring injection area.
Third, a better matched beam through the entire linac
system may serve as a good start point, and could make
the beam loss reduction task much easier. Last but not
least, for the SNS power upgrade project, the total length
of the superconducting linac and the beam intensity will
increase significantly, and in this case, beam matching
could become necessary.
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SUMMARY
Laser wire beam profile monitors have become an
important diagnostic device in the SNS superconducting
linac, used during both routine neutron production as well
as during accelerator beam dynamics studies. We have
encountered problems using the online model to perform
a satisfactory transverse matching based on laser wire
profile measurements, and a major obstacle is the
accuracy of the model currently available in the control
room. The beam loss is not very sensitive to the matching
condition and is controlled more effectively by manual
adjustments of the linac optics with sensitive beam loss
monitors. Thus it is not critical to perform transverse
matching in this SC linac for beam loss reduction
purposes. But a more accurate linac model which could be
applied online in the control room is still necessary in
order to achieve matching success.
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BEAM DYNAMICS SIMULATIONS FOR THE LASER PROTON INJECTOR
TRANSPORT LINE*
A. Orzhekhovskaya, W. Barth, I. Hofmann, S. Yaramyshev, GSI, Darmstadt, Germany
Abstract
The DYNAMION code was implemented to perform
beam dynamics simulations for different possible
transport lines for a proton beam with an energy of 10
MeV, coming from a high intensity laser ion source. It
was intended to check the chromaticity and space charge
effects taking into account high order aberrations. The
investigations were performed for a solenoidal focusing
and alternatively for a quadrupole channel applying
different beam parameters (energy spread, transverse
divergence, beam current) as well as different layouts of
the transport line. The beam evolution along the transport
line, the emittance growth and the beam transmission
were analyzed and compared. Finally, the influence of an
rf - buncher, required to match the proton beam to the
following accelerating structure, was investigated.

estimated beam parameters, based on numerical and
experimental data. The simulations for the zero current
case attract a particular interest as the most optimistic
case. Addition of any diversifications of the input beam
parameters leads to emittance growth.

BEAM LINE LAYOUT
Calculations were done for quadrupole (Q-line) and
solenoidal (S-lines) channels varying the input beam
parameters (Fig. 1).

INTRODUCTION
The recent development in the field of "laser
acceleration of protons and ions" has initiated several
investigations of this concept of a innovative and compact
accelerator. The currently known beam parameters do not
allow for a realistic detailed study. But a simulation of
proton collimation and transport, based on output data
from the PHELIX experiment [1], already give a useful
hint, especially chromatic and geometric aberrations of
the first collimator as an interface between the production
target and the adjacent accelerator structure are of
particular importance [2].
The advanced multiparticle code DYNAMION [3],
dedicated to the beam dynamics simulations in linacs,
was created in 1992 in the Institute of Theoretical and
Experimental Physics (ITEP, Moscow) and developed in
a long-term collaboration of GSI Helmholtzzentrum fuer
Schwerionenforschung (Darmstadt) and ITEP. Due to the
most common form of 3D particle motion equation and
detailed description of the external electromagnetic field,
the non-linear effects and high order aberrations are
included in this code automatically. The space charge
calculations in the DYNAMION code are based on the
particle-particle interactions, including a dedicated
routine to avoid artificial collisions of particles.
Numerous comparisons of the calculated results with
measured data have proved the reliability of
DYNAMION simulations for convenient linacs [4-8]. For
this reason the DYNAMION code is used to perform
beam dynamics investigations for the laser proton injector
beam transport line. For special tasks, as the very early
expansion phase of the proton cloud, simulations with a
recent DYNAMION version were carried out introducing
* Work supported by EURATOM (IFK KiT Program) and
Helmholtz International Center for FAIR
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Figure 1: Layout of the beam transport line with
quadrupole or solenoidal focusing.
For this set of simulations the following beam
parameters were fixed:
- energy 10 MeV;
- transverse size ± 0.03 mm;
- transverse divergence ± 43 mrad, ±86 mrad;
- total unnormalized emittance εx = εy = 1.25 mm·mrad,
2.5 mm·mrad;
- phase spread ∆φ= ± 0.75° (related to 108 MHz);
- energy spread 0% ≤ ∆W/W ≤ 6%;
- current 0 mA ≤ I ≤ 50 mA;
- Gaussian particle distribution, truncated at 2σ.

Q-line Layout
The position of the 4 quadrupoles and their gradients
(optimized by TRACE 3D code) are fixed; maximum
magnetic field in quadrupoles is 1.2 T; «open» aperture of
the quadrupoles in order to study high order aberrations
and space charge effects without particle losses. The total
length of the line is 2412 mm.
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S-line Layout
The length of the solenoid is 72 mm (S-line 1) and
360 mm (S-line 2); aperture radius of the solenoid is
30 mm; solenoid is placed on the distance 15 mm from
the ion source; total length of the line is the same. The
short solenoid has been designed by the "Institut fuer
Strahlenphysik" and constructed by the "Institut fuer
Hochfeld-Magnetlabor in Dresden". The solenoidal field
was calculated with the assumption of its axi-symmetrical
structure [9]. A mapping of the magnetic field was
introduced into the DYNAMION (Fig. 2).

MOPD31

DETAILED STUDY OF THE S-LINE
LAYOUT
Short Solenoid
In the simulations along the S-line (1) the beam size is
remarkable smaller than the aperture of the solenoid.
Therefore the distance to the ion source is prolonged to
avoid propagation of the proton-electron cloud under
influence of the strong magnetic field. Consequently the
solenoidal field is decreased in order to provide for a
slightly focused beam. Distance between an ion source
and solenoid was varied from 15 mm to 120 mm.

Long Solenoid

Figure 2: Longitudinal and radial fields of the short
solenoid (S-line 1).

For the S-line (2), a five times longer solenoid
(360 mm) was considered. The displacement from the ion
source as well, as 3D field mapping were the same as for
the short solenoid. The field-factor was varied from 19%
to 14% of maximum field (24 T) for the distance between
ion source and solenoid of 15 - 120 mm.
The emittance growth as function of the distance for the
short and for the long solenoid is shown on Fig. 4.

The blue box represents the geometrical size of the
solenoid. For the simulations of the particle motion the
magnetic field mapping is cut at the source position from
the left side and at 1% of maximum field on the right side
(marked by red dashed lines).
The beam dynamics simulations, neglecting space
charge effects, for the quadrupole transport line show a
much higher emittance growth, than for the solenoidal
one (Fig. 3).

Figure 4: Emittance growth for S-line (1) and S-line (2).

Figure 3: Total transverse emittance for S-line and Q-line
(I=0mA).
The non-paraxial effect and the chromatic aberrations
are weaker for the solenoid due to the symmetric solenoid
focusing strength, suppressing large transverse deviation
of the beam. Results of calculations including space
charge effects are qualitatively the same. Therefore in the
next simulations we restrict ourselves on the S-lines [2].

Beam Dynamics in High-Intensity Linacs

A longer distance leads to an increased beam spot at the
solenoid entrance. Obviously, the aberrations and
chromaticity effects are stronger (and non-linear) for
particles with increased distance to the axis, leading to
higher emittance growth.
Additionally, at the output of the long solenoid the
transverse beam spot is significantly larger. This leads to
an even higher emittance growth (up to a factor of 3). The
correlation between beam size at the end of the solenoid
and emittance growth is demonstrated in Fig. 5.
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Figure 6: 3-gap buncher geometry.
For each case the magnetic field in the solenoid was
adjusted in order to get a maximum particle transmission
through the buncher. Figure 7 shows the beam
transformation in the buncher for I = 0 mA and
∆W/W = ± 4%. The buncher voltage of 500 kV was
adjusted in order to minimize the energy spread.
Figure 5: Beam size at the end of the solenoid (top) and
the total emittance at the end of the transport line
(bottom) for the long and the short solenoid (I = 0 mA,
∆W/W = 4%).

BUNCHER SIMULATIONS
A buncher is placed at the end of the S-line at a
distance of 2412 mm from ion source. It provides for
longitudinal beam focusing and decreases the energy
width of ± 4% core to less than ± 0.5%. Synchronous
phase is -90°. It is planned to make use of the already
existing in GSI 108 MHz 3-gap buncher. The design
voltage is 1 MV. 3D electric field of the buncher is
calculated by the DYNAMION code solving the Laplace
equation on the base of the real topology of gaps and
tubes: length, inner/outer diameters and rounding (Fig.
6).The particle motion was calculated for an input
divergence of ± 172 mrad and for different combinations
of input beam current and energy spread (Table 1).
Table 1: Combinations of the input beam current and
energy spread for the buncher simulations.
I (mA)
0
0
35
560
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ΔW/W (%)
±4
± 64
±4
± 64

Figure 7: Beam transformation in the buncher, I = 0 mA,
∆W/W = ± 4% and x′ = ±172 mrad.
Calculations with a beam current of 35 mA show a
remarkable influence of the space charge effects on the
dynamics. A beam transmission for the whole transport
line is close to 100%. For an increased energy spread of
up to 64% the current was varied proportionally up to 560
mA. For the planned experiment it is important to note
that the emittance growth due to the energy spread will
inevitably lead to transmission loss. The beam
transmission along the S-line (1) including the buncher is
shown on Fig. 8 for three cases.
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CONCLUSION AND OUTLOOK

Figure 8: Transmission along the S-line with buncher.
The black box represents the buncher position. For an
input current of 35mA and an energy spread of 4% the
particle losses (about 2%) occur only in the buncher. For
an energy spread of 64% the transmission decreases
starting from the solenoid (radius of 30 mm) due to the
large spread of focusing angles generated by the energy
spread. Additionally the beam extends due to the space
charge, but this influence for the overall transmission is
minor even for the high current case of 560 mA. The most
serious reason for the low particle transmission is an
intrinsic energy spread of the laser ion source.
Only about 20% of the initial particles can be
potentially captured in the RF bucket. Behind the buncher
the total transmission is about 18 %. In Fig. 9 the pulse
spread ∆p/p at the buncher exit is plotted versus the phase
deviation
( -600° ≤ φ ≤ 600°), including more than
three rf periods. It is seen, that the required bunch rotation
is successfully implemented only for central part of the
energy distribution.

Figure 9: Longitudinal phase space portrait behind the rf
cavity (I = 560 mA, ∆W/W = ± 64%).
A detailed analysis of the longitudinal phase space
distribution indicates about 10% of initial particles inside
a phase spread of ± 90° (within energy spread of about
± 2% after rotation). In spite of it, only about 5% of the
particles (≈ 30 mA) are inside an energy spread of ±0.1%
(typical requirement for the conventional proton linac
[10]).

Beam Dynamics in High-Intensity Linacs

The versatile multiparticle code DYNAMION is an
adequate tool for beam dynamics simulations for LIS
transport lines. The motion of particles was calculated
taking into account nonlinearity of the external
electromagnetic field, chromaticity effects, high order
aberrations and space charge influence. Recent
investigations were performed for a wide range of input
beam parameters and for different layouts of the transport
line, including the buncher.
The laser ion source provides for an extremely high
beam brilliance, while recent investigations of the particle
collimation show serious limitations, mainly due to the
huge energy spectra of laser generated protons. Even
neglecting space charge effects, only a small amount,
about 5% of the initial beam current of 560 mA, can be
matched to conventional postaccelerator.
The very early expansion phase of the proton-electron
cloud should be investigated with dedicated codes.
Additionally, the influence of the strong magnetic field of
the solenoid (up to 5T) on the propagation of the particle
distribution has to be taken into account. The obtained
results can be used as an input for advanced
DYNAMION simulations. Obviously, any complication
of the input beam parameters leads to a larger and faster
degradation of the beam quality along the transport line.
Quadrupole and solenoid focusing was considered for
different layouts of the transport line. Potentially, more
intricate constructions might improve the situation.
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RELAXATION, EMITTANCE GROWTH, AND HALO FORMATION IN
THE TRANSPORT OF INITIALLY MISMATCHED BEAMS∗
T. N. Teles, R. Pakter† , Y. Levin
Instituto de Fı́sica, Universidade Federal do Rio Grande do Sul, Brazil
Abstract
In this paper, a simplified theoretical model that allows to
predict the final stationary state attained by an initially mismatched beam is presented. The proposed stationary state
has a core-halo distribution. Based on the incompressibility
of the Vlasov phase-space dynamics, the core behaves as a
completely degenerate Fermi gas, where the particles occupy the lowest possible energy states accessible to them.
On the other hand, the halo is given by a tenuous uniform
distribution that extends up to a maximum energy determined by the core-particle resonance. This leads to a selfconsistent model in which the beam density and self-fields
can be determined analytically. The theory allows to estimate the emittance growth and the fraction of particles
that evaporate to the halo in the relaxation process. Selfconsistent N -particle simulations results are also presented
and are used to verify the theory.

INTRODUCTION
In experiments that require the transport of intense
beams, space charge forces make it virtually impossible to
launch a beam with a distribution that corresponds to an
exact equilibrium state. As a consequence, as the particles are transported the beam will tend to relax towards a
stationary state [1, 2]. Along this process, effects such as
emittance growth and halo formation are expected to occur. These effects are very detrimental because they limit
beam efficiency and may be responsible for particle losses
which can cause wall damage and activation. Therefore, a
quantification of the amount of emittance growth and halo
formation that can be expected becomes an important issue
in the design of such systems. In order to estimate these, a
good knowledge of the mechanisms that lead to beam relaxation and, especially, of the final stationary state reached
by the beam is necessary.
In general, injected beams may deviate from the equilibrium state because of various effects, such as envelope mismatches [3, 4, 5, 6, 7, 8, 9], off-axis motion
[10, 11, 12, 8, 13], nonuniformities in the beam distribution [14, 15, 16, 17, 18, 19, 20], and forces due to the surrounding conductors [21, 22, 23]. Among all these effects,
the one that has attracted most of attention is the envelope
mismatch because it is believed to be a major cause of emittance growth and halo formation. For mismatched beams,
an unbalance between the focusing force due to the external
∗ This work was supported by CNPq and FAPERGS, Brazil, and by the
US-AFOSR under Grant No. FA9550-09-1-0283.
† pakter@if.ufrgs.br
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applied field and the defocusing forces due to space charge
and thermal effects, causes the whole beam to oscillate in
a coherent breathing mode. Some single beam particle trajectories resonate with this mode, gaining a lot of energy
to form the halo. Based on a low dimensional particle-core
model it is possible to observe this resonance process and
to determine the maximum range of halo particles [3, 4, 5].
Due to conservation of energy, as the halo is being formed
the particles that remain in the core loose energy and the
amplitude of the breathing mode decreases. Eventually,
halo formation ceases and the stationary state is reached.
The whole scenario is analogous to an evaporative cooling
process where the core particles cool down via evaporation
of hot, energetic halo particles. The thermodynamic equilibrium that corresponds to the Maxwell-Boltzmann distribution [24, 25] is not expected to be attained in this process
because the beam dynamics is collisionless [26, 27, 28, 29].
In fact, in the particular case of an initially mismatched
high-intensity cold beam, it has been shown that the final
stationary state can be very well modeled by a completely
cold dense core surrounded by a cloud of energetic particles that carry all the beam emittance [8, 9]. From this
model one can successfully determine the total emittance
growth and the fraction of particles that form the halo in
the stationary state.
In the case of beams with a finite initial emittance, however, the assumption of a completely cold core for the relaxed state is no longer correct. The existence of emittance
in the initial distribution indicates that the beam occupies a
finite volume in the phase-space. Because the Vlasov dynamics that governs beam evolution is incompressible, this
volume has to be preserved. Hence, the occupation of lowenergy regions of the phase-space by the particles as the
core progressively cools down is limited by the finite density of the initial distribution in phase-space, which is is not
compatible with a completely cold core. In other words,
although we are dealing with purely classical particles, the
conservation of volume in the phase space imposed by the
Vlasov equation, leads to a Pauli-like exclusion principle
for the beam particles. Taking this into account, here we
propose that the stationary state for the core corresponds to
a completely degenerate Fermi gas, where the particles occupy the lowest possible energy states accessible to them.
This leads to a self-contained model where the beam density and self-fields can be determined analytically as a function of two parameters – the core size and the halo density.
This parameters are, in turn, readily obtained by numerically solving two algebraic equations that correspond to
the conservation of the total number of particles and the
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energy of the system. The results are compared with selfconsistent N-particle simulations and a good agreement is
found for the density of the stationary state and the emittance growth. In the simulations, the emittance growth is
shown to be weakly dependent on the details of the initial
beam distribution. The model is also used to estimate the
fraction of particles that will evaporate to form the halo. It
is worth noting that a more detailed analysis shows that the
core distribution is indeed not fully degenerate, but more
closely represented by a series of low temperature FermiDirac distributions [26, 30]. If on one hand such representation is capable of describing the stationary state in great
detail, on the other hand it demands more involved computation and requires an equally detailed knowledge of the
initial distribution. In this regard, the model proposed here
is a simplification which, however, provides a fair description of the stationary state and that is only based on the
knowledge of RMS quantities of the initial distribution.

BEAM MODEL AND EQUATIONS
We consider an unbunched beam propagating with a constant axial velocity βb c along the inner channel of a circular grounded conducting pipe of radius rw ; the beam is focused by a uniform solenoidal magnetic field of magnitude
Bz . Both the pipe and the focusing field are aligned with
the z axis. Given the uniform motion along z, we define a
longitudinal coordinate s = βb ct that plays the role of time
in the system. It is convenient to work in the Larmor frame
of reference [31], which rotates with respect to the laboratory frame with the angular velocity ΩL = qBo /2γb mc,
where q, m and γb = (1 − βb 2)−1/2 are, respectively, the
charge, mass and relativistic factor of the beam particles. In
the paraxial approximation, the beam distribution function
f (r, v, s) evolves according to the Vlasov-Maxwell system
[31]
∂f
+ v · ∇f + (−σ02 r − ∇ψ) · ∇v f = 0,
(1)
∂s
2πK
∇2 ψ = −
n(r, s),
(2)
N

where n(r, s) = f dv is the beam density profile, σ0 =
qBz /2γb βb mc2 is the vacuum phase advance per unit axial length which determines the focusing field strength,
K = 2q 2 N/γb3 βb2 mc2 is the beamperveance that is a measure of the beam intensity, N = f drdv =const. is the
conserved number of particles per unit axial length, r is position vector in the transverse plane, and v ≡ dr/ds. As
discussed in the Introduction, it is exactly because the beam
evolves according to the Vlasov Equation (1), that the total phase-space volume occupied by the particles has to be
conserved. In Eqs. (1) and (2), ψ is a normalized potential
that incorporates both self-electric and self-magnetic field
interactions. Due to the presence of the pipe surrounding
the beam, the self-field potential satisfies the boundary condition ψ(r = rw ) = 0. In view of the axisymmetry of the
external focusing field, we assume that the beam distribution has no θ dependence, so that f = f (r, vr ; vθ ; s), where
Beam Dynamics in High-Intensity Linacs
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the angular velocity vθ is a constant of motion for the beam
particles. For the Vlasov dynamics, if the distribution function only depends on the phase-space variables through the
single particle energy, i.e., f (r, v) = f (ε), where
ε(r, v) = (v 2 /2) + (σ02 r2 /2) + ψ(r),

(3)

it will be stationary. When that is not the case, the distribution will vary as function of s, tending to relax to a
stationary state.
The beam envelope rb = [2r2 ]1/2 is a measure of the
transverse size of the beam and evolve according to [31]
rb + σ02 rb − (K/rb ) − ( 2 /rb3 ) = 0,

(4)

where the emittance of the beam is defined as
= 2[r2  v 2  − rvr 2 ]1/2 ,

(5)

the prime denotes derivative with respect to s, the angled
brackets represent the average over the beam distribution,
and v = (vr2 + vθ2 )1/2 . While for equilibrium beam distributions the emittance is a conserved quantity, for a nonstationary beam the emittance = (s) generally grows as
the beam relaxes towards the stationary state. It is clear
from Eq. (4) that there is a competition between the focusing force imposed by the external magnetic field and the
defocusing forces due to space charge and emittance. For
matched beams these forces are balanced in such a way that
the beam envelope remains mostly constant along the transport. Equating rb = 0 in Eq. (4) we obtain the matched
beam envelope


rb∗


1/2 1/2
K + K 2 + 4σ02 2
=
.
2σ02

(6)

More generally, however, the initial distribution will have a
mismatched envelope. In this case, the envelope will start
to oscillate due to the unbalanced focusing and defocusing
forces, and will start to induce halo formation as described
by the particle-core model [3, 4, 5]. In order to quantify
the initial beam envelope mismatch, we define a mismatch
parameter as given by μ ≡ rb (0)/rb∗ (0).
A quantity that plays a key role in the determination of
the final stationary state of the beam is its average energy
per particle. This is given by
E=

v 2  σ02 r2 
+
+ Eψ ,
2
2

(7)

and is conserved along the transport. In Eq. (7), Eψ is the
beam self-field energy per particle given by [31]
Eψ =

1
4πK



|∇ψ|2 dr =

1
2K



rw
0



∂ψ
∂r

2

rdr.

(8)

The aim in the next Sections is to determine the final stationary state achieved by a beam of known initial distribution.
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DETERMINING THE FINAL
STATIONARY STATE

(b)

We start our analysis by considering a beam whose initial
distribution corresponds to a phase-space waterbag. That
is, the particles are uniformly distributed up to a maximum
radius rm and a maximum speed vm ,
f0 (r, v) =

N
Θ(rm − r) Θ(vm − v),
π 2 20

(9)

where Θ(x) is the Heaviside step function and 0 = (0) =
rm vm is the initial beam emittance. Its energy per particle
can be readily computed by solving the Poisson equation
and using Eqs. (7) and (8) to give

2
2
rm
σ02 rm
K
K
vm
+
+
−
log
E0 =
.
(10)
4
4
8
2
rw
The waterbag distribution given by Eq. (9) is quite convenient for our discussion because it has the property that
all the occupied regions in phase-space have the same density N/π 2 20 . Hence, as the beam relaxes, the incompressibility of the Vlasov dynamics will limit the occupation of
the lower energy states available to the progressively colder
core to this density value. In the final stationary state, therefore, the core will resemble a degenerate Fermi gas of density N/π 2 20 that extends up to a Fermi energy εF in the
phase-space. The value of εF is yet unknown, but will be
determined self-consistently. As for the halo, the particlecore model allows us to determine the maximum radius that
the halo particles can attain, rh [3, 5]. Since the particle located at rh represents the outermost one, we can easily determine its energy as εh = σ02 rh2 /2 − K log(rh /rw ). While
for initially cold beams it was found that the halo particles
tend to stay along the separatrix of the particle-core model
resonance [9], for finite emittance beams it was observed
that they typically spread uniformly in phase-space up to
the energy εh [26, 30]. Putting all this information together,
we write the final stationary distribution as
N
[Θ(εF − ε) + χΘ(εh − ε)Θ(ε − εF )] ,
π 2 20
(11)
where χ is the ratio between halo and core density in
phase-space. The distribution is represented in Fig. 1(b).
Note that fs only depends on the phase-space coordinates
through the single particle energy ε, defined in Eq. (3) and
is consequently an equilibrium distribution. It depends on
two still unknown parameter, εF and χ. By integrating
fs (r, v) over the velocity space we can determine the beam
density profile and self-consistently solve Poisson equation
(2). Both the density ns (r) and the self-field ψs (r) of the
stationary state can be writen analytically in terms of modified Bessel functions. By imposing the conservation of
particles and conservation of energy, namely,

(12)
fs (r, v)drdv = N,
fs (r, v) =
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Figure 1: Proposed final stationary distribution in phase
space formed by a dense core (dark gray) and a tenuous
halo (light gray).
2
K
σ02 rbs
−
+ Eψs = E0 ,
(13)
2
4
we determine the unknown
 parameter εF and χ. In
2
= 2r2  = 2 r2 ns (r)rdr, Eψs is obtained
Eq. (13), rbs
by subtitutin ψs (r) in Eq. (8), and use has been made of
2v 2  = σ02 rb2 − K, valid for any equilibrium beam distribution.
Once the final stationary state has been determined,
we can compute the total emittance growth that occurs
in the beam relaxation process, that is given by s =
2 − K, as well as the fraction of particles that
rbs σ02 rbs

evaporate to the halo, Fh = (N χ/π 2 20 ) Θ(εh − ε)Θ(ε −
εF )drdv.
So far, we have only considered the relaxation of beams
with an initial distribution given by the waterbag distribution, in Eq. (9). In general, however, we may expect initial
distributions that present a nonuniform density in phasespace. In order to handle such cases, we can discretize the
nonuniform distribution into p levels [30]. While this procedure allows for a very detailed description of the beam, it
demands an equally detailed knowledge of the beam initial
distribution. In many practical situations, however, there
is no such knowledge and all that is known from the initial beam are the RMS quantities, like the envelope and the
emittance. Taking this into consideration, we take the lowest order p = 1 and approximate any given initial distribution by Eq. (9) with the envelope rm and emittance 0 corresponding to the actual beam. With this, we can estimate
the final stationary state, the emittance growth, and the halo
fraction for any beam, just based on its initial envelope and
emittance. Self-consistent simulations are presented in the
next section to verify the validity of this approximation.

NUMERICAL RESULTS
In order to test the theory presented, we perform N particle self-consistent simulations. The simulations are
based on Gauss’s law where the field at a certain radial coordinate r depends on the total number of particles with
coordinates smaller than r [4]. This method precludes the
effects of collisions between individual particles and is convenient because instabilities and profile distortions around
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the round shape are not expected here [32, 33]. In the simulations we launch N = 5000 macroparticles according
to a prescribed distribution and evolve them until a stationary state is reached. We consider three different initial
beam distributions, namely, a waterbag given by Eq. (9),
a semigaussian distribution and a full gaussian distribution
both in space and velocity. The analysis is simplified if we
measure longitudinal and transverse coordinates in units of
σ0−1 and ( 0 /σ0 )1/2 , respectively. Then, the initial beam
is characterized by two parameters only: K/σ0 0 and the
mismatch parameter μ. In the results presented below, the
halo size used in the theory is not directly obtained by
the particle-core model, but rather, the one approximated
by the empirical formula proposed by Ref. [5], namely,
rh = 2rb∗ (1 + log μ), where rb∗ is the matched beam envelope of Eq. (6).
In Fig. 2, we compare the final stationary particle distribution obtained from the theory (solid lines) and the N particle simulation (dots) for three different cases. In panel
(a) we present the results for an initial waterbag distribution with K/σ0 0 = 0.1 and μ = 1.5. This parameter set
corresponds to a mildly space-charge dominated beam that
is comparable to that found in the experiments of Ref. [7].
Despite the small space-charge forces a large halo is apparent. Clearly the model agrees very well with the simulation
results, describing very closely both the core and the halo
particle distributions. In panel (b), we consider a beam with
the same initial distribution as in (a), but with larger spacecharge forces corresponding to K/σ0 0 = 1.0. Again, a
very good agreement is found. In panel (c), we present an
example with a different initial distribution. In particular,
we consider the same parameters as in panel (b), namely
K/σ0 0 = 1.0 and μ = 1.5, but now for a fully gaussian
distribution. As expected, because the initial distribution
is nonuniform both in the configuration and the velocity
space, the final agreement between the final stationary state
reached in the simulation and the theory is not as impressive as in the previous cases. Nevertheless, taking into consideration the crudeness and simplicity of the model, the
results are still quite satisfactory. Particularly concerning
the halo distribution which is reasonably close to the actual
one.
We compare the emittance growth calculated from the
model and obtained from the simulations with different initial conditions. These results are presented in Fig. 3(a) as
a function of the mismatch parameter for K/σ0 0 = 0.1.
The theoretical results are found to be in good agreement
with the numerical results. We also apply the theory to estimate the fraction of particles that evaporate from the core
to form the halo. In Fig. 3(b), we show Fh as a function
of the mismatch parameter μ obtained from the theory. A
nearly linear dependence of the halo fraction with the mismatch parameter is observed. The figure also indicates that
the halo fraction decreases as the space-charge is increased.
In fact, this trend is verified by computing Fh as a function
of K/σ0 0 for fixed μ (not shown). We note that although
the halo fraction is a decreasing function of K/σ0 0 , the
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Figure 2: Comparison of the normalized charge as a function of radius obtained from the theory (solid curve) and
the N -particle simulation (red dots).
total charge in the halo, given by KFh , grows as the beam
becomes more intense.
As far as emittance growth is concerned, the results presented in Fig. 3(a) for a low space-charge beam are very
similar to those obtained from the free-energy model described in Ref. [1]. Thus, our emittance growth estimates
should also agree very well with the experimental results
presented in Ref. [7]. Nevertheless, in contrast to the freeenergy model [1], the theory derived here not only allows
for emittance growth estimates, but also provides o good
description of the final stationary distribution attained by
the beam, including halo density and fraction. Therefore,
it would be interesting to validate the model against experimental results of halo formation in mismatched spacecharge dominated beams [7, 34, 35, 36].

CONCLUSION
A simplified theoretical model that allows to predict the
final stationary state attained by an initially mismatched
beam is presented. The theory allows to estimate important
quantities, such as, the emittance growth and the fraction of
particles that evaporate to the halo in the relaxation process.
In particular, regarding the halo fraction, the model fore-
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Figure 3: In (a), the emittance growth s / 0 as a function of the mismatch parameter μ obtained from the theory (solid curve) and the N -particle simulations (symbols)
for K/σ0 0 = 0.1. The symbols correspond to the different initial distribution in the simulation: waterbag (circle),
semi-gaussian (square), and gaussian beam (diamond). In
(b), the halo fraction Fh as a function of the mismatch parameter μ obtained from the theory.
sees a nearly linear increase with the mismatch amplitude,
as well as an inverse dependence with the space-charge
parameter K/σ0 0 . Self-consistent N -particle simulations
were performed to verify the predictions of the theory.
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SELF-CONSISTENT BEAM DYNAMICS IN RF LINACS
WITH NON-SYNCHRONOUS HARMONICS FOCUSING*
V. S. Dyubkov#, S. M. Polozov,
National Research Nuclear University “MEPhI”, Moscow, Russian Federation
Abstract
It was done the studies on high intensity ion beam
dynamics in axisymmetric rf linacs both analytically, in
terms of the so-called smooth approximation, and
numerically in [1-3] rather carefully. For all that, effects
of beam self-space-charge field were not taken into
consideration under analytical investigations of the
focusing by means of non-synchronous harmonics up to
date. These effects are said to affect a focusing parameters
choice deeply. A “beam-wave” Hamiltonian is derived
under assumption that a bunch has an ellipsoidal form.
Analytical results specify that given in [4] and it is
verified numerically.

INTRODUCTION
Linac design is of interest to many fields of science,
industry and medicine (e.g. nuclear physics, surface
hardening, ion implantation, hadron therapy). The number
of linacs is increased steadily. The most significant
problem for low-energy high-current beams of charged
particles is the question of its stability because of the
influence of Coulomb’s repelling forces. Beam motion
stability can be realized by means of the following
focusing types: alternating phase focusing, radio
frequency quadrupoles, focusing by means of the
nonsynchronous wave field as well as the undulator one.
However, system with alternating phase focusing is not
suitable for low-energy high-current beam acceleration,
because it requires small values of synchronous phase.
Radio frequency quadrupoles showed itself as initial linac
sections well, but careful beam dynamics study gives, that
considerable part of input rf power is spent on transverse
focusing. Due to such rf power disproportion between
degrees of freedom radio frequency quadrupoles have a
small acceleration rate usually. Acceleration and focusing
can be realized by means of the electromagnetic waves
which are nonsynchronous with a beam (the so-called
undulator focusing). Unfortunately, systems without the
synchronous wave are effective only for light-ion beams.
For low-energy heavy-ion beams to be accelerated it is
necessary to have the synchronous wave with particles.
Linac sections with rf focusing by the nonsynchronous
harmonics can be adequate alternative to that with
alternating phase focusing and radio frequency
quadrupoles, joining its advantages. Zero-intensity beam
dynamics analysis in linac sections with rf focusing by the
nonsynchronous harmonics was done previously [1-3].
For intense, high-brightness beams from rf linacs, it is
important to have analytical results together with
_________________________________________
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#
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numerical ones which help do a linac parameters choice
to ensure total beam stability. In this paper analytical
results specify that given in [4] and it is verified
numerically.

BASIC RELATIONS
Self-consistent beam dynamics is described by the 2nd
Newton’s law together with Poisson’s equation as

⎧ d ⎛ dR ⎞
⎟ = q(E − ∇ R Φ c );
⎪ ⎜⎜ m
⎨ dt ⎝ d t ⎟⎠
⎪∇ 2 Φ = − ρ ε ,
0
⎩ R c

(1)

where m is a beam mass, R is a beam radius-vector, q is a
beam charge, E is an external rf field, Φc is the self-spacecharge field potential, ρ is a beam charge density, ε0 is the
free space permittivity.
Let us express rf field in axisymmetric periodic
resonant structure as an expansion by the standing wave
spatial harmonics assuming that a structure period is a
slowly varying function of the longitudinal co-ordinate z

⎧ Ez =
⎪
⎨
⎪ Er =
⎩

∑ E I (k r ) cos(∫ k dz)cos ωt;
∑ E I (k r ) sin(∫ k dz)cos ωt,
n 0

n

n 1

n

n

n

(2)

n

n

where En is the nth harmonic amplitude of RF fields the
axis; k n = (θ + 2πn ) D is the propagation wave number
for the nth RF field spatial harmonic; D is the geometric
periods of the resonant structure; θ is the phase advances
per period D; ω is the circular frequency; I0, I1 are
modified Bessel functions of the 1st kind of orders 0 & 1.
One assumes the beam velocity does not equal one of
the spatial harmonic phase-velocities except the
synchronous harmonic of rf field, the geometric period of
rf structure being defined as D = β s λ( s + θ 2π ) , where s
is the synchronous harmonic number, βs is the relative
velocity of the synchronous particle, λ denotes rf
wavelength.
The analytical investigation of the beam dynamics in a
polyharmonic field (2) is a difficult problem. Rapid
longitudinal and transverse oscillations as well as a strong
dependence of field components on transverse
coordinates does not allow us to use the linear
approximation in the paraxial region for a field series.
Nevertheless the self-consistient analytical beam
dynamics investigation can be carried out by means of the
so-called smooth approximation [5].
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Thus, the solution of the motion equation (the particle
path) in the rapidly oscillating field we shall search as a
sum of a slowly varying beam radius-vector component
and a rapidly oscillating one. After some manipulations
(as it was done in Ref. [1-5]) one can readily obtain the
motion equation, in the synchronous particle frame, in the
well-known form
d 2Q
= −∇ QU ef ,
dτ 2

(

where W0 = mc2, Ib is the beam current and coefficients
are
2
2
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Charge density is considered as a constant due to the
fact that Uext does not depend on time variable explicitly.
Therefore one can write the self-space-charge field
potential for the biaxial beam shape in a form
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Here ℓ and ρ [m] are RMS beam length & radius. Using
Eq. (3) one can obtain a “beam-wave” Hamiltonian.
Maclaurin series of the EPF is
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where Q = {ζ, η}, Q = 2π R − R s β s λ , R is the mean
value of R over rapid oscillation period, Rs is the
synchronous particle radius-vector, τ = ωt, Uef is the
effective potential function (EPF) which is defined as
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It is necessary that the parameters of the channel will be
chosen in terms of the conditions Ω 20 ζ > 0, Ω 20η > 0 (for
the simultaneous transverse and longitudinal focusing).
In terms of Eq. (9) one can readily write threshold
current values for longitudinal and transverse beam
motion:
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Figure 1: Threshold beam currents.
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COMPUTER SIMULATION RESULTS
The analytical results obtained above were used to
estimate the beam threshold current at the linac with
θ = π. The beam was the unbunched 2.5 keV/u lead ions
Pb25+ with charge-to-mass ratio 0.12. We consider there
are two spatial harmonics at the linac. One of it is the
synchronous harmonic with s = 0, and another one is the
nonsynchronous (focusing) with n = 1. In the beginning,
beam dynamics simulation was conducted to calculate
threshold beam current values under next conditions:
system length – 2.44 m; bunching length and field
increasing one were the same and the former being equal
to 1.75 m; channel aperture – 5 mm; input/output value of
the equilibrium particle phase ϕs were π/2 and π/6;
synchronous harmonic maximal value at the axis was
equal to 16.1 kV/cm; the ratio of the harmonic
amplitudes e1/e0 was equal to 9. The equilibrium particle
phase linearly increases at the bunching length and
plateaus further. Note that the variation of the
synchronous harmonic amplitude against longitudinal
coordinate (at field increasing length) was calculated by
using the technique described in [3]. Initial beam radius
was 1 mm. Threshold beam currents behavior is shown in
Fig. 1. One can see that threshold values increase at the
linac length. It can seem strange but it should not forget
that harmonic amplitudes are increasing functions too.
Thus one can see that total threshold current value is
defined by the longitudinal one and the beam current
value should not be grater than that at the linac input.
Further, the results obtained above were verified by
means of a modified version of the specialized computer
code BEAMDULAC–ARF3 [1] under different beam current
values. Results obtained above agree within a few percent
with the numerical simulation ones. Threshold current,
which ensure high particle transmission, is equal to 6 mA
for the chosen parameter set. There are longitudinal (a)
and transverse (b) beam phase space projections together

Beam Dynamics in High-Intensity Linacs

Figure 2: Beam phase space projections.

SUMMARY
Beam dynamics model with regard for particles
interactions was made. Threshold beam currents were
evaluated in terms of this model. The necessary
restrictions on the linac parameters were imposed. The
numerical simulations of the self-consistent low-velocity
high-brightness heavy-ion beam dynamics confirmed the
analytical results obtained in toto.
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MODELLING OF ELECTRON AND ION DYNAMICS IN THE ELECTRON
CYCLOTRON RESONANCE ION SOURCE BY MEANS OF PIC-SELF
CONSISTENT NUMERICAL SIMULATIONS*
L. Celona#, S. Gammino and G. Ciavola, INFN-LNS, Via S. Sofia 62, 95123, Catania, Italy
D. Mascali, CSFNSM, Viale A. Doria 6, 95125 Catania, Italy
Abstract
The properties of Electron Cyclotron Resonance Ion
Sources (ECRIS) plasmas, up to now, have been largely
studied on the basis of a global approach. However the
design of new generation sources, able to provide high
intensity beams of multiply charged ions, requires a more
accurate investigation of both electron and ion dynamics.
Recent experiments have demonstrated that even slight
frequency’s changes (of the order of MHz) considerably
influence the output current, and what’s more important,
even the extracted beam properties (beam shape,
brightness and emittance) are affected [1,2].
The paper will briefly describe the approach used to
simulate the phenomena observed by referring to some
recent papers for further details.

INTRODUCTION
According to the model that has driven the
development of ECRIS in the last years, a large variation
of the pumping microwave frequency (order of GHz)
along with the proportional increase of the magnetic field
boosts the extracted current for each charge state because
of a larger plasma density.
However the improvement of ECRIS performances, based
on the simultaneous increase of the above mentioned
parameters, is now close to saturation, limited mainly by
the reliability of the magnets and by the costs.
Therefore to overcome such limitations several
alternative heating schemes were proposed, by different
teams spread over the world. The most successful, named
Two Frequency Heating (TFH) [3], consists in the use of
two waves at different frequency instead of one, both
carrying a total amount of power that is approximately the
same of a single wave. Even if a clear improvement has
been observed, these experiments have not given an
explanation or a methodology to better understand the
coupling mechanism between feeding waveguide and
cavity filled with plasma and the energy transfer between
the electromagnetic field in the source plasma chamber
and the plasma therein confined.
From a couple of years, the INFN-LNS ion source
group, on the basis of different experiments carried out
from 2001 [4,5] has proposed a model [6,7], now
accepted from the scientific community, to explain the
observed results, based on the hypothesis that standing
waves are formed inside the ECRIS plasma chamber.
____________________________________________
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Such hypothesis has been verified experimentally on
different 2nd generation ECRIS by slightly changing the
frequency around the operating one [1,8,9]. Remarkable
changes in the beam intensity and in its distribution have
been observed confirming that a frequency dependent
electromagnetic distribution is preserved even in the
presence of plasma inside the source (the so called
"Frequency Tuning Effect").
In order to investigate how this fine tuning affects the
plasma heating, a set-up for the injection of variable
microwave frequency into the ECRIS cavity has been
prepared. The microwave power was fed by means of a
Klystron-based generator [1,8] or a by means of a
Travelling Wave Tube amplifier with a broad operating
frequency range [9]. The frequency has been
systematically changed and the beam output was recorded
either in terms of charge state distributions and beam
emittance. Since the microwave frequency was the only
parameter changed in each measurement, the variation
observed in terms of reflection coefficient, extracted
current and beam emittance, clearly reveal the role of the
electromagnetic distribution inside the plasma chamber
cavity which changes with the frequency and affects the
final structure of the extracted beam.
In recent experiments we recorded also the
bremsstrahlung X-rays emission in order to achieve some
insights about the electron energy distribution function
(EEDF) [10]. The ECRIS have a broad EEDF, not ideal
for the safe operation of the sources, especially when
superconducting magnets are used. X-rays measurements
reveal a large amount of MeV electrons, that locally heat
the cryostat and make the aging of the insulator faster.
Conditions for the suppression of high energy particles
must be understood in order to fully exploit the ECRIS
ability to produce high brightness beams, and the plasma
heating modelling permits a better insight.
In order to take into account all the above mentioned
phenomena a numerical code has been developed at
INFN-LNS with MATLAB in order to follow the electron
and ion dynamics by means of a Monte Carlo collisional
approach. More details are available in [6,7]. We are able
to perform fully 3D collisional simulations of ECRIS
plasma, splitting the electron and ion dynamics, and
looking separately to their time evolution.
The collision probability is calculated according to a
well known Monte Carlo technique, once known the
characteristic time of Spitzer collisions. Finally, the
Monte Carlo hybrid code solves the relativistic Landau
equation for electrons and a non-relativistic equation for
ions:
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FUTURE PERSPECTIVES
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ELECTRODE DESIGN OF THE ESS-BILBAO ACCELERATOR PROTON
EXTRACTION SYSTEM∗
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ESS-Bilbao, Leioa, Bizkaia, Spain
Abstract
The goal of extracting high proton currents from the
ECR source of the ESS-Bilbao Accelerator has required
comprehensive and systematic studies to find the appropriate geometric parameters for the electrode extraction system. Electrostatic and beam dynamics simulations are used
to achieve a complete optimization of the accelerating electrode shapes, gap distances, and extraction electrode apertures, in order to ensure the extraction of a 70 mA proton
beam from a 3.75 mm aperture radius. For the accelerating
electrode shapes two different designs were mainly analyzed; the first is based on a Pierce geometry; and the second on a spherically convergent layout. Both designs consist of a tetrode system comprising a plasma electrode fed
at 75 kV, followed by a puller system formed by a grounded
extraction electrode separated to a certain distance from the
plasma chamber, an electron repeller electrode fed at -3 kV;
and finally, a fourth electrode at ground potential.

INTRODUCTION
The ESS-Bilbao project aims to build an accelerator able
to produce high current proton beams [1]. The extraction
system, which intrinsically determines the current of the
beam and its quality, is a critical part of the ECR source
where strong magnetic solenoidal field traps the plasma
such that it is further ionized by means of a 2.7 GHz and
1.2 kW klystron [1]. In fact, an optimal electrode shaping
is fundamental to extract a well focalized beam with high
current and low emittance. An extraction system with four
electrodes in a tetrode configuration seems very suitable for
extracting high current proton beams in good conditions.
The performance of this kind of extractors in similar ECR
sources was already demonstrated numerically and experimentally by the Sherman [2] investigations which are used
as a reference in this analysis. To design the shapes of the
accelerating electrodes two different approaches are taken;
firstly, the analytic derivation of Pierce [3]; and secondly,
by considering the space charge dominated beam flowing
between a concentrically spheric electrode geometry [4].
The Pierce geometry is often used by space charge dominated extraction systems where undesired forces, specially
coming from radial electrostatic fields and from the longitudinal component of the magnetic field produced on the
ECR solenoids can be more easily minimized [5]. On the
other hand, using spherically shaped electrodes could con∗ Work
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tribute to improve even further the charged particle flow
and to extract higher currents than the Pierce layout.
It is expected that the new ESS-Bilbao ECR ion source
will deliver a current density at the injection plane around
2500 A/m2 . In fact, similar sources like SILHI [6]
and LEDA [2] have already provided plasma densities of
2470 A/m2 and 2590 A/m2 , respectively. Higher currents could be extracted by increasing the aperture; however, it would also deteriorate the emittance and the probability of charge transfer in the extraction system because of
higher residual gas pressure. Moreover, the maximum field
strength is also reduced if the aperture is increased [5].
The well-known POISSON-SUPERFISH [7] software
from LANL is used to calculate the electrostatic fields by
solving the Laplace equation for well defined boundary
conditions. The GPT [8] code is used to solve the equation
of motion with a 5th order embedded Runge-Kutta solver.
The aim of these simulations is to obtain an electrode
system capable of extracting, accelerating, and delivering a
high quality proton beam from the plasma chamber to the
LEBT system. Moreover, the normalized rms emittance at
the LEBT position must be kept about 0.2 π-mm-mrad in
order to get an acceptable matching to the elements downstream the accelerator, in particular the RFQ [9]. The extraction system geometry that delivers the best beam parameters calculated at 530 mm from the source (LEBT first
solenoid position) is selected.

ELECTRODE SYSTEM GEOMETRY
ANALYSIS
The extraction system is principally composed of a
75 kV plasma electrode and an extraction grounded electrode placed downstream at a certain accelerating gap distance, so that the electric field strength E is mainly given by
the voltage applied to the plasma electrode and the distance
dgap between the plasma and the extraction electrode. The
extraction electrode is followed by another electrode fed at
-3 kV to be used as a repeller for the low energy electrons
that could be attracted to the plasma potential. The tetrode
system is completed with a ground electrode placed next
to the electrode repeller to limit the -3 kV potential. The
repeller and its associated grounded electrode delimits a
maximum radius and a certain longitudinal distance where
the beam has to go through without hitting the electrodes.
The extracted ion beam current can be either limited by
emission or by space-charge. For space-charge limitations
and considering an infinite and planar emission area of ions
with zero initial longitudinal velocity, the maximum ex-
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tracted current carried by protons can be approximated by
the Child-Langmuir law [10]:
IC−L =

4
π0
9



2eξ
m



rap
dgap

2

Vp3/2

(1)

where Vp is the plasma electrode potential drop, ξ = 1
the ion charge state, S = rap /dgap the aspect ratio between the rap plasma chamber aperture radius and the dgap
accelerating extraction gap distance [5]. Figures 1 and 2
respectively show the extractable current and current density at different gap distances for a Vp =75 kV and plasma
potentials for a dgap =14 mm calculated from equation (1)
where rap =3.75 mm. The inset figures show the extractable
current and current density approximated region of interest
within values already achieved in currently working ECR
sources [2, 6].
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Pierce Extractor Geometry
An analytic self-consistent solution to solve the Laplace
equation for a space-charge flow problem can be calculated
when the particle velocity through the accelerating gap is
non relativistic. The analytic derivation of Pierce [3] gives
a self-consistent electrostatic solution for electrodes when
the source is placed at z=0 and the extraction electrode at
z=d. The electrostatic potential through the gap can be expressed as:

3/4
z
φ(x, y, z)
=
(2)
Vp
dgap
In order to get the right electrode shaping, equation (2) can
be solved from considering some specific boundary conditions. In particular, a Pierce solution for plasma electrode
shape is found as:
π
4θ
=
(3)
3
2
Equation 3 estimates a plasma electrode angle inclination
of θ = 22.5 degrees with respect to the source vertical
plane. On the other hand, the extraction electrode shape
can be calculated as:

3/4  
ρ
4θ
×
=1
(4)
dgap
3
where dgap is the extraction gap distance and ρ the radial
polar coordinate. The extraction electrode shape varies as
a function of the accelerating gap length and the plasma
electrode angle has to be optimized within a certain range
of angular values in order to obtain a self-consistent solution.

Spherical Extractor Geometry
Figure 1: Langmuir extractable current and current density
versus extraction gap distances for a 75 kV plasma potential.

Figure 2: Langmuir extractable current and current density
versus plasma electrode voltages for a 14 mm extraction
gap.
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A different tetrode system based on a spherically convergent electrode architecture is also investigated [4]. The aim
of analyzing this geometry is to improve even further the
beam parameters in comparison with the Pierce geometry.
The Poisson equation can be expressed in terms of
a space-charge flowing between two concentric spheres
as [4]:


1 d
4πρ
2 dV
(5)
r
=
r2 dr
dr
0
By neglecting the initial velocity, the ion space charge can
be substituted in Equation (5) with the following expression:

m
I
(6)
ρ=
4π 2eVp
Equation (5) can be solved in terms of a series, and the solution given by Langmuir-Blodgett for the extractable current
is:

3/2
40 2q Vp
IL−B =
(7)
9
m α2
where:
α = γ − 0.3γ 2 + 0.075γ 3 − 0.01432γ 4 + 0.0021609γ 5−
−0.00026791γ 6 + ...
(8)
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and:


γ = Ln

R1
R0


(9)

α is called the Langmuir function and it depends on the
aspect ratio, R, between the extraction electrode spherical
radius, R1, and the plasma electrode spherical radius, R0.
Figure 3 shows the extractable current and the Langmuir
function versus R. By following the Langmuir theory, and
in order to have a converging beam, it is necessary to have
the emitter outside the collector so that the R0 > R1 condition is fulfilled.

0.11 T maximum value at plasma aperture position is also
simulated. Beam emittance and radius are calculated from
all the surviving particles that successfully pass through an
artificial disk of 100 mm (LEBT solenoid) diameter placed
at 530 mm (LEBT position) from the source.
The extraction system parameters imposed by project requirements are: the 75 kV plasma electrode potential; the
-3 kV electron trap potential; the 5 mm extraction electrode thickness; a separation distance of 5 mm between
the extraction and repeller electrodes; the 7 mm extraction electrode thickness; the 5 mm separation distance between repeller and the last grounded electrode; the 5 mm
last grounded electrode thickness; and the plasma chamber
aperture radius at 3.75 mm; The electron trap and the last
grounded electrode have also a 3.75 mm aperture radius.
On the other hand, the main parameters to be optimized
are: the accelerating gap, the extraction electrode aperture,
the Pierce plasma electrode angle, and the spherical electrode radius.

Pierce Electrode System Results

Figure 3: Langmuir function and total current versus the
normalized spherical electrode radius.
Results indicate that to extract a 70 mA proton beam
through a spherically convergent electrode accelerating
system, the R ratio should be about 0.14.

BEAM DYNAMICS
The electrostatic and magnetic fields calculated with
POISSON-SUPERFISH are imported to the GPT (General
Particle Tracer) software to compute the beam dynamics
for a given initial particle distribution.
A fundamental difficulty in the calculations for the
space-charge-limited flow is that the electric field gets close
to zero values on the plasma surface such that two standard approaches are implemented; the first is to model the
plasma meniscus as a continuation of the 75 kV plasma
electrode from the 3.75 mm plasma aperture to the axial
position, in particular, using a hyperbolic function for the
Pierce case, and a spherical radius for the spheric design;
the second approach is to place the initial distribution of
particles at a certain distance <1 mm from the emission
surface [12]. The 70 mA proton beam is allocated in a
Gaussian distribution of 1000 macroparticles with an initial energy of E0 = 1 eV. The 2D initial particle distribution is represented as a disk of 3.75 mm radius parallel
to the XY plane and with zero longitudinal length. Simulations do not include space charge neutralization or a
beam with multi charge states like H2+ and H3+ . From the
ECR plasma chamber solenoids, an axial magnetic field of
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The extraction gap was simulated for distances from
10 mm to 30 mm in 0.1 mm spatial increments. Figure 4
shows the percentage of particles killed and transverse rms
emittance versus the extracting gap length. The best beam
parameters are found for a 14 mm accelerating gap. Figure 5 represents the beam maximum radius and transverse
rms normalized emittance versus the plasma electrode angle. A value of 31 degrees is found as the optimal value,
with a rms emittance of 0.2261 π-mm-mrad. In a similar
procedure, the extraction electrode aperture radius was also
optimized at 2.9 mm. Figure 6 shows the optimum Pierce
electrode design and particle trajectories.

Figure 4: Percentage of lost macroparticles and rms emittance versus extraction gap for the Pierce case.

Spherical Convergent Electrode System Results
Simulations are initially performed by setting an accelerating gap of 13.2 mm [2]. Figure 7 gives the maximum
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Figure 5: Beam maximum radial length and rms emittance
versus plasma electrode angle for the Pierce case.

Figure 6: Optimum Pierce electrode system design and particle trajectories.
and rms normalized emittances versus the extraction electrode radius. Results indicate that the optimum extraction
electrode radius is R1=11.0 mm. Figure 8 gives the maximum and rms normalized emittances as a function of the
plasma electrode radius such that the optimum value is
R0=12.5 mm. Once the plasma and extraction spherical
radius are optimized, the accelerating gap length is further
refined. Figure 9 illustrates the maximum and the rms normalized emittances versus the accelerating gap which optimum value is estimated at 13.0 mm. The extraction electrode radius is also optimized at 3.5 mm. The best design
of the spherical extraction system is able to propagate a
proton beam up to 530 mm from the source with no lost
particles and a 0.2443 π-mm-mrad rms normalized emittance. Figure 10 illustrates the ideal spherical extraction
system combined with the particle trajectories.
Tables 1 and 2 show the optimal geometric and beam dynamics parameters for the Pierce and spherical extraction
electrode systems. Figure 11 shows the axial electrostatic
fields and potentials.
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Figure 7: Maximum and rms emittances versus extraction
electrode radius for the spherical extractor system.

Figure 8: Maximum and rms emittances versus plasma
electrode radius for the spherical extractor system.

CONCLUSIONS
The work presented here reproduced some of the results from numerous and methodical simulations required
to cover the full spectrum of geometric solutions from
two different extraction systems for the ESS-Bilbao ECR
source. The extractors were parametrized in basis of the
beam dynamic simulations results calculated at 530 mm
from the source. The beam transport downstream each of
the extraction systems up to the LEBT position was sat-

Table 1: Geometric Parameters for the Extraction Systems
System Gap Plasma Angle Ext. Aperture Radius
[mm]
[deg]
[mm]
Pierce

14.0

31.0

2.9

System Gap R0
[mm] [mm]

R1
[mm]

Ext. Aperture Radius
[mm]

Spheric

11.0

3.5

13.0

12.5
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Figure 9: Maximum and rms emittances versus extraction
gap distance for the spherical extractor system.

Figure 11: Axial electric fields and potentials of the Pierce
and spherical extractor systems.
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CONSIDERATIONS ON A NEW FAST EXTRACTION KICKER CONCEPT
FOR THE CERN SPS
M.J. Barnes, W. Bartmann, B. Goddard#, CERN, Geneva, Switzerland
Abstract
A new 450 GeV/c extraction kicker concept has been
investigated for the SPS, based on open C-type kickers
and a fast-bumper system. The beam is moved into the
kicker gap only a few ms before extraction. The concept
is illustrated in detail with the LSS4 extraction in the SPS
– very similar parameters and considerations apply to the
other fast extraction system in LSS6. A similar concept
could also be conceived for injection but is more difficult
due to the larger beam size. The technical issues are
presented and the potential impact on the machine
impedance is discussed.

the beam coupling impedance will be less of an issue if
the coupling impedance seen by the beam is much less for
most of the accelerating cycle. In addition, since a smaller
vertical gap is required (for a given current), less installed
kicker length will be required, which helps reduce the
overall beam coupling impedance [3]. The smaller
vertical gap and single conductor of the new kickers mean
that the impedance per metre will, however, be higher.
Conductor
Ferrite yoke

INTRODUCTION
The present SPS fast extraction is in the horizontal
plane. The kickers are ferrite C-core with a return
conductor closing the gap, Fig. 1, which provide enough
aperture for the injected beam at 14 GeV. An alternative
extraction kicker concept, Fig. 2, is investigated with the
idea to build an open C-type kicker and fast-bumper
system, such that the beam is moved into the kicker gap
shortly before extraction. In this note the concept is
illustrated with the SPS LSS4 extraction [1] from the
SPS– very similar parameters and considerations apply to
LSS6 [2]. A similar concept could also be used for
injection, with a fast bump to move the beam out of the
kicker aperture; however, this is much more difficult due
to the larger beam size, and is not investigated here in any
detail.
Conductor
Ferrite yoke

Figure 1. Schematic of present MKE kicker. The vertical
gap height is determined by the injected beam size.
For a given magnet current, the kicker field is defined
by the vertical gap; a smaller gap will be an advantage
since more kick strength is available for a given Pulse
Forming Network (PFN) voltage and system impedance.
Kicker beam coupling impedance is an issue for beam
stability, and having the beams present in the kicker gap
for a short time only, and at high energy, could be a big
advantage. Similarly, kicker heating from the real part of
#

brennan.goddard@cern.ch
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Figure 2. Schematic of alternative MKE kicker, where a
fast bump moves beam into the gap. The vertical gap
height is determined by the extracted beam size.

CONSTRAINTS AND ASSUMPTIONS
The constraints and assumptions used in investigating the
feasibility of such a concept are listed. These are initial
estimates and clearly have scope for optimisation.
• Extraction angle from kicker should be 0.5 mrad;
• Kicker vertical and horizontal gap should
provide enough aperture for extracting CNGS
beam at 300 GeV, and a sufficiently good field
quality for this beam;
• The aperture of the kicker for the injected beam
should not be less than at present;
• The flat-top ripple of the kick less than ±1 %;
• The kicker rise- and fall-time should be 1 μs for
the CNGS (this can be longer for LHC, to a
maximum of 6 μs);
• The pulse-length should be enough for CNGS,
i.e. 10.8 μs;
• One design is used for LSS6 and LSS4 (the
vertical aperture could be smaller for LSS6);
• Optics and beam size at kicker locations:
o Maximum beta functions assumed are
100 m X, 35 m Y;
o 12/8 π.mm.mrad normalised emittance
for CNGS beam;
o Dispersion at kicker location: 0.5 m
o δp/p: 0.1 %;
o Orbit allowance: ±4 mm;
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o
o

Alignment tolerance: ±1 mm;
Acceptance: ±5 σ.

REQUIRED KICKER APERTURE
Using the above values the minimum horizontal halfaperture is 14.9 mm, and vertical is 9.5 mm. A minimum
full aperture for a 300 GeV CNGS beam is then assumed
to be 30 mm horizontal, 20 mm vertical, Fig. 3. Note that
vertically this is the same as the extraction gap in the
downstream MS septa, which have larger vertical beta
functions (they essentially fill the half cell), although the
beam only makes one pass in the septum.
Good field region
~48

10

15

the effect of the series inductance of the magnet cell
capacitance on the cell cut-off frequency). For the same
magnet length, and allowing for an effective width of
(w+h/2) because of fringe fields, (w+h/2)/h of 50/20 gives
~5.3 μH, or ~0.53 μs fill time – significantly faster than at
present (~0.9 μs ). Note that the effective width is taken
as (w+h/2) since the return conductor does not close the
aperture and hence there is additional fringe field. It
would be possible to either keep this rise-time margin or
(probably better) build two longer magnets to give the
same total deflection but with only 2 PFNs. For instance,
two magnets each of 2.5 m long at 0.16 T gap field would
have L ≈ 9 μH, or ~0.9 μs fill time.

15

BEAM COUPLING IMPEDANCE
IMPLICATIONS

Bump height ~73

Figure 3. Possible geometry for a new SPS extraction
kicker concept.

CHARACTERISTIC IMPEDANCE,
INDUCTANCE AND RISE TIME
For an impedance matched transmission line system:
• I=U/2Z
• L = μ0(w/h) lm
• B = μ0 I/h
where U is the PFN voltage, L the magnet inductance, I
the magnet current, Z the characteristic impedance of the
(matched) system, w, h and lm are the aperture width,
aperture height and magnetic length of the kicker magnet,
respectively, and B the magnetic field.
The present system impedance, for the MKEs, is 10Ω –
we assume this is kept, so that existing PFNs and
generators can be re-used. The present PFN voltage, for
MKE4 (a matched system), is about 50 kV giving
I ≈ 2.5 kA: for the existing aperture heights of 32 mm (Stype magnet) and 35 mm (L-type magnet), the central
fields are approximately 98 mT and 90 mT, respectively.
For the aperture shown in Fig. 3, and 2.5 kA, the central
field B in the aperture would be approximately 157 mT
(note: the flux-density in the back-yoke of the ferrite Ccore (presently 70 mm), at the centre of the magnet,
would be reduced by ~40 % in comparison with the
existing MKE4 kicker magnet, for a given pulse current).
Keeping the present magnet length lm of 1.674 m, three
magnets (five presently installed) then give 0.804 Tm, or
0.53 mrad deflection at 1503 Tm rigidity for 450 GeV.
The present MKE-L (w/h) is 147.7/35, so L ≈ 9 μH.
Assuming that the fill-time is approximately given by
(L/Z), then the present fill-time is ~0.9 μs (note: L/Z
underestimates the fill-time of the magnet as it neglects
150

The kicker gap height would reduce from 35 mm to
20 mm. As an illustration, for a similar design as the
present MKE, reducing the gap to 20 mm would increase
the real part of the longitudinal beam coupling impedance
by around a factor 2, depending on the frequency, Fig. 4.
However, the total installed length of MKE kickers would
decrease from ~13.6 m (8 magnets) to ~7.8 m (4 or 5
magnets), so the net increase in real longitudinal beam
coupling impedance is only about a factor 1.2. It should
be recalled that this increase is only for of the order of
100 ms or less, and only when the beam is at extraction
energy. Similar scaling or detailed simulation would need
to be made on a more realistic geometry for the
longitudinal and transverse impedances, and detailed
beam dynamics simulations should be made to understand
whether this gives a net advantage.
5000

Real Longitudinal Coupling Z (Ohms/m)

20

4500

Hap=130mm, Vap=20mm

4000

Hap=130mm, Vap=35mm

3500
3000
2500
2000
1500
1000
500
0
0

500

1000

1500

2000

2500

3000

Frequency (MHz)

Figure 4. Theoretical real longitudinal beam coupling
impedance, per m length, for different kicker gap heights.
If the beam coupling impedance is still too large, a
possibility is to have a larger vertical aperture, increasing
the number of magnets accordingly. This would either
directly result in lower beam coupling impedance due to
the larger gap, or more interestingly would allow space
for shielding elements to be inserted, to carry the beam
image current (e.g. as per LHC injection kicker magnets
[4]). Alternatively the coupling impedance could be
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reduced by a serigraphy on the surface of the kicker,
although this has some other technical concerns.

EXTRACTION BUMP

x (mm)

The extraction bump should provide an offset of about
68 mm at the entrance of the kicker, with an angle
matched to the beam size envelope at the kicker location.
The bump, Fig. 5, must also bring the circulating beam
close to the TPSG/MSE for extraction. A long extraction
bump with 5 magnets is needed, Table 1.
The existing MPLH magnets can reach 1.2 mrad, and
the MPSH 0.6 mrad. Possibly bumpers HB3 and HB4
could be combined into one stronger magnet (similar to
that used for slow extraction in SPS LSS2).
The bump rise time should be fast enough that the time
spent by the circulating beam in the kicker aperture is
short compared to the rise-time of the detrimental
processes at high energies (vacuum, instabilities). A risetime of ~200 ms, comparable to existing MPSH/MPLH,
would mean around 50 ms during which the beam is
inside the kicker aperture (2000 SPS turns). The CNGS
beam will be an additional 50 ms inside the kicker for the
2nd batch. The possibility of reducing the bumper risetime will be investigated.
100

HB1

HB2

HB3

HB4

HB5

80
60

MSE
MKE

40
20
0
-20
3834

3866

3898

3930

3962

3994

4026

4058
4090
s (m)

Figure 5. Bumped (blue) and extracted (red) beam
envelopes (±3 σ). The locations of the bumpers (HB),
kicker (MKE) and septum (MSE) are indicated. The
nominal aperture at injection is shown dashed.
Table 1: Bumper locations and deflections.
Bumper

Location

Strength [mrad]

HB1

412

-0.05

HB2

414

0.73

HB3

416

0.21

HB4

417

0.67

HB5

420

-0.05
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EXTRACTION TRAJECTORY, ORBIT
IN QUADRUPOLES AND APERTURE
The extraction trajectory is also shown in Fig. 5.
Assuming three magnets of the present MKE length, the
extraction kicker strength needed is about 0.18 mrad per
magnet, which should be possible with a similar
maximum current to the present MKE4 operating at
52 kV (32/20 * 0.112 = 0.179), and corresponds to 0.16 T
in the aperture. The maximum excursion in QFA418 is
90 mm for the 3 σ edge of the beam, which is acceptable.
Because of the larger negative angle from the bump
than for the present extraction this pushes the extraction
septum inwards by about 2.5 mm compared to the present
situation, which reduces slightly the aperture available for
the injected beam at the extraction septum. The horizontal
aperture at the septum for the injected 14 GeV FT beam
decreases from 5.49 to 5.21 σ.

OTHER SYSTEMS
Additional enlarged quadrupoles QFA and QDA would
be needed at positions 416 and 415, respectively. Four
enlarged quadrupoles in total would be needed to equip
both extraction straight sections. There are only 4 spare
magnets of this type in existence, one of which needs
rebuilding (no tooling exists).
Apertures of other elements (correctors, pickups etc.) in
the LSS between Q15 and Q17 will need to be large
enough horizontally – similar to those already used in the
extraction and injection regions of the SPS near the
enlarged quadrupoles. This might entail the construction
of some new beam instrumentation.
The two MBA dipoles in 416 just before the kicker will
need to be displaced by about 10-12 mm towards the
outside of the SPS, to give enough aperture for the
bumped beam. This is already done in 418 for the
extracted beam.

CONCLUSION
The new concept for fast extraction kickers for the
CERN SPS looks feasible on paper, and could possibly
provide a means to reduce the beam coupling impedance,
especially at injection and during the energy ramp. Some
potential issues with the proposed concept need some
follow-up in order to prove the feasibility.
• Quantify the kicker aperture width, shim and
height requirements from field quality
calculations, and determine the required ferrite
cross-section;
• Simulate the kicker magnet equivalent circuit,
with realistic parasitics, to predict field rise-time;
• Define
maximum
allowable
field
in
ferrite/aperture and required magnetic length;
• Investigate bumper rise-times and powering;
• Simulate beam coupling impedance for new
`kickers compared to existing ones;
• Investigate potential impedance/stability issues
for 2000 turns of beam inside kicker gap (4000
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turns for the 2nd batch of CNGS double-batch
extraction).
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THIRD INTEGER RESONANCE SLOW EXTRACTION SCHEME FOR A
MU->E EXPERIMENT AT FERMILAB*
V.Nagaslaev#, J. Amundson, J.Johnstone, L.Michelotti, C.S.Park, S.Werkema,
FNAL, Batavia, IL 60510, U.S.A.
M.Syphers, MSU, East Lansing, MI 48825, U.S.A.
Abstract
The current design of beam preparation for a proposed
mu->e conversion experiment at Fermilab is based on
slow resonant extraction of protons from the Debuncher.
The Debuncher ring will have to operate with beam
intensities of  ൈ  particles, approximately four
orders of magnitude larger than its current value. The
most challenging requirements on the beam quality are
the spill uniformity and low losses in the presence of
large space charge and momentum spread. We present
results from simulations of third integer resonance
extraction assisted by RF knock-out (RFKO), a technique
developed for medical accelerators. Tune spreads up to
0.05 have been considered.

INTRODUCTION
The Mu2e experiment, proposed at FNAL is aimed to
search for rare neutrinoless decays of a muon to electron
in the Coulomb field of the atomic nucleus [1]. This
experiment is designed to be sensitive to muon
conversion at the level of  ൈ ିૠ , which improves
existing experimental limits by 4 orders of magnitude.
This requires a large suppression of the background. A
pulsed structure of the proton beam suits this purpose. A
veto gate allows prompt beam background to die down
during 750ns, after which the detector is activated to look
for mu-atom decays. The search time is limited by the
muon lifetime in the atom (864ns), therefore, the time
structure defined by the revolution time in the Debuncher,
1.69μs, is almost ideal for this scheme. A single bunch of
20-40ns width is formed in the Debuncher and resonantly
extracted towards the mu2e production target. This bunch
structure provides a substantial natural initial background
suppression. Additional suppression is provided by
external extinction system at level of ି . There are
currently two alternative schemes of the resonant
extraction under consideration: the half-integer and the
third-integer resonance. Here we consider the latter one.

DEBUNCHER
The 8 GeV proton beam from the FNAL Booster is sent
to the Accumulator via the Recycler. Three batches of
53MHz Booster beam are momentum stacked and then
rebunched into an h=4, 2.5MHz rf. Beam bunches then
are sequentially transferred one at a time to the
Debuncher and slowly extracted during 160ms.
The Debuncher ring has 3-fold symmetry, 3 arcs and 3
___________________________________________
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straight sections. In addition, each arc and each straight
are mirror symmetric, giving the machine an overall
dihedral symmetry. Presently the machine optics is not
quite symmetric, in order to accommodate stochastic
cooling and maximize the machine acceptance. After
completion of Run-II, stochastic cooling equipment will
be removed and the lattice symmetry will be restored to
allow high intensity proton operation.

SPACE CHARGE
Main requirements to the resonant extraction are the spill
uniformity and minimal beam losses in the presence of
substantial space charge tune shift. Slow spill from the
Debuncher is done with a single bunch with rms length of
40ns and initial intensity of  ൈ  protons. Space
charge tune shift is therefore significant. Due to high
dispersion in the arcs (Dx=2m) and finite momentum
spread (σp/p= 0.004), however, this tune shift is reduced
to about 0.015. It is very important for the experiment to
keep the bunch length as low as possible. However,
reduction of rms length down from 40ns requires a
considerable increase of the rf power in the Debuncher,
and therefore its cost. If the trade-off between cost and
performance is made in favour of the latter, the bunch
length will be reduced to 20-30ns, therefore increasing the
space charge tune shift to 0.025-0.03. This kind of a tune
spread with a strong asymmetry of the tune distribution
represents difficulties for the resonant extraction, in
particular when a good uniformity of the spill shape is
required.

TRACKING SIMULATIONS
Computer simulations of third-integer resonance
extraction has been performed using the ORBIT code
developed at ORNL [2]. Horizontal resonance tune was
chosen at 29/3, the closest point to the current machine
tune. Transfer matrices based on the improved symmetric
lattice were used in this simulation. The sextupole field
was formed by 2 orthogonal groups of 3 sextupoles,
located in two straight sections. A quad circuit for tune
ramping comprised 3 trim quads in the middle of each
straight section. An extraction septum and lambertson
magnet are located in the third straight. The septum width
is assumed to be 100μ, as that used in other applications
around the lab.
For calculating the space charge (SC) effects we used a
so-called 2.5D-mode of ORBIT, where the particle
density in longitudinal bins is calculated according to the
actual longitudinal distribution, and the transverse
distribution is assumed to be the same along the bunch.
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O
ORBIT SC calculation allows parallelization and
d
ccomputations were done on the mu
ulti-node farm
m
H
Heimdall. Fig
gure 1 shows an example of
o phase space
ccalculation witthout SC (a) an
nd with the SC
C (b). It can be
seen that in th
he presence of SC extractio
on occurs from
m
ddifferent separratrices due to the
t tune spread
d.
Figure 2. Tune distributiions vs. horizoontal action at tthe
onset of thhe resonance aand at exact ressonance.

F
Figure 1. Norrmalized phase space of th
he beam: a) at
a
ddifferent mom
ments of extraction without SC; b) at the
bbeginning of extraction with SC.

SSeptum Lossses
Losses at the
t
extraction point are a very essentiaal
cconcern of thee project. The total
t
beam pow
wer is 24kW, so
o
llosses at the level of 2%
% would prod
duce 500W of
o
rradiation poweer localized reelease in the beam enclosuree.
Septum losses are determined by the ratio of
o its width and
d
tthe step size (particle
(
positiion increment after 3 turns)).
O
One of the ad
dvantages of th
he third integeer resonance is
i
tthat the step size is growing
g with the betaatron amplitude
aand can be made
m
large far from the sep
paratix. Septum
m
pposition and the sextupole field have been
b
chosen to
o
m
maximize the step size wiithin limits of the machine
aacceptance.

R
Ramps
Two ramps need
n
to be eng
gaged in generaal to control the
spill – the seextupole field
d ramp and th
he tune ramp
p.
H
However, the sextupole field
d needs to be kept
k
constant at
a
tthe optimum setting,
s
and also the spill haas to start soon
n
aafter injection,, therefore the sextupole field
d ramps rapidly
y
ffrom zero to th
he nominal vallue and then sttays constant. It
I
w
will eventually
y be replaced with
w a constant field.
If the mach
hine tune is set
s exactly to the resonance
vvalue, it takes a long time to extract all the beam, because
pparticle tunes are separated
d from the ressonance by the
space charge tu
une shift, and those in the co
ore of the beam
m
aare separated the most. Wee tried first ap
pproaching the
rresonance from
m above in order to expose th
hose particles in
n
tthe core the first. Howev
ver, this appro
oach increased
d
llosses on the septum, becau
use in this casse particles are
eextracted away
y from exact resonance
r
and the step size is
i
ttherefore redu
uced. Typically
y in this case septum lossees
start with abo
out 5% in the beginning off the ramp and
d
rreduce to 1-2%
% in the end of
o the ramp. Approaching
A
the
rresonance from
m below is more
m
promisin
ng in terms of
o
llosses, althoug
gh in this case it is more diffficult to contro
ol
eextraction of th
he core particlles in an uniforrm way. Figure
22a shows the distributions
d
of
o the particle tune
t
versus the
hhorizontal action at the onsett of the resonan
nce.
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The staarting machine tune is 9.650.. Red lines shoow the
2/3 resonnance extractiion area bounndaries due tto the
sextupole field. Figure 2b shows thhis distributionn after
machine tune been raamped to thee exact resonnance.
Substantiaal part of the bbeam is still thhere and far froom the
resonancee. After the tuune ramp stoopped at this point,
extractionn continues annd the tune sprread shrinks, w
which
helps the extraction ratte, but this raate is still veryy low.
Extractionn can be assistted with continnuing the tunee ramp
and exerccising multiple resonance croossing, but it iss hard
to controll the spill rate uuniformity in thhis case.

RF K
KNOCK-OU
UT
We proopose another way to assisst extraction iin the
situation oof Figure 2b. If one succeedds to heat the beam
transverseely fast enouggh, the tune distribution w
would
move to thhe right and upp. This would m
make it closer to the
extractionn area on one hand, and witth a proper m
mixing,
would alsso reduce the S
SC tune spread. Such a techhnique
already hhas been used for slow exttraction purposses in
medical ap
applications [3]], although the primary goal oof that
was to turrn off/on the bbeam extractioon. This technique is
known ass RF knock-outt (RFKO). We are using RFK
KO as
a feed-bacck tool for the fine control off the spill rate.
RFKO allows us to ccontinue extraaction with preesence
of the strrong space chharge while keeeping the maachine
tune closse to the resonance. In thiss case particlees are
extracted on the resonnance, therefore the step size is
maximizeed.
Sufficieent transverse E-field may be provided by a
regular ddamper. Frequeency modulatiion around a single
betatron sideband is rrequired to sw
weep the exciitation
frequencyy within the tuune spread of the beam. Colloured
noise m
modulation (raandom signall within a given
bandwidthh) appears to be the best w
way of modullation,
however we didn’t finnd its advantagges in perform
mance
comparedd to the nnormal sweeeping with phase
randomizaation betweenn sweeps, so we used the latter
approach in our simulaations. Figure 3 shows the R
RFKO
power (reed) and instantt spill (green) rrate during thee spill.
The dasheed blue line shoows the nominnal rate.
RFKO ppower is used here as a feedbback knob to ccontrol
the spill uuniformity. Althhough sophistiicated and intellligent
techniquees exist to mannage feedbackss, a simple filteer was
used in siimulations. Thhe power settinng was updatedd once
every 1000 turns. If thhe extraction rate is higherr than
nominal aat the moment of update, power is reducedd by a
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cconstant down
n-factor. Powerr is multiplied by
b an up-facto
or
oonly if the ratee is lower than nominal and not
n
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analyticall calculations in conditions close to thosse we
used in ouur simulations, although not including the space
charge. T
The dark curvve in Figure 5 represents those
computatiions. Based onn those calculattions the simullations
have beenn performed [44] using tools other than OR
RBIT,
their resullts are shown aas red dots in F
Figure 5.

F
Figure 3. Instaant spill rate (grreen) and RFK
KO power (log
scale) applied to correct the spill
s
rate.
ggrowing. Norm
mally it takes about
a
1ms for the
t feedback to
o
ttake effect, theerefore the up--factor is chossen to be above
aand close to 1.0. When the rate
r started to grow, it grow
ws
ffast, therefore the down-facttor should be small. One can
n
see in Figure 3 that RFKO power
p
is grow
wing slowly and
d
ddrops down faast due to thiss choice of u- and d-factorss.
M
Maximum RF
FKO power haas been limiteed by available
hhardware speecs. Instantan
neous rate variations
v
are
substantial butt hard to avoid.. However, wh
hat matters mosst
ffor the experim
ment is the inteegrated uniform
mity. As shown
n
iin Figure 4d,, the overall beam intensitty curve look
ks
ggood. Figures 4 a)-c) show
w respectively the quad, tune
aand sextupole ramps during the
t spill.

Figure 5. Numeric compputations of thhe geometric seeptum
m position.
losses verrsus the septum
Nominal septum positioon is at 1.4cm,, which corressponds
to inefficciency about 2% that is very close too our
observatioons.

SU
UMMARY
We prooposed a methhod of controllling the spill rrate in
the presennce of a stronng space chargge tune shift. It has
been show
wn in the trackking simulationns using the O
ORBIT
package that this can effectively hhelp to makee spill
uniform. Simulations were also eextended to hhigher
intensitiess and tune shiifts up to 0.055 and similar rresults
have beeen obtained. W
With realisticc beam and lattice
parameterrs it was shownn that septum llosses can be kkept at
or below 2%. Analyticc calculations were made foor the
extractionn inefficiency aand results obttained are in a good
agreemennt with the simuulations resultss.
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IMPACT OF UNCAUGHT FOIL-STRIPPED ELECTRONS IN THE
SPALLATION NEUTRON SOURCE RING
S. Cousineau, M. Plum, J. A. Holmes, W. Lu,
Oak Ridge National Laboratory*, Oak Ridge, TN, USA
Abstract
Evidence of hardware damage in the Spallation
Neutron Source ring suggests that a non-negligible
fraction of the foil stripped electrons are reflected back
into the vacuum chamber. This paper summarizes the
results of a 3D computational study that explores the
dynamics of the foil-stripped, uncaught electrons.

INTRODUCTION
In high beam power accelerators which utilize Hcharge exchange injection, the stripped electron beam
must be carefully controlled to minimize the probability
of electrons intercepting local hardware. In the 1 GeV, 1.4
MW Spallation neutron source ring [1], an electron
catcher was installed for this purpose. The catcher was
designed to catch the stripped electrons with very high
efficiency [2]. However, due to relocations of the injected
beam spot after the start of beam operations, as well as
improper positioning of the catcher itself inside the
chamber, the catcher is unlikely to have ever achieved the
design efficiency. Multiple observations of hardware
damage in the injection region suggest that a nonnegligible fraction of the electrons are being reflected
back into the chamber where they pose a significant threat
to the local hardware.
This project was initiated to explore the dynamics of
uncaught electrons in the SNS injection region. Only
electrons which strike the top surface of the catcher are
considered, e.g. those which constitute “catcher inefficiency”. The computational model employed includes
electron tracking in the 3D field of the magnet, a surface
interaction model for the electrons intercepting the
catcher surface, and absorbing apertures to map out the
final impact distribution of electrons.
The SNS injection configuration has evolved over
time [3]. Two specific operational configurations were
simulated in detail in this study, and results were
compared with experimental observations. This paper
presents only a brief overview the project. A full
description can be found in reference [4].

EVIDENCE OF REFLECTED
ELECTRONS
Three experimental observations indicate the presence
of uncaught, reflected electrons in the SNS injection
region. First, black marks have been observed on the top
surface of the catcher surface. In the design electron
catcher scheme, electrons should intercept the underside
of one of five undercut wedges. The fact that there are
black marks on the top surface of the catcher indicates
that a substantial fraction of the electrons either are not
now, or were not at some point during operations, being
properly caught.
Second, a ring-shaped black mark has been observed on
the top of the vacuum chamber above the stripper foil
mechanism. This mark is thought to be caused by
reflected electrons impacting the top of the beam pipe.
Third and last, melted metal was observed on the
bracket and arm of a 3rd generation foil assembly [3]. The
suspected cause was reflected electrons, and
modifications were made to the geometry and material of
the next generation assembly to alleviate the problem.

ORBIT 3D COMPUTATIONAL MODEL
The ORBIT code is a PIC-style, open-source code
developed for simulating high intensity beams [5]. The
code contains a module for particle tracking in a 3D
magnetic field. This feature was combined with a with
Monte-Carlo style surface interaction model to simulate
the stripped electrons in the SNS injection chamber. The
surface model is based on scattering probability
distributions generated by MCNPX for 545 keV electrons
impinging on carbon at various incident angles. Only one
scattering event is allowed for each electron, and for
typical SNS electron incident angles, the MCNPX results
indicate that the probability of absorption vs. reflection at
the catcher surface is 60/40, respectively. Furthermore,
the scattering is primarily elastic and within the plane of
incidence, and the in-plane scattering angle is peaked near
mirror-reflection.
Finally, hardware in the injection region, such as the
top of the vacuum chamber and the foil assembly, were
modelled as absorbing apertures.

* SNS is managed by UT-Battelle, LLC, under contract DE-AC0500OR22725 for the U.S. Department of Energy.
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SIMULATIO
S
ON RESUL
LTS
The convoy
y electron dyn
namics for thee present SNS
S
iinjection conffiguration, whiich includes a 4th generation
n
ffoil assembly, was simulateed. The electrron distribution
n
w
was launched at the foil with parameters inherited from
m
tthe nominal SN
NS beam for th
he present 930
0 MeV H- linac
bbeam energy. Electrons were
w
then traacked until an
n
aabsorption eveent occurred.
Significant features of the
t
electron motion
m
include
pprecession abo
out the magnettic field lines with
w gyroradiu
us
~
~12mm, centrriod motion which
w
follows the field linees
ddownward in y toward the bottom apertu
ure and slightly
y
ddownstream in
n z, and finally
y a positive x drift due to the
ffield gradient. In addition, iff an electron iss reflected from
m
tthe bottom su
urface and beg
gins to travel back upwardss,
tthere is a sm
mall probabillity of reflecttion from the
m
magnetic field
d pinch effect. Note that alll electrons are
eeventually lostt in the simulattion, and the final
fi result is an
n
iimpact distribu
ution of electro
ons.
The convoy electrons are guided by the B field lines to
o
tthe bottom apeerture by desig
gn. At this poin
nt, the electron
ns
hhave some pro
obability of ab
bsorption or reeflection based
d
oon the MCNP
PX data. If an electron is reeflected and reeeenters the vaccuum chamber, it can interrcept the locaal
hhardware. Alto
ogether, there are 4 distincct fates for the
eelectrons: 1) absorption on
o the bottom
m surface, 2)
2
rreflection on the
t bottom surrface followed
d by absorption
n
oon the top surface, 3) refleection on the bottom
b
surface
ffollowed by ab
bsorption on th
he foil assemblly (foil, brackeet
m
mount or braccket arm), and
d 4) reflection on the bottom
m
surface follow
wed by reflectio
on from the B field and finaal
aabsorption on the
t bottom surrface.
Figure 1 sh
hows an X-Y view of a typ
pical simulated
d
eelectron trajectory, in this caase for an electtron which waas
rreflected from
m the bottom su
urface and eveentually lost on
n
tthe top beam pipe aperture. Also shown in
i the figure is
i
tthe final imp
pact distribution of the 10,000 inciden
nt
eelectrons launcched from the foil. The impact distribution
n
shows that a significant amo
ount of electron
ns intercept the
ffoil assembly, as well as the top
t and bottom
m surfaces.
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D view of the impact distribbution
Figure 2 shows a 3D
Figure 1. The dense
and the ellectron trajectoory shown in F
spot locatted on the boottom surface is due to electrons
absorbed on their first iinterception off the bottom suurface,
which in tthis case is thee top of the cattcher surface. T
This is
the most llocalized impaact spot. Becauuse the initial eenergy
spread off the electron ddistribution is small, all electrons
execute ssimilar trajectoories from thee foil to the bbottom
surface; tthe small spreaad observed iss due mainly to the
distributioon of initial traansverse phasee space coordiinates.
In contrasst, if the electrrons are reflectted from the bbottom
surface booth their anglee and energy caan change accoording
to the M
MCNPX probabbility distributtions, and thuus the
impact sppots in other locations are more diffuse. For
example, there is a dennse impact spott with a ring-sshaped
extensionn on the top surrface of the vaacuum chambeer. The
dense spoot is from thee peak of the MCNPX scatttering
probabilitty distributionss in energy andd angle, and thhe ring
shape exxtension is froom the tail of the tail oof the
distributioons which alloow for lower eenergies and a range
of scatterring angles. L
Likewise, the sparsely popuulated
ring-shapeed spot locatted at the –yy aperture if from
electrons that bouncedd off of the m
magnetic fieldd after
surface reeflection, and were then ree-intercepted oon the
bottom apperture. Note thhat all impact sspots occurringg after
reflectionn are +x of thee first surface iinterception. T
This is
due to thee gradient drift cited earlier.

Figure 2: 3D view of thhe impact distrribution (red ppoints)
and an exxample electronn trajectory (bluue lines).
Table 1 ssummarizes thhe loss distribbution for this case.
Other SN
NS injection coonfigurations, not presentedd here,
yield simiilar results.

F
Figure 1: X-Y view of the im
mpact distributiion (red pointss)
aand an examplle electron trajeectory (blue lin
nes).
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Table 1: S
Summary of U
Uncaught Elecctron Loss D
Distribution.
n
% off electrons lostt
Location
Bottom aaperture
59
Top aperrture
28
Foil
2
Foil asseembly bracket arm
2
Foil asseembly bracket
9
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Table 1 also shows that 13% of uncaught electrons are
predicted to intercept the foil assembly. This number is a
few percent higher for the 3rd generation assembly which
was observed with bracket and arm damage upon removal
from beam.
An important goal of this work was to either validate or
refute the hypothesis that foil-stripped electrons are
intercepting local hardware after reflection on the catcher
surface. Each of the 3 major impact spots seen in Figure 2
can be tied to one of the experimental observations. First,
the dense spot on the bottom aperture is observed in the
machine as black marks on the top plates of the catcher;
multiple black marks in the real machine are likely due to
injected beam spot repositioning. Second, the impact spot
on the top aperture can be linked with the black mark
observed at the top of the vacuum chamber; the locations
agree to within the error of the known position of the
black mark. Third, simulations of the 3rd generation
assembly, not presented here (see ref [3]), show a high
density of electron loss in the locations where the damage
occurred.
In conclusion, the simulations support the hypothesis
that uncaught electrons in the SNS ring injection are
intercepting local hardware. Though the fraction of total
uncaught electrons is unknown, for the SNS 1 MW beam
even a small fraction would constitute significant power
deposition on the hardware. The hazard becomes more
serious for future high power machines which will
produce tens of MW of beam power. As in the SNS case,
it is not uncommon for the injection configuration to be
tweaked away from design after operations begin.
Electron catching schemes will need to be robust against
such changes.
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COMPACT SOLID STATE DIRECT DRIVE RF LINAC
EXPERIMENTAL PROGRAM
O. Heid, T. Hughes, Siemens AG, Erlangen, Germany
Abstract

We introduce a solid state direct driveTM linear
induction particle accelerator concept, which integrates a
modular solid state RF power source and a resonant RF
accelerator cavity [1,4]. Individual RF drive of each cell
in multi-cavity accelerators obviates RF power
distribution issues between cavities as in conventional
LINACs and allows arbitrary RF phases and amplitudes
in each cell.
Key enabling technologies are novel Silicon Carbide
(SiC) JFET RF transistors and a power combining RF
wall current injection scheme including EMV suppressor
cavity.
An experimental direct drive λ/4 cavity with a power
rating of 1MW at 150MHz has been constructed. The
integrated RF power source consists of one to 64 RF
modules with eight SiC JFETs each, which are connected
to a radial power combiner and surrounded by a toroidal
EMV suppressor cavity. Initial trials with four power
modules succeeded in delivering 200 μs bursts with
10kW RF power, which corresponds to 16MV/m
electrical field strength at the accelerating gap.

INTRODUCTION
In its current implementation the solid state direct
driveTM concept [1] includes a λ/4 cavity and up to 64 RF
modules (Fig. 1).

Figure 1: The experimental cavity and support equipment
(left). Module mounted on current injection slot (right
top). Interior cavity electrode (right bottom).
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Each RF module contains eight SiC JFETs in class F
push pull parallel (PPP, circlotron) arrangement [2], and
currently provides 80A peak output current and 500V
peak output voltage (20kW RMS) at negligible internal
source impedance and with high efficiency. Figure 2
shows the module PCB layout.

Figure 2: 20kW RF module with SiC devices (red
arrows).

EXPERIMENTAL
The first implementation of a solid state direct driveTM
accelerator is based on a λ/4 cavity (Fig. 3). The tank
material is copper plated stainless steel conditioned by
Argon RF processing. Two ports accommodating
calibrated RF pickup antennae serve as Argon processing
power feeds and RF pickups. The cavity was
characterised with shorted RF injection slit using standard
RF techniques: Resonance frequency 150.043 MHz,
unloaded Q 13200, loaded Q with Ar processing antenna
7666. The effective load impedance for each module was
(90/N2) Ω with N active modules.
The resonator cavity has been designed to operate at up
to 1 MW RF power and >100MV/m E field over 200 µs
RF burst duration when driven by by 64 RF modules. So
far the tests used a maximum of four modules. Shorting
the unused slots enabled the majority of the wall current
to flow unimpeded across the slit to preserve the
fundamental resonance mode.
The modular RF power stage operates in class F
parallel push-pull topology (PPP, Circlotron, see Fig. 4),
which allows very high power conversion efficiencies >
85% oblivious of load matching. The ultrafast SiC JFET
body diodes allow bidirectional power flow, e.g. for
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reactive loads, during cavity ringdown and in flashover
events.
Cavity field
E-current

Circumferential Slit
RF modules
Power combiner

EGap = 6.5MV/m
Pcav = 1.7kW
Ie = 15nA

585m

610m
480mm

E-current
400m

Figure 3: Cross-section through the λ/4 test cavity.

EGap = 15.7MV/m
Pcav = 10kW
Ie = 0uA

Cavity field

Figure 5a-b: Cavity E field (red trace) and electron probe
signal (green trace) with and without multipacting. RF
burst duration was 200 μs.

RESULTS
The first experiment investigated low RF power cavity
operation. The observed fill time was about 25 μs.
Electron multipacting could be observed at around 4-7
MV/m (Fig. 5), and vanished with increased RF power.
Four modules delivered up to 10kW into the load when
the 60 remaining slot were shorted (see below).
Figure 6 shows the cavity RF power under DC supply
voltage variation. 500V supply resulted in 10kW RF
power and 16 MV/m across the cavity gap. The effect of
the electron loading at certain power levels can also be
recognized as anomalies in the electric field amplitudes.
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Figure 4: Class F parallel push-pull RF power module.
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Figure 6: The power in the cavity (purple, square) and
electric field at the nose cone (red, circle) are plotted as a
function of the RF module output voltage. Four modules
are used.
We also investigated the RF power scaling with the
number of modules. The expected quadratic power
scaling with the number of modules was observed,
obviously overshadowed by electron loading effects at
certain DC supply voltages (Fig. 7).
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The wall current distribution is maintained even with
deactivated modules.
Unused feed slots can be shorted to raise the effective
load impedance of the remaining modules and
maintain the cavity wall current distribution.
Redundancy: Individual module failures are not
catastrophic. The dominant effect is RF power
reduction.
Remaining RF energy during cavity ring down is
partially recovered into the DC power supply by
rectification via the extremely fast SiC vJFET body
diodes.

Number of M odules

Figure 7. Combined RF power output (blue) over the
number of active modules at 150V DC supply. Expected
parabolic dependence (red).

DISCUSSION
Depending on being active or passive the RF modules
represent approximate bidirectional voltage sources and
sinks. Their intentionally mismatched operation into the
cavity impedance has several ramifications:
1. The Q with transmitter is essentially the unloaded Q.
2. The RF modules are oblivious to reactive loads, i.e.
cavity detuning.
3. Load sharing between modules is enforced by the
resonance mode wall current distribution
4. The gap feed power combiner represents inductive
voltage adding [3]: The effective RF drive voltage
therefore is the sum of the module voltages, and the
module load current is proportional to the number of
modules. The combined RF power thus scales
quadratic with the number of modules.

Accelerator System Design, Injection, Extraction

SUMMARY
A solid state direct driveTM RF accelerator cavity has
been built. So far four out of 64 RF modules have been
integrated and tested. These low power tests demonstrate
for the first time that the proposed concept is feasible and
practicable. This approach may well lead to a dramatic
reduction of the costs of RF power. The implications on
the design of particle accelerators are far-reaching.
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PROJECT X H- INJECTION DESIGN HISTORY AND CHALLENGES*
D.E. Johnson, A.I. Drozhdin, I. Rakhno, L.G. Vorobiev, Fermilab, Batavia, Illinois, U.S.A.
T. Gorlov, ORNL, Oak Ridge, Tennessee, U.S.A.; D. Raparia, BNL, Upton, New York, U.S.A.
Abstract
One of the initial motivations for replacing the aging
Fermilab Proton Source was to support the 120 GeV
Neutrino program at the 2 MW level while supporting a
broad 8 GeV Physics program. Over the years the design
parameters of the new Proton Source have evolved from
the 2005 Proton Driver configuration of a 2MW 8 GeV
pulsed H- linac injecting directly into the Main Injector or
Recycler; to a 2MW 2 GeV CW linac supporting a 2 GeV
Experimental Program while injecting into a new 2 to 8
GeV Rapid Cycling Synchrotron which would then
supply protons to the Recycler. The current design
parameters of the project include a 3 GeV CW linac
accelerating up to 1 mA (average) H- and a 3 GeV
Experimental Area with the connection to the Main
Injector Complex as an upgrade. Whether the upgrade
path includes a new 6(or 8) GeV CW or pulsed linac, or 3
to 8 GeV RCS and the ultimate linac current, remains to
be determined. The basic issues of injection insertion
design, foil and laser stripping options, foil survivability
and loss issues will be analysed in context of the present
options. Both analytical estimates and simulation results
will be discussed.

INTRODUCTION
Current Configuration
The current accelerator configuration [1], as
documented in the Reference Design Report [2], consists
of
• a 3 GeV CW superconducting linac accelerating
1 mA of H- in a 325 MHz bunch structure,
• a 3 GeV H- transport line to simultaneously
delivery of MW range beam power to at least
three experiments with variable bunch
configurations,
• a 3 to 8 GeV Rapid Cycling Synchrotron (RCS)
running at 10 Hz with H- multi-turn injection,
• a 8 GeV proton transport line from the RCS to
the Recycler where 6 batches are accumulated
for single turn injection into the MI for the
LBNE program.

Path Forward
It is recognized that the RCS configuration does not
lead to an upgrade path toward muon source for a
possible Muon Collider and/or Neutrino Factory at the 4
MW power level. Therefore, an R&D program to
establish a self-consistent design of a 3 to 8 GeV
superconducting linac, based upon 1.3 GHz SCRF cavity
technology, injecting into the Recycler (RR) or directly
___________________________________________

*Work supported by U.S. Department of Energy under the contract
No. DE-AC02-76CH03000.
#
dej@fnal.gov

162

into the Main Injector (MI), is being developed. Implicitly
included in this plan is the development of a selfconsistent design for H- injection into the Recycler or
Main Injector.

High Energy Linac Design
Two design options for a high energy (HE) linac fed
from the 3 GeV CW linac are being investigated: 1) a
pulsed linac operating at ~ 10 Hz with a range of macro
beam pulse lengths between 1 and 4 ms and average beam
currents between 4 and 1 mA, and 2) a low current CW
linac with a beam current ~ 1 mA and macro beam pulse
of ~26ms.

Design Challenges
This report will utilize the injection system design
previously reported [3-7] and focus on potential options
for the development of two techniques for implementing
H-injection. Carbon foil stripping has been the main stay
of multi-turn H- injection for the last several decades. It is
currently the default technique. Recently, the technique of
laser assisted stripping has gained much attention as a
technique for H- injection without the use of physical
stripping foils. We will discuss the status of each in
relation to their impact on the choice of HE linac type.

CARBON FOIL INJECTION
The basic issues related to carbon stripping foils are:
foil lifetime, losses associated with single coulomb
scattering and nuclear interactions, and emittance growth
due to multiple coulomb scattering.
The interaction of the injected H- and circulating beam
impact the foil life time through heating due to energy
deposition and radiation damage of the carbon crystalline
structure [8] and create particle losses through scattering
and nuclear interactions. The key is to minimize the
number (and density) of foil traversals through the choice
of injection lattice, ring lattice, painting algorithm, and
foil size and geometry.
We report on the current status of optimization of Hinjection into the RR/MI. Here, we look at the foil
traversal rate and density for a range of linac currents
from 1mA to 4 mA and pulse lengths from 1 to 4 ms for
two coil configurations.
The short linac pulse lengths require six injections to
accumulate the required charge (26 mA-ms). The
circulating beam is removed from the foil between
injections so the foil cools down between injections.
Additionally, the instantaneous intensity from the injected
beam is a factor of 6 less than that from a high current
short pulse single injection, as in the Proton Driver [4].
For both the RR and MI, each 1 ms of injection
requires ~90 turns with the complete injection time for six

Accelerator System Design, Injection, Extraction

Proceedings of HB2010, Morschach, Switzerland

MOPD43

injections on the foil of ~540 turns. Total turns on
injection foil scales linearly with injection time.

Number of Foil Traversals
Two conditions for twiss parameter mismatch have
been identified which will reduce foil hits by circulating
beam in phase space painting. [9] We satisfy these two
conditions by having both the injected and circulating
beam with α =0 in both planes and utilizing
(1)
where β and ε are the beta function and emittance for the
injected beam (i) and ringr, respectively. The 95%
normalized emittance for the injected beam and final
painted emittance are 2.5 π-mm-mr and 25 π-mm-mr,
respectively which gives βi >= 0.464βr. For the horizontal,
one selects βi to be equal to 0.464βr but in the vertical
plane this produces an injected beam with Θmax too large
and the reduced mismatch angle yields to larger number
of foil hits. In the vertical, we use a nominal βr of 27m
and βiof 40m to get the vertical phase space size and
orientation properly aligned.
An analytical expression has been developed [10] for
the minimum number of foil traversals, hmin, by a
circulating beam as
(2)
where Nt is the number of injected turns, ε is the injected
beam emittance, and A in the painted ring emittance.

Simulations
The program STRUCT [11] was utilized to explore the
impact of linac current and injection time on the foil hit
rate, hit density and peak foil temperature. Table 1 lists
the calculated analytical minimum number of hits, hmin,
the average hit rate <#hits>sim over all six injections, the
maximum hit density after the sixth injection, the
calculated peak temperature and the nuclear inelastic and
nuclear collision loss for the circulating protons. The first
three cases show the impact of lengthening injection time
on the number of hits, temperature, and losses. The next
three investigate reduced vertical injection beta
(superscript “R”) and a reduced foil vertical dimension
(subscript “s”). The last case looks at CW injection with
linac current of 1 mA.

Figure: 1: Painting waveform (left) for six injections.
Horizontal and vertical phase space distributions (right)
during painting process for nominal betas during case I.
The current simulations utilize horizontal painting and
vertical angle mismatch at the injection foil (scheme
currently used by JPARC) which keeps the foil on the
accelerator mid-plane Note: The painting scheme is not
considered optimized and other painting schemes are to
be investigated. Figure 1 shows the transverse painting
waveform and the evolution of the horizontal and vertical
phase space painting through the process. With α=0 for
both injected and circulation beam assures an upright
ellipse and the condition in equation 1 assures a minimum
foil size. Figure 2 shows the number of foil hits during
each injection. Here case I shows the minimum hits due to
shortest injection length where case three (top curve)
shows about X4 increase. Comparing case II and IV we
see that cutting the foil at +/-4mm shows a reduced
number of hits, but only a small decrease in peak
temperature.

Table 1: Summary of Cases Investigated
R

R

I

II

III

IV S

V

linac current[mA]
pulse length[ms]
#turns/inj
#turns total
hmin

4
1.08
97
582
13.5

2
2.16
194
1164
27.0

1
4.28
385
2310
53.7

2
2
194
1164
27.0

2
2
194
1164
27.0

2
2
385
1164
27.0

1
25.72
2310
2310
53.7

<#hits> sim

32.6

60

118

38.7

52.6

45.4

118

68
1480
171
119

134
2050
336
234

64
1420
110
77

72
1520
150
104

72
1520
129
90

515
2320
336
234

case

hit densitymax [E12]
34
Peak temp
1090
loss (inelastic) W
93
loss (nuclear coll.) W 65

VIS
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VII

Figure 2: The number of foil hits by the circulating beam
during each injection for all cases except the CW case
VII.
Figure 3 shows the 2D hit density on the corner foil
after the first (left) and last (right) injection. The impact
of the injected beam is minimal. Reducing the foil size
will reduce foil hits early in the cycle by ~ ½ but only 5%
in the last two injections.
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Figure 3: Hit densities on corner foil after the 1st and last
injection. The red circle defines the injected beam 6σ
size.

Foil Temperature
The hit densities, N, from the STRUCT simulation for
each injection are used to calculate the peak temperature
as a function of time with
(3)
where ρ the density of carbon, c(T) is the specific heat of
carbon as a function of temperature, ε is the emissivity, σ
is the Stephan-Boltzmann constant, and Δz is the foil
thickness. The energy deposition term, dE/dz, is modified
to reflect the reduction in energy deposition in thin targets
due to delta electrons escaping the foil. For 8 GeV
protons on a 600 μg/cm2 foil, a simulation with MCNPX
shows that approximately 28% of energy is taken away by
the delta electrons that escape the foil, thus reducing the
energy deposition..
Figure 4 shows the results of the temperature
calculation. Note that for the CW case the cooling terms
begins to dominate above ~2300oK.

Figure 5: Diagram and explanation of three step stripping
scheme [12].
A proof of principal demonstration has been performed
at SNS using the resonant laser process (i.e. the hydrogen
atom is placed in a laser beam with frequency equal to the
transition frequency between the ground and excited
state). [14] The excitation takes place in a region shielded
from the up and downstream dipoles where B=0. The
energy spread of the H0 beam (inherited form the initial
H- beam) causes each atom in the beam to have its own
rest frame excitation frequency. To efficiently excite
nearly 100%, requires either a broad-bandwidth laser [15]
or a divergent narrow bandwidth laser, which due to the
Doppler shift, will present a broad set of frequencies to
the H0 beam. [14]
Estimates of the required laser parameters for laser
stripping of 8 GeV H- into the Recycler for the scheme
demonstrated at SNS were performed [16] based upon Hinjection beam parameters attainable for injection into the
Recycler are listed Table 2. It should be noted that the
minimum micro-bunch duration of 6 ps (rms) corresponds
to tracking results (in the 8 GeV linac) in the absence of
any linac errors where as the 26 ps (rms) value is the
result of tracking with random 1% gradient and 1o phase
errors. Estimates of excitation efficiency as a function of
laser peak power were performed using a micro bunch
duration of 20 ps, for four laser wavelengths with the
results shown in Figure 6.
Table 2: H- Injection Lattice and Beam Parameters

Figure 4: Peak foil temperature for five injection periods.
The final accumulated charge is 26 mA-ms for all
scenarios.

LASER STRIPPING
The technique of H- stripping which avoids the use of a
physical foil and its associated issues involves electron
photo detachment through a three step process as shown
in Figure 5 [12, 13].
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Parameter
Energy
Energy spread (rms)
Micro bunch
duration (rms)
βx
βy
D and D’ (both x and y)
εx,y norm. rms emittance

Value
8 GeV
2.5x10-4
6 ps (min)
26 ps (max)
40 m
10 m
0
0.5 π-mm-mr

The 1900 nm laser reduces the required peak power by
almost a factor of five compared to the 1064 nm light.
Although this higher wavelength laser, predominately
used in medical and DoD applications, is beginning to
mature in development.

Accelerator System Design, Injection, Extraction
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scenarios. The first two scenarios are for a zero magnetic
field at the excitation region, with case I being for an
elliptical laser beam and case II being for a circular beam.
Both cases require a laser divergence to compensate for
the spread in resonant frequencies form the finite energy
spread in the H- beam. The optimum magnetic field and
laser parameters for excitation in a strong magnetic field
with a parallel circular laser beam are shown in case III.
Table 3: Required laser parameters for 98% stripping
efficiency at 8 GeV. The values in bold are a result of the
optimization

Figure 6: Results of laser power estimation for the case
where B field at the interaction point is zero. Curves are
for case II below.
Recent advances in the numerical model allow the
calculation of the evolution of an Ho beam taking into
account spontaneous emission, field ionization, and
external electromagnetic fields have been reported in
[17]. This model optimizes the laser parameters as well as
the magnetic field strengths and derivatives and magnet
geometry with respect to the interaction point. They also
consider two different excitation schemes characterized
by various magnetic fields and report estimations in a
very weak magnetic field and strong magnetic field. For
laser stripping in a strong magnetic field, the spectral
broadening of the energy levels begins to be comparable
with the laser frequency spread in the particle rest frame.
A quantum mechanical model of the hydrogen atom
which takes into account the continuum spectrum of the
electron and the broadening of its energy levels due to a
strong external magnetic field have been reported [18]. A
feature of this process is that as the magnetic field (static
electric field in the atoms rest frame) increases the Rabi
oscillations are attenuated and the population of the
ground state decreases as shown in Figure 7. In strong
magnetic fields the excitation is followed by immediate
ionization.

Parameter
I
Incidence angle [deg]
Peak power [MW]
5
Micropulse energy [mJ]
0.3
Micropulse duration(rms) [ps]
Power at 325 Mhz [kW]
100
x-rms size [mm]
5.0
y-rms size [mm]
1.9
X’-divergence [mr]
0.6
Y’-divergence [mr]
0.6
Magnetic field B [T]
0

II
94.6
5.5
0.4
28
130
2.0
2.0
0.8
0.8
0

III
10
0.7
230
2.0
2.0
0
0
1.1

Implementation Options for Project X
The injection straight section was designed to
incorporate both foil stripping and laser stripping
techniques. The “stripping foil” could be replaced by the
“vertical stripping dipole” and laser interaction region, as
shown in Figure 8, with minimal other modifications. The
“vertical stripping dipole” is a zero integral dipole which
serves to strip the H- into H0 with minimal impact on the
circulating protons. The position of the laser interaction
and the end field requirements is determined by the
optimization process.

Figure 8: Modification of injection insert to accommodate
laser stripping.

Figure 7: Lifetime of the population of the ground state
|a0(t)|2 for increasing static electric fields [17].
This model was used to estimate required laser
parameters for Project X. Table 3 summarizes the laser
requirements for 98% stripping for three different

Accelerator System Design, Injection, Extraction

The initial investigation of laser techniques will focus
on utilizing 1 μ light due to the technological advances in
laser sources and optical elements. However, the 1.9 μ
light will be investigated as well, although the utilization
of YAG dopants such as Ho, Th, and Tm and optical
coatings for this wavelength are less well developed.
Basic techniques to supply the required laser power and
temporal structure to the interaction are: direct
illumination and the use of a build up cavity or recirculation ring. Both techniques will be included in the
R&D plan.
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Direct Illumination
Direct illumination is an attractive option in that 1) it
does not require sensitive optical components to be
installed in the accelerator beam pipe and 2) the 325 MHz
bunch structure may be encoded at the fiber or
semiconductor level using fiber pulse picking technology.
In this way laser bursts of MHz micro-pulses with
millisecond(s) duration can be created with repetition
rates of 10’s of hertz. These pulses must be then amplified
to the required peak power. Recent advances in cryogenic
laser amplifiers [19][20] look promising in creating the
desired peak power.

Build-up Cavity
A more conventional method of attaining the required
laser power utilizes an optical resonator cavity to build up
and store laser power. This cavity must be installed in the
accelerator vacuum system such that the H0 beam crosses
the laser path inside the cavity at the appropriate point
where the laser beam has the correct geometric (size and
divergence) and temporal properties (micro-pulse phase
wrt H0 bunch length). Build up factors of 10’s to 100’s
are possible in laboratory settings, but the required optical
coatings must survive in a vacuum and radiation
environment. SNS has an active program and are
participating with commercial vendors through the SBIR
program to develop the required cavity parameters and
optics. [21] A hybrid scheme might utilize the
amplification of a seed laser to within a factor of 10 of the
required laser power and utilize a optical resonant cavity
with a modest build up factor of 10.

SUMMARY
One of the central technological issues facing Project X
is the H- injection of a low current (i.e. long injection
times) H- linac beam into a circular ring using carbon foil
stripping technologies is the interaction with circulating
beam impacting foil lifetime and losses. The R&D
program addresses this issue through investigating
potential innovative carbon foil options and the use of
laser stripping.
It was shown that a linac with a current of 2 mA and
pulse length of 2 ms will satisfy the foil temperature
constraint with the assumed painting scheme.
Recent development of cryogenic lasers and laser
amplifiers look promising in creating the required laser
power.

REFERENCES
[1] S. Nagaitsev “A Multi-MW proton source at
Fermilab”, MOPD32, this Workshop (2010).
[2] Project X ICD -2v2 document, Project X document
648.
[3] D.E. Johnson “Challenges associated with 8 GeV Htransport and injection for Fermilab Project-X”,
Proceedings of Hadron Beams 2008, Nashville,
Tenn.

166

[4] D.E. Johnson, editor, “Conceptual design report of 8
GeV H- transport and injection for the Fermilab
Proton Driver”, Beams-doc 2597 (March 2008).
[5] M. Xiao, et. al., “Tune scan with space charge effects
for the Recycler ring for Project X”, MOPD05
[6] D. E. Johnson, et. al., A conceptual design of an
internal injection absorber for 8 GeV H- injection
into the Fermilab Main Injector”, proceedings of
Particle Accelerator Conference 2007, Albuquerque,
New Mexico, p. 1694.
[7] D.E. Johnson, “Design of an 8 GeV H- multi-turn
injection system for the Fermilab Main Injector”,
proceedings of Particle Accelerator Conference 2007,
Albuquerque, New Mexico, p. 1700.
[8] S.G. Lebedev, A.S. Lebedev, “Calculation of the
lifetimes of thin stripper targets under bombardment
of intense pulsed ions”, Phys. Rev. ST AB 22,
020401 (2008).
[9] J. Beebe-Wang, et. al., “Injection mismatch for the
SNS accumulator ring”, BNL/SNS technical note No.
80 June 1, 2000.
[10] D. Raparia, “Analytic expression for number of foil
traversals”, Project X docdb 761 (2009).
[11] A.I. Drozhdin, et. al., “STRUCT program manual”,
http://www-bd fnal/users/drozhdin/STRUCT.
[12] V. Danilov, et. al., “Three-step H- charge exchange
injection with a narrow-band laser”, Phys. Rev. ST
AB 6, 053501 (2003).
[13] V. Danilov, “Future prospects for laser stripping
injection in high intensity machines”, Proceedings of
Hadron Beams 2008, Nashville, Tenn.
[14] V. Danilov, et. al., “Proof-of-principle demonstration
of high efficiency laser-assisted H- beam conversion
to protons”, Phys. Rev. ST AB 10, 053501 (2007).
[15] I. Yamane, “H- charge exchange injection without
hazardous stripping foils”, Phys. Rev. ST AB 1,
053501 (1998).
[16] T. Gorlov, “Discussion of the possibility of laser
stripping for Project X, Project X docdb 660 (2010).
[17] T. Gorlov, et. al., “Laser-assisted H- charge exchange
injection in magnetic fields”, Phys. Rev. St AB 13,
050101 (2010).
[18] T. Gorlov, et.al., “Effective calculation of laser
stripping via a broad shape resonance”, Phys. Rev.
ST AB (074002 (2010).
[19] David C. Brown, et. al., “Heat-fraction-limited CW
YB:YAG cryogenic solid-state laser with 100%
photon-photon efficiency”, Optics Express, Vol. 18,
Issue 16, pp. 16573-16579 (2010).
[20] David. C. Brown, et. al., “High sustained average
power CW and ultrafast Yb:YAG near-diffractionlimited cryogenic solid-state laser”, submitted for
publication in Optics Express.
[21] Phase II SBIR Project, “A laser power build-up
system for H atom ionization”, Boulder Precision
Electro-Optics, Boulder, Co.

Accelerator System Design, Injection, Extraction

Proceedings of HB2010, Morschach, Switzerland

MOPD44

BEAM EXTRACTION IN PAMELA NS-FFAG∗
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Abstract
PAMELA (Particle Accelerator for MEdicaL Application) is a design study of particle therapy facility using NSFFAG. PAMELA lattice realizes stable betatron tune with
relatively small orbit excursion for a field accelerator with
the help of newly developed combined function magnet.
The combined function magnet provide an ability to flexibly change the operating point. The challenge of the beam
extraction in PAMELA is the variability of extraction energy. The small orbit excursion of PAMELA helps to realize it. To tackle the problem, PAMELA employed vertical extraction with large gap kicker magnet. In addition to
the fast extraction, PAMELA has a possibility of resonant
extraction with a help of its ability to change the tune footprint. This feature opens up wide range of applications for
PAMELA lattice such as ADSR.

OVERVIEW OF PAMELA
PAMELA is a design study of particle therapy facility using NS-FFAG(Non-Scaling Fixed Field Alternating
Gradient)[1]. Employing fixed field accelerator enables
rapid change of particles from proton to carbon ions and
provide a high repetition rate operation. The pulsed beam
of FFAG is considered to be fit well to the spot scanning
treatment, which is the next generation treatment scheme
for particle therapy.
The small but finite orbit excursion requires a large aperture, strong field magnet for the main magnet. Unlike a
scaling FFAG, PAMELA employs truncated multipole field
as Eq.1


B
B0




=

R
R0

k
→1+


n=1


α(k, n)

Δr
R0

n
(1)

where Δr, α(k, n) are the deviation from magnet centre,
r − R0 , expansion factor of the , respectively.
A new type of superconducting combined function magnet realises such field[3]. The magnet has an ability to
change the multipole field component individually. The
truncated multipole field configuration and the variability
of multipole field configuration provide operational flexibility which makes it possible to change not only the average tune but overall tune footprint. One application of such
tune footprint trimming is presented in the later section of
the paper. In addition, thanks to the small orbit excursion
(∼ 17cm for proton lattice, ∼ 21cm for carbon) for a fixed
∗ Work supported by the COMFORM collaboration under EPSRC
grant number EP/E0332869/1
† t.yokoi1@physics.ox.ac.uk
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field accelerator[1, 2], PAMELA has a possibility to extract
beam with arbitrary energy over the entire energy range for
treatment. The variable energy extraction and flexible tuneability of operation point are unique features for a fixed
field accelerator and are expected to improve beam quality in the treatment. The ring parameters of PAMELA are
summarised in Table 1.
Table 1: Main Parameters of PAMELA Ring
particle
Energy(inj)
Energy(ext)
Mean radius
Maximum field
Straight section
Orbit excursion
No. of cells
Magnet

proton
31(MeV)
70∼250(MeV)
6.251m
3.6T
1.3m
0.17m
12
FDF triplet
SC

carbon
68(MeV/u)
140∼400(MeV/u)
9.2m
3.5T
1.2m
0.21m
12
FDF triplet
SC

EXTRACTION SYSTEM REQUIREMENT
For a fixed field accelerator, energy variable beam extraction is one of the key challenges of PAMELA. Ordinary
fixed field accelerators including FFAG and cyclotron have
considerably large orbit excursion . Horizontal extraction,
which is employed in existing FFAGs and cyclotron, has
three difficulties in changing the extraction energy. Those
are
1. large inductance and strong field of kicker magnet,
2. beam distortion caused by nonlinear detuning, and
3. matching with extraction channel.
In PAMELA proton ring, the entire orbit excursion is
about 17cm. To cover the excursion with a kicker, it needs
aperture of more than 20cm. In horizontal extraction in
PAMELA, an orbit separation of more than 10cm needs to
be generated in maximum to cover the entire treatment energy range, 70MeV∼250MeV. Such a large aperture and
orbit separation result in huge inductance and huge pulse
voltage of the kicker. Analytically, inductance of dipole
magnet is expressed as L = w · l/g, where w, l, g mean
width, length and gap hight of kicker. The formula tells that
for a fixed magnet volume, a kicker with larger width and
smaller gap height has larger inductance compared to one
with smaller width and larger gap hight. In addition, the
non-linear field of FFAG has intrinsic nonlinear detuning
of betatron motion, and the detuning sets the upper limit of
167
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available orbit separation. According to the tracking simulation, the maximum obtainable orbit separation is about
8cm in PAMELA proton ring.
Even if a sufficient orbit separation is obtained in the
horizontal extraction, the correction of angular dispersion
at septum, which is inevitably generated due to the horizontal orbit excursion, is non-trivial issue. At the moment,
no doable option of beam transport system that can manage such large angular dispersion was found. On the other
hand, in the vertical extraction, required orbit separation
is constant and smaller(¡3cm). Due to the above reasons,
PAMELA employed vertical beam extraction.

power supply. The development of kicker system is one of
the R&D items of hardware development.

VERTICAL EXTRACTION
In PAMELA, extracted beam size is assumed to be less
than 10πmm·rad. Considering vertical beta function of
proton ring, ∼1m, the extracted beam size is typically less
than 4mm. Assuming septum of 1cm thick and margin of
5mm in both sides of septum, the required orbit separation should be more than 28mm. In the design, orbit separation of 30mm is set as the target number. ‘One-kicker
One-septum’ configuration is the baseline option of beam
extraction in PAMELA. In the configuration, the orbit separation at septum generated by kicker,Δx, is expressed as

(2)
Δx = Δx β1 β2 sin φ

Figure 1: Phase space motion in extraction process of
PAMELA proton ring (Eext : 250MeV).

where Δx ,β1 , β2 and φ mean kick angle by kicker, beta
function at kicker, beta function at septum, and phase advance between kicker and septum, respectively. Using the
vertical phase advance per cell,∼0.26, and beta function at
the straight section, ∼1m, a bending power of 0.06T·m is
required in order to generate the target orbit separation for
250MeV proton. The kicker and septum are installed in
adjacent straight sections in the setup. The requirement for
kicker is summarised in Table 2.

ORBIT AFTER SEPTUM AND
CONNECTION TO BEAM TRANSPORT

Table 2: Requirements for Extraction Kicker System
Rise time(ns)
Flat top(ns)
Beam size(π mm mrad)
Max length (m)
Orbit separation(cm)
Bending power(T.m)
Minimum aperture[H/V](cm)

100
>150
10
1
3
0.06
19/2

With the specifications, the beam motion in the phase
space in the extraction process is shown in Figure 1. Orbit separation of more than 30mm is generated with the
kicker specified in Table 2. The obtained orbit separation is
consistent with that of analytical model. The hardware parameters for such kicker system is summarised in Table 3.
The peak voltage of kicker is below manageable level with
present technology. However, the large peak current caused
by large gap hight needs careful design and development of
168

Table 3: Specifications of Extraction Kicker for Proton
Ring
Aperture[W/G/L](cm)
Inductance(μH)
Peak current (A)
PS voltage (KV)

20/3/100
0.2
10000
40

The outer radius of the cryostat of the PAMELA main
magnet is 40cm. Thus, the extraction septum needs to generate an orbit separation of the dimension at the end of the
septum section. Septum field and length required to pass
the cryostat is shown in Figure 2. Due to the drift space, the
shorter and stronger septum is, the more efficient in terms
of bending power. Considering the balance of field strength
and realistic length of magnet, septum field and length were
set as 1.5T, 0.7m, respectively.
Table 4: Requirements of Extraction Septum System for
Proton Ring
Field strength
1.5T
Septum length
0.7m
Space for conductor
1cm
orbit separation at flange 0.4m
Horizontal aperture
14cm
The gap hight of 14cm requires septum current of more
than 150k A·turn. Such a huge current requires a superconducting septum. To accommodate the energy variability with the superconducting septum, the horizontal field
distribution should have a field gradient so that the septum
field at certain point matched with the beam momentum at
the point. The field shape is actually the same as the main
Accelerator System Design, Injection, Extraction
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Figure 2: Septum length and field strength required for
PAMELA proton ring.
magnet. Figure 3 show TOSCA model of the gradient field
septum and the horizontal field distribution over the aperture.
One problem is the field leakage from the septum. Due
to the strong field and large aperture, field strength of stray
field are about 15mT.m for proton ring and 40mT.m for carbon ring, respectively. The stray fields have almost comparable strength with those of extraction kicker. Therefore,
the COD caused by the stray field should be managed. One
remedy is to cancel COD using bump orbit. In PAMELA,
the phase advance per cell is around 0.75 for horizontal and
0.25 for vertical. Thus, installing the identical magnet of
the septum magnet over two magnet cell composes π bump
orbit for both direction. Employing vertical injection and
installing the identical septum for injection can cancel out
influence of the stray field to the circulating beam, though it
is certainly overkill for the injection. For the correction, the
operation point tuneability of PAMELA is advantageous.

MOPD44

is connected directly to beam transport channel.
For the extraction beam transport channel, there can be
considered two options. One is an achromatic transport
channel using FFAG optics[5], and the other is a conventional beam transport and delivery system. The advantage
of the FFAG transport is the ability to transport wide range
of momentum without changing the setting of transport
line. Due to the ability, PAMELA employs FFAG transport as the primary option for beam transport. The second option, conventional beam transport line requires finite
transient time to match the setting of transport line to the
beam momentum. Energy step size in actual operation of
spot scanning would be typically 2∼3 MeV, which corresponds to momentum change of about 1%. Transient time
to change the field setting over the energy step would be
within 1 second. Thus, if the transient time of 1 second is
an acceptable overhead for treatment, conventional beam
delivery system can be also a practical option in PAMELA.
With the configuration of PAMELA, the conventional
approach needs another dispersion matching section to
match the horizontal orbit excursion to the optical axis of
conventional transport line. It is schematically shown in
Figure 4. Figure 4 shows the beta function along the dispersion matching channel.1 This shows that the beam can
be surely transported over the treatment energy range of
proton. The possibility that PAMELA can employ dual option for transport line means it can take a staging approach
for development of the beam delivery system. With the approach, the development of ring and FFAG transport system can be separated, which minimizes the R&D risk in
the development stage.

Figure 3: Superconducting combined function septum for
PAMELA (a) Schematic view of design model, (b) Horizontal field as a function of horizontal position in septum.
In vertical extraction, in order to connect to the transport
line, orbit needs to be bend back vertically. To realise it, it
is a natural and simple approach to implement a dispersion
matching section, where a pair of bending magnet of opposite polarity is employed. Upstream one is the extraction
septum. At the dispersion matching section, horizontal orbit excursion is the same as that of the ring. Then, the beam
Accelerator System Design, Injection, Extraction

Figure 4: Beta function in extraction and matching section
(a): βH , (b): βV .
1 In FFAG transport option, horizontal dispersion matching section is
not needed.

169

MOPD44

Proceedings of HB2010, Morschach, Switzerland

POSSIBILITY OF RESONANT
EXTRACTION
In PAMELA, by trimming multipole field and relative
field strength, it can change not only the average tune
but also the overall tune footprint[6]. The feature gives
PAMELA another option of beam extraction, resonant extraction.
With the multipole trimming, it is possible to form a tune
footprint so that vertical tune increase or decrease as beam
energy increases with keeping the total tune drift below 0.5.
Typical results of tune footprint trimming are shown in Figure 5

Figure 5: Tune footprint with multi-pole trimming, (a) Flat
tune(default), (b) Upward drift, (c) Downward drift.
With such tune drift, the half integer resonance can be
used for beam extraction, since half integer resonance can
be driven by beam acceleration in a lattice with a tune drift.
Fixed field nature of FFAG fits well with it.
In a scaling FFAG, by changing the relative field strength
of focusing bending magnet and defocusing bending magnet, which is so called F/D ratio, the vertical tune can
be changed freely without significant change of horizontal
tune. With lattice parameters of PAMELA, change of F/D
ratio of 1% can vary the vertical ring tune over 0.5. Thus,
the tiny change of F/R ratio can vary the resonance crossing
energy over the entire energy range of PAMELA. It means
that energy variable extraction is possible in PAMELA not
only in fast extraction but resonant extraction.
Beam motion in half integer resonance was discussed in
[7] and it has a directional dependence of resonance crossing. In results, the beam motion shows a significant difference ac coding to the direction of resonance crossing.
Figure 6 and Figure 7 shows typical beam motion in up170

ward and downward half integer crossing. To excite the
resonance, quadrupole field components of the defocusing
magnet of the lattice are varied to match the harmonics of
the excited resonance.

Figure 6: Vertical beam motion in upward half integer resonance crossing.

Figure 7: Vertical beam motion in downward half integer
resonance crossing (a) vertical beam position at the centre
of straight section during resonance crossing, (b) ∼(d) are
the slices in typical energies.
With the nonlinear field of scaling FFAG, it has intrinsic
nonlinear detuning, with which betatron tune increases as
the betatron amplitude increases. Under the nonlinear detuning, the upward crossing is not suitable for a real beam
extraction due to its sensitiveness to beam size and external perturbation. It can be easily understood considering
the fact that beam with larger amplitude experiences resonance earlier in upward resonance crossing. On the other
hand, the downward crossing is robust against such external factors. In this viewpoint, the downward crossing is the
practical choice for the acceleration-driven resonant extraction in PAMELA type FFAG lattice.
Putting ESS(Electric Static Septum) outside of circulating beam, beam can be extracted. Figure 8 shows phase
space distribution of circulating beam and extracted beam.
In the figure, ESS is set 1cm away from the medium plane.
Figure 9 shows a typical distribution of extracted energy
and time structure. For the downward crossing, the extraction energy spread can be minimized while keeping the extraction efficiency high enough by optimising the energy at
which acceleration stops. It should be mentioned that in the
Accelerator System Design, Injection, Extraction
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bunch acceleration will open up a wide range of application
of FFAG not only for particle therapy but also as a high
intensity application such as ADSR[10].

SUMMARY

Figure 8: Phase space distribution of circulating and extracted beam in resonant extraction of downward crossing
(a) Circular beam (including the beam in splitting process),
(b) Extracted beam.
extraction, there is no knob to control the extraction rate. In
PAMELA, about 100 turns are needed to extract the entire
beam. Thus, exactly speaking, the extraction is multi-turn
extraction, not a slow extraction.

Energy variable beam extraction is one of the major challenge in PAMELA. For the realisation, it employs vertical
extraction with wide aperture kicker and combined superconducting septum. The specification of kicker are within
engineeringly feasible range, though the uncertainties of
inductance and reliability of kicker still remain. For the
extraction beam transport, FFAG beam transport line and
conventional beam transport can be employed. The tuneability of operation point in PAMELA provides a possibility of energy-variable resonant extraction which is expected
to have large variety of application as a versatile medium
energy accelerator like proton driver for ADSR.
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With the feature, it can be an alternative option of fast
beam extraction for the application that its kicker specification is engineeringly hard and that extracted beam structure
is not important.
The driver of the resonant extraction is only acceleration,
and beam which reaches the extraction energy blows up by
itself and extracted. The nature of the multi-turn extraction
makes it possible to employ the multi-bunch acceleration
[8, 9], which is a promising beam acceleration scheme of
FFAG to increase beam intensity without drastic increase of
rf power. Combining the multi-turn extraction and multiAccelerator System Design, Injection, Extraction
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PREDICTED PERFORMANCE OF COMBINED CLEANING WITH
DS-COLLIMATORS IN THE LHC
D. Wollmann, A. Rossi, R.W. Assmann, R. Bruce and S. Redaelli,
CERN, Geneva, Switzerland
Abstract
The LHC has two dedicated cleaning insertions: IR3 for
momentum cleaning and IR7 for betatron cleaning. During
the first months of beam experience the presently installed
Phase-I system performed as predicted earlier in detailed
studies with tracking simulations. As the current system is
not sufficient to allow LHC operation with nominal or ultimate intensity at 7 TeV/c, simulations with an upgraded
system are ongoing to overcome these limitations. In this
contribution a collimation scheme with combined momentum and betatron cleaning in the interaction region 3 (IR3)
with additional collimators in the IR3 dispersion suppressor is presented. The predicted improvements compared to
the Phase-I system and the limitations of this scheme are
discussed.

INTRODUCTION
At nominal momentum (7 TeV/c) and intensity (∼ 3 ·
1014 protons) the LHC will have a stored energy of 362 MJ
per beam. The uncontrolled loss of only a small fraction of beam in the superconductive magnets of the LHC
can cause the loss of their superconducting state (quench
limit at 450 GeV/c: Rq = 7 · 108 ps−1 m−1 ; at 7 TeV/c:
Rq = 7.6 · 106 ps−1 m−1 ) [1, 2]. Therefore, a powerfull
collimation system is needed to intercept these unavoidable beam losses. In addition the collimators shall provide
a passive machine protection [3, 4, 5]. The measure for the
performance of a collimation system is the local cleaning
inefficiency
ηc =

Nlocal
,
Ntotal · Δs

(1)

with Nlocal the number of protons lost within an aperture
bin Δs and Ntotal the total number of lost particles.
To achieve these goals a phased approach was taken. The
present Phase-I system consists of 44 collimators per beam,
which are mainly installed in two dedicated cleaning insertions. IR3 collimators are used for the cleaning of offmomentum particles and IR7 to intercept particles with too
large betatron amplitudes. A sketch of the layout of the
Phase-I collimation system is shown in Figure 1. The calculated local cleaning inefficiency of this system with imperfections (ηc = 5 × 10−4 m−1 ) is expected to limit the
maximal possible beam intensity stored in the LHC to 4%
of the nominal [6, 7].
In addition to the installed collimators empty slots in
the cleaning insertions for future Phase-II collimators were
prepared. The main intensity limit due to cleaning was
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Figure 1: Sketch of the layout of the present phase-I collimation system. Beam 1 (beam 2) collimators are shown in
red (black). [7].
identified to losses in the cold dispersion suppressor (DS)
region at the end of the cleaning insertions. Simulations
with an improved system using collimators in the prepared
Phase-II slots and two collimators in the dispersion suppressor of the betatron cleaning insertion (IR7) in addition
to Phase-I showed that a gain in cleaning efficiency of a
factor 30 could be achieved [8].
Another future limitation for the LHC intensity could
be collimation related radiation to electronics. Therefore
a combined betatron and momentum cleaning in IR3 was
studied. Compared to the present Phase-I system this
would reduce the performance by a factor of two [9].
These two results lead to the idea to combine the two
proposals and study a system with combined betatron and
momentum cleaning in IR3 with additional collimators in
the superconductive dispersion suppressor of IR3 without
using the collimators in IR7. The cleaning performance
of such a system is discussed and presented below. This
system was proposed and approved for installation in the
long shutdown of the LHC in 2012.

MULTISTAGE CLEANING
Figure 2 shows a simplified sketch of the gap opening
arrangement of the different classes of collimators normalized by beam size for the multistage cleaning in the
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Primary Secondary

Absorbers

Dump
Protection

Triplet
Tertiary

Table 1: List of beam 1 collimators in IR3 for combined
momentum and betatron cleaning including collimators in
the dispersion suppressor (TCRYO).

Dump Kicker
beam

Figure 2: Simplified sketch of the gap opening arrangement
of collimator classes normalized by beam size.

Figure 3: Simplified sketch of the beam 1 collimator arrangement for combined momentum and betatron cleaning
in IR3. Only primary and secondary collimators are shown
here.
LHC. The primary collimators (TCPs) are the ones closest to the beam and cut the primary beam halo. The secondaries (TCSGs) intercept the secondary halo, i.e. particles scattered by the primaries, and absorbers (TCLAs)
catch showers produced by the other collimators at the end
of each cleaning insertion. The dump protection collimators (TCSG-IR6, TCDQs) protect the superconductive arcs
against mis-kicked beams. The tertiary collimators (TCTs)
are arranged around the experimental insertions, to clean
the tertiary halo and to protect the triplets against miskicked beams. The debris during collisions is caught by
so-called TCLPs [6, 10].

SIMULATION LAYOUT FOR COMBINED
CLEANING WITH DS COLLIMATORS
As basis for the simulated layout of the combined cleaning collimation system in IR3 the currently installed PhaseI collimation system was used and slightly modified. Furthermore, the installation of additional collimators in slots
foreseen for Phase-II was assumed. As for Phase-I the
jaw material used for primary and secondary collimators
is carbon. The tungsten absorbers (TCLAs) were kept as in
Phase-I. A list of the IR3 collimators for beam 1 is given in
Table 1 and for beam 2 in Table 2.
In addition two tungsten collimators per beam were
added into the cold dispersion suppressor region of IR3 in
front of the quadrupoles called Q8 and Q10. Sketches of
the layout of the IR3 collimation region and the positions
of the DS collimators both for beam 1 are shown in Figure 3
and Figure 4.

SIMULATION PARAMETERS
To determine the efficiency of the proposed layout, simulations were performed with SixTrack [11]. SixTrack combines optical tracking of single particles in the accelera-
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Collimator
TCP.6L3.B1
TCP.A6L3.B1
TCSG.5L3.B1
TCSG.A5L3.B1
TCSG.4R3.B1
TCSG.B4R3.B1
TCSG.A5R3.B1
TCSG.C5R3.B1
TCSG.B5R3.B1
TCSG.D5R3.B1
TCLA.A5R3.B1
TCLA.B5R3.B1
TCLA.6R3.B1
TCLA.7R3.B1
TCRYO.AR3.B1
TCRYO.BR3.B1

angle, material
hor, carbon
ver, carbon
hor, carbon
ver, carbon
hor, carbon
ver, carbon
170 deg, carbon
ver, carbon
113 deg, carbon
ver, carbon
ver, tungsten
hor, tungsten
hor, tungsten
hor, tungsten
hor, tungsten
hor, tungsten

s position [m]
6487.67
6489.27
6521.99
6523.04
6707.58
6709.53
6718.92
6720.92
6724.74
6726.74
6718.92
6757.22
6843.77
6915.18
6964.94
7044.47

Table 2: List of beam 2 collimators in IR3 for combined
momentum and betatron cleaning including collimators in
the dispersion suppressor (TCRYO).
Collimator
TCP.6R3.B2
TCP.A6R3.B2
TCSG.5R3.B2
TCSG.A5R3.B2
TCSG.4L3.B2
TCSG.B4L3.B2
TCSG.A5L3.B2
TCSG.C5L3.B2
TCSG.B5L3.B2
TCSG.D5L3.B2
TCLA.A5L3.B2
TCLA.B5L3.B2
TCLA.6L3.B2
TCLA.7L3.B2
TCRYO.AL3.B2
TCRYO.BL3.B2

angle, material
hor, carbon
ver, carbon
hor,carbon
ver, carbon
hor, carbon
ver, carbon
170 deg, carbon
ver, carbon
11 deg, carbon
ver, carbon
ver, tungsten
hor, tungsten
hor, tungsten
hor, tungsten
hor, tungsten
hor, tungsten

s position [m]
19817.11
19818.71
19850.48
19852.48
20037.02
20039.02
20048.36
20050.36
20054.18
20056.18
20084.66
20086.66
20173.21
20244.62
20294.38
20373.92

Figure 4: Simplified sketch of positions of the additional
tungsten collimators in the IR3 dispersion suppressor. Superconductive magnets are shown in blue. Q indicates a
quadrupole magnet and MB a bending magnet.
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Table 3: Half gap openings of different collimator families
as used for the IR3 combined cleaning simulations.
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Figure 5: Cleaning inefficiency in beam 1 for a horizontal
beam halo. In total 19 million particles were simulated.
The red (purple) line marks the quench limit at 7 TeV/c for
nominal (ultimate) intensity and a beam life time of 0.22h.
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open
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8
7.5
6
7
10
15
8.3
8.3
10
8.3
8.3

IP1

Warm losses
Cold losses
Inelastic scattering
on collimators

−1

Collimator family
TCP IR7
TCSG IR7
TCLA IR7
TCDQ
TCS IR6
TCP IR3
TCSG IR3
TCLA IR3
TCRYO IR3
TCTH IR1/IR5
TCTV IR1/IR5
TCL IR1/IR5
TCTH IR2/IR8
TCTV IR2/IR8

IP8

0

10

Q9

IP2
Q11

TCRYOA

−2

SIMULATION RESULTS
The simulation results for beam 1 are shown in Figures 5 to 8. For a horizontal beam halo the cleaning inefficiency is lower than ηc = (3.5 ± 1.4) · 10−6 m−1 .
In the vertical plane the cleaning inefficiency is below
ηc = (6±1.8)·10−6 m−1 . As indicated by the red (purple)
line, the leakage into cold magnets is in both cases below
the quench limit at 7 TeV/c with nominal (ultimate) beam
intensity for a beam life time of 0.22h. As these simulations
were performed without imperfections, the real system will
not reach this performance.
In Figures 6 and 8 it can be clearly seen that the additional collimators in the dispersion suppressor of IR3
(TCRYO) catch losses which otherwise would end up in
the quadrupoles of the dispersion suppressor.
Figure 7 shows a high leakage of particles in the vertical plane from the cleaning insertion in IR3 into the tertiary
collimators around the experimental IRs. In IR1 this means
that the losses in the TCTs are only one order of magnitude
smaller than the losses in the primary collimator in IR3.
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−1

tor lattice with proton-matter interactions in the collimator jaws. The simulation output shows the particle losses
on the aperture around the ring as well as particles absorbed in collimators. The optic inputs for these simulations were created with the help of MAD-X [12] using the
current LHC optics version 6.503. The simulations were
performed for the nominal particle momentum of 7 TeV/c,
with nominal crossing angles on, separation bumps off and
the experimental solenoids turned on in all IRs. The collimator half gap openings in units of the beam size are given
in Table 3. A sheet beam distribution with a Gaussian transverse distribution and an impact parameter of 7 μm was
used. In total 19 million protons were tracked. The simulations were performed without imperfections and separately
for beam 1 and beam 2.
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Figure 6: Cleaning inefficiency in beam 1 for a horizontal beam halo with zoom into IR3. In total 19 million
particles were simulated. The red (purple) line marks the
quench limit at 7 TeV/c for nominal (ultimate) intensity
and a beam life time of 0.22h.
This behaviour could limit the performance of the combined cleaning scheme as it would increase the background
in the experimental IRs. In addition the limit of the maximal allowed power deposition could be exceeded for some
TCTs. Currently studies are ongoing to determine how a
subset of the Phase-I collimators in IR7 (the current betatron cleaning insertion) can be used to intercept the tertiary
halo and reduce the leakage into the TCTs.
The simulations for beam 2 show comparable results.

CONCLUSION
The simulated combined betatron and momentum cleaning in IR3 with two additional collimators per beam in the
dispersion suppressor downstream of IR3 shows a good
cleaning performance. Without imperfections the system
reaches a cleaning inefficiency below the quench limit at
7 TeV/c for ultimate beam intensity.
In this scheme there are 11 collimators less needed per
beam than for the currently operating Phase-I collimation
system (44 collimators per beam). This translates into a
25% shorter setup time for the system.
As the collimators in IR7 will not be removed from the
tunnel, they can be used as a backup solution for an addi-
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tional increase in intensity or as spares in case of radiation
damage to the IR3 collimators. The whole system is concentrated in IR3, therefore the collimation related radiation
to electronics would be reduced by a factor of 12-100 compared to the present Phase-I system [9].
The presented simulations show for the vertical beam
halo a high leakage to the tertiary collimators in the experimental IRs. This effect could limit the performance of the
system as it would increase the background in the experimental regions. Studies are ongoing to determine a subset
of the Phase-I collimators in IR7 to intercept the tertiary
halo and reduce the leakage into the TCTs.
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LEAKAGE FROM LHC DUMP PROTECTION SYSTEM
Chiara Bracco, Ralph Assmann, Wolfgang Bartmann, Christophe Boucly, Roderik Bruce,
Etienne Carlier, Bernd Dehning, Brennan Goddard, Eva Barbara Holzer,
Malika Meddahi, Annika Nordt, Stefano Redaelli, Adriana Rossi, Mariusz Sapinski,
Jan Uythoven, Daniel Wollmann, CERN, Geneva, Switzerland
Abstract
A single-sided mobile diluter (TCDQ) and a horizontal
secondary collimator (TCSG) are installed in the extraction
region of the LHC to protect the downstream elements from
damage in case of asynchronous beam dump. These collimators have to be precisely set up to shield the arc aperture
at 450 GeV, the triplet apertures and the tungsten tertiary
collimators (TCT) at the low beta collision points. During
the LHC beam commissioning, several machine protection
tests were carried out to validate collimator setup and hierarchy at different beam energies and intensities. The outcomes of these measurements are presented in this paper
together with the results of particle tracking simulations for
asynchronous beam dump. These studies allowed to quantify the leakage expected from dump protection collimators
to the downstream elements and to validate the system performance towards higher beam intensity.

INTRODUCTION
The LHC beam dump system is formed by 15 extraction kicker magnets (MKD) which deflect horizontally the
beam towards a set of 15 steel septum magnets (MSD). The
beam is then painted, by means of dilution kickers, onto
special graphite absorber blocks (TED) [1].
The filling pattern in the LHC is constituted by batches
of 72 consecutive bunches, which are separated by 25 ns.
The unfilled space between the first and the last injected
batch defines the abort gap and corresponds to 3 μs (120
bunches). This larger gap, between bunches, allows for
the rise time of the MKD which must be triggered simultaneously and with the correct phase with respect to the
beam abort gap to achieve a loss-free extraction. If the RF
system, which defines the correct bunched structure of the
beam, loses the synchronization with respect to the MKDs
or if it breaks down, the beam populates the abort gap and
enters in the extraction region when the kicker voltage is
still rising and part of it is swept across the machine aperture. Two protection elements, per each beam, are installed
downstream of the MSD and have to absorb the beam swept
during an asynchronous beam dump in order to avoid damage of the downstream elements. The first protection element is a horizontal mobile diluter (TCDQ) made up by one
single 6 m long CFC (Carbon Fiber Compound) jaw which
is located at the extraction side of the machine. A standard
horizontal secondary collimator (TCSG), with two 1m long
CFC jaws, is installed immediately after the TCDQ and
allows to precisely define the horizontal beam position at
176

this location providing further collimation of the secondary
halo.

TCDQ AND TCSG SETUP
The extraction protection collimators have to be precisely set up respecting a well established hierarchy valid
for the full LHC collimation system [2]. They do not have
to intercept the primary halo since this could increase the
loss load on the downstream superconducting magnets and
potentially induce a quench [3]. On the other hand they
have to be closed enough to shield and minimize the energy deposition on the tungsten tertiary collimators (TCT:
horizontal TCTH, vertical TCTV) which protect the triplet
apertures at the experiments. At injection the TCDQ has to
be set up at 8σ, where σ is the beam size, and the TCSG at
7σ while, at the low beta collision points, the retraction between these two elements has to be reduced to 0.5σ (TCSG
at 7.5σ for 7TeV and 0.55 m β*).
Several manual setups of the full collimation system, including the extraction protection elements, have been performed during the first year of the LHC beam commissioning and, in particular, for any significative change in optics
and beam conditions. The TCDQ and the TCSG have been
set at the nominal aperture at injection and, due to the low
energy (3.5 TeV) and bigger β* (3.5 m), at 9.8σ and 9.3σ
at collision. An accuracy of about 1σ has been defined
for the positioning of the TCDQ with 0.1 mm resolution.
The protection level provided by the these collimators depends strongly on the relative settings of the TCT with respect to the TCDQ. A 5σ retraction (TCTs set up at 15σ),
which takes into account triplet protection,collimator setup
errors, dynamic orbit change and dynamic beta-beat, has
been used up to now. This retraction has to be reduced by a
factor of 10 for nominal LHC operation. An upgrade of the
TCDQ motor system and a better control of the machine
stability are necessary to reach this target.

ASYNCHRONOUS BEAM DUMP TESTS
Loss map studies have been periodically carried out to
validate the hierarchy of the collimation system and, in
particular, asynchronous beam dump tests have been performed to quantify the leakage from the TCDQ towards
the downstream elements. These tests consisted in switching off the RF cavities and leaving the beam particles populating the abort gap for about 90 s (0.01% energy loss).
A beam dump was then triggered by means of the emergency switches located in the CERN Control Centre (CCC)
Commissioning, Operations and Performance
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and loss maps recorded. For both beams the highest losses
were registered at the collimators in the extraction region
but the two beams showed a different loss pattern due to
the geometric asymmetry of the machine.
• Beam 1 (clockwise rotation): the swept particles,
which are not absorbed by the TCDQ and TCSG,
are lost at the downstream betatron cleaning insertion
which is designed to withstand high beam loads without being damaged. Particles exiting this insertion
have an oscillation amplitude small enough to perform
one full turn and be correctly extracted by the dump
system.
• Beam 2 (counterclockwise rotation): particles escaping the extraction protection collimators encounter the
CMS straight section where the tertiary collimators
define a bottleneck. Losses are recorded at these elements and have to be kept as low as possible due to
their low damage threshold.
The asynchronous dump of Beam 2 represents the most
critical case. For this reason, the results presented in this
paper refer only to this beam. The leakage from extraction
region to tertiary collimators is taken as the key parameter
for the validation of the TCDQ and TCSG setup with respect to the horizontal TCT. The leakage is defined as the
ratio between the losses measured at the TCTs and at the
extraction protection collimators (in particular the TCDQ).

Tests Results
Asynchronous beam dump tests have been performed at
injection an collision energy for increasing beam intensities. Table 1 summarizes the results of the tests carried
out during the first year of the LHC beam commissioning. Losses at the TCDQ and TCTs have been measured
for the 40 μs integration time of the Beam Loss Monitors
(BLM) [4].
In several cases an orbit offset has been applied at the
TCDQ location, where a positive sign means that the beam
was moved away from the collimator jaw. Tests have been
repeated for different β* values and after switching on the
crossing angle at the experiments. Losses at the TCTs start
appearing for intensities higher than 9×10 10 protons (p + )
at 450 GeV. At collision, the BLMs at the dump protection
collimators saturate for an intensity of 2×10 10 p+ . The
BLM saturation prevents to get a quantitative information
about the leakage to the TCTs. Additional Resistive Capacitive (RC) delays have been applied in order to increase
the upper limit of the dynamic range of the BLM ionization
chambers. The readings of the filtered BLM must be multiplied by a factor which depends on the delay applied and
on the integration time (180 for TCDQ, TCSG and 40μs).
These delayed BLMs might fail to catch very fast loss signals. For this reason, filters have been initially applied only
at one of the two TCDQ BLMs (TCDQB) and a supplementary delayed BLM has been installed at the TCSG. All
Commissioning, Operations and Performance
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Table 1: The results of asynchronous beam dump tests,
performed at injection and collision energy during the first
year of the LHC beam commissioning, are shown in the table. Beam intensity, orbit offsets, β* (11 m when not specified) and crossing angle at CMS are presented together with
the leakage at the TCTs. The presence of RC delays is also
indicated.
450 GeV
Intensity

Test Conditions

TCT/

RC

TCDQ
9×109p+
9 +

9×10 p

+4 mm Offset

1×1010 p+

No

0

No

0

11 +

1×10 p

1×1011 p+

0

Yes

1×10 −4

Yes

−4

Yes

5×10
+4 mm Offset

No
−4

11 +

1×10 p

-3.5 mm Offset
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the cases show a leakage of the order of 10 −4 with a maximum of 9×10 −4 recorded at 3.5 TeV, for a beam intensity
of 7×1010 p+ .

SIXTRACK SIMULATIONS OF AN
ASYNCHRONOUS BEAM DUMP
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Tracking simulations have been performed with SixTrack to define the expected leakage at the TCTs in case
of a full bunch impacting at the TCSG collimator (worst
scenario). An energy of 3.5 TeV and a 2 m β* at CMS
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were used to measure a 1×10 −2 leakage to the TCTs, in
a good agreement with simulations. The patterns of simulated and measured loss maps are also compatible, provided that SixTrack does not track showers of secondary
particles. The other measurements, presented in Table 1
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Figure 1: Proton density (p + /σ 2 ) on the horizontal TCT for
a total initial number of 8.5×10 10 protons.
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have been assumed. A total number of 8.5×10 particles
have been tracked starting from TCDQ until the downstream TCTs. More than 90% of the tracked particles are
absorbed at the TCDQ, while less than 1% grazes the jaw
surface and either is absorbed at the TCSG or reaches the
TCTs. The TCSG collimator intercepts 8% of the primary
protons while the tertiary collimators are reached only by
scattered particles. In total, 0.3% of a single bunch is absorbed at the TCTH corresponding, for a nominal LHC
bunch (1.1×10 10 p+ ), to 3.3×10 8 p+ (conversion factor
at TCT: 1×1012 p+ /Gy). The density of the protons absorbed at the TCTH, in units of p + /σ 2 , is shown in Fig.1.
The peak density is about 0.016% of a single bunch that
is equivalent to 2.5×10 6 p+ , for the nominal LHC emittance. These results are consistent with previous estimates
which predicted that a full bunch on the TCSG would be
attenuated by factor of 10 with a factor of 180 increase in
emittance. The loss map resulting from SixTrack simulations is displayed in Fig.2 (top). Here, the local cleaning inefficiency η c , that is the number of particles locally
lost with respect to the total number of particles tracked,
is plotted as a function of the longitudinal machine coordinate. Losses at the dump protection collimators are a
factor of 120 higher than at the TCTs corresponding to a
leakage of 8×10 −3. Results of the simulations have been
compared with a loss map measured during an equivalent
asynchronous beam dump test (second case at 3.5 TeV in
table 1, see Fig.2 (bottom)). Since the 40μs BLM signals at
the TCDQ were saturated, the 1.3 s signals (conservative)
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Figure 2: Loss map during an asynchronous beam dump
for SixTrack simulations (top) and measurements (bottom).
Black peaks represent particles absorbed at the collimators,
while red and blue bars represent losses at the normal conducting and superconducting magnets respectively.
(for collision with a 3.5 m β*), showed to be consistent
and not worse than simulations. This confirms the good
shielding provided by the dump protection collimators and
the reliability of simulations predictions in view of nominal
LHC operation at top energy.

BSRA MEASUREMENTS
Two synchrotron light telescopes (BSRA) are installed
in the LHC to provide the transfer profile of the two beams
and monitor the abort gap population citeBSRA. BSRA
readouts were used to define the number of protons lost
at the TCDQ during the asynchronous beam dump test, at
3.5 TeV, for which the BLM were saturated. According
to the BSRA, 4×109 p+ were in the abort gap during the
dump. Previous studies demonstrated that 36 bunches, out
of the 120 which can fill the full gap, would be intercepted
by the TCDQ [5]. With this assumption, 1.2×10 9 p+ were
absorbed at the TCDQ, during the test, with a leakage of
Commissioning, Operations and Performance
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2×10−2 to the TCTs. This result is in a very good agreement with simulations and with estimates from the 1.3 s
BLM measurements.
The LHC is also equipped with a transverse feedback
system that will be used for abort gap cleaning. The overall
system, BSRA and feedback, is still under commissioning
but, when in operation, it will provide an excellent method
to control the abort gap population [7] reducing the risk of
quench and damage during an asynchronous beam dump.

CONCLUSIONS
Performance of dump protection collimators, during the
first year of the LHC beam commissioning, has been presented. Asynchronous dump of Beam 2 was shown to be
the most critical case, due to the potential damage of the
tungsten TCTs installed downstream of the TCDQ. Results of tests performed with different beam conditions
(energy, intensity, orbit offsets, squeezed β* and crossing
scheme at the experiments) have been analyzed. All the
presented cases refer to Beam 2 and show a leakage to the
TCT smaller than 1×10 −3, proving an adequate protection
from the TCDQ. An improvement of the TCDQ setup accuracy and a better control of the machine reproducibility
are needed for nominal operation at 7 TeV, when the retraction between TCTs and TCDQ will be reduced by a factor
of 10. Results of tracking simulations, for the most conservative case, showed to be in a good agreement with the
measurements (BLM and BSRA). Simulations can then be
considered as a reliable tool for predicting the beam load
at the TCTs in view of LHC operation at top energy. The
combined use of BSRA and feedback system demonstrated
to be a promising tool to control the abort gap population
and reduce the risk of quench and damage in case of an
asynchronous beam dump.
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PROTECTION OF LHC AGAINST FAST FAILURES DURING INJECTION
AND BEAM DUMP
C. Bracco, R. Assmann, W. Bartmann, E. Carlier, B. Goddard, V. Kain, M. Meddahi, A. Nordt,
S. Redaelli, J. Uythoven, J. Wenninger, CERN, Geneva, Switzerland
Abstract
The LHC transfer lines, injection and beam dump
systems are equipped with a series of active and passive
protection systems. These are designed to prevent as
many failures as possible, for example through
surveillance and interlocking, or to absorb any beam
which is mis-kicked or mis-steered on passive absorbers.
The commissioning, validation tests and performance of
the different systems are described, and the implications
for the protection of the LHC against different failures
during beam transfer are discussed.

PROTECTION AGAINST FAST FAILURES
Transfer Lines
Each transfer line is equipped near the LHC injection
with a series of six two-sided collimators TCDI with
adjustable jaws, to limit the maximum beam excursion.
The collimators are arranged in both planes at 60 degree
phase advance, to provide optimum phase space coverage
for the single pass [1-2]. The nominal setting of the TCDI
jaws is ±4.5 betatron sigma.

Injection System
The injection kicker MKI can fire erratically or a
switch can also fail to fire when required. Also a
synchronisation failure could lead to the beam not being
deflected, or to the circulating beam being kicked by
mistake. Finally, the kickers can also fail with high
voltage breakdown (flashover), which can in theory give a
kick of any amplitude up to 125% of the nominal one.
To protect against these fast failures each injection is
equipped with a primary protection device TDI, which is
a 4m long two-sided collimator, nominally placed at 6.8
sigma from the beam. The TDI is 90 degrees in phase
downstream of the MKI kicker, and therefore intercepts
any miskicked injected beam with an amplitude greater
that the jaw setting. A fixed 1 m long mask TCDD is
placed in front of the superconducting dipole D1, to
reduce the beam load on the coils of this magnet. The TDI
is supplemented with two auxiliary collimators at phase
advances of n×180 ±20 deg, which improve the system
performance in the event of phase advance errors between
MKI and TDI. The TDI and TCLIs are interlocked such
that injection is only possible if the jaws are in position
around the beam. After injection the jaws are retracted.

Beam Dump Failures
To protect the downstream elements against a beam
sweep from an erratic kicker firing, protection devices are
installed. A 6 m long composite fixed absorber (TCDS) is
located in front of the extraction septum, and must dilute
180

the impacting ~30 bunches to a level where the septum is
not damaged. Another 6 m long single-sided absorber is
located in front of Q4, to protect Q4 and also to limit the
amplitude of beam escaping into the LHC. For this latter
purpose this absorber is movable, and is placed at around
8-10 sigma from the beam. The TCDQ is supplemented
by a short 1.2 m long two-sided graphite collimator
TCSG which allows an accurate definition of the beam
position, and also can be positioned more accurately than
the long TCDQ. A fixed 2.4 m long steel mask protects
the Q4 magnet coils from the showers from these
elements.
The TCSG and TCDQ are closed during the ramp to
maintain the correct position with respect to the beam.
The jaw positions are ensured by HW interlocks, and an
additional interlock is present on the maximum TCSG
gap and TCDQ position which depends only on the LHC
energy. The beam position at the TCDQ is maintained by
the orbit feedback system and interlocked by the SW
interlock system SIS. This is presently set at ±1.7 sigma
at 3.5 TeV, corresponding to about. ±1.2 mm.

INJECTION PROTECTION SYSTEM
COMMISSIONING
TCDI System
The TCDI alignment was made during a dedicated
LHC filling sequence, where a minimum number of
nominal bunches (to date 1 or 4) was repeatedly injected
into the LHC, while the jaw positions were scanned. To
avoid the potential danger of opening the jaws, the
method used was to scan the jaws only towards the beam.
Sample scans are shown in Figure 1, for locations with
low dispersion and for large normalised dispersion
(D/√β). The locations with large dispersion have less
room for alignment errors, and these collimators are the
ones which need to be most frequently adjusted.
Validation checks of the TCDI collimators were made
by sending free betatron oscillations with different phases
through the system, using correctors upstream in the line,
to measure the system opening as a function of phase. A
small emittance low intensity ‘pilot’ beam of about 1 μm
normalised in both planes was used, with small bunch
length, to accurately probe the acceptance of the system.
The position in sigma of the edge of the jaws was then
estimated from the fraction of beam lost, scaling the
offset by the ratio of the actual to nominal emittances to
derive a setting in nominal sigma.
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Figure 1. Centring scans with 4 bunches per injection, for
TCDIs with low (upper) and high normalised dispersion
(lower). The blue curve is for losses measured on LHC
BLMs, the red for the local BLMs on the TCDIs.
The results for TI 2 are shown in Figure 2 and for TI 8
in Figure 3. For the validation the jaws were all set at 5
sigma, with the plan to operate at 4.5 sigma and leave a
small margin to open selected jaws by 0.5 sigma if needed
because of beam losses. The dashed grey line indicates
the jaw setting, the solid grey line the setting plus the
allocated tolerance of 1.4 sigma, and the red line the
effective (target) system protection level. An error of ±0.5
sigma was estimated as the accuracy of the measurement.
The results show that the systems all are positioned as
expected or better, for all phases.
In addition to the phase scans, loss maps were made
with the beam steered at 7.5 sigma amplitude into the
collimators at different phases, recording the losses in the
LHC and comparing with the generic damage thresholds
assumed for the different elements. The losses were
scaled to the nominal full batch intensity of
288×1.15×1011 p+. Typical results for TI 2 and TI 8 are
shown in Figure 4. Scaling the losses on the collimators
gives numbers well above the estimated damage level –
however, these are generic numbers for warm machine
elements, and the collimators are designed to intercept a
full injected batch. The losses downstream of the
collimators are due to the showers – one simulation which
still is needed is a full FLUKA check of the effect of
impacting the TCLIB with a full injected batch.

-30

0

30

60

90 120 150 180 210 240 270 300 330 360
Phase (deg)

Figure 2. Validation results for TCDIs in TI 2, with
measurement of TCDI phase space coverage.
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Figure 3. Validation results for TCDIs in TI 8, with
measurement of TCDI phase space coverage.
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There are no significant losses in the arcs or matching
sections; the injection regions are shown in more detail in
Figure 5. The main feature is that the MKIs appear over
the damage threshold. This was checked in more detail, as
the MKIs are known to be sensitive to beam loss – in fact
the peaks on the MKI in Figure 5 are because the
assumed damage limits for the MKI are taken as a factor
of about 50 less than the damage limit for the
superconducting magnets, without any specific
justification. Examination of the raw loss maps confirms
this, Figure 6, where the losses measured on the MKI are
not larger than the surrounding elements.
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The TDI and TCLIA/B centring was made around the
circulating beam, corrected to the reference orbit. This
was done by scanning the jaws until the loss signals
indicate the beam is reached. The jaws were then set at an
offset given by the required number of sigma and the
nominal optics. For the TDIs this gave some interesting
results; for both beams, the beam size (sigma) as
measured at the TDI was found to vary significantly with
the setting of the TCP collimator used to define the core
of the beam. In a dedicated measurement which was
conceived to check that the TDI is correctly aligned the
TCP gap was progressively reduced and the TDI opening
measured as a function of this gap – the two settings were
then translated into beam sigmas and compared, Figure 7.
The result should be a straight horizontal line. This is not
the case, indicating a scale error in one of the systems.
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Figure 4. Loss maps for the LHC arc downstream of the
injection regions, for 7.5 sigma beam impact on a TCDI
in TI 2 (upper) and TI 8 (lower).
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Figure 6. Absolute losses in injection regions for Beam 1
and Beam 2. Losses on the MKIs are lower than those on
the adjacent Q4 and Q5.
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The maps show that significant losses escape the
TDI/TCLI system for grazing impact on the TDI. Since
the losses are above the generic assumed damage levels
for several locations for Beam 2, a more detailed study
with FLUKA, including the whole geometry of the
insertion, is needed to understand whether this poses a
real risk to the machine. This situation was simulated in
the past to check for the risk of damage to D1, but not for
the other downstream magnets.
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Further measurements on the TDI were made, by
retracting the jaw by about 0.5 mm from the beam and
applying tilts to the upstream and downstream ends of the
jaws until losses were observed. It was found that the TDI
for B1 had a tilt on the lower jaw of almost 1 mrad, which
would explain about half of the observed scale effect..
The tilt was corrected for in the subsequent setting up,
checks and operation.
Validation checks of the TDI and TCLI systems were
made by injecting low intensity bunches and varying the
strength of vertical correctors which gave a deflection
calculated to be the same as a fraction of the MKI kick.
The scan results are shown in Figure 8. The actual
protection levels were then estimated, Table 1. The
protection levels measured are in tolerance; however, the
relatively large offsets of the TDI centres, especially for
Beam 2, mean that the overall protection will be
improved for the jaws centred around the injected beam.
Loss maps were also made for the extreme impacts on the
TDI jaws, and the losses scaled to the assumed damage
limit for nominal beam. Two maps are shown in Figure 9.
Table 1. Protection Levels of TDI/TCLI Systems

TCLI loss (mGy/s)

Figure 7. Scale effect between Beam 1 TCP and TDI
settings, which could be explained by a TDI gap some 2.4
mm smaller than expected, and the improvement
observed when the 900 μrad tilt on the lower TDI jaw
was corrected.
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Figure 9. Scaled damage threshold/loss maps for grazing
incidence impact on TDIs, for Beam 1 (upper) and Beam
2 (lower).
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BEAM DUMP PROTECTION SYSTEM
COMMISSIONING
Extracting with 14 out of 15 Kickers
The dump system was designed to be able to extract the
beam if one of the 15 extraction kicker magnets does not
work. This was tested with low intensity beam at
450 GeV with correctors powered to generate the same
offset and angle at the septum as the MKD kickers – the
beam was then extracted and the losses checked. The
beam was cleanly extracted with one missing kicker.

Positioning of TCSG and TCDQ
The TCSG and TCDQ were positioned as for the other
collimators, with the difference that the TCDQ centring is
not possible as the device only has one jaw. As the TCSG
and TCDQ are adjacent, the relative alignment of TCDQ
with the corresponding TCSG jaw is simple, which yields
the offset to apply and hence the retraction. The TCDQ is
positioned 0.5 sigma further out than the TCSG.
As the TCSG and TCDQ are very important for the
machine protection, a cross-check of the alignment was
made similar to the TDI, by checking the TCSG opening

as a function of TCP setting. In this case the curves were
flat, showing that there are no unexpected gap errors.

Asynchronous Dump Tests
A large number of tests were made to test the
positioning of the TCSG/TCDQ and to check the loss
maps in the LHC with beam in the abort gap. These tests
are made by switching off the RF and allowing a bunch to
debunch, such that the abort gap fills with particles. The
beam is dumped after about 90 seconds, and the total
abort gap population has been measured at about 3e10 p+
at the moment of the dump. This is a factor of about 450
lower than the full intensity with 25 ns. The tests and
associated simulations are reported in more detail in [3] –
an example loss map is shown in Figure 10, showing the
expected level of losses on the collimation elements, in
particular the TCTs in P5 for Beam 2. To date the
asynchronous dump tests have not shown any large losses
on elements other than collimators, and the highest losses
on the TCTs correspond almost exactly to the expected
~10-4 leakage of protons scattered through the short
(1.2 m long) jaw of the TCSG, which is exposed for 0.5
sigma behind the TCDQ.

Figure 10. Map of losses through the LHC for asynchronous dump test with about 3×1010 p+ in each abort gap. The
dumps for Beam 1 and Beam 2 were triggered together. The losses in Octants 3 and 7 are on the collimation insertions,
and in Octant 5 on the TCTH which protects the low-β triplets. A dump of the full intensity 25 ns beam will give losses
about 500 time higher.

DISCUSSION AND CONCLUSIONS
Commissioning and validation tests of the injection and
dump protection systems against fast failures have been
made in the first months of LHC operation, and before
major increases in stored and injected intensity. The
systems have generally been found to work as expected,
although the transmission through the rest of the LHC of
scattered protons through the graphite jaws needed extra
simulation. A number of features of the different systems
have been revealed; the unexplained tilt and gap error of
the TDI for Beam 1 will need to be checked when the
device is next opened, and the loss on the downstream
quadrupoles for grazing impact on the TDI needs to be
checked in detail with FLUKA, together with the longpending study of the effect of a full injected beam
impacting the TCLIB. The loss levels on the MKIs for the
full beam impact on the final TCDIs should also be
simulated.
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The phase coverage and protection level of the different
systems has been measured and agrees with the
specifications; for the TDI/TCLI system the protection
depends on the amplitude of the injection oscillations in
the vertical plane – these need to be corrected if they
exceed the tolerance of maximum 2 sigma.
It is to be hoped that the learning curve for the use of
these critical elements can keep pace with the progress
LHC is making in terms of intensity increase. The risk of
the devices being needed to prevent damage to the LHC
should continue to be minimised by the comprehensive
interlocking and rigour in operational procedures and
their execution.
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One exxample of the hhollow electroon beam profille was
measuredd with a 0.2 mm
m pinhole andd reconstructedd as in
Figure 3. To make this hollow cathodde, a 0.6 inch spare
SEFT gunn cathode wass bored out aboout 3/8 inch hhole in
the centeer. And abouut 2.5 A peaak electron ccurrent
achieved aat 9 KV anodee to cathode voltage.

REM
MOVING U
UNCAPTUR
RED BEAM
M
In Tevvatron, uncapttured protons are generateed by
various m
mechanisms such as coalesciing in the MI, intrabeam scatttering (IBS), phase and am
mplitude noise of the
RF voltagge. The longitu
tudinal instabillities or trips oof the
RF poweer amplifiers can contribuute large spillls of
particles to the uncapptured beam. Uncaptured beam
particles are outside off the RF buckkets, and therrefore,
move lonngitudinally rellative to the m
main bunches to fill
the beam
m abort gap. Iff the number of particles iin the
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uuncaptured beam is too larg
ge and eventuaally lost due to
o
eenergy ramp, beam
b
abort or fallout, usually
y causing large
bbackground in
n physics detecttor, damage their componentts
eeven lead to quenches off the superco
onducting (SC
C)
m
magnets by thee correspondin
ng energy deposition.
To remove the uncaptu
ured beam effectively
e
and
d
qquickly, the TE
EL electron beeam is timed to
o the abort gaps
aand placed transversely
t
near
n
beam orrbit. Then the
eelectron beam
m is turned on
o to excite dipole motion
n
rresonantly until they are lost.
l
The flatttop and SEFT
T
eelectron beam have been alreeady demonstraated effectively
y
ffor this purposse in daily opeeration [7]. Th
he effectivenesss
oof the new Gau
ussian was also
o measured as show in Figure
44. The TEL was turned off
o during a store (average
eelectron curreent is shown in black) att about 7 min
n.
A
Accumulation of the uncaptured beam started
d
iimmediately and
a
can be measured
m
by the
t Abort Gap
p
M
Monitor (AGM
M) plotted in red. It growss for about 25
5
m
minutes reach
hing near satu
uration at inteensity of abou
ut
33.8×109 protons. When thee TEL2 turned
d back on, the
aaccumulated protons were quickly cleaared out. The
similar cleanin
ng effects weere also confirrmed with the
nnewly installed
d hollow electrron gun.

F
Figure 4: Unccaptured beam accumulation and
a removal by
y
tthe TEL2. Thee black line represents the av
verage electron
n
ccurrent of the TEL; the red line is the un
ncaptured beam
m
A
AGM.

BEAM-BEA
AM COMP
PENSATION
N STUDIES
S
The experim
mental beam--beam compen
nsation (BBC
C)
studies [3] weere carried ou
ut at the Tevaatron for eitheer
ddedicated macchine time or parasitically
p
during
d
the High
h
E
Energy Physiics (HEP) sto
ore and mosttly done with
h
pprotons. The tu
une shift, beam
m lifetime and halo
h loss rate at
a
bboth physics detectors
d
are meeasured and an
nalyzed.

Tune Shifts
Figure 5 preesents the vertiical tune shift induced by the
T
TEL2 electron
n current from
m the SEFT gu
un. There is an
n
eexcellent agreement between
n the tune shifft measured by
y
tthe 1.7 GHz Schottky
S
tune monitor and the
t theory. The
ddependence off the tune shifft on the electrron energy also
o
aagrees with thee theoretical prredictions
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Figure 5:: Vertical betaatron tune shiift of the 9800 GeV
proton buunch vs. the peaak electron currrent in TEL2.
The stuudies have beenn also carried oout for the Gauussian
electron bbeam with antipproton beam aat TEL2 recentlly [4].
In Figure 6 the verticall Schottky speectrum is plotteed for
one of thhe measuremennts. The obserrved tune shiftts and
enhancem
ment of the tunee spread are weell expected.

httpp://hb2010.weeb.psi.ch/authorrinfo/prst.php
Figure 6 : Antiproton beam verticaal tune spreaad vs.
Gaussian electron beam
m peak current iin TEL2.
The stuudies also show
w that no deletterious effects of the
Gaussian electron beam
m on the antiprooton beams.

Beam Lif
ifetime
Usuallyy, the proton liifetime, dominnated by beam––beam
effects, grradually improoves with timee in a HEP storre due
to the deccreasing of thee antiproton inntensity and groowing
of antiprooton emittancee. In store #5119, effectiveness of
the BBC w
was studied thhe by repeatedlly turning on annd off
TEL2 on a single bunchh P12 every haalf-an-hour forr 16 h.
The relatiive bunch inteensity lifetimee improvementt R is
plotted in Figure 7.[5]
The firsst two data pooints corresponnd to Je = 0.6 A
A, but
subsequennt points weree taken with Je = 0.3 A to obbserve
the depenndence of the coompensation eeffect on the eleectron
current. T
The change of tthe current resuulted in a drop of the
relative im
mprovement ffrom R = 2.033 to 1.4. A grradual
decrease in the relativee lifetime impprovement is vvisible
until afterr about 10 h, w
where the ratioo reaches 1.0 (ii.e. no
gain in thhe lifetime). At this point, thee beam–beam eeffects
have becoome very smaall, providing llittle to compeensate.
Similar eexperiments inn several otherr stores with initial

Commissioning, Operations and Performance

Proceedings of HB2010, Morschach, Switzerland
lluminosities ranging
r
from 1.5×1032 to 2.5×1032cm-2s-1
rreproduced theese results.
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equilibriuum beam sizedd was not reachhed during thee brief
scan. Thee further detailled studies of the beam dynnamics
will be caarried out soon..

ELECTR
RON COLU
UMNS

F
Figure 7: Rellative improveement of the TEL2 induced
d
pproton bunch #12
# lifetime vss. time (store #5119,
#
Dec. 12
2,
22006, initial lu
uminosity L = 159 × 1030 cm
m-2 s-1).

CO
OLLIMATIION EFFEC
CT
For particless interacting with
w the nonlineear force of the
eelectron spacee charge field, they may be eventually losst
ddue to their nonlinear
n
dynam
mics. This phenomenon waas
oobserved expeerimentally with the flattop
p electron gun
n
w
where the elecctron beam’s sh
harp edges actted as a `gentlee'
ccollimator [7]. When proto
on beam passeed through the
eelectron beam, the outlying particles weree slowly driven
n
oout of the bu
unch until theey eventually hit the beam
m
aaperture. Enco
ouraged by th
his observatio
on, the hollow
w
eelectron gun was
w developed and installed in the TEL2 to
o
ttest the proposal of using hollow
h
electron
n beam for the
nnear beam colllimation for LH
HC [10, 11].

The spaace charge efffect is one of the main facttors to
limit intennsity of proton beam in prooposed high ccurrent
proton sttorage rings. It could bee compensateed by
sufficient number of “eelectron colum
mns” devices w
which
are capabble of trappinng electrons, ggenerated from
m the
ionizationn of residual gaas by proton bbeam [9]. The sstrong
longitudinnal magnetic ffield of a solennoid is used too keep
electrons from escapingg from the trannsverse positionn they
are born at and suppress the e-p insttability while at the
same tim
me weak enouggh to allow ioons escape annd not
affect thee process of charge compensation. Twoo ring
electrodess at both endss of the solennoid supply ellectric
field to traap the electronns longitudinallly.
The prreliminary studdies using thee Tevatron Eleectron
Lens conffigured to workk as “electron column” had sshown
significannt accumulattion of elecctrons insidee an
electrostat
atic trap in 3T
T longitudinal magnetic fieldd with
intentionaally increased vvacuum pressuure. These negaatively
charged eelectrons moveed vertical tunee of 150 GeV pproton
beam upw
ward by as mucch as +0.005.
And thhe significant vacuum instabbility was obsserved
accompannied by the pproton beam instability. Further
theoreticaal and bench stuudies are needded to understannd the
dynamic processes insside the ionized and magnnetized
“electron column”.

SU
UMMARY
The eff
ffects of BBC were successfful demonstratted in
the Tevatrron. And varioous useful appplications havee been
also studiied before [8]. The abort gapp cleaning abiility is
also provven to be vital to the daily ooperations. Noow the
hollow eelectron gun was installedd to examinee the
collimatioon effect in dettails.
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Figure 8. Scraaping of a pro
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EMITTANCE PRESERVATION AT INJECTION INTO LHC
V. Kain, W. Bartmann, C. Bracco, B. Goddard, W. Hofle, D. Karadeniz, M. Meddahi,
D. Valuch, J. Wenninger, CERN, Geneva, Switzerland
Abstract
The very demanding LHC beam parameters put very
strict requirements on the beam quality along the SPS-toLHC transfer. In particular, the budget for the emittance
increase is very tight. During the LHC commissioning,
the emittances have been measured in the SPS, the two
SPS-to-LHC transfer lines and in the LHC. Preliminary
results show the importance of a very well controlled
beam steering in the transfer lines together with the need
of a robust trajectory correction strategy and transverse
damping in order to guarantee long-term reproducibility.
Another source comes from the tilt mismatch between the
LHC and its transfer lines which generates coupling at
injection into the LHC and in turn will contribute to
emittance increase. Preliminary results are also discussed.

INTRODUCTION
The preservation of the transverse emittance from
injection to collisions is crucial for the LHC luminosity
performance. The transfer and injection process is
particularly critical in this respect. The LHC is filled from
the SPS via two transfer lines, each about 3 km long. For
nominal performance the total emittance increase budget
between SPS extraction and LHC collision energy is only
İ/İ0 < 1.07. This places stringent requirements on the
various mismatch factors at injection. In total an
emittance increase of 5 % should not be exceeded. The
nominal emittance of nominal intensity bunches
(1.15 × 1011 p+ per bunch) is 3.5 Pm: the allowed increase
is therefore only about 0.08 Pm.

SOURCES FOR EMITTANCE GROWTH
Beam stability, kicker ripple, betatron, dispersion and
coupling mismatch at the LHC injection point all lead to
emittance increase. How the different effects impact the
emittance increase is summarised in [1]. For example, the
emittance increase from steering errors at the injection
point is given by
ఌ
ଵ
 ൌ ͳ  ȉ ο݁ ଶ
(1)
ఌబ

ଶ

with ǻe being the steering error in betatron sigma. There
is also a rotation angle between the reference frame of the
transfer lines and the LHC. This ‘tilt mismatch’ leads to a
phase dependant coupling, see [2], and emittance increase
following
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correction schemes using skew quadrupoles are under
study.

2010 OBSERVATIONS
Emittance Delivered to LHC
A series of BTV screens was used in the transfer lines
for the emittance measurement. In the LHC wire scanners
measured the beam sizes for circulating beam.
The optics in the line is very well under control, see
Fig.1, after several years of measurements and
corrections, see e.g. [4]. A big effort also went into
understanding the dispersion matching into the LHC [4].
As a result, the transverse emittance is conserved (within
the accuracy of the measurement) between SPS extraction
and LHC injection – and this even for emittances below
nominal. Table 1 shows the results for a comparative
measurement done in beginning of July 2010 in the
vertical plane.
Table 1: Vertical Emittance with Transverse Blow-up in the
SPS, Measurement from 7th of July 2010
Hyn [Pm]
SPS

3.3 ± 0.5

TI 2

3.2 ± 0.3

TI 8

3.4 ± 0.4

LHC B1

3 ± 0.3

LHC B2

3 ± 0.3

The emittance increase from SPS to LHC is clearly
below the resolution of the measurement. The emittance
measurement in the SPS and LHC is in fact a beam size
measurement, using the nominal optics functions to
estimate emittance – the estimate in the LHC could
possibly be improved by using the measured (or
interpolated) E function at the wirescanner, and by crosschecking with emittance measurement in the beam dump
lines, each of which is equipped with three screens.
Fig. 2 shows the evolution of the emittance in the
vertical plane for beam 1 during filling beginning of July.

(2)

The emittance increase due to this effect is 1.3 % for
TI 8 (tilt angle of 54 mrad) and 0.3 % (tilt angle of
20 mrad) and is presently uncorrectable, although
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Emittance [m] .

2010 using transverse blow-up. The screens in the transfer
lines were used: no variation with intensity was seen, and
the emittance was very stable, with an RMS of about 4%
of the actual emittance (corresponding to 0.07 Pm at
3.5 Pm).
Horizontal emittance in TI 2
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4.5E-09
4.0E-09
3.5E-09
3.0E-09

5e10

8e10

11e10
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Emittance [m] .

0.0E+00
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22:16 Time

Verti cal emittance i n TI 2
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8e10

11e10
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Figure 1: No measurable change of the betatron mismatch
factor (to the nominal optics at the injection point) was
measured for the transfer lines, also looking at possible
momentum dependency. The betatron mismatch can be
assumed to be in the order of 5 % for both lines. (The
results in the horizontal plane show a larger mismatch due
to using the nominal dispersion instead of the measured
and not including the variation of the bunch length hence
momentum spread). No measurable dependency on
momentum has been observed. The LHC beta beating was
found to be maximum 20 %, [3].

Figure 2. The evolution of the vertical emittance of beam
1 during filling (beam current curve in green) measured
with wire scanner (blue) and synchrotron light monitor
(red) on 7th of July. The emittance was around 3 Pm.

Stability of Emittance from SPS
The emittance stability of single bunches of different
intensities was measured during the commissioning
campaign of injecting nominal LHC bunches in April
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1.5E-09
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22:16 Ti me

Figure 3. Emittances measured in TI 2 for different single
bunch intensity. The geometric emittances are shown
(4 nm corresponds to about 2 Pm normalised emittance at
450 GeV).

Trajectory Stability
With the presently well controlled optics in the lines and
LHC the largest contribution to emittance growth during
the injection process comes from transfer line
trajectory/LHC orbit changes and the associated injection
oscillations.
Power converter instabilities lead from time to time to
sudden appearances of oscillations down the lines. The
power supplies of the SPS extraction septa seem to be
particularly prone to these instabilities. Oscillations of
amplitudes of ~ 1 Vhave been observed with an
oscillation phase compatible with the septa as source. The
RMS of the trajectory excursions with respect to the
reference, at the key locations of the TCDI collimators, is
about 0.2 mm.
The injected trajectory can be well steered, with
injection oscillations below about 0.5 mm, Fig. 4.
However, in addition to the short-term random effects
from power supplies, the trajectories in the lines are also
slowly drifting. After four weeks without correction the
trajectory had moved up to almost 700 Pm at beam
position monitors close to the injection point resulting in
injection oscillations of about 1.5 mm compared to the
initial value of < 0.5 mm. As a result, slight steering of the
lines is needed every few weeks, essentially to centre the
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beam in the TCDI collimators and to correct the injection
oscillations. The source of these drifts remains to be
understood. No such drifts are observed with other beam
lines close to the SPS-to-LHC lines, e.g. the CNGS beam
line.

2010 until mid September, bunches are fully treated
individually, achieving similar damping times for all
bunches within a batch. The system has been successfully
commissioned in May 2010 and used since on the high
intensity, nominal bunches for injection damping, during
the ramp as well as with colliding beams. In order to
improve the signal to noise ratio the maximum acceptance
before saturation occurs has been reduced to 2 mm. This
was possible due to the good stability of the injection
process only requiring occasional steering to remain
within the new set limit of +/- 2 mm.
The emittance increase at injection is given by
ఌ

ଵ

ఌ ൌ ͳ  ଶ ȉ ቆ
బ

Figure 4. Injection oscillations at about 0.5 mm peak for
both beams, both planes. The LHC arc is to the right of
the vertical red line.

Losses on Transfer Line Collimators
The other issue is related to the transfer line collimators
located at the end of the transfer lines.
Eventually 288 bunches per batch (1 x 1011 protons per
bunch) will be injected into the LHC. This is a factor of
about 20 above the estimated damage limit of equipment.
Passive protection in addition to a complex interlocking
system is needed at the end of the transfer lines to protect
against large oscillations coming down the lines. There
are three collimators per plane, with 60º phase advance
per line. The required setting is 4.5 betatron V [5]. Any
changes of the trajectory at the transfer line collimators
lead to losses at the collimators and hence to losses
detected by the beam loss monitors on the close by LHC
superconducting magnets.
Trajectory correction in the transfer line to improve
injection oscillations therefore has to be done with care.
Our current approach is hence not to correct at all up to
the limit of injection oscillations with an amplitude of
1.5 mm. This limit has to be respected to preserve the
minimum required LHC aperture for the present transfer
line collimator setting (LHC minimum required aperture
of 7.5 V). The LHC transverse damper deals with these
injection oscillations and guarantees emittance
preservation.

TRANSVERSE DAMPING IN THE LHC
A powerful transverse feedback system (“Damper”) has
been installed in LHC covering a frequency range of
3 kHz to 20 MHz. It is designed to damp injection errors
of up to 4 mm within less than 50 turns in order to prevent
emittance increase due to a dilution of the dipolar
injection error. The system has been described in detail
elsewhere [6]. At large bunch spacing, as used in the run
190
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where ߬ is the decoherence time due to machine
nonlinearities and ߬ௗ is the active damping by the
feedback system. It should be noted that in (3) a
correction needs to be added in presence of an instability,
effectively working against the feedback and increasing
the overall damping time [6]. Moreover, (3) is only
approximately correct as it lumps together all relevant
decoherence phenomena and describes them with a single
damping time implying an exponential decay. Numerical
simulations can help to assess the situation and were used
to predict the performance of the LHC damper [7]. In
practice ߬ௗ ߬  ا  is chosen to limit the emittance
increase. During the design stage of the LHC damper
50 turns and 750 turns have been assumed, respectively,
limiting the emittance increase to only 2.5 %. In practice
the active damping time can be easily adjusted by a gain
function in the damper system. The decoherence time
may vary significantly with the machine state
(chromaticty, octupoles etc.).
During the stable running period of August 2010
parameters of the damper system were not changed.
Logging of damper signals became operational during this
period, and injection oscillations were recorded with the
available two pickups used by the feedback system per
plane and beam. The pick-up signals were calibrated (in
mm) using the orbit system as a reference. The transverse
positions from the damper pick-ups of the first 8192 turns
after injection, always for the first bunch of an injected
batch, are recorded, for both beams and planes. Table 2
summarizes the optics functions at the pick-ups used by
the feedback system, all located at quadrupoles Q7 and
Q9 on the left or right side of point 4 of LHC where the
beta functions are high for the plane under consideration.
Table 2: Optics Functions (v.6.503) at Damper Pick-ups
Pick-up
BPMC.9L4.B1
BPMC.7L4.B1
BPMC.9R4.B2
BPMCA.7R4.B2
BPMCA.7R4.B1
BPMCA.9R4.B1
BPMC.7L4.B2
BPMC.9L4.B2

beam
1
1
2
2
1
1
2
2

plane
H
H
H
H
V
V
V
V

beta/m
127.2
112.1
106.3
173.8
126.7
137.8
169.5
140.1

Phase/degr.
reference
109.4
reference
115.9
reference
62.2
reference
131.1
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Using the signals from the two pick-ups the oscillation
amplitude can be reconstructed by taking into account the
phase advance I between the two pick-ups
ଶ
ଶ
ܽொ
 ܽொଽ
െ ʹܽொ ܽொଽ  ߶
ሺͶሻ
ଶ ߶
where the amplitudes measured at pick-ups Q7 and Q9
have been first corrected for their different beta function
(taking the theoretical optics model, and the observed
beta-beat with respect to the ideal optics). With ܽொǡ௦
and ܽொଽǡ௦ as measured values the estimated values for
a E=100 m are calculated as follows

ܽ ൌ ඨ

ܽொ ൌ

ܽொଽ ൌ

ܽொǡ௦
ඥߚொ ȀͳͲͲ
ܽொଽǡ௦
ඥߚொଽ ȀͳͲͲ

in signal and the actual injection, and a synchronization
pipeline delay in the damper low level system. The pickup signals have been normalized to the maximum of the
injection error observed on the respective pick-up with
values of the mean damping time and injection error
displayed in the figure. The scatter between the different
injections is very low showing the good short term
stability of the transfer line and the injection processes.

ൈ ඥܿ

ൈ

ͳ

(5)

ඥܿ

where the correction factor
ܿ ൌ
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(6)

accounts for the beta beating observed from the
injection oscillations in the very measurements. The mean
beam position in the pick-up is removed before the
analysis. Obviously there is an uncertainty, as one does
not know the exact values of the beta functions. Eqn. (5)
allocates the observed beating equally to both of the pickups used.
Figs 5 to 8 show as an example the analysed results for
fill 1268 from August 9th, 2010. This fill had 25 bunches
injected in seven batches with 1 to 4 bunches per batch, a
typical fill during the early part of the stable running
period in August 2010 before the number of bunches was
doubled in late August.

Figure 5: Horizontal injection oscillations of beam 1 for
fill 1268, pick-ups Q7 (green) and Q9 (blue) as well as
exponential fit from averages of the reconstructed data
according to (4)
Recording starts at turn 4 (beam 1) and turn 5 (beam 2),
after the beam-in signal due to a delay between the beam-
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Figure 6: Vertical injection oscillations of beam 1 for
fill 1268, pick-ups Q7 (green) and Q9 (blue) as well as
exponential fit from averages of the reconstructed data
according to (4)

Figure 7: Horizontal injection oscillations of beam 2 for
fill 1268, pick-ups Q7 (green) and Q9 (blue) as well as
exponential fit from averages of the reconstructed data
according to (4)

Figure 8: Vertical injection oscillations of beam 2 for
fill 1268, pick-ups Q7 (green) and Q9 (blue) as well as
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exponential fit from averages of the reconstructed data
according to (4)

to revisit the optical matching of the lines, and to maintain
tight control over the injection process.

Injection Kicker Ripple
The injection kicker ripple was measured with beam,
by recording the deflection of the beam as the timing of
the kicker was varied, Fig. 9; initially the ripple was about
a factor 2.5 above tolerance, but this was corrected with
adjustments to the pulse forming network [8]. The
emittance increase from the kicker ripple will become
important as the number of injected bunches increases in
the next phase of LHC operation; presently only 4
bunches have been injected at a time, and no effects on
emittance increase from the kicker ripple have been seen,
with the damper active.
r1.3%measured

r0.5% spec

Figure 9: Measured ripple of the injection kicker for B2.

CONCLUSION AND OUTLOOK
The emittances are systematically measured in the SPS
during the preparation of the LHC beams before injection
and with circulating beam in the LHC at the injection
plateau. It appears that the great care taken with the
transfer line alignment, stability and optics has paid off,
together with the excellent performance of the injection
kickers and the transverse dampers, with the emittance
dilution not measureable within the precision of the
instruments available. Nominal emittance is achieved
with ease; indeed for beam stability reasons in the LHC it
is now necessary to blow the beam up transversely in the
injectors, otherwise the emittances would be too small.
For the future, when LHC luminosity optimisation will
become extremely important, and when LHC may operate
with smaller emittance, it will nevertheless be necessary
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LONGITUDINAL PERFORMANCE WITH HIGH-DENSITY BEAMS
FOR THE LHC IN THE CERN PS
H. Damerau∗ , S. Hancock, M. Schokker, CERN, Geneva, Switzerland
Abstract
As one of the pre-injectors for the Large Hadron Collider, the CERN Proton Synchrotron must reliably deliver
beams in a wide range of parameters. The large variety of bunch spacings from 25 to 150 ns at extraction requires the acceleration of small, high-density bunches as
well as highly intense ones. Above a threshold bunch density, longitudinal coupled-bunch instabilities are observed
after transition crossing and the main accelerating cavities
have been identified as part of the impedance driving them.
Transient beam loading causes asymmetries of the various
bunch splittings used to establish the required bunch spacing, compromising beam quality at the head of the bunch
train delivered. Recent measurements of longitudinal limitations of beams for the LHC are presented, together with
possible cures and options for future hardware improvements.

INTRODUCTION
The optimum bunch spacing in the Large Hadron Collider (LHC), especially during the commissioning phase, is
determined by a large set of constraints from the machine
itself, as well as from the experiments. Hence, the accelerators in the injector chain of the LHC must be flexible
to provide bunches spaced by 25, 50, 75 or 150 ns. The
150 ns variant had originally not been foreseen. Following a request by the LHC experiments, it has been set-up
in 2010 for the first time. It is important that the bunch
parameters at injection into the LHC are independent from
bunch spacing.
The major part of the preparation of the different variants of LHC-type beams is performed by radio frequency
(RF) manipulations already in the Proton Synchrotron (PS).
In all cases, up to six bunches from the PS Booster (PSB)
are injected into RF buckets at the 7th harmonic (h = 7)
of the revolution frequency, frev . One bucket remains
empty to provide a gap for the PS extraction kicker. The
up to τbatch = 1.8 μs long batch sent to the Super Proton Synchrotron (SPS) may thus be filled with τbatch /τbs
bunches spaced by τbs . The different variants of the
LHC-type beams are produced by combinations of triple
and double bunch splittings on both injection and extraction plateaus (Table 1). For these manipulations the PS
is equipped with sets of cavities covering frequencies of
2.8−10 MHz (ferrite-loaded, tunable), 13.3 MHz, 20 MHz,
40 MHz and 80 MHz. Additional cavities at 200 MHz are
used for controlled blow-up of the longitudinal emittance.
The labels LHC25ns, LHC50ns, etc. are used throughout
∗ heiko.damerau@cern.ch
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Table 1: Longitudinal Manipulations for the Different Variants of Nominal LHC-type Beams [1, 2]. Each bunch (b) is
split in two (2-split) or three (3-split) parts.
LHC25ns

LHC50ns

LHC75ns

LHC150ns

Inject 6 bunches on harmonic h = 7
Flat-bottom RF manipulation
Controlled emittance blow-up to match splitting
3-split
3-split
2-split
2-split
h = 7, 14, 21
h = 7, 14
Blow-up for transition
Acceleration
18b, h = 21
12b, h = 14
Blow-up
Intensity and longitudinal emittance per bunch:
2.6 · 1011
1.3 · 1011
5.2 · 1011 2.6 · 1011
1.3 eVs
0.65 eVs
0.65 eVs
0.33 eVs
11
Total intensity for Nb = 1.3 · 10 ppb at extraction:
3.1 · 1012
1.6 · 1012
9.4 · 1012 4.7 · 1012
1st RF manipulation on flat-top
2-split
2-split
2-split
h = 21, 42
h = 14, 28
2nd RF manipulation on flat-top
2-split
Rebucket
Rebucket
Rebucket
h = 42, 84
h = 28, 84 h = 14, 84
Bunch shortening on h = 84, final bunch pattern:
72b, 25 ns 36b, 50 ns 24b, 75 ns
12b, 150 ns
this paper to indicate the beam type according to its bunch
spacing at extraction, which differs from the bunch spacing
during acceleration in most cases.
As each bunch at extraction to the SPS should nominally
contain Nb = 1.3·1011 ppb within a longitudinal emittance
of εl = 0.35 eVs (2σ), the total intensity of the beam accelerated in the PS varies from 1.6 · 1012 ppp (150 ns bunch
spacing) to 9.4 · 1012 ppp (25 ns). The average longitudinal density, Nb /εl = 3.7 · 1011 p/eVs, during the last part
of acceleration and on the flat-top is however identical for
all different species. Since the harmonic number during
acceleration is the same for LHC25ns/LHC50ns (h = 21)
and LHC75ns/LHC150ns (h = 14), this allows direct comparison of beams with the same longitudinal density but
very different total intensity. In the PS, the maximum intensity with LHC-type beams remains well below the intensity of beams accelerated for fixed-target experiments
(> 3 · 1013 ppp), but the latter beams are much less dense.
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Measurements comparing the longitudinal limitations of
LHC25ns/LHC50ns beams and the corresponding driving
impedance sources, as far as they have been identified, are
presented in the first part of the paper. Key ingredients to
achieve bunch intensities well beyond nominal intensity of
1.3 · 1011 ppb are introduced. Thereafter, the longitudinal
performance with LHC75ns and the new beam variant with
150 ns bunch spacing (LHC150ns) are reported. Finally,
ongoing and possible future upgrades of the feedback systems are discussed.

PERFORMANCE LIMTIATIONS WITH
25 AND 50 NS BUNCH SPACING
Comparing longitudinal beam stability of the LHC-type
beams with 25 and 50 ns bunch spacing at extraction is motivated by the fact that both beam types are very similar
during acceleration (see Table 1). In both cases, 18 bunches
are accelerated at h = 21. The longitudinal density is the
same as well, but intensity and longitudinal emittance of
the 50 ns variant are twice smaller.

Figure 1: LHC25ns: CB mode spectrum during acceleration averaged over ten cycles for each measurement time.

Coupled-bunch Instabilities During Acceleration
As coupled-bunch (CB) oscillations usually start after
transition crossing, mountain range data were recorded every 70 ms starting from 100 ms after transition crossing,
when the final εl is reached for LHC25ns and LHC50ns
beams (the magnetic cycle for the LHC50ns beam is 1.2 s
shorter due to single-batch transfer from the PSB [3]). The
dipole motion of each bunch is extracted from the center
position of a Gaussian function fitted to each bunch of each
turn recorded. A second fit of a sinusoidal function to the
motion of the bunch center results in oscillation amplitude,
phase and frequency, the latter being the synchrotron frequency. A discrete Fourier transform converts these oscillation amplitudes and phases per bunch to amplitudes and
phases per mode, the mode spectrum [4]. This analysis
technique is superior to measurements in frequency domain
since the bunches only cover 6/7 of the circumference.
Spurious frev lines due to this filling pattern are removed
as only bunches are analyzed. However, the mode numbers with respect to the batch, nbatch do not directly correspond to frev harmonics, but each mode number nbatch
results in a spectrum of frev lines, with the lines close to
7/6 nbatch frev at maximum amplitudes.
Figures 1 and 2 show the evolution of the mode spectra
for LHC25ns and LHC50ns beams during acceleration.
Though the total intensity differs by a factor two, the mode
pattern and oscillation amplitudes are very similar, suggesting a scaling proportional to longitudinal density, Nb /εl
rather than intensity.
Moreover, the form of the spectrum remains unchanged
during acceleration. The modes nbatch = 1, 2 and 16, 17,
those close to the RF harmonic, are strongest. No individual mode, which peaks at a certain moment during acceleration and then disappears again, is observed. This points to

194

Figure 2: LHC50ns: Development of the CB mode spectrum during acceleration. Same vertical scale (arbitrary
units) as Fig. 1.
a driving impedance with a relative bandwidth of at least
swing after transition crossing, which is
1.4 % (the frev 
2 , γ = 6.1).
given by  1 − 1 − 1/γtr
tr

Coupled-bunch Instabilities on the Flat-top
After arrival on the flat-top, the batch is normally synchronized with the SPS on h = 1, before the splittings start.
For a symmetric splitting of all bunches, CB oscillations
must not be present at this point. To allow for easier analysis of CB instabilities on the flat-top, the splittings were
disabled and the beam kept at low RF voltage at h = 21 for
about 150 ms until extraction. The RF voltages of 10 kV
(LHC25ns) and 20 kV (LHC50ns) correspond to the values at the start of the bunch splittings. Figure. 3 illustrates
the slowly growing oscillations during the flat-top with low
voltage at h = 21. Dipole oscillations develop especially
at the tail of the batch. The same mode analysis procedure described above has been applied to the well developed CB oscillations close to extraction. The mode spectra, averaged over ten cycles, are shown in Fig. 4. Again,

Commissioning, Operations and Performance

Proceedings of HB2010, Morschach, Switzerland

MOPD52

extracted bunch within a longitudinal emittance slightly
above εl = 0.38 eVs can be obtained for both bunch spacings. In addition to the passive cures, active CB feedback
on h = 19/20, mainly damping the dominant modes n = 1,
2 and 16, 17, significantly improves stability during acceleration. Fast controlled longitudinal blow-up directly after
transition crossing avoids a too fast growth of CB instabilities in the case of LHC25ns.

Detuning Unused RF Cavities

Mode amplitude a.u.

Mode amplitude a.u.

Figure 3: Mountain range density plot of a batch of 18
bunches kept at h = 21 with 20 kV (the initial condition for
the splitting h = 21 → 42) along the flat top (LHC50ns).

The ten ferrite-loaded cavities of the main acceleration
system in the PS can be electrically tuned in three groups
(tuning current loops are in series) from 2.8 − 10 MHz. On
the flat-top, cavities were originally short-circuited only,
but the tuning current was kept unchanged as if they were
still operational on h = 21 or h = 14. This was found to
contribute to the excitation of CB instabilities, hence a new
tuning scheme was implemented. At the moment the last
cavity of a tuning group is programmed to zero, the group is
rapidly tuned to a parking frequency of 3.1 MHz (h = 6.5),
the lowest possible in-between two frev harmonics.

Gap Relays
5 7 9 11 13 15 17
Mode number, nbatch

1

3

5 7 9 11 13 15 17
Mode number, nbatch

Figure 4: Comparison of the CB mode spectrum on the
flat-top of LHC25ns (left) and LHC50ns (right) beams. In
both cases a batch of 18 bunches is kept at low voltage on
h = 21 until extraction. The vertical scale of both plots is
identical.
LHC25ns and LHC50ns beams feature very similar mode
spectra despite their difference in total intensity and longitudinal emittance, confirming the aforementioned scaling
with longitudinal density.
The strongest modes present on the flat-top are nbatch =
11 and 12, very different from the dominant modes observed during acceleration. This suggests that the driving
impedance changes. Indeed the configuration of the ten
2.8 − 10 MHz cavities is modified after the arrival on the
flat-top. During acceleration, all 10 MHz cavities are active, close to full voltage (20 kV per cavity) and with their
gaps open. To achieve the moderate RF voltages before the
splitting on the flat-top in a well controlled fashion, eight
of ten cavities are switched off in a sequence leaving only
two active cavities. The unused cavities remain tuned close
to the RF harmonic but are short-circuited by a gap relay.
It was found that the residual impedance of those shortcircuited, inactive cavities represents an important part of
the impedance driving the CB instabilities on the flat-top.
Two passive impedance reductions are described below.
Results from recent beam tests pushing the intensity of
the LHC25ns and LHC50ns beams towards ultimate, indicate that intensities up to almost 1.9 · 1011 protons per
Commissioning, Operations and Performance

Each of the ferrite-loaded cavities consists of two λ/4resonators, each of them with an acceleration gap, connected in parallel by two coaxial bars and the tuning
loop [5]. Originally, both gaps were short-circuited, but
in 1991, shortly after the significant impedance reduction
by direct RF feedback [6], the second gap relay was removed to reduce maintenance costs. Following the analysis
of the instability observations presented above, four of the
ten cavities have been re-equipped with a second gap relay. The beam induced voltage along an acceleration cycle
(fixed-target SPS) measured across the left and right gaps
is shown in Fig. 5. The asymmetry of the induced volt2.0

2.0
Left gap

Right gap

1.5
1.0

1.5
Vpeak kV

3

Vpeak kV

1

0.5
0.0

1.0
0.5

0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time s

0.0

0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time s

Figure 5: Beam induced voltage (cavity in straight section
46) measured on left and right accelerating gaps. Black:
both gap relays closed; red: left relay closed only; blue:
right relay closed only.
age is different from cavity to cavity, but a reduction of the
voltage by more than a factor of two, due to the second gap
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relay is observed on average. The remaining cavities will
thus be equipped with a second gap relay for the 2011 run.

Transient Beam-loading

1.2

75 NS BUNCH SPACING
For the LHC75ns beam at nominal intensity, only weak
CB oscillations are observed during acceleration from transition crossing to flat-top. On the flat-top however, the
LHC75ns beam exhibits similar stability problems as reported above for the 25 ns and 50 ns variants. The measured CB mode spectrum is shown in Fig. 8, again disabling the RF manipulations on the flat-top and keeping
the beam at low RF voltage on h = 14 (20 kV). Compared

1.1
1.0
0.9
0.8
1

12

24

36

Bunch number

Figure 6: Relative bunch intensity at extraction versus position within the batch (averaged over ten cycles, LHC50ns,
1.9 · 1011 ppb).
bunch to bunch, caused by the bunch splitting h = 21 →
42, is clearly visible, especially at the head of the batch.
This effect is caused by transient beam loading. The relative phase of the cavity return signals (h = 21/42) in the
middle of the splitting is plotted for various batch lengths
in Fig. 7. For these fast measurements, both cavity re-

Mode amplitude a.u.

Relative bunch intensity

At intensities beyond nominal, transient beam loading
compromises the longitudinal quality of the batch since the
symmetry of the bunch splittings becomes dependent on
the position within the batch, resulting in unequal bunch
intensities and emittances. Figure. 6 illustrates this effect
for an LHC50ns beam at an intensity of 1.9·1011 ppb (50 %
above nominal). At extraction an intensity variation from

ment, the phase oscillations appear smaller in the 36 bunch
case. Comparing forward and return phases of the cavities
at h = 21, suggests that these cavities are more prone to
transient beam loading than the 20 MHz cavity (h = 42).

1

3

5
7
Mode number, nbatch

9

11

Figure 8: CB mode spectrum of oscillations on the flat-top
of the beam for 75 ns bunch spacing. The RF voltage of
20 kV is generated by a single cavities while the other nine
cavities are short-circuited by a gap relay.
to LHC25ns and LHC50ns (Fig. 4), the mode spectrum is
shifted to lower mode numbers which may be due to the
lower RF harmonic (h = 14 instead of h = 21). Though
no tests to push the LHC75ns beam to highest possible intensities per bunch have been performed yet, it is expected
that this beam will also benefit from the recently introduced
improvements for the other LHC beam variants.

150 NS BUNCH SPACING

Figure 7: Phase error between 10 and 20 MHz versus
time (LHC50ns, 1.9 · 1011 ppb, constant offsets removed).
The vertical scale is in degrees with respect to the lower
harmonic h = 21. The batch length is 12 (black), 24 (red)
or 36 bunches (blue), corresponding to 2/7, 4/7 and 6/7 of
the circumference. The periodicity is 1/frev = 2.1 μs.
turn signals were sampled at 2.5 GS/s and the phase calculated from sinusoidal fits to 200 ns long intervals of the
sampled traces. The amplitude of the phase oscillations
caused by transient beam loading is about 40 , similar to
previous estimations based on the asymmetry of the bunch
shape in the h = 21 + h = 42 double-harmonic RF system [7]. Due to insufficient time resolution of the measure-
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A beam variant with 150 ns bunch spacing has been setup for the first time in 2010 and is used now in the LHC.
Up to 12 bunches are ejected to the SPS, and a total intensity of only 1.6 · 1012 ppp is accelerated for nominal intensity per bunch. However, as the longitudinal density during acceleration must be as high as with the other beams
for LHC, a longitudinal emittance below εl = 0.35 eVs
must be well preserved. With such a small emittance, a
zero-mode (n = 1) quadrupolar instability is triggered at
transition. Damping of this mode is achieved by a slow
feedback, the so-called Hereward damping, modulating the
voltage program of the accelerating cavities.

Quadrupole Coupled-bunch Instabilities
After transition crossing, slowly growing quadrupolar
(m = 2, nbatch = 1) CB instabilities (bunch length
oscillations) are observed (Fig. 9). The high frequency
(40/80 MHz) cavities [8] have been easily identified as
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flat-top with the LHC150ns beam as the RF voltage on h =
14 stays at its maximum value of 200 kV (no cavity shortcircuited), and the beam is directly handed over to h = 84.

CONCLUSION

Figure 9: Quadrupole CB oscillation of the LHC150ns
beam. Left: Mountain range density plot; right: Resulting
quadrupole mode spectrum.
sources exciting those instabilities by opening and shortcircuiting their gaps. Figure 10 compares two cases: all
40/80 MHz cavities closed with their gap short-circuits and
all open (with active feedback). Obviously, keeping the
Cavity gaps closed 4080 MHz

Γtr
100 msdiv
All cavity gaps open 240380 MHz

Results from the CB oscillations analysis for LHC25ns
and LHC50ns beams have confirmed that the 10 MHz cavities, even when short-circuited, significantly contribute
to the longitudinal impedance driving these instabilities.
Unused cavities are now tuned to a parking frequency
and a second gap relay will be installed on all cavities.
With optimized feedback settings, an intensity of almost
1.9 · 1011 ppb has been achieved within bunch length and
longitudinal emittance close to those at nominal intensity.
However, the bunch-to-bunch intensity spread increases,
especially at the head of the batch.
With the new LHC150ns beam, longitudinal stability
problems already occur with the nominal intensity of 1.3 ·
1011 ppb after transition crossing. The residual impedance
of the 40/80 MHz cavities has been identified as main driving source. First tests with the existing CB feedback were
successful, but incompatible with the normal operation.
A new feedback board to improve the performance and
flexibility of 1-turn and CB feedbacks is being developed.
Comb filter type feedbacks for the 40/80 MHz cavities
based on the same electronics are also being considered.
The authors are grateful to Elena Shaposhnikova and
Wolfgang Höfle.
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QUENCH PROTECTION WITH LHC BEAM LOSS MONITORS
M. Sapinski∗ , B. Dehning, E. Effinger, J. Emery, E.B. Holzer, C. Kurfuerst, A. Priebe, C. Zamantzas,
CERN, Geneva, Switzerland
Abstract

Beam Loss Distribution

To prevent from beam-induced quenches of the superconducting magnets a system of about 4000 beam loss
detectors is installed on the magnets cryostat. These detectors, being ionisation chambers, measure the particle
shower starting inside the magnet. Examples of simulations linking the heat deposited in the superconducting
coils with signals in the ionisation chambers are presented.
A comparison of the simulations to the data is done. Limits
of the present system are discussed.

The distribution of the beam losses depend on the trajectories of the particles and on the aperture of the vacuum
chamber. An example of the loss pattern, obtained from
SixTrack [2] simulation of beam halo particles, is shown in
Figure 1, where the beam goes from left to right. To obtain
this plot losses over all arcs were superimposed according
to MB-MQ interconnection geometry. The red line shows
the shape of the vacuum chamber. A loss peak is observed
after the interconnection, at the beginning of the MQ beam
screen.

INTRODUCTION

METHOD
The ingredients needed to estimate the beam-abort
thresholds are:
• beam loss distribution,
• quench margin of the magnet,
• energy deposited in the coil,
• signal in the BLM.
In the following, the four ingredients are discussed in
detail.
∗ mariusz.sapinski@cern.ch
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The Beam Loss Monitor (BLM) system uses mainly
cylindrical ionisation chambers, installed in various locations on the LHC, as radiation detectors. Most of the chambers are installed on the cryostat of the superconducting
magnets. Their main goal is to detect if the energy deposition in the superconducting coil due to beam losses is
high enough to provoke a transition of the coil to a normalconducting state (quench). If the BLM system detects such
a loss it sends a signal to the beam dump and the beam is
removed from the LHC ring within 4 revolutions.
The beam-abort thresholds set up in BLM electronics [1]
are a function of beam energy and signal integration time.
Because the temporal and spatial distribution of the loss
have a large impact on threshold, usually the most conservative values are chosen.
Various aspects of quench-protecting threshold estimations, which authors found especially interesting, are discussed in this paper.
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Figure 1: Loss pattern at interconnection between arc magnets simulated using SixTrack code. This loss is generated
by halo particles.
The loss pattern to large extent follows the lattice β −
function. Therefore, almost independent of the mechanism which causes the loss, the highest loss probability is
in vicinity of quadrupole magnets where the β − function
reaches its maximum. In transverse plane the losses are
usually concentrated in horizontal or in vertical direction,
depending on the onset of the loss phenomena.
The BLM locations have been chosen to minimise the
impact of the spatial loss distribution on the BLM thresholds. In case of MB and MQ magnets the impact of the loss
distribution on the BLM signal is discussed in [3] and [4].
The temporal distribution of losses has a critical influence on the quench margin of the magnet but also on the
signal observed in the BLM due to temporal effects in the
analog and digital part of the acquisition system. The ongoing investigations show weak influence of the loss temporal distribution on the quench margin [5]. Losses with
a very short rise time are seen in the BLM system with a
delay which might in some cases be too large and therefore
the beam-abort thresholds needs to be lowered in order to
compensate for it.

Commissioning, Operations and Performance

Proceedings of HB2010, Morschach, Switzerland

Quench Margin
For short transient losses (shorter than 100 μs ) the
quench margin is estimated through the enthalpy limit of
the dry cable, ie. assuming that there is no heat flow from
the cable to helium. The specific heat of NbTi superconductor depends on the magnetic field, therefore it varies
over the coil. An example of the enthalpy limit map of the
coil is presented in Figure 2 for MB magnet at current corresponding to 7 TeV proton beam. The enthalpy limit of
the cables is known with a good precision.

MOPD53

For fast losses only the value and the location of the
maximum energy deposition are considered. The quench in
this case develops in the innermost part of the inner cable,
which has the lowest quench margin due to the strongest
magnetic field and which is the most exposed to the beam
losses.
In case of slower losses the heat is transported along the
cables and out to the helium bath. Depending on the approach to the threshold calculation, the relevant parameter
is:
• energy deposited averaged over a volume defined by
the cable cross section and its transposition pitch [8],
• one-dimensional radial distribution of the energy [5],
• two-dimensional map of energy deposit over the
whole cross-section of the coil including the cold bore
and the copper wedges [7].

Figure 2: Map of quench margin on the transverse crosssection of the coil for 7 TeV beam energy. The map has
been generated by ROXIE code [6].
For steady state losses, which are expected in numerous
locations on the LHC, the quench margin is calculated using a thermodynamic model of the heat transfer in the coil
and to the cryogenic system [7]. The timescale at which
the heat transfer reaches steady-state value is about 1 s.
The magnets are between 5 and 15 meter long and the
loss scales are often of the same order. Therefore a significant part of the losses is typically generated nearby
the interconnection between two magnets, where a smaller
amount of material allows the shower to develop. As a result the endings of the coils can get more energy deposited
than the magnet center. Fortunately, the quench margin at
the ends of the magnet is expected to be larger than in the
middle because of a larger helium content. On the other
hand, for ultra-short losses, when helium plays no role in
heat evacuation, the situation is less profitable because the
bending of the superconducting cable is expected to decrease its enthalpy limit.
For losses with a timescale in between fast and steady
state the quench margins can be estimated using a method
from [8] or using more precise simulations [5]. These
methods are based on the knowledge of the timescale at
which various heat transfer processes became active.

Energy Deposition
The distribution of energy deposition in the coil is estimated from particle shower simulations. It is not possible
to measure it directly inside the coil, so the only validation
of the simulations can be done through quench tests.

Commissioning, Operations and Performance

An interesting aspect of the energy distribution in the
coil is a distortion of the shower shape due to exceptionally strong magnetic field. This phenomena is illustrated in
Figure 3, where the simulation of a 7 TeV proton impacting
vertically on the beam screen of the MB magnet is shown.
A large part of the cold bore is uniformly heated and the
energy deposition in the coil is distorted to the horizontal
plane, however shifted towards the loss location. In case
of the MB magnet this phenomena shifts the shower away
from the most fragile parts of the coil. It decreases the energy deposition and shifts it away from a point critical for
the heat evacuation. In case of horizontal loss the magnetic
field effect is opposite and leads to energy concentration
enhancing the local energy density, as shown in Figure 4.
3

ED [mJ/cm ]

collision energy

10-7

10-8

10-9

Figure 3: Energy density deposition per lost proton in the
cold bore and the inner coil of the MB magnet in case of
vertical beam loss as simulated by Geant4. The loss is located on the upper part of the beam screen (not shown on
the plot).
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Figure 4: Energy density deposition along the most exposed azimuth. The first bin represents the beam screen,
the second - cold bore and the last three bins represent the
inner coil of the MB magnet.

BLM Signal
In opposition to energy deposition inside the coil, the
BLM signal is not only simulated but also measured. The
measurements performed during the second beam-induced
quench of a superconducting dipole are shown in Figure 5.
The corresponding Geant4 simulation (green line) underestimates the signal by about 50%. The main reason of this
discrepancy is probably the precision of modelling of the
tail of the shower with Geant4.
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Figure 6: The spectrum of particles reaching the BLM produced by a loss of a single 7 TeV proton.
loss location. It is about 5 times larger outside the cryostat
than in the coil, as shown in Figure 7. This leads to the
dependence of the threshold on the loss scale. In particular
losses due to an obstacle generate smaller ratio of BLM
signal to energy deposit in the coil than distributed losses.
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Figure 7: The comparison of longitudinal distributions of
energy deposit in the coil and the BLM signal outside the
cryostat.
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Figure 5: The BLM signal during a beam-induced quench
of the MB magnet. Green line shows simulated signal,
black line is a fit to the measurements. The quench has
been provoked by about 2 · 109 protons with an energy of
450 GeV.
The typical spectrum of the particles reaching the BLM
is shown in Figure 6. It is dominated by neutrons, gammas, electrons, positrons and secondary protons. Thermal
neutrons, not seen on this plot, are a strong component and
to perform the proper simulation of their flux the concrete
tunnel walls must be present in the geometry. Convoluting this fluxes with the BLM response functions [9] one
obtains the contributions of various radiation types to the
BLM signal. The main contribution comes from gammas,
pions and protons. The ionisation chamber shows relatively
low sensitivity to thermal neutrons [10].
The size of the cascade grows with the distance from the
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The threshold is calculated from the BLM signal QBLM ,
the quench margin ΔH and the energy deposited in the coil
ED . In the most general case all these parameters are functions of the beam energy Eb and the time and spatial structure of the loss L(t, x, y, s).
T(Eb , L(t, x, y, s)) =

(1)

ΔH(Eb , L(t, x, y, s))
QBLM (Eb , L(t, x, y, s))
ED (Eb , L(t, x, y, s))
In the current threshold algorithm the complexity has
been reduced removing the weakest dependencies. For
instance, as the BLM positions have been chosen to
be independent from loss patterns, one can reduce:
QBLM (Eb , L(t, x, y, s)) to QBLM (Eb , τ ). After all simplifications, the current algorithm can be described as minimisation over beam loss patterns of the Expression 2.
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ΔH(Eb , τ )
T(Eb , τ ) = QBLM (Eb )
ED (Eb , τ )
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QUENCH TESTS
(2)

Examples of the threshold tables, each consisting of 384
values, are presented in [11].

TRIPLET CASE
There are a few examples of locations when the signal
in the BLM comes not only from loss against which the
monitor should be protecting, but also from other radiation
sources. Especially interesting case are inner triplet magnets which provide final beam focusing before the interaction points. These magnets are subject to a constant flux
of debris from the collisions in the interaction point. These
debris are seen as a constant signal and mask the signal
coming from the beam loss. This situation is presented in
Figure 8 [12].

To test the quench level at millisecond timescale it is
foreseen to use a wire scanner which produces, during scan,
a particle shower with well defined properties. It is expected that the MQY magnet placed downstream the wire
scanner, should quench when scanning beam with intensity
below 1013 protons at 3.5 TeV.
Another test of BLM thresholds will be performed producing an orbital bump with a maximum inside the MQ
magnet. The magnet chosen to this test is equipped with
a special QPS firmware which allows to see signals coming from QPS probes smaller than the quench threshold.
It is expected that using this technique quench precursors should be detected without actually quenching the
magnet. In the initial stage of this test losses of almost
109 protons/meter have been reached but no signal has
been observed in QPS.

BLM signal [mGy/s]

CONCLUSIONS
2

debris, internal BLM

debris+loss Q2B, internal BLM

1

30

40

50

dcum [m]

60

Figure 8: The signal debris (dotted line) and debris plus
beam loss signal at quench level, as seen in the BLMs installed on triplet magnets on the right of IP 1.
In this situation it is not possible to determine the thresholds such, that they do not dump the beam during normal
operation and, at the same time, they protect the magnets.
The solution is to place radiation detectors closer to the
coil, inside the magnet cold mass. This solution is being
investigated.

BEAM-INDUCED QUENCHES
Since the initial injection tests in summer 2008 until normal operation with intensities up to 5 · 1012 protons in
September 2010 only five beam-induced quenches have occurred. They all were caused by the loss of the injected
beam (single-turn failures). In all cases the quenched magnets were main dipoles and the quenches itself were selfrecovering when the Quench Protection System heaters,
triggered by a voltage spike, fired and safely quenched the
whole magnet. Four of these quenches were caused by a
vertical loss.
Only the quench level of MB magnet for short transient
loss and for injection energy has been tested. The need of
systematic quench tests has been stressed by the Machine
Protection Panel and the test campaign is foreseen in the
fall of 2010.
Commissioning, Operations and Performance

The strategy to set up beam-abort thresholds protecting
superconducting magnets from quenching is discussed. A
few not obvious aspects of the process, as influence of
strong magnetic fields on energy deposited in the magnets
coils, are emphasized. The simplifications used in the procedure are justified. Special cases, where the protection
with the existing system is not possible, are presented. Finally a short summary of the beam-induced quenches observed during the two years of LHC operation is given and
the possible quench tests are described.
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COMMISSIONING OF RAMP AND SQUEEZE AT THE LHC
S. Redaelli∗ , M. Lamont, G. Müller, R. Steinhagen, J. Wenninger,
CERN, Geneva, Switzerland
X. Buffat, EPFL, Lausanne, Switzerland
Abstract
The energy ramp and the betatron squeeze at the CERN
Large Hadron Collider (LHC) are particularly critical operational phases that involve the manipulation of beams well
above the safe limit for damage of accelerator components.
In particular, the squeeze is carried out at top energy with
reduced quench limit of superconducting magnets and reduced aperture in the triplet quadrupoles. In 2010, the
commissioning of the ramp from 450 GeV to 3.5 TeV and
the squeeze to 2 m in all the LHC experiments have been
achieved and smoothly became operational. In this paper,
the operational challenges associated to these phases are
discussed, the commissioning experience with single- and
multi-bunch operation is reviewed and the overall performance is discussed

Table 1: LHC 2010 proton run configurations and achieved
performance at the time of this workshop. The goal for
2010 is to achieve a luminosity of 10 32 cm−2 s−1 by the end
of October, with stored energies up to 30 MJ per beam.
Parameter
Colliding beam energy [TeV]
Peak luminosity [1032 cm−2 s−1 ]
Maximum stored energy [MJ]
Single bunch intensity [1010 p]
Norm. transv. emittance [μm]
Bunch length at flat-top [ns]
β ∗ in IP1/IP5 [m]
β ∗ in IP2/IP8 [m]
Crossing angle IP1/IP5 [μrad]
Crossing angle IP2 [μrad]
Crossing angle IP8 [μrad]
Parallel beam separation [mm]
Main dipole ramp rate [A/s]

INTRODUCTION
The Large Hadron Collider (LHC) has seen an exciting initial operation at 3.5 TeV, with stored energies up
to 9 MJ per beam at the time of this workshop. The energy ramp and the betatron squeeze are particularly critical
operational phases that involve delicate handling of beams
above the safe limits (assumed limit is 3.1 × 10 10 protons at 3.5 TeV). Presently, the nominal parameters have
been achieved in terms of bunch intensity, ramp rate, transverse and longitudinal beam emittance. The commissioning is now focused on increasing the stored beam energy
to reach by the end of the 2010 run the luminosity goal of
1032 cm−2 s−1 and up to 30 MJ stored energy [1].
In order to achieve a good collider performance and minimize the risk of quench and damage, it is clearly important
to keep under control losses during ramp and squeeze. Machine protection constraints also impose tight tolerances on
the orbit and optics stability. In this paper, we present the
performance of ramp and squeeze at the LHC under various
conditions. After a brief introduction on the run configurations and on the commissioning strategy, the tools developed to perform ramp and squeeze are presented and the
performance in term of beam transmission, orbit stability
and tune and chromaticity stability are presented.

2010 RUN CONFIGURATIONS
The main beam and machine parameters for the 2010
LHC run configurations are given in Table 1. After an initial pilot run at a reduced energy of 1.18 TeV (I), limited by
∗ Stefano.Redaelli@cern.ch
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#

I
1.18
–
<0.01
3
3.5
1.
11
10
0
0
0
±2.0
2.0

Value
II
3.5
0.11
2.7
11
2.0
1.4
2.0/3.5
2.0/3.5
0/100
0
0
±2.0
2.0

III
3.5
0.5
9#
11
2.0
1.2
3.5
3.5
100
110
100
±2.0
10.0

Achieved on Sep. 29 th at time of Workshop

the maximum current of the main dipoles, the commissioning of the 3.5 TeV ramp was achieved in March, with ramp
rate of 2 A/s (II). The nominal rate of 10 A/s was commissioned with beam in August in preparation for a third run
configuration for operation with multi-bunch trains (III).
The first operation at 3.5 TeV was limited to about 2.7 MJ
stored energy to collect operational experience on the machine protection systems over a period of 4 weeks in summer. Since the month of September, the LHC has entered a
new operational phase compatible with up to 400 bunches
(which requires crossing angles in all interaction points)
with the goal of achieving a luminosity of 10 32 cm−2 s−1
by the end of October. The proton run will be followed by
4 weeks of ion run with the configuration III. Presently, the
LHC has seen fills with up to 9 MJ stored at top energy, for
a peak luminosity up to 5 × 10 31 cm−2 s−1 .
The squeeze to 2 m in all IPs was achieved on April 7 th
for the configuration II with zero crossing angle. The commissioning took profit from preliminary tests carried out at
the end of the 2009 run [2], whose operational experience
was feed back into procedures and software implementation. On the other hand, for the operation with 100 μm
crossing angle in the multi MJ regime, it was decided to
step back and run at 3.5 m in all IPs in order to ensure sufficient aperture margin at the superconducting triplets.
Commissioning, Operations and Performance
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Figure 1: Beta functions as function of time during the
squeeze in all LHC experiments (21 different optics).

SOFTWARE IMPLEMENTATION
The settings of all LHC circuits are generated from optics strength files provided by the accelerator physics team
using the FiDeL magnetic model of the LHC [3, 4]. For
the energy ramp that is done at constant optics, the length
of setting functions is determined by the hardware parameters of the main dipole circuits. Maximum ramp rates of
2 A/s and 10 A/s (nominal) were used this year, with an
optimized start of functions designed to minimize dynamics effects of the superconducting magnets [4]. The ramp
times for the two cases are 2700 s and 1200 s, respectively.
For the squeeze [2], the setting generation works differently: the energy is constant and one has to step through
different optics. This affects the matching quadrupoles in
IP1/2/5/8 and the lattice sextupole for correcting the aberrations from the IPs. A number of so-called matched optics
is provided between the maximum and the minimum β ∗
values of each IP. Smooth current functions are then generated by taking into account the ramp rates and accelerations
of each circuit of the matching sections. The slowest converters (notably, the monopolar Q4 quadrupole magnets)
and the total number of matched points determined the total
length of the squeeze. In Fig. 1, the beta functions versus
time are given for all LHC experiments with for the present
run configuration. The first segment of the squeeze functions (23 s) is used to change the tunes at constant β ∗ from
the injection (0.28,0.31) values to the collision (0.31,0.32)
values. This is done with the quadrupoles in IP1 and IP5.
A special functionality that has been extensively used
during the squeeze operation is the possibility to execute setting functions in steps by stopping at intermediate
matched points. This is possible because the squeeze functions are generated with the constraint that derivative and
acceleration of the current functions versus time are null
at the matched points, which allows the power converters
to stop and re-start without perturbations (this would not
be possible, for example, in the linear part of the function
with constant slope of the current function). An example is given in Fig. 2, where the measured current of one
quadrupole used during the squeeze is given for the case
without (top) and with (bottom) stopping points (two in
Commissioning, Operations and Performance

Figure 2: Measured Q5 currents in a 5TeV squeeze test
without beam, without (top) and with (bottom) stop points.
this example). This functionality was used during commissioning to optimize the machine at every intermediate β ∗
optics and to build improved functions that can then be run
through without interruption. During standard operation,
one or two stop points are still used for various purpose’s
such as moving the collimators (done with β ∗ of 7 m in all
IPs) and changing the feedback settings.
Settings for other accelerator systems such as collimators and radio-frequency (RF) systems are also generated in
a similar way using the momentum and the optics functions
versus time during ramp and squeeze. A detailed overview
of these settings is beyond the scope of this paper. See [5]
for more detail on the collimation system settings.

PERFORMANCE
Transmission and Beam Losses
An example of time evolution of beam intensity during
a typical fill with 56 nominal bunches per beam is given
in Fig. 3. The measured current in one of the matching
quadrupole used during the squeeze is also given to illustrate the time intervals when ramp and squeeze take place.
Seven injections of eight bunches each are visible on the
injection flat-bottom as steps in the beam current measurement. A zoom out of the beam current lines is shown in
Fig. 4. In this example, the measured beam losses are below 1 % (one division in the Y axis of the graph corresponds to less than 0.1 %). The change in lifetime visible
at the right side of the plots coincides with the time when
the beams are brought into collision. No dependence of the
transmission on the number of bunches has been observed
after the setup of nominal bunch intensities.
The statistics of beam transmission during several ramps
and squeezes is shown in Fig. 5 and 6 (22 fills are considered). The percent loss is calculated as the relative loss
between beginning and end of ramp and squeeze, respec203
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Figure 3: Beam 1 (green) and beam 2 (yellow) intensity and
Q5-L1-B1 current as a function of time during one recent
fill, from injection up to collision.
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Figure 6: Beam transmission during betatron squeezes of
recent fills (Aug.–Oct. 2010). Transmission is calculated
from the bunch current measurements.

Figure 4: Zoomed plot of the beam intensity lines of Fig. 3.
In this example, total losses during ramp and squeeze are
about 1 %. The measurement noise depends on the bunch
length variation during the ramp.

tively. This transmission analysis shows an excellent performance. Except for a few exceptions not shown in the
plot, when beam losses occurred for known reasons (problems with feedbacks, missing Landau octupoles, wrong
beam manipulations, ...), the transmission it typically above
98 %. This statistics includes physics fills as well as fill for
various studies and machine setups. The total beam intensities range from single bunches up to 56 bunches. At the
time of this workshop, the total achieved intensity is 152
nominal bunches and the performance of ramp and squeeze
confirm the previous results.
Another way to estimate the beam losses is to consider
the measurements of the beam loss monitoring (BLM) system [6]. This provides a higher dynamic range for loss
measurements than the one from beam current transformers (BCTs). By looking at the losses at the primary collimators, which represent the aperture bottleneck of the LHC
where beam particles are eventually lost in case of instabilities, one can observe losses that are not easily measurable
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Figure 5: Beam transmission during energy ramps of recent
fills (Aug.–Oct. 2010). Transmission is calculated from the
bunch current measurements.
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Figure 7: Average normalized losses measured at the primary collimators during the squeeze (6 fills).
by the BCTs. As an example, the BLM signal measured
at the primary collimators as a function of time during the
squeeze is given in Fig. 7. The average of 6 fills, normalized to the total beam intensity and scaled to the nominal, is
given. Beam losses during the last squeeze steps are measured, in particular for beam 2. These losses have been
partly cured by optimizing the coupling but are not yet fully
understood. If scaled to higher intensities, they will represent no immediate limitations for the 30 MJ goal of the
2010 run because they can be safely handled by the collimation system [5].

Orbit Stability
Clearly, the stability of the beam orbit is a primary ingredient for the the good transmission performance described
in the previous section. It is worth reminding that the primary collimators in the betatron cleaning insertion (IR7)
are closed to gaps as small as ±1.5 mm at 3.5 TeV. The
minimum collimator gap at injection is about ±4.3 mm.
Orbit perturbations in the level of a few hundreds microns
could therefore cause significant beam losses.
The time evolution of the RMS orbit error during a typical energy ramp is given in Fig. 8. The error is calculated
as the RMS of all the difference readings of the beam position monitors (BPMs) with respect to the reference orbit at
injection. This stability performance is achieved with orbit
feedback ON during the ramp (see next session) [7].
A primary concern for protection constraint is the orbit
Commissioning, Operations and Performance
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Figure 8: Evolution of the RMS orbit error versus time during a typical energy ramp from 450 GeV to 3.5 TeV.

Figure 10: Example of orbit stability versus time at the horizontal (top) and vertical (bottom) tertiary collimators in all
IPs during the squeeze to 3.5 m.

Figure 9: Interpolated orbit as a function of time during the
energy ramp at the horizontal (TCTH) and vertical (TCTV)
tertiary collimators in all interaction points.
stability at the tertiary (TCT) collimators in all the interaction regions. The orbit at the TCTs must be controlled to
a fraction of a sigma level to ensure that these collimators
are protected by the beam dump protection elements. The
interpolated orbit at all tertiary collimators during a typical
ramp and squeeze is given in Figs. 9 and 10, respectively.
The stability is better than one betatron sigma as the typical beam sizes at the TCTs with β ∗ = 3.5 m range between
200 μm and 500 μm.

Tune and Chromaticity
The tunes measured for both beams and planes during
ramp and squeeze of the fill of Fig. 3, are given in Fig. 12.
The measurements during the ramp are more noisy because because the transverse damper was kept ON to stabilize single bunch instabilities. We can nevertheless see a
tune stability well below the 10 −3 level throughout the fill.
Presently, the tune feedback has to be switched OFF during
Commissioning, Operations and Performance

Figure 11: Example of real-time orbit (top) and tune (bottom) corrections during a ramp and a squeeze.
the tune change at constant β ∗ done at the beginning of the
squeeze. It is also kept OFF during collisions. An example
of orbit and tune feedback corrections is given in Fig. 11
for a typical ramp and squeeze.
In Fig. 13 the average tune corrections applied by the
tune feedback is given for both beams and planes. These
corrections are regularly fed-forward to reduce the required
real-time corrections from the feedback. The example of
Fig. 13 shows corrections up to more than 0.01 units. They
can be reduced to a few 0.001 units with regular feedforward corrections. An example is given in Fig. 14.
Continuous measurements of chromaticity are only possible with a radial modulation that is not fully parasitic
and therefore they are not carried out on a regular basis
but only with dedicated low-intensity fills. Two examples
for ramp and squeeze are given in Figs. 15 and 16, respectively. Whenever available, the measured errors are
feed-forwarded into the settings functions of the lattice sextupole correctors for the following fills. Presently, the chro205
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Figure 12: Tunes as a function of time for both beams and
planes measured during ramp and squeeze of Fig. 3.

Figure 15: Chromaticity during an energy ramp measured
continuously with a radial modulation.
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Figure 13: Average tune corrections versus time during the
squeeze as calculated over 6 recent fills.
maticity is controlled within a few units. Dedicated measurements are performed at the end of the ramp, at intermediate squeeze points and before bringing the beams into
collision for fine adjustments.

CONCLUSIONS
The first phase of the LHC commissioning has seen a
rapid and efficient commissioning of energy ramp and betatron squeeze. Ramp to 3.5 TeV and squeeze to 2 m were
achieved at the first attempts. We have then operated routinely the LHC in the few MJ regime (up to 50 bunches
per beam) with transmission close to 100% during ramp
and squeeze. Presently, losses at top energy are basically
driven by the collision process. Clearly, an excellent magnet model has been the key for the smooth commission-

Figure 16: Tune and chromaticity for both beams and
planes during ramp and squeeze. Measurements were performed with continuous radial modulation.
ing and also ensured optimum conditions: orbit, optics and
aperture were essentially well under control since the beginning of the commissioning, The squeeze commissioning has taken profit from powerful software implementation that allowed stopping at intermediate points and reincorporate intermediate point correction into the squeeze
functions, with a rapid convergence to stable solutions. The
stable beam operation for physics production, which has
exceeded the 3 MJ level at the time of this workshop, was
made possible by the good performance of orbit and tune
feedback.
This work has been presented on behalf of the LHC
commissioning team. The authors would like to acknowledge the colleagues from the operation crew and from the
accelerator physics teams. The colleagues from the controls team, in particular G. Kruk, and from the FiDeL team
(E. Todesco and P. Hagen) are also kindly acknowledged.
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A FIELD EMISSION AND SECONDARY EMISSION MODEL IN OPAL
C. Wang∗ , A. Adelmann, Y. Ineichen, PSI, Villigen, Switzerland
x0

Abstract
Dark current and multipacting phenomena, as observed
in accelerator structures, are usually harmful to the equipment and the beam quality. These effects need to be suppressed to guarantee stable operation. Large scale simulations can be used to understand the cause and develop solutions for these phenomena. We extend OPAL [1], a parallel framework for charged particle optics in accelerator
structures and beam lines, with the necessary physics models to simulate multipacting phenomena. This is achieved
by adding a Fowler-Nordheim ﬁeld emission model and
a secondary emission model, as well as 3D boundary geometry handling capabilities to OPAL. With these capabilities we can evaluate dark current and multipacting in
high-gradient linac structures and in RF cavities of high
intensity Cyclotrons. In state of the art accelerator structures the electric ﬁelds are strong, therefor space charge effects in the Fowler-Nordheim model cannot be neglect. In a
ﬁrst step we add the Child-Langmuir model to phenomenologically model space a charge limited ﬁeld emission. In
the near future a multigrid preconditioned iterative space
charge solver capable of handling complicated boundary
geometries will be used to make our ﬁeld emission model
more self-consistent.

INTRODUCTION
Dark current and multipacting phenomena have been observed in various RF structures of accelerators, e.g. [2] [3].
These phenomena are usually harmful to the equipment
and beam quality, as they will cause galvanic etching on
the surface of the cavity and thus cause RF breakdown.
In this paper we will discuss our efforts to extend OPAL
in order to get a feasible tool for performing large scale
dark current and multipacting simulations. This would allow more thorough analysis and a deeper understanding
of these phenomena. Accurate simulations could lead to
methods how these situations can be prevented or diminished. To achieve these goals, ﬁrst we introduce a particleboundary collision test model into OPAL to facilitate the
particle searching during tracking process. In a subsequent
step we add surface physics models including an analytic
Fowler-Nordheim ﬁeld emission model and a phenomenological secondary emission model to OPAL.
The Child-Langmuir space charge model for emitted
electrons is discussed here. A multigrid preconditioned iterative space charge solver able to treat complicated boundaries with higher accuracy is still work in progress and will
be incorporated in the near future.
∗ C.Wang

is on leave from China Institute of Atomic Energy.
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Figure 1: Line segment-triangle intersection.
A code benchmark of the implemented secondary emission model and visualization results are given in the last
section of the paper.

PARTICLE-BOUNDARY COLLISION
TEST MODEL IN OPAL
Testing particle-boundary collisions is crucial to both
dark current and multipacting simulations. We need an efﬁcient way to distinguish between dark current particles potentially reaching the beam diagnostic equipment (e.g. a
screen) and those hitting the surface of beam line elements
causing multiplication.
The particle-boundary collision test in a 3D geometry is
complicated and computational expensive. Our complex
3D geometries are hard to parameterized by simple functions. Instead we represent geometries as triangulated surface meshes. Subsequently we can make use of efﬁcient
3D line segment-triangle intersection (LSTI) tests to ﬁnd
particle-boundary collisions. In the following we will describe how we implemented this collision tests while still
retaining code efﬁciency.

The Line Segment-Triangle Intersection (LSTI)
Test
An efﬁcient LSTI test algorithm is described in [4].
Since we need to precompute all triangle normals for triangle orientation anyway we can make use of a faster algorithm relaying on having triangle normals available [5].
In order to compute a LSTI we need the starting and end
point of the line segment under consideration, triangle vertices and normal. A schematic view is sketched in Figure
1. Vectors are denoted with arrows (i.e. n), points (here
in R3 ) are bold (i.e. x0 ) and the remaining symbols de-
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note scalars. The algorithm for handling LSTI is given in
Algorithm 1.
n
Algorithm 1 LSTI
1: procedure LSTI(In: x0 , x1 , Δ(t0 , t1 , t2 ), Out: isInside, I)
2: if 
n · (x1 − x0 ) = 0 then
3:
return false {x1 − x0 || Δ → no intersection}
4: else
·(t0 −x0 )
5:
ri ← nn·(x
1 −x0 )
6:
I ← x0 + ri (x1 − x0 ) {The intersection point of the
line segment and planed}
7:
if ri <0 or ri > 1 then
8:
return false {early rejection: intersection is on
the extension of line segment}
9:
else
10:
{Check if the intersection point is inside the triangle}
11:
Solve: w
 = t0 + si u + tiv {parametric plane
equation}
v )(w·
 v )−(
v ·
v )(w·
 u)
12:
si ← (u·
(
u·
v )2 −(
u·
u)(
v ·
v)
13:
14:
15:
16:
17:
18:
19:
20:
21:

v )(w·
 u)−(
u·
u)(w·
 v)
ti ← (u·
(
u·
v )2 −(
u·
u)(
v ·
v)
if si ≥ 0 and ti ≥ 0 and si + ti ≤ 1 then
return (true, I)
else
return false {no intersection between line segment and triangle}
end if
end if
end if
end procedure

n

Figure 2: Schematic view of particle-boundary early rejection strategy. The dark black line represents the boundary surface, particles are colored dots with an attached momenta arrow and inward normals gray arrows.
Assuming we need to determine whether a particle with
position r and momenta p hits the boundary within time
step Δt we apply the following early rejection strategies:
• Test if the particle is near the boundary by checking
if r is inside the boundary bounding boxes (illustrated
by gray grids in Figure 2).
• If r is not in a bounding box (green particle in Figure
2), the particle is enough far away from boundary and
can be integrated directly.
• If r is in a bounding box (yellow particle and red particle in Figure 2), then we check all triangles in the
bounding box (of the corresponding particle) as well
as triangles in the adjacent 26 bounding boxes to see
if the momenta of the particle has a opposite direction
with those triangles’ normals.
• If the momenta and triangle normal are not opposite
for all triangles checked (the yellow particle) do particle integration.
• If they are opposite (red particle) check if the particle
has an intersection with the triangles by performing
the LSTI test for each triangle. If an intersection exists
the particle will hit the boundary during the current
time step.

Early Rejection Strategy

Even though the implemented LSTI algorithm using precomputed triangle normal is fast a huge number of LSTI
calls are necessary. If we have M triangles and N particles in the simulation, both in the magnitude of hundreds
of thousand to millions, the number of LSTI tests in single time step without a early rejection strategy would be
M × N , i.e., at least 1010 per time step. Obviously, effective early rejection strategies (see Figure 2) are needed to
reduce the number of LSTI tests.
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Two things need to be pointed out. First we get the inward normal in the following way. We ﬁnd a point close
to a triangle with speciﬁed ID (e.g. 0) and determine if the
point is inside or outside the boundary geometry. This can
be achieved by doing a ray-boundary intersection test and
counting the number of intersections. Using this point we
can get the orientation (inward normal) of the triangle with
ID 0. Now we can get the inward normal of all surface
triangles by recursively aligning the orientation of adjacent
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triangles of triangles whose inward normals have already
been computed.
Secondly the success of the above particle-boundary collision test relies on the fact that the distance a particles
travel in one time step cannot be larger than the bounding box size. Choosing an appropriated bounding box size
ensures that a particle will never jump over a bounding box
in one time step.

SURFACE PHYSICS MODELS
Field Emission Model
Field emission is a major source of both dark current
particles and primary incident particles in secondary emission. The Fowler-Nordheim (F-N) formula we use here to
predict the emitted current density is given in (1) [6] [7]



−Bv(y)ϕ3/2 
A(βE)2
A/m2
(1)
J(r, t) =
exp
2
ϕt(y)
βE
where J(r, t) stands for emitted electric current density in
position r and time t. The Greek letters ϕ and β denote
the work function of the surface material and the local ﬁeld
enhancement factor respectively. The parameter E is the
electric ﬁeld in the normal direction of surface. The parameters A and B are empirical constants. The functions
v(y) and t(y) representing the image charge effects [6] as
a function of the Fowler-Nordheim parameter y with the
following deﬁnition [2]

√
√
e3 βE
βE
= 3.795 × 10−5
.
(2)
y=
4πε ϕ
ϕ
In our model, we have choosen a simpler approximation
originated by J. H. Han [2]
v(y)

=

a − by 2

t(y)

≈

1.

These approximations are valid for a large range of y, corresponding to typical applied electric ﬁeld ranges in RF
guns.
Users can customize dark current simulation by specifying the value of the work function ϕ, local ﬁeld enhancement factor β and other parameters present in (1) and (2)
in the OPAL input ﬁle.
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into our ﬁeld emission model. J(r, t) denotes space charge
limited emission current density in position r and time t,
ε0 the permittivity in vacuum, E the normal component
of electric ﬁeld on the surface and d the distance from the
position where E is evaluated. Currently we choose d to be
equal to the distance travelled by emitted particles in one
2
time step, i.e., d = eEΔt
2m0 where Δt is simulation time
step.
A multigrid preconditioned iterative space charge solver
developed by Adelmann et al. [8] has already been implemented in OPAL. We are in the process of adapting the
solver to be able to cope with the geometric boundaries
present in our simulations.

Secondary Emission Model
Our implementation of the secondary emission model is
based on a phenomenological model developed by M. A.
Furman and M. Pivi [9]. This choice was based on the
self-consistency property this particular secondary model
offers. In this context self-consistency means that if we
deﬁne one incident electron and the followed secondary
emission procedure as an event, the event generator is constructed so that
1. when averaging over an inﬁnite number of secondaryemission events, the reconstructed secondary emission yield δ and its energy spectrum dδ/dE are guaranteed to agree with the corresponding input quantities
2. the energy integral of dδ/dE is guaranteed to equal δ
3. the energy of any given emitted electron is guaranteed
not to exceed the primary energy
4. the aggregated energy of the electrons emitted in any
multi-electron event is also guaranteed not to exceed
the primary energy.
This model calculates the number of secondary electrons
that result from an incident electron of a given energy on
a material at a given angle (see Figure 3). For each of the
generated secondary electrons the associated process: true
secondary, rediffused or backscattered is recorded.
The basic computational procedure of the secondary
emission model is shown in Figure 4.
Surface normal n

Space Charge Limited Current Density
Whenever the normal components of an electric ﬁeld are
strong enough the ﬁeld emission current density will be
limited by space charge effect [6]. To cover this situation
we incorporated the 1D Child-Langmuir law



e V 3/2
4ε0
2
J(r, t) =
9
m
d2

 3/2 


e E
4ε0
A/m2
(3)
2
=
1/2
9
m d

Incident electron

True secondaries

Backscattered electron

Rediffused electron
θ

Figure 3: Geometry used by the secondary electrons model.
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Result Visualization

Next event

Incident E0 , θ0

yes

n = 0?

For visualization purposes the boundary geometry is
stored into a VTK legacy ﬁle. Phase space data of all particles is dumped into a H5Part [11]. With a separate post
processing code the H5Part particle data is converted to a
VTK legacy ﬁle At this point the VTK ﬁles can be visualized by tools like . Paraview [12] . A sample visualization
of a dark current simulation result is shown in Figure 6.

Delete the
incident electron

no

Compute
δe (E0 , θ0 ),
δr (E0 , θ0 ),
δts (E0 , θ0 )

yes

n = 1?

Compute Pn , n =
0, 1, ..., M

no

Emitted energy
Ek ∈ [0, E0 ],
k = 1, ..., n with
PDF fn,ts

Random integer n
with probability
distribution {Pn }

Emitted energy
E ∈ [0, E0 ] with
PDF
f1,e + f1,r + f1,ts

Generate
θk ∈ [0, π/2],
with PDF cosα ;
and φk ∈ [0, 2π],
k = 1, ..., n. Calc
momenta
accordingly.

Next event

Figure 4: Basic computational procedure of secondary
emission model.

Figure 6: Simulation visualization. Dark current (green)
and bunch (red) particles inside PSI XFEL gun.
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VISUALIZATION
Code Benchmark on Secondary Emission Model
In order to validate the secondary model implemented in
OPAL, we conducted a code to code comparison with the
TxPhysics library [10]. The simulation parameters were
ﬁxed to a large number of incident events (10000) with the
same energy (300eV) and the same incident angle (normal
to the surface). Figure 5 shows the result of the comparison
between OPAL and TxPhysics. We note that the statistical
agreement is very good.
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Figure 5: Secondary energy comparison between OPAL
and TxPhysics.
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SIMULATIONS FOR THE SNS LINAC
A. Shishlo# on behalf of SNS Accelerator Group, ORNL, Oak Ridge, TN 37831, U.S.A.
Abstract
Review of the simulations tools used for the Spallation
Neutron Source (SNS) linac tuning and beam dynamics
studies is presented. The usage and comparison of the
different approaches like single-particle, envelope,
particle-in-cell and codes for particular tasks is discussed.
The codes considered include Parmila, Impact, Track, and
XAL online model. Future code development for the SNS
linac is suggested.

INTRODUCTION
Usually there are varieties of computer simulation
codes that are used during different stages of a machine
history: design, commissioning, tuning, production etc.
Different codes can be used to analyze different aspects of
beam physics or to verify results from other codes. The
SNS linac is not an exception. This paper discusses
computer codes that were used for the SNS during its
more than 10 years of transformation from design to
operational machine.

SNS LINAC
The SNS linac consists of two structures which are a
normal temperature and super-conducting (SCL) linac.
The normal-conducting section (accelerating the beam up
to 185 MeV) includes a Low-Energy Beam Transfer
(LEBT) line downstream of the H- ion source leading to a
2.5 MeV RFQ, a Medium-Energy Beam Transfer
(MEBT) line, a 402.5-MHz drift tube linac (DTL),
followed by a 805-MHz coupled cavity linac (CCL). The
SRF structure accelerates the beam from a nominal
energy of 185 MeV to 1000 MeV. The SCL section
consists of two sections: a low beta (βg = 0.61) and a high
beta (βg = 0.81).
The two parts (room temperature and super-conducting)
of the linac are quite different from the beam dynamics
point of view. The RF gap phases and longitudinal beam
dynamics in the normal conducting sections were defined
at the design stage. The purpose of the tuning process is
to reproduce the design settings in the real structures. In
contrast, the amplitudes and phases of the SCL cavities
can be changed in a wide range, and the performance of
SCL should not suffer from this [1]. As a result the tuning
procedures should different for these parts of the SNS
linac.
In the design of the SNS linac measures were taken to
avoid halo generation and, therefore, to minimize beam
losses [2]. The measures include: the zero-current phase
advances (transverse and longitudinal) per period never
exceed 900; transverse and longitudinal phase advances
do not cross to avoid the second order parametric
resonance, except in DTL tank 1 and CCL module 4
___________________________________________
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where matching considerations prevail; transverse and
longitudinal phase advances per meter are smooth
functions along the linac to provide a current independent
design.
The nominal peak current in the SNS linac is 38 mA,
and space charge effects are expected to be significant for
the beam dynamics [2].

COMPUTER CODES
The following computer simulation codes were and are
being used at SNS
• XAL online model (OM) [3] is a part of the XAL
application programming framework developed at SNS
[4]. The online model has both envelope and single
particle tracking capabilities. The tracking algorithms
were borrowed from TRACE 3-D (space charge) and
PARMILA (RF gaps). The online model was thoroughly
benchmarked against both these codes. The XAL OM is a
base for dozens of XAL applications used for SNS linac
tune up and offline analysis.
• TRACE 3-D is a beam-dynamics program that
tracks the envelopes of a bunched beam through a userdefined transport system [5]. The space charge
calculations are included as linear forces. It was used for
fast beam dynamics calculations during the early stages of
the SNS project.
• PARMILA (Phase and Radial Motion in Ion
Linear Accelerators) is a computer code used for the
design and simulation of proton and heavy ion linear
accelerators [6]. The SNS linac was designed on the basis
of PARMILA simulations. PARMILA’s algorithm for
calculating a RF gap transition was adopted by the XAL
online model. Now at SNS, PARMILA is occasionally
used as an online tool for matching the beam into the
DTL and CCL (under MATLAB GUI script) and for
offline analysis.
• IMPACT (Integrated Map and Particle
Accelerator Tracking) is a parallel computer PIC
accelerator code which includes realistic 3D space charge
calculations [7]. At SNS it is used for offline analysis.
• TRACK is a ray-tracing general beam dynamics
code. This code is capable of tracking a multi-component
beam with realistic space charge, full 3-D time-dependent
field maps for RF cavities and magnets, and it includes a
module to simulate the beam interaction with material
media. At SNS it was mostly used for benchmarking with
other codes.

SINGLE PARTICLE DYNAMICS
A simulation of single particle motion (as the center of
the bunch) is a relatively simple task. All of the codes
mentioned above can do this except IMPACT and
PARMILA which do not have dipole corrector elements,
and therefore cannot be used for orbit analysis and
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corrections. Despite the simplicity of the single particle
tracking, it is an indispensable tool for linac tuning and
model verification. The discrepancy between the results
of measurements and the beam center motion simulations
is evidence of model imperfections.

Longitudinal Single Particle Dynamics
At SNS the XAL online model is used to find the
amplitudes and phases of the RF cavities. The OM
adopted a model of a particle accelerated by a RF gap
from PARMILA. It uses the transit time factor tables from
a PARMILA input file. Originally they were generated by
the POISSON code. There is a special online XAL
application (PASTA, Phase Amplitude Scan and Tune
Application) that compares data from the RF cavity
amplitude and phase scans with the results predicted by
the model. During the scans PASTA measures the phases
of beam position monitors (BPM) downstream of the
cavity. The XAL optimizer tries to find the best
agreement between measurements and predictions by
modifying the phase and amplitude of the cavity in the
model. After the best solution is found the application will
suggest a new amplitude and phase for the real cavity that
will comply with the design. A snapshot of this PASTA
application is shown in Fig. 1.

different results from the XAL model and multi-particle
codes.
The PASTA application deals with one cavity only. To
check that we tuned some part of the linac according to
the design we use the RF Shaker XAL Application. This
application measures a BPMs’ phase change as a response
to a simultaneous phase change of all RF in a particular
part of linac. The resulting graph is a phase trajectory of
the center of the bunch around an equilibrium point along
the linac. If we tuned the RF cavities correctly the
calculated and measured trajectories will be the same.
Figure 2 shows a typical result for the RF shaking for the
DTL and CCL after they are tuned up.

Figure 2: The XAL RF Shaker application. The blue
curve is from a model, and points are the BPMs’
responses.

Figure 1: The XAL phase signature application (PASTA).
The results for the DTL-1 tank tuning. Model results are
points, and curves are measurements.
The range where the scan data and the model agree is
defined by the linear nature of the XAL online model. The
phase spread of the bunch should be short enough to
assume that longitudinal dynamics can be defined by
linear transport matrices. These conditions are easily met
in the DTL and CCL parts of the SNS linac. The design
for DCL and CCL parts prescribe that phase in all RF
gaps will be around -300 with a bunch width of several
degrees which is a good condition for linearity. For the
SCL part with the fixed cavity geometry this condition
will not be valid for some of the RF gaps. This can give
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There is another XAL application that demonstrates the
ability of the OM to simulate the longitudinal dynamics in
the linac. The SCL part of the linac includes 81
superconducting cavities. If the amplitudes of one or
several cavities change or if a cavity or two are lost the
downstream part of the SCL linac should be retuned. The
XAL application can recalculate the necessary changes in
the phases of other SCL cavities to keep the output energy
the same and to avoid retuning the SNS ring. This
application was used several times and showed very good
results despite that the phase shifts for the last cavities
were more than a thousand degrees.

Beam Orbit
The ability to predict and to control the beam trajectory
in the SNS normal conducting linac was discussed in [9].
It was shown that we can reproduce the measured orbit in
the CCL with an accuracy of about 0.1 mm. In other parts
of the linac we do not have such good agreement. In the
MEBT our model is off because of the overlapping
quadrupole triplet fields. The next edition of the XAL
online model will include this type of magnetic fields. In
the SCL we see the weak coupling between the vertical
and horizontal planes which is likely due to random roll
angles of the quads in the SCL. The estimated amplitude
of the roll angles is 0.50 compared to the design limit of
0.30. Overall our confidence in the XAL model is very
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high, and the orbit correction application is one of the
most frequently used applications in the SNS control
room.

BEAM ENVELOP DYNAMICS
Transverse beam matching in the DTL and CCL is
performed by fitting wire scanner beam profile
measurements with a model, calculating Twiss parameters
at the entrance of the match section, and modifying
matching quads to provide the matched beam. In the case
of zero peak current the initial Twiss can be found exactly
for measured beam sizes at three locations. In the
presence of nonzero space charge effects, there is no
analytical solution for this problem, and we are using a
generic optimization technique therefore there is no
guarantee that the solution is unique. In practice for the
XAL online model the fitting time is less than a minute,
and results are satisfactory in the sense of beam sizes and
losses. Fig. 3 shows an example of a matched beam in the
DTL.

Figure 3: The DTL transverse beam sizes in [mm] vs.
position along linac in [m] after matching (blue is
horizontal and red is vertical). Points are WS data, and
lines are the model results.
In the SCL, the XAL based transverse matching
application does not work. The reason for this is not clear
at this moment, and this problem is under investigation.
Figure 4 shows beam transverse sizes at the beginning of
the SCL calculated by XAL and IMPACT without space
charge and for the same initial Twiss. There is a
difference between XAL and IMPACT, so results of
matching for two models also will be different. The
matching quality is somewhat better when the IMPACT
code was used, but we do not do this routinely because it
takes significant time and losses do not improve as a
result of the match.
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The data for the longitudinal Twiss parameters of the
beam are limited. Only one set of systematic
measurements was analyzed in 2009 [10]. It showed that
the beam is mismatched longitudinally and the
longitudinal emittance at the entrance of CCL is about
50% more than its design value. This mismatch can be a
source of off-energy beam which is considered one of
possible reasons for SCL losses.

BEAM LOSSES
The tuning procedure for the SNS linac consists of two
stages. During the first stage, the machine should
reproduce the design, and then we try to reduce losses by
adjusting the quad and RF settings manually. After a
while, we find a state that seems to have a local minimum
of the losses vs. our tuning parameters. Unfortunately, this
state is far from the design. The quadrupoles’ strength in
the SCL (especially in a high beta section) is significantly
lower than the design prescribes [11]. As mentioned
before, one of possible mechanisms of these losses could
be an off-energy component of the beam created in the
DTL and SCL. The reasons for this (in addition to the
longitudinal mismatch mentioned above) are an
observation that in the SCL a local transverse distortion of
the beam is usually followed by increased losses
downstream of the distortion point and a sensitivity of the
losses to the phases of the RF cavities in the DTL [12].
Another process contributing to the SNS losses was
suggested in [13], and it was called Intra Beam Stripping
(IBS). IBS take into account a reaction
H - + H- → H - + H 0 + e
(1)
that could occur inside the bunch of negative hydrogen
ions. The created hydrogen atom will not be affected by
the linac lattice and will be lost somewhere downstream.
The intensity of this reaction at any point in the bunch is
defined by the formula

dn / dt = (1 / 2 ) ⋅ σ ⋅ u ⋅ n 2
(2)
where σ is the cross section , u is an average velocity,
and n is a volume density of ions. The cross section of
the reaction (1) has a plateau between ion velocities 1.0e4 and 1.0e-2 of speed of light, and the value on this
plateau is about 3.6e-15 cm2. The rms velocities in the
SNS linac bunches in the center of the bunch frame are in
this range [11].
The formula (2) predicts that reducing the spatial
density of the beam will reduce losses. This qualitatively
explains our observations. The lower quadrupole’s
strength means a bigger beam size and lower bunch
density. To check this tendency a systematic study of
losses vs. field strength of SCL quads was performed
[12].

Losses vs. SCL Quad Fields
Figure 4: The transverse beam sizes in SCL calculated by
XAL Online Model and IMPACT.

In March 2010, six sets of loss measurements were
taken in the SCL linac for different SCL quads strengths.
For the base case the design values of the quad fields
were used, and for other cases the quad field vs. position
in the SCL were set according to the following law
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B = Bdesign ⋅ C1 ⋅ (1 − C 2 s / L) for s ≤ L (3)
B = Bdesign ⋅ C1 for s ≥ L

(4)

where s is the position of the quadrupole in the SCL,
L is the length of the SCL part where all RF cavities are
located, and Bdesign is the design field. The values of C1
and C 2 parameters are defined in Table 1.
Table 1: Parameters in Formulas (3)-(4)
Case #

C1

C2

0

1.000

0

1

0.975

0.05

2

0.950

0.10

3

0.925

0.15

4

0.900

0.20

5

0.875

0.25

Where

γ

is a relativistic factor,

σ x, y , z

are rms bunch

sizes, N is a number of ions in the bunch,

θ x, y

are

transverse angular spreads, and θ z is a longitudinal
momentum spread.
The loss distribution predicted by the formula (5) for all
cases is shown in Fig. 6. The rms bunch sizes and
momentum spreads were calculated by the XAL online
model. The distribution of the simulated losses in Fig. 6 is
different from the measured ones in Fig. 5, but we cannot
compare them directly. Our model does not transport
neutral hydrogen atoms created by IBS to a place where
they will be lost, so the whole picture in Fig. 6 should be
shifted to the right (downstream). A more realistic model
of IBS and losses induced by this process should be
implemented in a multi-particle simulation code.

The losses for cases 0-5 monotonically decreases
everywhere in the SCL except for case 5 when the change
in quadrupole field caused significant mismatching at the
beginning. The bar-chart of the losses for the design and
for case #5 are shown in Fig. 5.

Figure 6: Simulated losses in SCL for all six cases (see
Table 1.).

Figure 5: The measured SCL losses normalized by the
beam charge for the design and reduced quad strengths.

Despite the difference in the loss distribution, we tried
to calculate the sum of all BLM detectors in the SCL and
the integrated losses in Fig. 6. The result is shown in Fig.
7. The agreement between IBS simulations and measured
losses for cases 1-4 from Table 1 tells that the intra beam
stripping could be an important contributor to beam
losses.

None of the aforementioned simulation codes have a
model to describe the IBS process and to estimate related
losses. Nevertheless, we can estimate the relative loss
intensity per unit length assuming the 6D Gaussian
distribution the particles in the bunch, and assuming that
we know the RMS parameters for all phase-space
coordinates (see [13], the formula is simplified by
dropping out a correction factor that can give about 15%
increase)
2 2
2 2
2
1 dN N ⋅ σ ⋅ γ θ x + γ θ y + θ z
=
N ds
8π 2σ xσ y σ z γ 2
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(5)

Figure 7: The total losses in SCL caused by IBS in SCL
for all six cases (see Table 1.).
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On the other hand, the case #5 shows that losses could
be created by a conventional transverse beam mismatch,
and future studies are needed for clear understanding of
different contributions to the losses. Future experiments
could use the fact that once neutral hydrogen atoms are
created by IBS somewhere, the downstream losses due to
these atoms landing will not be affected by the lattice
between these two points.

CONCLUSIONS
The longitudinal tuning and orbit correction practice
show that we have a good understanding of the single
particle dynamics in the SNS linac. Existing
disagreements between models and measured trajectories
can be explained and will be fixed in the future.
The thus far unsuccessful transverse matching for the
SCL part of the linac means that our models or matching
procedures are inadequate. The discrepancies could be
related to the SCL RF cavity models or the space change
simulation uncertainties, because we did not perform
reliable longitudinal emittance measurements.
At this moment we do not have a realistic model for
beam losses. The one candidate for mechanism of the
observed losses that is not implemented in any simulation
codes used at SNS is the intra beam scattering. IBS
should be included into the simulation code for the SNS
project.
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A SCINTILLATION-SOLID STATE DETECTOR FOR NON-DESTROYING
SYNCHROTRON DIAGNOSTICS FOR HIGH ENERGY PROTON BEAMS
A. Maltsev, JINR, Dubna, Russia
M. Maltseva, TENZOR, Dubna, Russia
Abstract
The opportunity of application of a method not
destroying infra-red (IR) synchrotron diagnostics for
measuring intensity and a structure of a proton beam in
synchrotron using scintillation-solid state detector (SSSD)
is considered.

INTRODUCTION
Synchrotron radiation (SR) is generated by relativistic
protons at their passage through area of sharp change of
intensity of a magnetic field at edges dipole magnets of
the accelerator. In proton ring accelerators of SR it was
experimentally observed and used for diagnostics of a
beam with energy above 250 ГэВ [1]. In experiments for
registration of radiation were used photoelectronic
multiplier and semi-conductor gauges.
However for the decision of similar tasks application of
photoelectronic multiplier is limited for the following
reasons: big size of photoelectronic multiplier, a high
working voltage, low noise immunity from
electromagnetic fields, and use semi-conductor gauges
not always probably because of their signal-noise owing
to absence of the appreciable internal amplification
similar to amplification SSSD (105 … 106). SSSD has not
above listed lacks. This technology of SSSD creation
develops actively last years in Russia [2] and abroad.

the common load. The particular features of operation in
the Geiger mode is the linear dependence of the pixel gain
on the bias voltage and the low requirements imposed on
the temperature and supply-voltage stability compared,
for example, with avalanche light-emitting diodes.
Because of its advantages, solid-state photomultipliers
can successfully replace vacuum photomultipliers in the
measuring system [4]. For this purpose, using solid-state
photomultipliers, we developed a combined ionizing
radiation detector for detecting x-rays, gamma rays and
neutrons, together with a solid-state scintillation detection
(SSSD) unit [5, 6]. It consists of a scintillator, a solidstate photomultiplier, a preamplifier, a casing and an
electrical connector. In Fig. 1, we show a diagram of one
version of this system – the BDST-10P, which has the
following basic characteristics: volume of the CsI (TlI)
scintillator 16 mm3, counting efficiency ~10 pulses/μR
(137Cs), measured energy range 10–3000 keV,
temperature range from –60°C to +60°C, energy
resolution with respect to the 662 keV not more than
10%, permissible load not less than 105 pulses/sec,
dosage power measurement range not less than 5·10–8–
0.3 Gy/h, power supply 5 V, 5 mA and 24 V, 100 μA,
diameter 13 mm, and length 80 mm.

SOLID STATE SCINTILLATOR
DETECTORS
A typical solid-state photomultiplier receiver contains
[3] a matrix (an ordered array) of pn-junctions (pixels)
with dimensions of the order of (30 30)·10–3 mm,
mounted on a common substrate. All the pixels are joined
by aluminum buses, and the same bias voltage is applied
to them. This bias voltage exceeds the breakdown voltage
(20–60 V), which means that the device operates in the
Geiger mode. The outputs of the all the pixels are
connected to the common output of the device through
load resistors. Each pn-junction operates in the Geiger
mode with a multiplication factor of 106, but the whole
matrix acts as an analog detector, since the output signal
is equal to the sum of the signals of the pn-junctions,
generated by the photons absorbed by them. A light
quantum incident on the active part of the pixel generates
a primary electron, which produces a discharge in the
pixel, which is extinguished when the voltage on the pixel
falls below the breakdown voltage. Quenching, i.e.,
cessation of the discharge, occurs when the voltage on the
pn-junction falls below the breakdown voltage due to the
presence in each pixel of a current-limiting load resistor.
The current signals from the operating pixels are added in
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Figure 1: Sketch of the BDST-10P.
1) scintillator; 2) body; 3) solid-state photomultiplier;
4) electron preamplifier; 5) body of the detection unit;
6) plug.
Table 1 lists the merits and advantages of the solid-state
photomultiplier, where we compare the characteristics of
the solid-state scintillation detector (SSSD) and other
combined CsI(Tl)-scintillator-photoreceiver detectors,
such as the vacuum photomultiplier and pin and
avalanche light-emitting diodes. It follows from the table
that the SSSD is superior in a number of parameters to
traditional detectors, employed in nuclear and accelerator
techniques. The built-in preamplifier enables the SSSD to
be employed directly with a standard spectrometer. The
experimental equipment contains the object being
investigated (the source of ionizing radiation), a
combined detector and preamplifier, an amplifier-shaper,
a spectrum analyzer and a computer.
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Table 1: Comparative Characteristics of the Solid-State Scintillation Detection Unit and Other Light Detectors with a
CsI(Tl) Scintillator
CsI(Tl) scintillator + detector
Characteristic
photomultiplier
pin-lightavalanche light
SSSD
emitting diode
emitting diode
Recorded γ-quantum range, keV

10–107

60–107

60–107

10–107

γ-radiation dose operating range, R/h

10–5–40

10–5–4

10–5–4

10–5–40

Gain

106

1

150

106

Supply voltage range, V

500 – 1500

40

200

22 – 50

Operating temperature range, °C

± 60

–40 ... +30

–40 ... +30

± 60

Effect of magnetic fields

considerable

zero

zero

zero

Effect of mechanical loads

considerable

negligible

negligible

negligible

Detector volume, mm3

10000

100

100

10

Operating life

limited

unlimited

unlimited

unlimited

By comparison with similar detectors, the SSSD has the
following advantages (see the table): high photon
recording sensitivity in the visible-light range and a high
signal level at the output (106 electrons for each recorded
light photon), sufficient energy resolution, particularly for
low energies, compactness, mechanical durability, low
supply voltage, stability, resolution time ~10 psec, wide
operating temperature range, practically complete absence
of a dependence of the parameters on magnetic fields,
simplicity of the following electronic device, a high
statistical load, long operating life, etc.
Moreover, the SSSD possesses wide possibilities for
use in nuclear physics and power engineering. The
simultaneous determination of the spectral characteristics
of the radiation and the dosage power enables the
information content of technological and dosimetric
apparatus to be increased considerably. For technological
apparatus for monitoring activity during production, a
spectrometer with an SSSD enables one to determine the
isotope responsible for an increase in the radioactivity of
technological objects, for example:
• The nuclide composition of nuclear reactor coolant,
enabling an important safety parameter, namely, the
hermetic sealing of the fuel elements, to be
monitored.
• Technological monitoring when separating isotopes,
etc.

CONCLUSIONS
In conclusion we note that, by appropriate calibration
of the apparatus, the diagnostic instrument described
should find application as a monitor for measuring the
absolute intensity of accelerated proton beams and the
energy release in the subcritical blanket. The abovementioned advantages of the SSSD enable it to be used
successfully in the design of measuring equipment,
developed at the Joint Institute for Nuclear Research, to
investigate high-speed processes in experimental
electronuclear power equipment based on a proton
accelerator.
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Figure 2: Overview of the PSI high intensity proton accelerator complex. The beam tomography sections are
highlighted by yellow circles. The beam envelopes and the location of the relevant beam profile monitors are shown in
Fig. 3.
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THE STUDY ON BEAM LOSS CONTROL BASED ON A HIGH INTENSITY
RFQ*
T.G. Xu﹟, C. Chen, S.N. Fu, L.X. Han, T. Hang, W. Kang, F. Li, P. Li, H.C. Liu, H.F. Ouyang,
J. Peng, Y.F. Ruan, J.L. Sun, J.M. Tian, A.X. Wang, B. Wang, S. Xiao, M.H. Xu, Y.S. Zhu,
IHEP, Beijing, China
Abstract
The beam diagnostics will be discussed in the
A high intensity RFQ has been built with output energy
of 3.5 MeV and average current of 3 mA. Based on this
RFQ, we plan on performing a number of experimental
tests on beam loss control. A series of beam diagnostic
devices such as BPM, BLM, WS and so on have thus
been developed. Our work can also be easily applied to
the CSNS project.

INTRODUCTION
A four-vane RFQ has been built in IHEP. Its output
energy is 3.5MeV, and pulse peak current is 46mA. The
RFQ cavity that is designed can work in CW mode.
Limited by the infrastructure, now the RFQ’s maximum
duty factor is limited to 20%. The power coupler and end
plates of RFQ can’t work in CW mode because of its
structure. Now the end plate and coupling plate is
replaced by water-cooling type.
Based on this RFQ, a plan is carried on beam halo and
beam loss controlling research [1]. A new beam line will
be built. There are 28 Quadrupole magnets, 14 Wire
Scanners (WS) having scraper, 6 Beam Position Monitors
(BPM), 6 Steering magnets, 2 Fast Current Transformers
(FCT) in the beam line (see Fig. 1).
The total length of the new beam line is about 5.5m.
According to the result of beam dynamic, the distance
between two Q magnets is 190mm. Thought about the
length of magnet itself, it is just left about 63mm for other
device. The diameter of the vacuum tube is 36mm.
The first 4 Q magnets are used as matched magnet. The
other 24 Q magnets can form FD or FFDD lattice. If the
matched magnet working current is adjusted, the beam
emittance will be changed.

following sections.

RFQ STATUS
As mentioned above, the end plate and coupling plate
can’t work on CW mode. The reason is that the stabilized
rod is not cooling by water. Just the plate is cooling.
When the duty factor of RFQ is increased to 15%, the
signal of the RFQ field pickup is little changed. So the
RFQ health is cared. The new end plate and coupling
plate is manufactured. The plate is made of stainless steel
coated by copper and the dipole mode stabilized rod is
made of Cr-Cu alloy. And both the plate and rod have the
cooling channel.
When the RFQ cavity is opened, what we see exceeded
what we imagine (see Fig. 2). There are many little metal
flakes around the dipole mode stabilized rod on the inner
surface of RFQ. And the copper electroplated coating on
the rod is disappeared. So the rod colour is changed from
copper colour to stainless steel colour. We think the RF
heat evaporation is the main reason.

Figure 2: The picture of inner RFQ and end plate.

Figure 1: The layout of new beam line after RFQ.
___________________________________________

*Work supported by 973 Project (2007CB209904)…
#
xutg@ihep.ac.cn

Beam Diagnostics and Instrumentation for High-Intensity Beams

223

MOPD59

Proceedings of HB2010, Morschach, Switzerland

According to the our situation, it is concluded that for
RFQ running in high duty factor larger than 10% mode, it
is better to cooling the dipole mode stabilized rod.
Now the new end plate and coupling plate are installed
on the RFQ. And we finished low duty factor
conditioning of RFQ.

DEVELOPMENT OF BEAM
DIAGNOSTICS
As for the beam halo research and beam loss control,
many beam diagnostics devices are needed.

used real beam to pass through the BPM to check the
whole system.
The testing result we got is not so good. We got the data
is disturbed by the RF system. We will resolve this
problem.
The BPM system is also used to observe the LEBT prechopper’s function. The oscilloscope is directly connected
with the BPM electrode feedthrough. Figure 4 is the one
of the testing result. The chopped the beam width is about
500ns.

BCT
There are two BCT in the beam line. One is located in
the beginning of the beam line. the other is located in the
end. A whole BCT system that includes the sensor and the
electronics is bought from the Bergoz Company. And we
will make a set of BCT system by ourselves. Compare the
both systems at same situation, we want to find the
disparity between the commercial product and self-made
product and improve it.

FCT
We bought two FCT sensors from Bergoz Company.
Those sensors will be used as beam phase detector. We
want to use those two sensors and a BPM to built an
online beam energy measurement system by TOF
method. The layout of the electronics is referenced to the
LEDA method. [2]

.
Figure 4: The BPM signal to observe the pre-chopper’s
function.

BLM
The BLM design [4] is referenced to SNS design (see
Fig. 5) [5].

BPM
There are six stripline-type BPMs and steering magnets
are located in three stations in the beam line. If the halo is
formed, the beam size will become larger than the normal.
To avoid the beam halo scraped by vacuum tube, the
beam orbit should be strictly controlled.
The BPM design is adopted the method of SNS [3].
The dipole mode of BPM is matched to 50 ohm. Because
the limited by the beam line space, the BPM is design as
Q magnet vacuum tube. So it is naturally formed the
separator between the electrodes.
The two prototypes of BPM are made. The mapping of
the BPM is measured by using BEPC BPM mapping
system. After that, the prototype is installed in the old
beam line after the RFQ (see Fig. 3). The Bergoz LRBPM module is chosen as the electronics of the BPM. We

Figure 3: The prototype BPMs installed in the old beam
line after RFQ.
224

Figure 5: the schematic diagram of the BLM sensor.
The prototype of BLM sensor is tested. The parameters
of it are similar with SNS BLM sensor’s parameters. The
measured BLM sensitivity is about 15pA/rad/h.
After the prototype BLM sensor’s research, ten BLM
sensors are made. The uniformity of BLM sensor is better
than ±7%.(see Fig. 6).

Figure 6: The plateau curve of ten ion chambers at 42000
rad/h.
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WS
There are fourteen WS installed in the beam line. The
first two WS monitor the parameter of beam from RFQ.
Then the last 12 WS divided two groups. The six WS in
first group is installed alternately to monitor the X,Y
direction beam parameter. The six WS in the second
group is installed to monitor just one direction beam
parameter. By Used the layout of WS, we can make sure
to observe the beam halo.
The structure of WS is similar with the LEDA design.
[6] The structure of the WS is show in Figure 7. It has just
one signal wire. And at both end it is brazed the scraper to
measure the halo beam using integral method.

Figure 7: The wire scanner and halo scraper.
We chose the 30μm carbon wire as signal wire. But
how to fix the carbon wire to the frame of WS became a
problem. Now we plan to solder the carbon wire to the
fixture of WS. We adopt the guard ring method to make
sure the accuracy of halo beam current measurement.
We will soon test the beam diagnostics device with the
3.5MeV proton beam. Most the work on beam device can
easily be changed to CSNS utility. We also own the real
situation platform to perform the beam dynamic and the
beam tuning research.
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OBSERVATION OF SPACE CHARGE EFFECTS ON TUNE AT SIS-18
WITH NEW DIGITAL BASE BAND TUNE MEASUREMENT SYSTEM∗
R. Singh, GSI, Darmstadt, Germany and TEMF, Technische Universität Darmstadt, Germany
P. Forck, P. Kowina, U. Springer, P. Moritz, GSI, Darmstadt, Germany
T. Weiland, TEMF, Technische Universität Darmstadt, Germany
Abstract
To achieve a high current operation close to the space
charge limit, a precise tune measurement during a full accelerating cycle is required. A tune measurement system
was recently commissioned at GSI synchrotron SIS-18,
which allows evaluation of tune using digital position data.
Using this system, the space charge effects were observed
by correlating the current levels to tune shifts in the GSI
SIS-18. The experiment was conducted at injection energy
73+
ion beam with stored
of 11.4 MeV/nucleon using a 238
92 U
7
number of particles from 2.5 · 10 to 2.5 · 109 . A signiﬁcant broadening of the tune spectrum in dependence of the
stored number of particles was detected. This proves the
reliability of this measurement method for bunched beams
and opens the possibility of detailed beam physics investigations.

INTRODUCTION
High current operations at injection energies in hadron
accelerators lead to large tune shifts which can result in
emittance blow up or loss of particles. Emittance blow up
is not desirable for storage rings or accelerators, thus it is
very important to station frozen tune at appropriate point in
resonance diagram.
A new system has been commissioned at GSI for position and tune measurements. It consists of three distinct
parts; A band-limited exciter which provides power to excite coherent betatron oscillations in the bunched beam.
Fast ADCs digitize the BPM signals at 125 MSa/s and the
post processing electronics integrate the data bunchwise to
acquire one position value per bunch. Subsequently the
baseband tune is determined by Fourier transformation of
the position data. One tune value can be calculated typically from 256 turns to 4096 turns based on the investigation needs.
The ﬁrst objective of this work is to observe the space
charge effects on the tune at SIS-18 injection energies. By
space charge effects we mean both the effects of self ﬁelds
and image charges often termed as incoherent and coherent
tune shift respectively. Incoherent tune shift is caused by
the interaction of individual charged particles in the beam.
Since incoherent tune shift causes a spread in the tune spectrum, the term “tune spread” has been interchangeably used
for refer this effect throughout this report. Coherent tune
∗ This work is supported by DITANET (novel DIagnostic Techniques
for future particle Accelerators: A Marie Curie Initial Training NETwork),
Project Number ITN-2008-215080
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shift stems from the boundary conditions, e.g. the beam
pipe and all other devices in the beam pipe surrounding the
charged ion beam [1]. The second objective is to see the
inﬂuence of noise excitation on various beam parameters
like tune spectrum, emittance and life time.

METHODS
This section highlights the working of the tune measurement system as a whole, and then explains the working
principle of tunable noise generator in further detail.

TOPOS: Tune Orbit Position Measurement System
TOPOS is the tune, orbit and position measurement system established in SIS-18 at GSI [2]. Figure 1 gives an
overview of the fragment of TOPOS used for tune measurement.

Figure 1: TOPOS: Tune measurement system.
Particles revolve in an accelerator with unrelated phases
due to ﬁnite injection time and momentum spread, and thus
the barycentre of a bunch of particles does not provide any
information on the transverse movement of the individual
particles. Thus beam excitation is needed to make the motion of particles coherent, and capture the transverse movements for tune measurement. A band limited noise excitor
is employed to give this excitation. The advantages of this
exciter are: lower continuous power is transferred to the
beam causing minimal disturbance to the beam parameters;
It can be used throughout the ramp for continuous monitoring of the tune [3, 4]. A tunable noise generator synthesizes
a frequency centered at the baseband tune frequency and
twice the span of maximal expected tune spread (Eq. 1).
It is modulated by the revolution frequency f0 and fed to
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the exciter through a ﬁxed gain ampliﬁer. Then the excited
beam signal is measured by a shoe-box type pick-up [5] in
both horizontal and vertical planes. This signal is digitized
for both planes and further processed in an FPGA in real
time to get one position data per bunch using an algorithm
described in [6]. The position data is transferred to concentrator PCs where FFT is calculated and fractional tune is
displayed in the main control room. The measurement system has been designed to cater the need for a future tune
control system which should be reasonably fast, in either
case of a feed-back or a feed-forward system. More details
on the system can be found in [4].

Tunable Band Limited Noise Excitor
The tunable noise generator takes the accelerating rf using a frequency tracker as the input from which it generates the sine waveform at baseband tune frequency given
Q ∗f
by the relation ft = f h rf where h is the number of
bunches in the ring and Qf is the fractional tune. This frequency is then modulated by the output of pseudo random
noise direct digital synthesizer (PRN-DDS) causing sudden
phase jumps at regular intervals depending on the set tunable noise bandwidth. Figure 2 shows the output spectrum
generated by noise generator.
The noise excitor can supply total power between 0.25 W
to 160 W after ampliﬁcation to the beam [7]. The power
transferred to the beam can be best deﬁned in terms of
power spectral density (PSD [W/Hz]). The kick provided
to particles is directly proportional to the noise PSD and
inversely proportional to beam rigidity. The distance between horizontal exciter plates is three times larger than
vertical excitation plates, which means that less power in
needed to provide the same kick in vertical plane.

Figure 2: Noise output spectrum changing with rf during
ramping.
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2.5 · 107 . At each intensity level, several measurements
were done with different levels of noise excitation ranging
from 0.025 mW/Hz to 3 mW/Hz in both planes. The beam
current was measured using beam current transformer and
transverse beam proﬁle was measured using Ionization proﬁle monitor [8].

Tune Spread Calculations
Rough estimates of space charge effects on the tune
spectrum are made assuming transverse and longitudinal
gaussian beam distribution and some further simpliﬁcations [9]. The incoherent and coherent tune shifts are then
given by Eq. 1 and 2 respectively.
r0 IR < βy >
ecβ 3 γ 3 a2

(1)

π 2 r0 IR < βy >
8ecβ 3 γh2

(2)

δQinc =
δQcoh =

where:
2
r0 = 4πε0em0 c2 is the proton radius; I is the peak current
in the ring; Radius of the ring R = 34.4 m; Average beta
function < βx,y >= 8, 10.5 m of the ring in horizontal and
vertical planes respectively; e is the electric charge; c is
the speed of light; Relativistic beta function β = 15.5% · c;
Relativistic lorentz factor γ = 1.01; 1σ beam radius ax,y =
9, 6 mm; Radius of the beam pipe h = 50 mm;
All the above parameters are given at injection energies
and were almost constant during our experiment. After inserting the values of the mentioned parameters at the highest current I = 15.1 mA in Eq. 1 gives us δQinc,h (1σ) =
−0.005 and δQinc,v = −0.017. The schematic in Fig. 3
shows the expected effects of incoherent and coherent tune
shifts. This schematic is for demonstration of space charge
effects and does not represent actual values.

Figure 3: Schematic showing the expected combined effect
from coherent and incoherent tune shifts.

RESULTS AND DISCUSSION

Experimental Conditions
+

Experiments were done using U73 beam at 11.4 MeV
on injection ﬂat top for 1 s. The experiment was repeated
at decreasing intensities of stored ions from 2.7 · 109 to

In this section the comparision of observed tune shifts
with expected values are presented. It is important to determine the tolerance of beam excitation against signiﬁcant
beam losses or emittance growth. Thus, dependence of
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beam life time on intensity and noise excitation was investigated. Beam proﬁle was monitored throughout the experiment to observe the evolution of emittance growth with
increase in noise excitation.

Beam Life Time
Figure 4 shows the current decay curve at different noise
excitations at 2.7 · 109 and 1.5 · 109 injected ions.
The beam life time is obtained using the relation
τbeam =

1
max
ln N
Nend

(3)

where Nmax is the initial number of particles and Nend is
the particles remaining at the end of measurement. Figure 5
shows the effect of noise excitation on the beam life time at
two different beam current levels. Beam life time is a function of various parameters; Ion induced desorption, beam
intensity, noise excitation and tune. The focus of investigation here is the effect of noise excitation on the beam life
time. The life times are found to be shorter than expected
from the previous measurements [11]. Since the life times
are of the same order as measurement times 1 s, it needs to
be taken into account for evaluation of the tune.

Figure 4: Beam life time at 2.7·109 particles(upper curves)
and 1.5 · 109 particles(lower curves) with three different
levels of noise excitation in each of them.

Figure 5: Lower plot (with *): Life times with increasing noise excitation levels using the injection current levels
for Nmax ; Upper plot (with X): Life times with increasing noise excitation using the current levels 0.5 s after the
injection as Nmax .
for horizontal and vertical planes respectively. The set tune
was centered at 0.260 but the observed tune was centered at
0.262. This difference in the set and actual tune is attributed
to discrepancies in GSI machine model with respect to the
real accelerator, see e.g. [6].

Figure 6: Increase in tune spread with increasing current.
The line at Qy = 0.25 depicts the fourth order resonance.

Table 1: Expected And Measured Tune Spread (rms)
Number of Particles

Tune Shift Observation
The tune evaluations shown below are done 600 ms after injection, so as to avoid signiﬁcant decrease in beam
current during 200 ms. A vertical tune shift was observed
with increasing current as shown in Fig. 6. The spectrum
shown is an average of twenty FFTs made over 512 turns.
It is measured at three different current levels ranging from
4 · 108 to 20 · 108 stored particles. The expected and measured tune spread (1σ) due to space charge are calculated
in Table 1. Tune spread due to space charge for lower currents are shadowed by the chromatic tune spread. Chromatic tune spread is present because of uncompensated
chromaticity and momentum spread of the particles. Chromatic tune spread is found to be approx. 0.004 and 0.01
228

Expected Qx,inc
Measured Qx,inc
Expected Qy,inc
Measured Qy,inc

20 · 108

12 · 108

0.005
0.004
0.017
0.021

0.003
0.004
0.010
0.012

An appropriate choice of FFT size is based on the investigation needs.For example, during acceleration cycles
monitoring of small changes in tune could be a requirement, which calls for smaller FFT sizes. However in case
of stationary beam parameters, higher resolution in tune
spectrum may be needed. Figure 7 shows the spectra for
40960 position values with different FFT sizes followed by
averaging over entire position values. Tune spectra with
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Figure 7: Tune spread measurement with different FFT
lengths for 40960 turns for 20 · 108 stored ions and and
noise excitation PSD of 0.4 mW/Hz.

Figure 9: Rms tune spread measured at 15 and 20% cut
with respect to peak value. The error bar signiﬁes the frequency bin size.

longer FFT size allows better frequency resolution, while
shorter FFT size allows more averaging for same number
of values to get a less noisy spectra.

ﬂat top is shown in Fig. 10 and 11. No increase in emittance with increasing excitation in either planes was observed. This behaviour hints the effect of proximity to a
fourth order tune resonance, which could lead to quick particle losses (within few hundred turns). Beam proﬁles are
measured in IPM by averaging over 0.5 ms (100 turns), thus
no changes in the width of beam proﬁle are visible. On the
other hand uniform continuous decline in proﬁle amplitude
depicts the uniform particle losses.

Inﬂuence of Noise Power on Tune Spectra
Figure 8 demonstrates the inﬂuence of noise power on
vertical tune spectra. Each tune spectrum is cut at a certain fraction of peak value to remain above the noise level,
and 1σ tune spectrum width is calculated from it. The
tune spread at 15% and 20% cut of peak value is plotted
in Fig. 9. Tune spread is found to be independent of the
power of noise excitation within the depicted range. The
other observation in Fig. 8 is that the SNR improves signiﬁcantly in the depicted range of noise excitation and this
was also observed during tune measurements while ramping [4]. This proves the applicability of this method of tune
measurement.

Figure 10: Horizontal beam proﬁle width and amplitude at
different noise levels after 500 ms on injection ﬂat top.

Figure 8: Vertical tune spread at increasing noise excitation
levels, we observe negligible change in the spectrum but
signiﬁcant improvement in SNR.

Excitation Inﬂuence on Emittance
The effect on vertical and horizontal beam proﬁle at different levels of noise excitation after 500 ms on injection

The effect of noise excitation on emittance during one
machine cycle taken every 100 ms is shown in Figs. 12, 13
below. Here we observe no increase in vertical emittance
while the horizontal emittance actually reduced with time.
The plausible explanation to this behaviour is the same as
previous subsection.

SUMMARY AND OUTLOOK
An increase in tune spread with increase in intensity
+
at injection energy for U73 at SIS-18 is observed which
matches well with the theoretical value. The tune spectrum is found to be independent of noise excitation power
while its SNR improves with increasing noise excitation.
The dependence of beam life time on intensity and noise
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nally, this experiment throws a positive light on the usability of this method to continue with further beam physics
experiment.
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excitation is also observed. For these particular experimental conditions, no changes in emittance with different noise
excitations are observed. The vertical tune was stationed
close to fourth order resonance which can explain the constant emittance and small beam life times, though this is
still under discussion. Since certain parts of the results have
not been fully understood, the next step would be to investigate and validate the present results for higher currents
+
+
preferably with FAIR reference ion U28 and Ar18 . Fi-

Figure 13: Vertical beam proﬁle width and amplitude at the
interval of every 100 ms in the same machine cycle.
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CARBON FIBER DAMAGE IN PARTICLE BEAM
M. Sapinski∗ , B. Dehning, A. Guerrero, M. Meyer, T. Kroyer
CERN, Geneva, Switzerland
RADIATION DAMAGE

Abstract
Carbon fibers are commonly used as moving targets in
beam wire scanners. The heating of the fiber due to energy
loss of the particles travelling through is simulated with
Geant4. The heating induced by the beam electromagnetic
field is estimated with ANSYS. The heat transfer and sublimation processes are modelled. Due to the model nonlinearity, a numerical approach based on discretization of
the wire movement is used to solve it for particular beams.
Radiation damage to the fiber is estimated with SRIM. The
model is tested with available SPS and LEP data and a dedicated damage test on the SPS beam is performed followed
by a post-mortem analysis of the wire remnants. Predictions for the LHC beams are made.

The estimation of the radiation damage has been made
using SRIM code [2] using a PS beam as an example because of their high intensity and heavy use. It has been
found that a single scan of a proton beam will introduce
about 3.5 · 10−7 displacements per atom (dpa) and for the
ion beam the results are similar [3]. The measurable eﬀects
of radiation damage on mechanical properties of the fiber
start to present themselves at about 1 dpa level. One can
therefore conclude that the wire properties are not aﬀected
by radiation during a few thousand scans. The mechanism
of the wire breakage is therefore a slow sublimation of the
wire material or thermal and mechanical fatigue.

WIRE BREAKAGE EXPERIMENT
INTRODUCTION
A thermodynamic model of a carbon fiber scanning a
particle beam has been developed [1]. To validate this
model and determine the breakage mechanism of the fiber,
a damage test has been performed on the SPS beam at
CERN in November 2008. The main purpose of the test
was to verify the predictions of the limits for the wire damage in LHC proton and ion beams and to conclude about
the specifications of the future wire scanner. In addition,
recommendations about a type of carbon fiber to be used
are given.
In frame of this study a radiation damage to a fiber is also
investigated, as a possible long-term damage mechanism.

DAMAGE MECHANISMS
The carbon fibers are known to break after a few thousand scans. The possible mechanisms responsible for this
breakage are radiation damage, low-cycle thermal and mechanical fatigue or a slow sublimation of the wire material.
The LHC wire scanners are equipped with an acquisition
system which allows the estimation of the total dose absorbed by the wire as well as the thermal cycle history.
The wire can also break during a single scan of high intensity beam. In this case the possible breakage mechanisms are thermal stress or a sublimation of the wire material. The estimation of the maximum beam intensities
which can still be scanned without damaging the wire are
particularly important for the intense LHC beams.
∗

mariusz.sapinski@cern.ch

An experiment at the CERN SPS accelerator has been
performed to validate the thermodynamic model of carbon
fiber in the accelerator beam and to determine LHC beam
intensity limits for the wire scanner.

Experimental Conditions
A rotational wire scanner equipped with electronics
which allows the measurement of wire resistivity and
thermionic emission during the scan has been used in the
experiment. The scanner contains two wires which scan
the beam in horizontal and vertical directions. The maximum scan speed is 6 m/s and each time two scans called IN
and OUT are performed. The speed of each scan and the
interval between them is set independently. This interval
has been set to at least 1 second to allow the wire to cool
down. In this test the scan IN has always been performed
with maximum speed and the speed of scan OUT has gradually slowed from scan to scan in the following sequence:
6, 3, 1.5, 1, 0.8, 0.7, 0.6, 0.5 m/s. Two other wire scanners
have been used during the test to measure independently
the beam sizes.
A special beam cycle on the SPS has been prepared for
this test. Beam intensity has been maximized and reached
about 2.4 · 1013 circulating protons. In order to diminish the
eﬀect from RF-coupling [4] the beam has been debunched.
It has been estimated, using Ansoft HFSS code, that RFcoupling of the debunched beam has negligible eﬀect on
the results of the experiment. A 12-second long flat-top
plateau has been kept, providing enough time to perform
measurements in stable beam conditions. The beam momentum has been 400 GeV/c and the beam transverse profiles have been close to Gaussian in both directions.
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Wire Breakage

Postmortem Analysis

The wires have been broken in conditions summarized in
Table 1, where σl is the beam width along and σt perpendicular to the scan direction. The breakage occurred after a
sequence of scans with decreasing speed indicating that the
wire had been gradually weakened. Therefore, the preceding scans must be take into account in analysis of the data.
Additional uncertainty results from the installed wires in
the scanner having been used for at least a year prior to the
experiment having performed an unknown number of scans
(typically a few thousand).

After the experiment the wire scanner was opened and
both wires removed. They have been photographed with
scanning electron microscope. The images obtained with
1000 times magnification, taken in three positions: at the
center of the beam impact, 0.5 mm away and 1 mm away
are presented in Fig. 2. They clearly show that the main
process deteriorating the wire is sublimation due to the high
temperature. In the location of the fracture the remaining
wire diameter is only about 7.5 µm, which corresponds to
the sublimation of 95% of the material. At 0.5 mm from
the fracture the beam traces are visible and sublimation removed about a half of the material. At 1 mm from the beam
center the fiber is intact.

Amplitude

Table 1: Beam Conditions at Wire Breakage
scan
speed

Nprot

σl
[mm]

σt
[mm]

0.5 m/s
0.7 m/s

2.41 · 1013
2.18 · 1013

0.57
0.73

0.73
0.57

last scan
v = 0.5 m/s

0.04

0.03

0.02

0.01

Amplitude

0

0.01

0

−6000

−4000

−2000

0

2000

Figure 2: Fiber fracture at three distances from the beam
impact location: 1 mm (upper plot), 0.5 mm (middle plot)
and at beam center location (bottom plot). The presented
wire has been installed in the vertical scanner.

4000

wire position [μm]

last scan
v = 0.7 m/s

−10000

In conclusion, the wire breakage mechanism during
these scans can be explained as a sublimation of the wire
material until the point at which the mechanical properties
of the wire does not allow to withstand forces which appear
during the scan.
−5000

Model Predictions

0

wire position [μm]

Figure 1: The last profiles before the wires broke. The upper plot shows breakage of vertical wire: deviation of the
registered profile from Gaussian shape is visible. The bottom plot shows breakage of the horizontal wire: multiple
peaks suggest that the wire was already fragmented.
In Fig. 1 the beam profiles registered during the last
scans are shown. The deviations from Gaussian shape and
multiple peaks are symptoms of the wire deterioration and
breakage. The measurement of the wire resistivity after
these scans shows that the wire has been broken.
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The model described in [1] gives predictions of the temperature evolution of the wire during the scan. This temperature is a parameter of another model which describes
the carbon sublimation.
The simulated evolution of the maximum temperature of
the wire in the point where wire crosses the beam maximum is shown in Fig. 3 for scans at 0.5 and 0.7 m/s. At
the speed of 0.5 m/s, a plateau of about 2 ms in temperature
evolution due to the equilibrium between beam heating and
cooling by thermionic emission is observed.
The estimation of the sublimation rate is based on
parametrization from [5]. In Fig. 4 the percentage of
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T max [K]

the wire per impacting particle Edep . Such a parameter is
expressed by Equation 11 .
Npart dwire Edep MeV
E= √
]
[
2πσt vwire τrevol mm

3000

2000
scan 0.7 m/s
1000

0

scan 0.5 m/s
0.005

0.01

scan time [s]

0.015

Figure 3: Simulated evolution of the maximum temperature of the wires during final scans.
the wire diameter expected to sublimate during scan as a
function of the velocity is shown. Scans with speeds of
0.5-0.7 m/s lead to sublimation of 8-12% of the wire diameter. The whole scan sequence used in the damage test
should leave about 12−14 µm of the wire. This expectation
is almost two times higher than the wire diameter measured
on post-mortem samples.

fraction of sublimated diameter [%]
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(1)

Using Geant 4.9.3 for protons used in wire breakage experiment, ie. with momentum 400 GeV/c the Edep has been
found to be about 7.6 keV. Similar estimations for ions with
energy 0.177 TeV/nucleon and 1.38 TeV/nucleon give a
result of 21.6 MeV (almost independent on energy).
In case of the two wire breakages described in this paper
the E is 2.7 · 1011 and 2.3 · 1011 MeV/mm. The safety
factor 4 has been deduced from Figure 4 and therefore the
critical E is about 5 · 1010 MeV/mm which corresponds to
8 mJ/mm.
Table 2 shows the use of these values for LHC beams.
The wire breakage is not expected to occur up to about 255
nominal proton bunches for a 3.5 TeV beam or at about 134
nominal ion bunches at an energy of 1.38 TeV/nucleon.
Table 2: LHC Beam Parameters and a Maximum Beam
Intensity Safe to Scan with Existing Wire Scanners
parameter

10
1
10−1
10−2

values

particles
Ek
Edep
σt [mm]
σl [mm]

p
3.5 TeV
7.2 keV
0.6
0.8

Pb82+
287 TeV
21.6 MeV
0.6
0.8

Npart

2.8 · 1013

9.4 · 109

10−3
100

200

wire speed [cm/s]

Figure 4: Simulated sublimation of the wire material in the
wire center during scans with decreasing velocity.
From Figure 4 it is concluded that the sublimation process removes significant amount of material for all wire
speeds slower than 2 m/s. This determines a safety factor of 4, with respect to breakage conditions to assure safe
scanner operation. This factor can be obtained by decreasing the beam intensity or by increasing the wire velocity.

EXTRAPOLATION TO LHC CONDITIONS
In case of fast scans, the cooling processes can be neglected for an estimation of the maximum temperature
reached by the wire. Therefore the temperature depends on
the number of particles which pass the wire center during
the scan and energy they leave in the wire. As the peripheral parts of the scan can be neglected, a good parameter is
beam density in the center, as seen by a wire with diameter
dwire moving with a speed vwire in accelerator with revolution time τrevol and with number of particles in the beam
Npart . This density must be scaled by energy deposition in

The predictions of the thermodynamic model [1] in the
case of a 7 TeV proton beam was that a safe beam intensity is about 1.6 · 1013 protons. Here a the scan-safe beam
intensity value is two times higher, although a direct comparison of these two results might be misleading because
of diﬀerent assumptions about the beam size and the safety
factor. Concerning the ion beam, it has been scanned in the
SPS safely, with intensity of 5 · 108 [6]. This corresponds
to E = 1.2 · 1010 MeV/mm, which is safe according to the
above calculations.

NEW WIRE SCANNER
A project has been started at CERN with a goal to manufacture a fast and accurate wire scanners which could safely
scan LHC beams [7, 8]. A proper choice of the wire can
boost the Scanner performance. The following remarks are
results of bibliographical research, modelling and experiments.
• The model [1] shows a weak dependence of the wire
maximum temperature from the wire diameter.
1
Maximum temperature depends weakly on the wire diameter, in this
Equation the beam density is averaged over dwire .
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• Thinner wires produce less particles which could
quench the downstream magnet; on LHC the quench
limit has been estimated to be about 4.5% of the full
beam intensity at 7 TeV.
• Because of internal wire structure [9] a thinner wire
(for instance 7 µm) produced using a graphitization
procedure in the last stage of preparation process has
better mechanical properties than a typical 30 µm
wire.
• The wire breakage at Tevatron Main Injector [10] has
shown that a wire with diameter of 4 µm broke at
about Tmax = 3200 K, which might indicate that very
thin wires have worse performance.
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CONCLUSIONS
The wire damage test has been performed on highintensity SPS beam. The test has shown that the wire damage mechanism is the sublimation and the following mechanical breakage. A conclusion of this test and of Geant4
simulation of energy deposit in the wire is the maximum
safe-scan beam intensity being 2.8·1013 of 3.5 TeV protons
and 9.4 · 109 lead ions Pb82+ . It has also been found that the
radiation damage of the wire material is not high enough to
explain wire breakage during the normal operation. A new,
fast and precise, wire scanner is being produced at CERN
to fulfill the requirements of scanning high intensity beams.
It is proposed to use multiwire in the new Scanner as it will
provide better thermomechanical performance than a single wire.
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BUNCH SHAPE MEASUREMENTS AT INJECTOR 2 AND RING
CYCLOTRON
R. Dölling, Paul Scherrer Institut, Villigen, Switzerland
Abstract
The longitudinal-horizontal 2-dimensional (2D) density
distribution of a bunched 2.2 mA beam of ~72 MeV
protons has been measured at the last turns of the
Injector 2 cyclotron, in the middle of the transfer line to
and at the first turns of the Ring cyclotron. Protons
scattered by a thin carbon-fibre target are stopped in a
scintillator-photomultiplier detector. The longitudinal
bunch shape is given by the distribution of arrival times
measured with respect to the 50 MHz reference signal
from the acceleration cavities. More probes are foreseen
at 72 and 590 MeV which will use additional fibres to
also determine the longitudinal-vertical and two
longitudinal-diagonal 2D density distributions. These
measurements together with more detailed beam transport
calculations will support the matching of beam core and
halo and the quest for a reduction of beam losses. The
achievable dynamic range in the given environment of the
cyclotrons and the connecting beam line is discussed.

The time-structure, i. e. the longitudinal bunch shape, is
given by the distribution of arrival times of beam particles
measured with respect to the 50 MHz reference signal
from the acceleration cavities. In our case, protons are
scattered by a thin carbon-fibre target towards a
scintillator-photomultiplier detector [5, 6]. (This type of
measurement is known since long and alternative methods
are available [7-9].)
From the wire position also a transversal coordinate is
determined. By moving the wire horizontally, a 2D profile
of the bunch density "as seen from above" can be
measured. This has been done at the last two turns of
Injector 2, in the middle of the connecting line to the Ring
cyclotron (approximately at the superbuncher position)
and at the first two turns of the Ring cyclotron (Fig. 1).

INTRODUCTION
The Injector 2 cyclotron delivers a 72 MeV 2.2 mA CW
proton beam via a ~50 m long injection line to the Ring
cyclotron, where it is accelerated to 590 MeV [1]. Beam
loss is one of the main factors limiting the attainable
beam current since hands-on maintenance is required for
nearly all machine components. At this high current
beam, already a thin beam halo contributes significantly
to the beam losses. The transport of the whole distribution
is strongly influenced by the beam space charge and the
creation of new halo by scattering at collimators. Hence,
already small changes at any location along the beam path
can alter the total losses strongly. This makes setup and
tuning difficult and leads to a tuning method mainly
determined by examining the losses of the beam along its
path and "turning all available knobs" to minimize losses
at a given beam current level [2, 3]. Although this empirical concept is useful for finding the optimum operation
for a given machine configuration, well-directed changes
of the machine configuration, leading to significant
improvement, cannot be initialized by it. Also it is very
difficult to find hidden causes in the case of a persistently
bad beam quality. To overcome this, detailed numerical
simulations [4] of the beam transport and matching
including the beam halo are required together with
detailed measurements of the 6D phase space distribution.
This should result in an improved beam cleaning at low
energies by additional slits, a matched beam core and
halo, lower losses at higher energies, the ability to setup
the whole machine in one pass and the ability to find
sources of deteriorated beam by examining the beam in
detail.

Figure 1: Locations of time-structure probes.
Repeating this with several wire orientations, does not
yield the full 3D spatial charge density distribution, but
rather several 2D projections. Hence, e.g. all 9 parameters
describing size and orientation of an ellipsoid representing the bunch in real space can be determined and used in
beam transport simulations on the matching of the beam
core. More detailed information is available for detailed
simulations including the beam halo. This type of
measurement is under preparation for the last two turns of
Injector 2, three locations in the connecting line and one
behind the Ring cyclotron (Fig. 1).
The wire target precisely defines the location of
measurement and hence the time-structure even of short
bunches can be determined with good accuracy. Although
the pulse width from scintillator and photomultiplier tube
(PMT) is quite large (~3 ns fwhm), the time-resolution
can be of the order of 30 ps due to the statistics from the
many created photo-electrons [5]. However, the level of
radiation background from beam losses strongly determines the achievable temporal and spatial resolution and
the dynamic range.
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EXPERIMENTAL SETUP
Due to the limited space in the cyclotrons, different
arrangements of wire and detector are used at the three
locations (Fig. 2). In any case the protons are scattered by
90°, travel a distance of ~0.3 m, pass a collimator and are
stopped within the scintillator shortly before reaching the
directly attached PMT. In the Ring cyclotron the
placement of the detector in the median plane was
unavoidable, thereby largely inhibiting a shielding by
machine components and worsening the background from
stray particles created by losses at other points in the
cyclotron. The detectors are shielded with a few
centimetres of lead, but especially in the Ring cyclotron
with its high energy stray particles this is not effective.
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The PMT pulses are transferred via long coaxial cables
to the timing electronics outside the vault (Fig. 3). For
time-structure measurement only a single PMT is selected
together with the RF reference by switching the relays
accordingly. For the location at Injector 2 the timing
resolution can be determined from the coincidence
between two detectors [5]. Time-to-amplitude converter
(TAC) and multi-channel analyzer (MCA) are configured
to divide 22500 ps to 512, 1024, 2048, 4096 or 8192
channels.
The horizontal stroke of the motorized vacuum feedthroughs is 100 mm. The time-structure is measured e. g.
every mm with an accumulation time of 60 s. If a beam
trip occurs, the measurement is paused until the difference
to the initial beam current is below both 50 uA and 20%.
In case of the location in the middle of the connecting
beam line, the changing path length from wire to detector
is corrected for by shifting the individual MCA spectra in
time accordingly.

x -12

1

50Ω

Figure 2: Setup at the three present locations (schematic;
seen in beam direction). At Injector 2 the wire is tilted 45°
in beam direction (the broader printed wire end is closer
to the beholder).
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Figure 3: Timing electronics (relays are set for timestructure measurement at Inj. 2, timing path is printed
thick). Signal and leading-edge discriminator (LED)
levels are given in green, transfer times in ns in blue and
time difference to "start" in ns in red. Components have
been modernized compared to [5] giving roughly the
same timing performance and allowing for an integration
into the control system.

PULSE HEIGHT SELECTION
The highest pulses are expected from 72 MeV protons
fully stopped in the scintillator. Their amplitudes at the
leading-edge discriminator (LED 1) are adjusted to just
above the discrimination level by adapting the supply
voltages of the PMTs. Hence, pulses from low energy
stray particles (as well as of protons of much higher
energies) created from losses at other parts of the
cyclotron, and protons from the wire which are degraded
by grazing the collimator in front of the scintillator are
largely suppressed (Fig. 4).
At Injector 2 a "static background" probably stems
from losses at other places in the machine. There is also a
signal component ("shadow bunch") always visible
(Fig. 5), for which a conclusive interpretation is lacking.
A description as beam particles of higher energy as
suggested by the measurement is questionable. Those
should arrive earlier, and the energy resolution of the
detector seems to be too low to distinguish between
protons of different turns. The similarity of the radial
profiles of core bunch and "shadow bunch" hints to an
artefact. However, no irregularities or relevant afterpulses
of the PMT have been observed at the timing electronics.
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Figure 4: Time-structure measurement of the last two
turns in the Injector 2 cyclotron (roughly 0.4 and 1.4 turns
before leaving the cyclotron). Bunches as seen from
above and projections. Upper part: Unsufficient suppression of the protons degraded at the detector entrance at a
PMT voltage of 850 V (later 3 peaks, the collimator
design is not optimal). Lower part: Better suppression at
lower PMT voltage (800 V, time scale shifted due to
changed relative trigger level). The core bunches are
nearly round (10 mm correspond to 90 ps; the dip at 2935
mm is due to a malfunction of the measurement
software). The bunch centers lie on a radius to the
machine center.

MOPD62

Figure 5: Upper part: Same data as Fig. 4 lower part, but
resampled to larger time bins (single event bins are
visible; the 10%-level is given by the border between
cyan and light blue). A time dependent but positionindependent broad "static background" is best visible at
radii above 2980 mm (green curve in the projection
derived from that radial range and adapted in height). The
longer "shadow bunches" marked in red in the time
projection have a radial profile (red) similar to that of the
full projection (blue) and hence similar to that of the core
bunches. They correspond to 1/12 of the beam current.
Lower part: With further decreased PMT voltage (780 V).
Projections are black (colored projections copied from
upper part to indicate the difference). The "Static
background" and the long "shadow bunches" have
decreased, but much less than the core bunches. The
"shadow bunches" now account for 77% of the signal.
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DYNAMIC RANGE
At Injector 2 the dynamic range can possibly be
improved by better shielding of the detector. However it
is mainly determined by the interpretation of the "shadow
bunch".
In the "quiet" environment of the connecting beam line
a "static background" is completely missing (Fig. 6, upper
part). At moderate PMT voltages the dynamic range is
determined by the counting statistics. With a larger bin
size a value of 105 is achievable for the projected profile.

At the Ring cyclotron the dynamic range is limited by
the high background level due to the energetic stray
particles. For a projected profile it is of the order of 10 as
can be seen from Fig. 7. With even longer accumulation
times, enlarged bin width and somewhat lower beam
losses a value of 100 might be possible.

Figure 7: Time-structure measurement of the first two
turns in the Ring cyclotron (after completing 0.6 and 1.6
turns) at relatively high beam losses. Without and with
background subtraction and filtering (see text).
Figure 6: Time-structure measurements in the connecting
beam line. The bunch is cut sharply at its left side due to
the upstream electrostatic septum, peeling off ~60 μA to
the material irradiation area. The "shadow bunch" visible
at a level of 10-3 is identified as an artefact from
reflections in the timing electronics because it shifts
relative to the core bunch when internal cable lengths are
changed. Upper part: Moderate PMT voltage (720 V).
Lower part: Too high PMT voltage (750 V).

238

BACKGROUND SUBTRACTION
The following steps are only performed at the Ring
cyclotron in order to cope with the background signal:
Artefacts from out-of-range late "stop"-events are
eliminated. The MCA spectrum at each probe position is
smoothed by applying two times the 25%/50%/25%
averaging algorithm. The background is subtracted in the
following way: The time-structure of the background is

Beam Diagnostics and Instrumentation for High-Intensity Beams

Proceedings of HB2010, Morschach, Switzerland

assumed to be constant for all wire positions. The
background amplitude is assumed to change linearly from
the initial value with the wire at a lower machine radius to
the end-value at a higher machine radius (due to the comovement of the detector in the background radiation of
the cyclotron). The time-structure of the background is
determined from the average (projection) of the MCA
spectra at the three smallest and three largest machine
radii. (The radial range of measurement must be chosen in
a way that these points are between the turns and outside
the last turn and hence are nearly not affected by beam
signal.) The background amplitude at the second lowest
radius is determined from the average (sum) of the MCA
spectra at the three lowest radii; and similarly at the
second highest radius. After subtracting the so-defined 2D
background from the 2D signal, a further 2D filtering is
applied to remove "islands" formed due to statistical
noise: Only those bins are valid which have >30% of the
counts of the maximum bin or have >3% and are
connected via a chain of neighbour bins (in time or
radius) of >3% to a bin of >30%. All others are set to
zero. The effect of this procedure is shown in Fig. 7.

FOUR 2D PROJECTIONS
One of several possible configurations allowing for the
measurement of four 2D projections of the bunch density
using a single detector and two motorized feedthroughs is
depicted in Fig. 8. It will be used at all beam-line
locations. The detector is placed below the beam line and,
more important, below the center plane of the cyclotron
where some shielding is provided by the magnets. The
secondary emission currents from the 33 μm carbon fibres
will be read out in addition, allowing for fast transversal
profile measurements. Signals from both wire ends are
connected to the outside to allow a check of wire
integrity.

MOPD62

The fast plastic scintillator will be directly attached to a
double anode PMT to allow for a verification of the time
resolution, similar to [5]. Signals from both anodes are
either separately fed to the timing electronics or combined
by a relays directly at the PMT to give the full photoelectron statistics during normal operation. The entrance
aperture to the scintillator will be somewhat larger to
increase the count rate to shorten the rather long
measurement duration.

CONCLUSION
The dynamic range of the time-structure measurement
in the Ring cyclotron is much lower than at the other
locations. Nevertheless, the ensemble of measurement
devices can deliver information on the bunch shape which
is valuable for the understanding of the matching of beam
core and halo between Injector 2 and Ring cyclotron and
of the beam transport in the cyclotrons. It will be used
more extensively in the future.
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Figure 8: Orientation of wires, drives and detector for a
measurement of four 2D projections in the beam lines
(schematic; seen in beam direction). Most wires are tilted
45° in beam direction (the broader printed wire ends are
closer to the beholder). Wire centers and scintillator axis
are in one plane transversal to the beam.
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DEVELOPMENT, CHARACTERIZATION AND PERFORMANCE OF THE
LHC BEAM LOSS MONITORING SYSTEM
A. Nordt, B. Dehning, E. Effinger, J. Emery, E.B. Holzer, E. Lebbos, D. Kramer, M.G. Sapinski,
M. Stockner, C. Zamantzas, CERN, Geneva, Switzerland
Abstract
The LHC Beam Loss Monitoring (BLM) system should
prevent the superconducting magnets from quenching and
protect the machines elements from damage. The main
monitor types are an Ionization Chamber (IC) and a
Secondary Emission Monitor (SEM) (about 4000
monitors in total). Lost beam particles initiate hadronic
showers in the machines components which are then
measured by the monitors installed on the outside of the
equipment. For the calibration of the BLM system the
signal response of the IC and the SEM was simulated
using GEANT4, GEANT3 and FLUKA for all relevant
particle types and energies (keV to TeV range). For
validation, the simulations were compared to
measurements using protons, neutrons, photons and
mixed field radiation fields at various energies and
intensities.

INTRODUCTION
An unprecedented amount of energy will be stored in
the circulating LHC beams (up to 360MJ per beam) and
in the magnet system (10GJ). The loss of even a small
fraction of this beam may induce a quench of the
superconducting magnets. Therefore a fast signal
detection and robustness against aging were the main
design criteria for the BLM monitors. Depending on the
loss location the monitors are exposed to different
radiation fields and in order to ensure stable operation
within a high dynamic range, an ionization chamber and a
secondary emission monitor were chosen. The system
detects and quantifies the amount of lost particles and
triggers a beam abort when the losses exceed
predetermined threshold values. The start up calibration
of the BLM system was required to be initially within a
factor of five in accuracy and finally within a factor of
two in accuracy.. For the calibration and threshold
determination a number of simulations were combined:
beam particles were tracked to find the most probable loss
locations. At these locations hadronic showers in the
machines components were simulated to get the particle
spectra at the detectors locations. A further simulation was
done to determine the detector response. The quench
levels of the superconducting magnets, according to loss
duration and beam energy were simulated separately.
Whenever possible, crosschecks with measurements have
been performed before the start up of the LHC.

IONIZATION CHAMBER (IC) RESPONSE
The main detector type is an ionization chamber (~3700
ICs). It consists of 61 aluminium electrodes that are
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arranged in parallel and equally spaced with 0.5 cm. The
IC is ~50 cm long (diameter 9 cm) with a sensitive
volume of 1.5 litres. The chambers are filled with N2 at
100 mbar overpressure and operated at 1.5 kV. The
collection time of the electrons and ions is of the order of
300 ns and 120 µsec (simulated: 40 -80 µsec, measured
80 -120 µsec, depending on signal cable length).

GEANT4 Simulations
GEANT4 simulations of the ionization chamber have
been performed to determine the signal response for
different particle types at various kinetic energies in the
range from 10 keV to 10 TeV (see Fig. 1). Also the effects
of longitudinal and transverse impacting directions with
respect to the detector axis were simulated. The longer
path for a longitudinal direction increases the response
approximately by a factor of two. Less wall material has
to be passed in the transverse direction leading to a lower
energy cut-off. The deposited energy in the sensitive
volume was converted with the so called W-value to the
number of produced charges. The W-value for N2 is 35 eV
per electron-ion pair. Different parameters were varied in
order to identify the contributions to the systematic error
of the simulation. The detector response is different for
different impacting angles: at high energies up to a factor
of 100 for protons. Changing the production range cut
from 1 mm (standard value in GEANT4) to 10 µm
increased the response by 12%. The sensitive volume was
determined by simulation of the electric field
configuration. It is 4% bigger than the volume covered by
the electrodes (2 mm larger diameter). NIST data were
used to cross check the simulation: The energy cut-off for
protons, electrons and gamma rays was estimated. Protons
of about 65 MeV start producing a signal, electrons at 9
MeV and gammas at 150 keV. The energy deposition for a
positive muon was calculated with the Bethe-Bloch
formula and compared to the simulation (agreement at 1
GeV: 95% and at 35 MeV: 75%) [1].

Verification Measurements
Mixed Radiation Field Measurements:
A mixed radiation field experiment at the CERF target
area (CERN-EU High Energy Reference Field Facility)
was compared to the simulations results. A copper target
(length 50 cm, diameter 7 cm) was placed in a secondary
beam of 120 GeV/c hadrons. The main beam particles
were pions (60.7%), protons (34.8%) and kaons (4.5%)
with intensities up to 9.5·107 hadrons per 4.8 seconds.
Five ionization chambers were positioned around the copper target so that they were exposed to different radiation
fields, (varying in particle composition and energy). The
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Figure 1: IC response functions for various particle types
entering the detector. Impact angle of the particles relative
to the detectors axis is 60 degrees.
CERF team had performed a similar experiment with PMI
(air filled plastic ionization chamber) detectors and
verified it by FLUKA simulations. Their FLUKA spectra
were used as input to simulate the detector response with
GEANT4. A comparison of the GEANT4 simulation to
the BLM detector measurement shows a relative
difference of about 12%, except for one position (21%).
The error on the measurement includes the statistical error
and a systematic error from uncertainties on the beam
intensity measurement (10%) and from misalignment of
the detector positions. The error on the simulation
includes only the statistical error of the signal simulation;
it does not include the uncertainties in the spectrum. All
detectors showed a linear behaviour at measurements over
one order of magnitude in beam intensity (up to 9·107
hadrons onto the copper target) [1]. The CERF facility
was used in May 2009 for sensitivity tests the of the IC
signal to the radiation field by using a 1mm thick Cd layer
wrapped around the detector, as well as by changing the
orientation of the IC. The SPS provided a positively
charged hadrons beam. The FLUKA Monte Carlo code
was used to evaluate the detector response concerning
energy deposition and particles spectra. The ICs were put
either with the cables upstream or with the cables
downstream. The difference in the IC signal was not
significant, around 10% depending on the location of the
detector around the target, at all positions well reproduced
by the corresponding FLUKA calculations, confirming
that the horizontal chamber orientation is not important
when comparing measurements with simulations at the
LHC. Verifying the contribution of low energy neutrons
to the signal both measurements and simulations showed
no significant difference in the signal with or without the
Cd layer (3% to 4% difference). Without the Cd layer, the
contribution of low energy neutrons is 6%. The
measurements were directly compared with the FLUKA
simulations for most of the positions around the target.
The comparison shows a good agreement and it is also the
case for the measurements performed with the Cd.
Differences between simulations and measurements of
22% for one position can be partly explained by
positioning uncertainties especially in the most
downstream part where the alignment of the beam-line is
not guaranteed. Further uncertainties concern the
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calibration of the ionization chamber (PIC), the beam
shape and alignment. In order to analyze in detail the
observed signal and study its dependency on particle
energy and type additional FLUKA simulations were
performed to determine the main contributions to the
signal, and to study the difference in using the Cd layer
not only based on integral values, but as a function of
particle type and energy. For the case where the chamber
is wrapped in Cd a loss of 6% to 7% in the total neutron
contribution is observed which is compensated by the
gain of 8% to 9% in the photons contribution. At the
upstream position, the photons (53%), neutrons (17%)
and protons (8%) are more dominant. At the downstream
position, the signal is mainly due to the photons (42%),
pions (14% from positive, 12% from negative), positrons
and electrons (12%) [2].
Proton Measurements:
Another experiment with 400 GeV/c protons at a SPS
extraction line (T2) was made and compared to the
simulations results. The beam intensity was
(30.0±0.1)·1011 protons per 4.8 seconds with an estimated
beam size of 1 cm horizontally and 0.5 cm vertically. A
vertical scan of the beam position was simulated and
compared to the measurement. The unknown beam
position (vertically) relative to the inner structure (parallel
electrodes) led to a systematic uncertainty of 23%.
Measurement and simulation agree within errors [1].
Gamma Ray Measurements:
A comparison between simulation and measurement was
done for 662 keV gamma rays at the TIS-RP Calibration
Laboratory for Radiation Protection Instruments (CERN)
with Cs137 sources at various activities and distances.
The IC showed a linear response over two orders of
magnitude in dose rate (3 mSv/h-30 mSv/h). The response
simulation results for 600 keV and 700 keV gamma rays
were interpolated and compared to the measured data.
The measurement and the simulation agree within 64%
with an error of 7% [1].
Neutron Measurements:
Further verification and calibration measurements were
performed in November 2006 at the Svedberg Laboratory,
Uppsala University (Sweden) with neutrons (with a peak
energy of 174 MeV and an intensity from 0.7·106 to 4.6·
106 per second). They were produced by an incident
proton beam of 179 MeV and a maximum beam current
of 0.4 A on a 23.5 mm thick lithium target. The
contribution of gamma rays to the measured signal was
estimated to be between 11.2% and 16%. For an 11.2%
gamma contribution, the agreement is 85% and 70% for
longitudinal and transversal impact respectively. For a
16% gamma contribution, the agreement is 90% and 74%
for longitudinal and transversal impact [1].
Shower tail measurements at HERA:
The LHC BLM system was also tested in the HERA
internal proton beam dump. The proton energy at collision
is about twice the LHC injection energy. The particle
spectrum outside the dump is comparable to the one
outside of an LHC magnet. It is dominated by low energy
(below 10-100 MeV) neutrons and photons. Due to the
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fact that the HERA machine was running nearly
continuously since the installation of the experiment in
2005, it allowed a long term test of the complete LHC
BLM system. Six ionization chambers were placed on top
of the dump (longitudinal spacing of about 1 m),
measuring the tails of the hadronic showers induced by
impacting protons. At HERA the proton energy was 39
GeV at injection and 920 GeV at collision. The beam
intensity was in the range of 1.3·1011 to 1.3·1013 protons
per 21 µs. Most of the nonlinearity in the signals is
corrected for by the simple model of space charge. The
estimated error on the transverse hadronic shower tail
simulations is part of the BLM system calibration error.
The simulation was split into two parts. First, the primary
proton beam onto the dump was simulated and all
particles arriving at the top of the dump were scored. In
the second part, these secondary particles were launched
for each detector position to get the detector signal. Two
vertically separated impacting points on the dump were
chosen to simulate the sweeping of the protons. The
simulation and measurement are in good agreement [1]. A
comparison of a superconducting LHC magnet to the
HERA proton beam dump in terms of the detector signal
and the detector signal integrated over the particle energy
is shown in Figs. 2 and 3 [1].

installed in pair with an IC in order to extend the dynamic
range of the system towards higher dose rates without
saturation of the detectors or electronics. The detector has
to keep a linear response for very high particle fluxes, so
it has to have a high saturation limit. Also high stability of
the radiation tolerance is needed, because large fluencies
up to 70 MGy/year can be integrated during the nominal
LHC operation. In some locations it will be nearly
impossible to exchange SEMs (like under the core of the
beam dumps) therefore the lifetime should be 20 years.
The SEM was characterized using Monte Carlo tools and
calibrated in various radiation environments.

Working Principle
The SEM detector is based on the Secondary Electron
(SE) emission from metallic surfaces. The material
escaping SE come only from a thin surface layer of the
traversed material and is subsequently drifted away by a
bias electric field. The Secondary electron Emission Yield
(SEY) is proportional to the electronic energy loss of the
particle in the surface layer of the signal electrode. The
current created by the drifting electrons is measured
between the signal and the bias electrodes. The “high”
energy δ electrons are produced mostly in forward
direction (same as the primary particle). If they are
emitted from the signal electrode, their contribution is in
average cancelled by the δ electrons arriving from the
bias electrode. The SEM can detect neutral particles only
indirectly. The neutral particles have to interact with any
part of the detector and create charged secondaries. Also
charged particles can produce a signal if their path lengths
in the two bias field gaps are not equal [3].

Development
Figure 2: Detector signal generated by convolving the
particle fluence spectra with detector response functions.
The detector is placed 1.5 m after the proton impacting
point. Left: HERA dump, 920 GeV, Right: MQY magnet
at 7 TeV.

The development of the SEM was conducted according
to the ultra high vacuum requirements in order to ensure
sufficiently low residual pressure and to keep the
ionisation signal negligible. The vacuum and baking cycle
was defined and tested at CERN before the use in the
series production. All electrodes were made of titanium
because to achieve a small SEY stability and vacuum
properties, which were confirmed by an out gassing test
performed at CERN. The signal feed through has an
additional contact shielding on the signal wire to avoid
collecting the ionisation signal from surrounding air what
would lead to a nonlinear behaviour at high dose rates [3].

Modelling of the SEM Response
Figure 3: Shown is the detector signal integrated over the
particle energy for a detector placed 1.5 m from the
impacting point of the protons. Left: HERA dump at 920
GeV. Right: MQY magnet at 7 TeV.

SECONDARY EMISSION MONITOR
In addition to the 3700 ICs, around 300 SEMs are
installed in high radiation areas: mainly in the collimation
zones, injection and interaction points, beam dump line
and at other critical aperture limits. The SEM is usually
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Since there is no module for the SE simulation in
GEANT4 defined, a modified semi empirical formula of
Sternglass (the contribution of δ electrons to the true SEY
has not been included) was used to calculate the SEY for
a TiO2 surface and implemented in the Monte-Carlo
particle simulation code GEANT4. The resulting formula
was compared to published data, and the systematic
difference was compensated by applying a correction
factor of 0.8. The geometry of the SEM prototype was
implemented in GEANT4 including a thin layer of TiO2
on the signal electrodes. When a charged particle passes
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through the TiO2 to vacuum interface, the SEY is
calculated in the G4UserSteppingAction and a SE
electron is recorded with its corresponding probability.
The δ electrons are produced by the Photo-Absorption
Ionization (PAI) module and are treated as other charged
particles. The δ electrons are only recorded as signal if
they are able to penetrate the electrodes. The GEANT4
QGSP HP module was used to simulate the hadronic
interactions. The simulations were performed using a
round beam of 0.5 or 1 cm radius. The cut value for
electrons was found to influence the results and is the
main reason for the 10% error bar of the simulation
points. The signal response of the SEM detector for
different particle types was simulated using a model in the
Geant4.8.1.p01 code. The protons below 60 MeV do not
penetrate the detector, so their contribution to the signal is
null. The energy loss of the penetrating protons with
energies below 300 MeV is situated on the descending
part of the Bethe-Bloch curve. The signal growth for
hadrons at high energies is caused by the relativistic rise
of the energy deposition and shower development caused
by the bottom plate. The SEM response curves for the
main particle types and the expected energy range were
simulated to allow a signal current determination using
the particle fluence reaching the detector [3].

Calibration and Verification Measurements
The absolute calibration of the SEM relating the dose to
the output charge was performed using the results of a
dedicated high energy fixed target experiment and the
corresponding simulations. The dose was obtained by
measuring and simulating the energy deposition in a SEM
filled by air. The output charge of the SEM under the
same irradiation conditions was simulated and the two
results were combined. The calibration of the SEM used
by the LHC BLM system is then:
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reasonable agreement with the simulations. Other tests
were made in the PSB with a 1.4 GeV bunched proton
beam. A reference ACEM detector (Aluminium Cathode
Electron Multiplier tube) with a very fast response time
was installed next to the SEM outside of the beam. The
performance of the SEM shows a very fast response
without under-shoot or tail in the signal for a bunch length
of about 160 ns (see Fig. 4).

Figure 4: Time response compared to reference ACEM
detector (160 ns bunch of 1019 p+/s at 1.4 GeV). The
maximum current corresponds to 180 MGy/ sec.
During these tests the SEM was also directly compared
to the IC. The signal of the IC was corrected for the space
charge saturation effect (see Fig. 5).

CSEM = (764 ± 84) pC/Gray.
The dynamic range of the SEM limited by the analog
front-end used in the LHC BLM system is spanning from
13 mGy/s to 1.7 MGy/s. For comparison the IC measures
with the same front-end electronics in the range from 0.19
μGy/s to 23 Gy/s. The simulations were validated by
various measurements with particle beams of well known
parameters. The detector was tested in the range of dose
rates from 0.5 mGy/s to 400 MGy/s.
Two prototypes were tested in the 62.9 MeV proton
Optis line in PSI. The protons were entering through the 5
mm steel bottom cover of the detector and the output
current was measured whereas the bias high voltage was
varied from 2 V to 1.5 kV, so that the SEY could be
calculated by dividing the beam current by detector
output. Simulations and measurements were in good
agreement for one of the two tested prototypes.
The detector setup from the LHC collimation areas was
reproduced in the SPS accelerator, where it was used for
the studies of the complete LHC BLM system. The tests
showed a very good linearity of the SEMs and a

Figure 5: Comparison of the SEM response, the IC
corrected for the space charge saturation effect and the IC
uncorrected. The curves are fitted with linear functions.
Several preproduction prototypes and series SEMs were
tested in different proton and muon beams and mixed
radiation fields including a high energy beam scan across
the detector to cover the full energy range of the LHC
radiation field (see Fig. 6). The results showed a very high
linearity and speed of the detector response (see Table 1).
In total 370 SEM detectors were tested in a high energy
fixed target experiment, which was producing a mixed
radiation field similar to the one expected in the LHC.
The experiment served for discovering potential
nonconformities from the production. It was concluded,
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that all the measured detectors had the inner vacuum
pressure better than ∼0.21 mbar and seven chambers were
rejected because of too high dark current. The experiment
allowed another comparison between simulation and
measurements [3].

Figure 6: Simulation and measurement of the SEM
response while moved stepwise through a 400 GeV
proton beam. Each measurement point represents one
slow extraction (4.7 seconds) passing through the bottom
of the detector transverse to the surface of the electrodes.
Table 1: Summary for SEM Verification Measurements
Beam Type

Measurement

Simulation

(Meas-Sim)
/ Sim

63MeV p+
PSI

0.27±0.01

0.267±0.004

+1%

1.4 GeV p+
PSB

0.04±0.001

0.042±0.005

+19%

400 GeV p+
TT20

0.04±0.004

0.05±0.005

-29%

160 GeV
muons

0.06±0.016

0.08±0.008

+26%

300 GeV
mixed

3.43±0.75

3.95±0.19

+14%

26 GeV
mixed L

(2.74 ±0.08)
10-3

(4.58±0.14)
10-3

+40%

26 GeV
mixed R

(2.04±0.02)
10-3

(3.56±0.08)
10-3

+43%

Beam Type

SEM Meas

IC Meas

450 GeV
mixed

(9.79±0.02)
10-4

(8.98±1.0)
10-4

The GEANT4 detector response simulations are part of
the LHC BLM calibration. Various verification
measurements were performed. Generally, the simulations
and measurements agree very well. The highest deviation
is 36% in the gamma source measurement for the IC. A
rather simple model of space charge can explain most
nonlinearities encountered in the detector responses in the
HERA measurements. However, this space charge regime
will not be reached during normal LHC. The SEM
simulations agree also very well with the corresponding
measurements performed in a wide intensity, energy range
and for different radiation fields. The largest disagreement
between the GEANT4 simulations and the SEM
measurements was -29% obtained for the challenging
high energy beam scan. The FLUKA simulations
combined with the GEANT4 model resulted in a
maximum disagreement of +43%, which complies with
the required accuracy of the SEM detector of 40%. The
dynamic range and response time for the IC and the SEM
are summarized in Table 2.
Table 2: Dynamic Range IC and SEM
Type

Dyn. Range

Response
Time

Calibration

IC

0.19µGy/s-23Gy/s

300ns120µs

(54±10) µC/Gy

SEM

13mGy/s-1.7MG/s

160ns160µs

(764±84)pC/Gy
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SEMIC/SEM
+8%

CONCLUSIONS
The final calibration of the BLM system was required
to be within a factor two in accuracy. To achieve this final
accuracy different simulations have been carried out.
These simulations include the detector response function
simulations and the hadronic shower simulations.
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VISUAL INSPECTION OF A COPPER COLLIMATOR IRRADIATED BY
590 MeV PROTONS AT PSI
Å Strinning*, P. Baumann, M. Gandel, D. Kiselev, Y.J. Lee, S. Adam,
Paul Scherrer Institut,5232 Villigen PSI, Switzerland
Abstract
In March 2010 one of the most exposed collimators of
the 590 MeV proton beam line at the Paul Scherrer
Institut, was visually inspected after 20 years of operation
without failure and a total beam charge of 120 Ah. Two
samples of pieces peeling off the surface were taken and
analyzed with a HPGe detector. The (relative) activity
was compared to calculations (MCNPX and Cinder’90).
Due to the high dose rate of the collimator, radiological
precautions had to be taken when removing it from the
beam line.

INTRODUCTION
The High Intensity Proton Accelerator (HIPA) facility
at the Paul Scherrer Institut (PSI) uses a 4 cm thick
graphite wheel, called Target E, to produce mesons.
When the 590 MeV protons pass Target E, the beam
diverges mainly due to multiple scattering by about
6 mrad. To protect the magnets and to reduce the beam
losses along the beam line, collimator KHE2 is used to
shape the defocused proton beam after Target E. It is
located 4.7 m behind Target E. With a current of 2 mA on
Target E, ~150 kW is deposited as heat in the collimator.
KHE2 is made out of copper and actively cooled by water
tubes placed on the outer surface of the collimator.

really quantifiable and many factors play a role like e.g.
the operating temperature.
Therefore, to keep the reliability of the facility, also in
view of the upgrade plans to 3 mA, which require a new
design of the collimator, it was decided to perform a
visual inspection of the collimator and to remove KHE2
from the beam line for the first time after 20 years of
operation.

Design and Temperature Distribution
The design of the collimator is not only driven by the
needs of the beam shape but also by cooling demands.
The 30 cm long collimator is segmented into six parts,
each having an inner conical “teeth”-design for better
thermal power distribution (Figure 2). The copper
collimator is cooled by water flowing with 8 m/s in tubes
of 9 mm inner diameter. The steel tubes are brazed to the
outer surface of the copper body.
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Figure 1: Charge per year in mAh on KHE2 during the
last 20 years. The integrated charge today is ~120Ah.
The total beam charge today is 120 Ah after 20 years of
operation. At the time the collimator was designed, the
total charge per year was much smaller than today
(Figure 1) and it was not expected that KHE2 would be
exposed to such high thermal stress and accumulated
charge. It is known that this can cause defects in the
lattice, which can lead to a change of material properties,
like its strength or the thermal conductivity. For thermal
neutrons, considerable swelling of the material (change of
geometry) would already have occurred. For high
energetic protons much less is known about their effect on
radiation damage. In general, the amount of damage is not

Cooling
tubes
Inspection-Tool
Figure 2: Photo and sketch of collimator KHE2. The
insertion of the inspection tool is shown at the bottom
(dashed line).
The temperature distribution inside the collimator
(Figure 3) was calculated with the CFD-ACE+ [4] code
for 2 mA on Target E. Due to is elliptical aperture, the
collimator cuts the beam symmetrically at one and two
standard deviations, respectively. The resulting
temperature is much higher on the sides than at the top or
bottom. The maximum temperature inside the collimator
for a 2 mA beam current is about 380 °C (Figure 3).
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Figure 3: Temperature distribution in K along KHE2 at
2 mA. The calculated maximum temperature is 653 K
(380°C).

INSPECTION
This inspection was initiated to investigate the current
condition of the collimator and to answer the following
questions:
• Can one recognize radiation damage on the surface of
the collimator?
• Is there any swelling? The relative volume increase
of 0.5% per DPA1 is known for thermal neutrons in
reactors. This would predict large swelling for the
current conditions. Data for protons are rare and
much less precisely known. Depending on the
calculation program used, DPA values between 40
and 80 DPA were estimated for the inner sides of the
collimator.

Inspection Tool
A tool for the inspection was designed to meet the
following requirements:
• Inspection at the outside and inside of the collimator,
including all details of the “teeth” and the “valleys”
(Figure 2), that is to view and to make photos with a
high quality camera.
• Inspection of the aperture diaphragm.
• Since no replacement of the collimator is currently
available, the collimator has to be kept intact.
• Measurements of the collimator aperture and
structure elevation.
In addition, the tool has to be operated remotely, since
the dose rate of several hundred Sv/h requires the use of a
closed hot cell.
The expected dose rate of the collimator was estimated
with MCNPX [1] and Cinder’90 [2]. As a consequence of
these results, MicroShield [3] was used to design the
shielding of the camera and electronics. Investigations
have shown that a digital camera will operate correctly in
a radioactive field of about 100 mSv/h. Therefore, three
lead bricks, each 5 cm thick, were attached directly on the
tool housing, to protect the electronic. An additional 5 cm
thick lead shielding was mounted at the rear side of the
support frame holding the collimator in the hot cell. For
1

DPA = Displacements Per Atom. It is a measure used to quantify the
radiation damage and to compare different irradiation conditions.

246

pictures taken around the collimator, it had to be
removed.
To take pictures of the inside of the collimator, the tool
uses a long tube and two surface mirrors, which work like
in a periscope and which fits into the opening of the
collimator (mode S1, one of four setup configurations). It
was inserted via a guiding tube from the rear side of the
KHE2 (Figure 2) to avoid damage of the collimator and
the diaphragm (a 127 μm Ni foil). The first mirror in the
periscope avoids the camera being on the beam axis
where the dose rate is highest. The second mirror is
placed at the end of the tube (Figure 4 right) to view the
inner structure and the details. In order to get good
lighting conditions and to minimize reflections we
installed three different and dimmable systems with
several lamps each, which could be individually lighted if
needed. Because of the very high radiation, only filament
lamps where used.
The camera was operated in the so called live view
mode where the viewed scenes are displayed online on a
PC through an USB cable. With this setting, the camera
was also controlled and photos and videos stored directly
on the PC.
Another system was integrated in the tool housing to
measure the horizontal opening of the collimator aperture
(mode S2). Two commercial laser distance meters were
placed on each side near to the camera. The tube with one
mirror for photos inside, was replaced by a tube
containing a double mirror (two mirrors at 45°, Figure 4
left) such that the distance between the left and the right
inner collimator wall was measured. The exchange of the
tubes, which are fastened to the housing by manual
clamps, is performed by the manipulators in the hot cell.
The measurement of the opening is not absolute but was
calibrated beforehand with tubes of known sizes. The
accuracy of the measurement was estimated to be better
than ±0.5 mm.
When both tubes were demounted, photos from the
outside of the collimator were taken (mode S3).

Lamps
(4x)

Tube
with
two
mirrors at 45°(S2)

Tube with one deflection
mirror at 45° (S1)

Figure 4: End caps of both mirror tubes (diameter 50
mm). The tube on the right used for the pictures at the
inside, has four xenon lamps placed symmetrically around
the mirror.
In combination with this inspection tool, a third
external system was provided to measure the height of the
surface structure (roughness) or of pieces at the surface
(mode S4). With a remote-controlled mirror device, a
laser beam was guided into the collimator and moved
Beam Material Interaction
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Remote controlled
mirror + laser (S4)

Shielding and guiding
tube for the inspection
tool (S1, S2, S4)

Main part of the
inspection tool
(S1, S2, S3, S4)

Lamps

MOPD64

Power Manipulator

PC

M
Collimator

support frame
Tube with one
mirror at 45° (S1)

Tube with two
mirrors at 45° (S2)

Hot cell
wall

Fastening
clamps

Figure 5: Schematic view of the inspection tool with the collimator in the hot cell. The tool was used in four setup
configurations S1, S2, S3 and S4 (modes) combining different equipments.
along a specific object. The distance between the mirror
and the object was known and the deflection angle of the
mirror was measured. From this the height of the object
was obtained. This operation was observed and controlled
through the camera.The housing of the inspection tool
was held by the power manipulator in the hot cell so it
can be moved, rotated and firmly held in any position. An
overview of the four different setup configurations as well
as a sketch of the inspection tool is shown in Figure 5.

Procedure
The collimator was taken out of the beam line by a
remote-controlled exchange flask and transported to the
hot cell via crane. The shielding of the flask consists of
40 cm of steel. The dose rate on its surface was at
maximum 1 mSv/h.
It was checked beforehand using MicroShield that the
shielding of the exchange flask as well as the one of the
hot cell is sufficient. During the dismounting, tritium
monitors were installed but no increase of tritium was
observed.
After the inspection of the collimator in the hot cell, it
was transported back to the proton channel and mounted
again.

RESULTS OF INSPECTION
General
The most important results of the inspection are now
summarized and some conclusions are drawn. Due to the
different temperature conditions in the collimator at the
vertical and horizontal direction, as well as, due to the
different appearance of its surface, the findings are
grouped according to different locations inside and
outside of the collimator. Further, the results of the
analysis of two material samples regarding their
radioisotope content as well as the comparison of the
measured and calculated dose rates are shown.

Beam Material Interaction

Inside in Vertical Direction (Top and Bottom)
According to Figure 3, the temperatures of the upper
and lower inner surfaces of the collimator are about 80 to
100°C at 2 mA. Some photos taken with the inspection
tool in mode S1 and S3 are shown in Figure 6. The most
important observations are:
Æ The observed damage seems to be larger at the beam
exit.
Æ Some grey skinlike pieces are peeling off.
Æ The surfaces between the vertical and horizontal
direction (at ~45°) seem not to be affected.
Beam exit

Sample 1
Beam entry

Surfaces between the vertical
and horizontal looks to be
less affected.
Figure 6: Picture of the lower collimator opening in beam
direction. The upper part looks very similar. On the right,
the pictures show the surfaces at the beam entry and exit.
Since the stopping range of 590 MeV protons is about
24 cm in a full block of copper, lower energetic protons
and more secondary neutrons are hitting the last section of
the collimator compared to the first one. It is known that
low energetic particles are causing more damage to the
bulk material. Further, the main damage seems to be
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concentrated at the coldest location. The grey surface and
the pieces peeling off might be a result of erosion and
dirt. Therefore, a material sample (No 1) was taken from
the last section at the bottom using a tissue soaked with
alcohol. The analysis and conclusions are presented
below.

Inside in Horizontal Direction (Left and Right)
With the same setup, photos were taken from the
vertical surfaces on the left and the right hand side
(Figure 7), where the temperatures are above 350 °C. The
main observations are:
Æ The main surface modifications seem to be at the
beam entry side.
Æ Grey pieces (about 1 cm in diameter and larger) are
peeling off.
Contrary to the vertical direction, the grey pieces are
concentrated at the locations with the highest
temperatures (left and right). It looks like they peel off
along grain boundaries, whose size has grown
considerably. The size of the grain boundaries in
unirradiated and untreated OFHC copper is of the order of
a few hundred microns, but exposed to temperature and
irradiation, they are known to grow. Unfortunately, a
sample piece could not be taken without the risk of
damaging the collimator.

Front Side and Back Side of the Collimator
At the beam entry (front side) of the collimator, one can
see the aperture diaphragm made out of 127 μm thick Ni
foil (Figure 7). It is used for monitoring the beam position
online and protecting the collimator and subsequent
systems from damage, as it is a device in the run permit
system of the accelerator. The Ni foil is in a very good
shape and free of dirt. The maximum operating
temperature is ~750°C at 2 mA. The slightly darker
colour reveals the beam profile. Behind the diaphragm,
some damage of the copper can be discerned.
Front side with aperture diaphragm:
Damage of the
copper surface
Marks of the beam
profile
Temperature profile:

Back side:

K
600
500
400

Beam entry
Sample 2

Beam exit

Figure 7: Picture of the right collimator side in beam
direction. The left side looks quite similar. Two surface
pictures at the beam entry and exit are also shown.

Inner Surface Structure and Aperture
Besides the visual examination of the surface, the aim
was to determine if swelling had already occurred.
Therefore, the horizontal opening was measured in mode
S2. The measured distance agreed with the nominal value
of about 80 mm within 0.2 mm, at an accuracy of the
measurement system of ±0.5 mm. Another indication that
no swelling occurred can be seen in Figure 7. The slits,
which are 1 mm wide and serve the purpose of reducing
thermal stress, have kept their dimension. In mode S4, the
height of surface structure or salient particles was
determined. It is between 1 and 3 mm for prominent
pieces.
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Region of less
damage

653°K
= 380°C

Figure 8: Pictures of the back and front side of KHE2.
The calculated temperature profile on the back side is
shown for comparison.
At the back side the damage to the collimator seems to
be larger at the top and the bottom than in the horizontal
direction where the temperature (~380°C) is much higher
(Figure 7). It seems almost to reveal the temperature
profile shown on the right of Figure 8. It is likely that the
higher temperatures helped to heal the damage of the bulk
material.
At the bottom, a stripe of golden colour can be seen. It
is partly covered with black pieces; some of them are
peeling off. One of them was taken as sample 2.

Analysis of the Samples
The aim of the analysis of the two samples was to
clarify, if the pieces peeling off the collimator surface are
from pure copper or contain other materials. To get an
indication of the material composition a gamma
spectroscopy of these samples was performed with a
HPGe detector. In order to identify a possible source of
these nuclides the nuclide inventory of the copper
collimator was calculated for the same irradiation
conditions. The calculation was performed with the
Monte Carlo particle transport program MCNPX 2.5.0,
which was coupled to the decay and build-up code
Cinder’90. In the model of the beam line geometry, the
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sample 1

1.E+05

sample 2

1.E+04

shielding for the camera and electronics in the hot cell.
Later the dose rates were measured in the hot cell. Figure
10 shows the calculated and measured values. The
agreement is better for larger distances from the
collimator, because the calculated dose rate is an average
over a larger region and cannot reproduce hot spots at the
inner surface. The dose rate in 10 cm from the beam entry
was 310 Sv/h.

1.E+03
1.E+02

SUMMARY

normalization

1.E+01

Ag110m

Zn65

Fe59

Co60

Co58

Co57

Co56

Mn54

Sc46

1.E-01

Na22

1.E+00
Be7

measured/calculation

protons start before Target E and are tracked through a
system of four collimators (including KHE2) taking into
account their nuclear reactions within the bulk material.
As impurities in the material composition of OFHC Cu,
17 ppm Ag, 3 ppm O2 and 1 ppm Na were assumed.
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Figure 9: Ratio of the measured to calculated activities in
the samples 1 and 2. Zn65 is used for normalisation of the
measured nuclide inventory.
Because of the very small and fragile samples, their
weight could not be measured. For the comparison of the
measured and calculated activities, the nuclide inventory
is normalised to the activity of Zn65. This was chosen
because of its close neighbourhood to Cu. From the
normalisation, one can estimate the weight of the samples
to ~0.2 g.
Figure 9 shows the ratio of the measured to calculated
activities. For the isotopes from Sc46 to Co60, both
activities are in very good agreement. These isotopes are
produced mainly from Cu. However, large deviations are
observed for Be7 in sample 1. Be7 is produced in large
quantities in the graphite of Target E. It is likely that the
grey cover of the last teeth is a layer of graphite
evaporated from Target E. The measured activity of both
samples show a large excess of Ag110m. It is obvious
that it comes from the silver solder used to fabricate the
collimator; in particular, the sample from the back side
contains even more Ag110. The golden shiny stripe at the
back side (Figure 7) is probably due to the diffusion of Ag
into Cu. The reason for the large amount of Na22 is not
clear yet. It might come from surrounding materials.

Despite of its high activation a detailed optical and
geometrical inspection of the collimator KHE2 was
performed within one week. Peak activation levels of
~500 Sv/h were measured close to the irradiated surface.
Photos from the inside and outside of the collimator were
taken and the horizontal opening was measured. No
swelling was observed. The gamma spectroscopy of two
samples compared to calculations revealed that the grey
surface inside the collimator is probably graphite. In both
samples, Ag110m from the silver solder was present in
large amounts.
Besides the successful inspection, it was demonstrated
that highly activated components can be safely handled in
the facilities available at PSI. This is important in case of
a failure of a component.
Even though the collimator looks intact from the
outside, it was not possible to gain information about the
mechanical stability (e.g. cracks) and the thermal
conductivity. Since the thermal conductivity is known to
decrease during irradiation, the actual temperature in the
collimator might be higher than predicted. For 2012, we
plan to replace KHE2 by a replica. This will allow
detailed analysis of the irradiated item, taking larger
material samples for measuring the thermal conductivity
as well as its mechanical properties.
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ACTIVATION OF ALUMINIUM BY URANIUM*
V. Chetvertkova#, U. Ratzinger, I.Strasik, IAP, Goethe-University, Frankfurt am Main, Germany
E. Mustafin, GSI, Darmstadt, Germany
C L. Latysheva, N. Sobolevskiy, INR RAS, Moscow, Russia
Abstract
The research into the activation of materials used for
accelerator components is performed at GSI as a part of
studies selecting appropriate materials for FAIR. The
project "Verification of Monte Carlo transport codes:
FLUKA, MARS and SHIELD" was started in the frame
of these studies. Series of irradiations were completed
already. This paper presents the results of irradiation of
aluminium targets with uranium. Experimentally achieved
depth profiles of nuclides' production rates and the
stopping range of primary ions are compared with
simulations. Correspondences and discrepancies of the
experiment with the simulations are discussed.

INTRODUCTION
During the operation of accelerating facilities, their
components are activated because of beam losses, which
could lead to unnecessary personnel exposure. Thus the
estimation of the activity levels is needed to design proper
shielding and decide whether the access to the
experimental area is possible.
The FLUKA simulation package [1, 2] is widely used
for the estimation of radiation hazards. The physical
models implied in the code are constantly being further
developed. Therefore verification is needed to make sure
that the simulations give reasonable results.
Activation studies of accelerator materials were started
at GSI Helmholtzzentrum für Schwerionenforschung in
Darmstadt within the preparation for the high-current
heavy-ion Facility for Antiproton and Ion Research
(FAIR). Several irradiation experiments on selected
materials and under different irradiation conditions were
completed [3-5].
Here we present the results of the uranium irradiation
of aluminium targets. The aluminium was chosen because
it represents a material with relatively low atomic number
(Z = 13) that is expected to get less activated than high-Z
materials studied in previous experiments. The aluminium
components should be preferred in accelerator areas with
high beam losses (e.g. extraction region, beamdiagnostics components, etc.).
The goal of the study was to measure the stopping
range of uranium at different energies, to study the
dependences of nuclides' production rates on depth and to
compare the experimental results with simulations.

EXPERIMENT AND METHODS
Two types of targets were irradiated. The truncated
cylinder covered with organic material (Fig. 1) was used
to measure the stopping range. The experimental
technique is based on the idea that ions leave the trace on
the organic material, the position of maximum blackening
corresponds to the maximum of energy deposition.

Figure 1: Truncated cylinder covered with organic
material.
The cylinders assembled from discs (Fig. 2) were
irradiated for depth profiling of the nuclides' production
rates. The stack contained activation foils and spacers.
The activation foils were used to get individual datapoints for depth profiling, by measuring the γ-spectra of
residual activity. The spacers were used to define the
depth-points of the profiles by keeping the distance
between the activation foils.

Figure 2: Scheme of the target for depth profiling of
residual activity.
The irradiations were done at two energies of the primary
ions: 500 MeV/u and 950 MeV/u. The truncated cylinder
was irradiated two times by ions of both energies until the
total number of projectiles on the target reached ~ 2.5·1011
ions for each energy. Two different cylindrical targets
were irradiated for depth profiling of residual activity.
The parameters of these irradiations are presented in
Table 1.

___________________________________________

*Work is supported by the Helmholtz International Center for FAIR within the framework of the LOEWE program launched by the State of Hesse.
#
v.chetvertkova@gsi.de

250

Beam Material Interaction

Proceedings of HB2010, Morschach, Switzerland

Table 1: The Parameters of the Irradiations
Energy of the
beam, MeV/u

Number of
projectiles

Target thickness,
cm

500

5.07·1011

2.77

950

12

7.20

1.02·10

Gamma-spectra were measured by high-purity
germanium (HPGe) detector after the end of the
irradiation. The activation foils were measured 3 times at
different time points (6 hours – 3 months after the end of
the irradiation).

SIMULATIONS
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heavy nuclei (Z=92), it has different possibilities for
fragmentation, which makes analysis of the γ-spectra
complicated because of the interfering γ-lines. Present
paper gives experimental and simulated depth profiles of
the nuclides, with the biggest contribution to the residual
activity. The number of nuclides per incident ion per unit
thickness is obtained. All the results are recalculated to
the end of the irradiation.
The distribution of 237U in depth could be used for
finding the range of primary 238U ions with 1.5%
precision, because the masses of these nuclei are almost
equal. The comparisons of experimental and simulated
depth profiles of 237U are shown in Fig. 3 and Fig. 4 for
500 MeV/u and 950 MeV/u respectively.

The stopping range of the uranium ions was found by
simulating the experiment with FLUKA (2008.3b) [1, 2]
and ATIMA 1.2 [6]. The results are shown in Table 2,
energy losses in 100 µm stainless steel vacuum window
and 1m air gap are taken into account.
Table 2: Stopping Ranges of Uranium Ions
Energy of the
beam, MeV/u

Monte Carlo
Code

Stopping
range±straggling, mm

500

ATIMA
FLUKA

15.31 ± 0.01

ATIMA

37.74 ± 0.04

FLUKA

40.34 ± 0.03

950

15.80 ± 0.02

Depth profiles of the residual activity for both
irradiation energies were simulated by FLUKA, taking
into account exact experimental geometry. The number of
the initial seeds for each case was 106 seeds.

Figure 3: Comparison of the experimental and simulated
stopping range of 500 MeV/u uranium ions in aluminium.

RESULTS
The experimental stopping range of the primary ions
was estimated by means of the truncated cylinder
technique. The resolution of such method depends on the
configuration of the target. The position of the trace in
present experiment was found within 0.25 mm accuracy.
The results are shown in Fig. 3 and Fig. 4 for 500 MeV/u
and 950 MeV/u respectively.
While irradiating the target by ion beam two types of
radioactive nuclides could be produced: (1) the products
of target activation and (2) the projectile fragments. The
target-like nuclei could be found in the whole target,
while projectile fragments are only found in the range
area. Gamma-analysis of individual thin foils was
performed for studying the depth profiles of partial
residual activities. There are not so many possibilities for
the products of target activation, because aluminium is a
light nucleus. Most of the nuclei lighter then aluminium
are either too short-lived or they are not γ-emitters, thus
they could not be detected by HPGe detector with the
present experimental method. In this case only 7Be and
22
Na can be detected. The uranium, on contrary, is a
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Figure 4: Comparison of the experimental and simulated
stopping range of 950 MeV/u uranium ions in aluminium.
Figures 5 and 6 present the depth profiles of 7Be. Depth
profiles of 22Na are presented in Figures 7 and 8. Both
nuclei could be the products of target activation as well as
the projectile fragments.
The products of target fragmentation in our study are
the residual nuclei much heavier than aluminium, such as
237
U, 230Pa, 232Pa. The experimental results in comparison
with simulations are shown in Figs. 9-12. The depth
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profiles of 230Pa and 232Pa (Z=91) could also be used to
control the correctness of the stopping range.

Figure 5: Experimental and simulated depth profile of 7Be
for 500 MeV/u incident uranium.

Figure 8: Experimental and simulated depth profile of 22Na
for 950 MeV/u incident uranium.

Figure 6: Experimental and simulated depth profile of 7Be
for 950 MeV/u incident uranium.

Figure 9: Experimental and simulated depth profile of
230
Pa for 500 MeV/u incident uranium.

Figure 7: Experimental and simulated depth profile of
22
Na for 500 MeV/u incident uranium.

Figure 10: Experimental and simulated depth profile of
230
Pa for 950 MeV/u incident uranium.
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of models in FLUKA, describing the nuclear interactions
of ions (A>1) with energies below 100 MeV/u.
The
comparison
of
FLUKA-calculated
and
experimentally measured depth profiles of projectile
fragments shows inconsistencies. The number of 237U per
incident ion is underestimated by a factor of 2, while the
number of 232Pa and 230Pa is larger by a factor of 2. As it
could be seen from Figures 11 and 12, the production rate
of 232Pa does not depend on energy in this case.

CONCLUSION

Figure 11: Experimental and simulated depth profile of
232
Pa for 500 MeV/u incident uranium.

The irradiation of aluminium targets by uranium ions of
500 MeV/u and 950 MeV/u was performed. The stopping
range of primary ions and the depth profiles of the
nuclides with the largest contribution to the residual
activity are presented. The ranges calculated by ATIMA
are in agreement with the experiment within the 3% error
bar, FLUKA gives discrepancies of up to 10%.
The dependences of nuclides' production rates on depth
are obtained. The depth profiles of the target-like nuclei
are simulated by FLUKA with a good precision. In case
of the projectile fragments discrepancies are observed.
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Figure 12: Experimental and simulated depth profile of
232
Pa for 950 MeV/u incident uranium.

DISCUSSION
By looking at the results of the measured and calculated
stopping ranges (Figures 3 and 4) of uranium one can
observe ~3% discrepancy of the ATIMA-simulations.
FLUKA gives 7% and 10% larger values for 500 MeV/u
and 950 MeV/u respectively. The same inconsistencies
take place in simulating the position of the maximum of
the production rate of heavy projectile fragments.
The depth profiles of 22Na calculated by FLUKA are in
a very good agreement with the experiment.
The origin of the discrepancies in the case of 7Be is not
clear. On one hand it could be a misinterpretation of the γline, on the other hand it could be because of the absence
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MOMENTUM COLLIMATION IN A HIGH-INTENSITY COMPACT RAPID
CYCLING PROTON SYNCHROTRON
J.Y. Tang#, J.F. Chen, Y. Zou, IHEP, Beijing 100049, China
Abstract:
Momentum collimation in a high intensity RCS is a
very important issue. Based on the two-stage collimation
principle, a combined momentum collimation method is
proposed and studied here. The method makes use of the
combination of secondary collimators in both the
longitudinal and transverse planes. The primary
collimator is placed at a high-dispersion location of an arc,
and the transverse and longitudinal secondary collimators
are in a dispersion-free long straight section and in an arc,
respectively. The particles with a positive momentum
deviation will be scattered by a Carbon scraper and then
cleaned by the transverse collimators, whereas the
particles with a negative momentum deviation will be
scattered by a Tantalum scraper and mainly cleaned by
the longitudinal secondary collimators. This is due that a
Carbon foil produces relatively more scattering than a
Tantalum foil if the energy loss is kept the same. The
relevant requirements on the lattice design are also
discussed, especially for compact rings. The
multi-particle simulations using both TURTLE and
ORBIT codes are presented to show the physical images
of the collimation method, with the input of the CSNS
RCS ring.

INTRODUCTION
For high intensity proton synchrotrons, collimation
systems are needed, not only to intercept particles that are
outside prescribed betatron and momentum acceptances,
but also to trap these particles with high efficiency. In this
paper, the emphasis is on the momentum collimation for a
high-intensity compact rapid cycling proton synchrotron.
For large synchrotrons such as LHC at CERN and main
injector in FERMILAB, there are sufficient spaces to
allocate a full two-stage momentum collimation system in
one of the arcs [1-3]. However, for compact synchrotrons,
the straight sections in arcs are much limited and there is
no sufficient space to host a full two-stage momentum
collimation system. Thus, simplified momentum
collimation method is employed for the latter case. The
two reference methods are: the ISIS method by using
two-stage massive collimators [4]; the J-PARC method by
using a standard two-stage collimation but with the
secondary collimators in the downstream dispersion-free
straight section [5]. The former has the two collimators
within the same long dispersive straight section, and the
latter has the primary collimator in one of the arc sections
and shares the secondary collimators with the transverse
collimation system. The new momentum collimation

method proposed here will be a combined collimation
method: it will be a full two-stage collimation method,
but with secondary collimators in one arc straight sections
and one dispersion-free straight section. We take the
CSNS/RCS as the example to study the collimation
mechanism, but the method is general and applicable to
other similar machines.
The China Spallation Neutron Source (CSNS) of
several hundreds KW is to be constructed in Dongguan,
Guangdong Province, China [6-7]. It is a short-pulse
accelerator facility mainly consisting of an H- linac and a
proton rapid cycling synchrotron (RCS). The facility will
be constructed in three phases (CSNS-I for 100 kW,
CSNS-II for 200 kW, and CSNS-II for 500 kW, see
Table 1.
Table 1：Main Parameters of CSNS
CSNS-I CSNS-II CSNS-III
Beam power (kW)

100

200

500

Repetition rate (Hz)

25

25

25

62.5

125

312.5

80

130

250

Average current (μA)
Linac beam energy
(MeV)
Proton energy (GeV)
RCS accumulated

1.6
1.6×10

1.6
13

3.2×10

1.6
13

7.8×1013

particles

MOMENTUM COLLIMATION SCHEME
Combined Method for Momentum Collimation
The CSNS/RCS lattice of four-fold and all-triplet cells
[8] has been designed to provide good conditions to place
momentum collimators, with a high normalized
dispersion at the middle points of the arcs that is good
place the primary momentum collimator and sufficient
space in the same straight section to place a secondary
collimator.
The combined scheme for momentum collimation in
the RCS for all the CSNS phases is detailed here: 1) Make
use of the all-triplet lattice. 2) Using a thin Tantalum foil
at negative momentum deviation (or negative X) to
produce significant scattering but with little energy loss,
this can help minimizing the decrease in Courant-Snyder
invariant (or Ix) due to the longitudinal-horizontal
coupling effect. 3) Using a thin Carbon foil at positive
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momentum deviation (or positive X) to produce
significant increase in Ix when keeping a modest
scattering. 4) Using a thick Nickel (or copper or Inconel)
block as a secondary collimator along with the thin foil
but at the negative X position of 0.5 mm further from the
optical axis. The betatron motion in turns can make the
collimator effective in removing the scattered particles
but still having small Ix. This collimator can also act as a
single-stage collimator to absorb the particles with very
large momentum deviation and with a large momentum
precession at the same time. 5) A second thick collimator
located in the downstream arc section to localize some of
the lost particles scattered in the vertical phase plane, in
order to reduce beam losses in the magnets before
reaching the transverse collimators. 6) The whole
transverse collimation system in the dispersion-free
straight section will be employed to collimate the
scattered or energy-lowered particles by the momentum
collimators. Figure 1 shows the lattice functions and the
momentum collimation scheme. Parameters of the
collimation system are given in Table 2.
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Longitudinal-transverse Coupling Effect
As mentioned in Ref. [9-10], the energy loss in a thin
primary collimator at dispersive locations with positive
momentum deviation will increase Ix in betatron motion,
which is helpful for the collimation of those particles in
the dispersion-free straight. In the contrary, it will
decrease Ix if the momentum deviation is negative and
thus is not favoured. The Courant-Snyder invariant
change can be expressed by:

ΔI x , p = 2 Dn I x

Δp
p0

where I x , Dn , Δp / p, ΔI x , p are original CourantSnyder invariant, normalized dispersion and change in
Courant-Snyder invariant.
Figure 2 shows that a hollow beam with a positive
momentum deviation passed through a primary collimator
has an increased Ix at a place in dispersion-free region,
and scattering effect is also included.

Figure 2: Longitudinal-transverse coupling effect in a
primary momentum collimator (a: at the scraper; b: at a
dispersion-free location; Triplet lattice, carbon foil: 0.05
mm, E: 80 MeV, δ: 1.0%)
Figure 1: Triplet lattice and the momentum collimation
scheme for CSNS/RCS

Table 2：Parameters of the Collimators

Collimators
Materials

Primary
Ta foil

C foil

Secondary
Cu

Cu

block

block

Long. Pos. (m)

28.465

28.465

28.515

40.910

Thickness (mm)

0.002

0.05

50

50

Shape

Erect

Erect

Erect

Erect

Transverse pos.

-X

+X

±X

±Y

Off axis (mm)

-71.08

+71.08

±71.08

±45.66
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Material Choice
Collimator

for

Primary

Momentum

Material choice for the primary momentum scraper is
important here. We can find that different materials have
different effect in energy loss and scattering angle. For
different materials but the same rms scattering angle, the
relative change in momentum due to the passing thru the
foil is different. For material of higher atomic number, the
relative change in momentum is smaller. For example, the
relative momentum loss is only one seventh in Tantalum
than in Carbon, e.g. 1.0×10-4 and 7.3×10-4 at 80 MeV,
respectively, and this rule holds for different beam energy.
Therefore, a Tantalum foil is chosen at negative X and a
Carbon foil is chosen at positive X for the primary
collimators to play the corresponding roles. Besides, it is
necessary that a thick block will be used to absorb
particles with relatively large impact depth for the
secondary collimators.
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Material Choice for Secondary Momentum
Collimator
As the thick collimator at arc acts also as the one-stage
momentum collimator, when the impact parameter is
large, materials with high stopping power and low
scattering effect are favoured to obtain high collimation
efficiency. In theory, to have a short stopping range and a
small scattering angle per unit length, a material of large
density and low-Z is helpful. The elements or their alloys
in Column VIII in the Periodic Table of the Elements
look to be good candidates, e.g. Nickel-base alloy Inconel
or copper.

Beam Correlation and Collimation
One can fill the beam emittance in an RCS by
correlated or anti-correlated injection painting [11]. When
the particles with larger momentum deviation passes
through a primary momentum collimator placed at larger
X position, the correlation will play an important role in
the vertical plane. If the beam is anti-correlated, when the
inner particles in the horizontal emittance with a large
negative momentum deviation are to be collimated, they
have a large Iy. This means that the scattering is perhaps
too strong in the vertical plane and results in significant
beam loss in the rest of arc, as shown in Figure 3. The
similar situation happens at collimating the particles with
large Ix and Iy when the beam is correlated. Detailed
studies are needed to determine which one is better.
As we do not hope that any particle hits the primary
momentum collimators due to the vertical betatron motion,
erect collimators instead of inclined or elliptical ones will
be used here.

Figure 3: Beam distributions at the primary transverse
collimator (TURTLE simulation; anti-correlated beam;
energy: 80 MeV; primary Ta collimator thickness: 0.0013
mm; ellipses in pink are for the acceptance of the
transverse collimation)

SIMULATION RESULTS
In order to demonstrate the collimation effect of the
combined momentum collimation method, single-pass
simulations by using TURTLE [12] have been carried out
at first. It confirms the collimation mechanism as
predicted by the theory. To analyze the correlation effect,
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hollow beams in phase spaces are produced by using a
self-made FORTRAN program to represent either
correlated or anti-correlated or non-correlated beams.
This will also make the simulations much more efficiently
with relatively less particles.
ORBIT code [13] is employed to study more realistic
situations with both secondary momentum collimators
and transverse collimators. The collimation is carried out
in multi-turn mode including acceleration. Both hollow
and filled beams are used in the simulations. To simplify
the study, the transverse collimators are presented by a
single black-body absorber but with a collimation
efficiency of about 95% [14].
Assuming the particles to be collimated by the
momentum collimation system first hit the primary
momentum collimator, and then they are removed by the
secondary collimators in successive turns. With the
correlated beam, the scattering effects at the primary
momentum collimator in both the horizontal and vertical
planes are important, especially for those particles with
large Ix and Iy. Thus, there is relatively more beam loss in
the arc. With the anti-correlated beam, the scattering
effect in the primary momentum collimator in the vertical
plane is much less important for those particles with large
Ix. Figure 4 shows the anti-correlated beam distributions
with an off-momentum 1.03% at the second turn. Figure 5
shows the anti-correlated beam distributions with an
off-momentum -1.03% and -1.85%, which are seen as
beam halo and beam core in the horizontal plane,
respectively

Figure 4: Beam distributions at the second turn
(anti-correlated beam; energy: 80MeV; off-momentum:
δ= 1.03%; upper: just after the primary momentum
collimator; lower: just after the transverse black-body
collimator in the straight section.)
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Table 3: Collimation efficiencies and turns to collimate all
the particles with the combined collimation method at
energy level of 80 MeV
C-S invariant

Anti-correlated

Correlated

(πmm.mrad)

Uncontr. Turns

Uncontr.

/off- momentum

beam loss

beam loss

Ix=333, δ= 1.03%

9.5%

210

90.8%

10

Ix=333, δ= -1.03%

6.3%

160

65.2%

60

Ix=298, δ= -1.16%

2.8%

100

64.0%

60

Ix=18, δ= -1.85%

78.3%

120

8.3%

170

Turns

10000
nHits
nLost

Particles

1000

100

CP04

Figure 5: Beam distributions at the second turn
(anti-correlated beam; energy: 80 MeV; upper: δ= -1.03%,
seen as beam halo in horizontal plane, just after the
transverse black-body collimator in the straight section;
lower: δ= -1.85%, seen as beam core in horizontal plane,
just after the primary momentum collimator.)
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28
.
28 46
.4 5
28 651
.5
29 151
.8
30 901
.0
30 401
.2
32 401
.3
33 401
.0
33 901
.8
34 601
.5
34 101
.6
35 601
.5
35 601
.7
36 101
.7
40 101
.7
40 101
.9
44 101
.0
44 101
.2
47 101
.6
51 601
.4
56 801
.9
62 801
.3
86 301
.8
89 701
.3
20
1

1

Position/m

10000
nHits

1000
nLost

Particles

100

10

01
8.
46
12
3.
13
13
7.
7
10

01

.7
2

.3
2

01

01

.8
9

80

89

47

62

.6
6

01

01
40

.9
1

01

.2
4

.3
4

32

33

51

01

.8
9

.5
1

28

29

5
.4
6

.4
6

28

51

1

28

One of the advantages with this combined two-stage
momentum collimation method is that it is almost
independent of beam energy. When the RCS is upgraded
with higher injection energy, we need only to replace the
momentum scrapers by thicker ones. At the energy of 80
MeV, with a thickness of 0.05 mm for the Carbon scraper,
the energy loss due to one pass in the scraper is equivalent
to about 4.4×10-4 in relative momentum change, and this
is low enough to allow a multi-turn collimation possible.
Table 3 shows the momentum collimation efficiencies
and turns to remove almost all the particles of a hollow
beam. Figure 6 gives the positions of the lost particles in
the ring, where the injected beam contains 10000 particles
and with -1.03% off-momentum (δ). The poor collimation
efficiencies with larger Iy in both anti-correlated and
correlated beams are due to the scattering in the vertical
plane that results in beam losses in the arc magnets. On
the one hand, this is due to the poor definition of the
dipole vacuum chambers in elliptical shape instead of a
more realistic race-track shape; on the other hand, a
vertical collimator before the dipole just following the
primary momentum collimator will help reduce the
uncontrolled beam loss. Therefore, the simulations for the
overall collimation efficiency are still under way.

Position/m

Figure 6: The relationship between the all lost particles
and the corresponding positions in the ring with the
combined collimation method, where nHits means the
number of particles hitting on the collimators and nLost
means the number of absorbed particles (anti-correlated
beam; total 10000 particles injected; energy level: 80
MeV；upper: δ= - 1.03%; lower: δ= 1.03%).
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CONCLUSIONS
The simulation studies show that the combined scheme
for momentum collimation in RCS is an effective method.
The particles with large positive off-momentum pass
through a thin Carbon foil, and will be removed mainly
by the transverse collimation system. The particles with
large negative off-momentum pass through a thin Nickel
foil, and will be collimated mainly by the secondary
momentum collimator. Beam correlation from the
injection painting plays an important role in the
momentum collimation, and the anti-correlated beam is
favoured. More detailed study is under way.
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Abstract
The Large Hadron Collider and the future linear colliders
deal with very high energy stored in the beams (on the order
of several hundred MJoules for LHC) or very high power
(for linear colliders). Beam sizes are small, for the LHC
down to 10 μm, for linear colliders below one μm. It is
important to understand the damage potential of such high
energy beams to accelerator equipment and surroundings.
Simulations have shown that in case of an impact of the
full LHC beam onto a solid copper target can penetrate up
to 35 m [1] as compared to 140 cm that is the typical penetration length for 7 TeV protons. It becomes evident that
when working with high energy densities, it is no longer
possible to neglect the hydro-dynamic process leading to a
depletion of material in the target. For the calculation, a
hybrid approach combining FLUKA [2] and BIG-2 [3] is
proposed to treat HED problems. This approach can improve current simulations. It is foreseen to experimentally
irradiate diﬀerent materials with diﬀerent beam intensities
in the High Radiation to Materials (SPS-HiRadMat) [4] facility at CERN. These experiments will validate the simulation results by reproducing the density depletion along the
beam path. The information obtained with these tests will
be very useful in the understanding of the consequences of
beam-matter interaction. Results could be applied to the
LHC Beam Dump system, collimation, etc.

INTRODUCTION
Since the first electrostatic accelerators, 60 years ago, to
the actual machines, the energy has been increasing from
keV to TeV and currents have gone from mA to A. Actual
accelerators, like LHC, operate at energies of some TeV
with beam current of some hundred mA. Such multi TeV
accelerators with very high current beams are required by
particle physics for probing the standard model.
Such energetic beams, 362 MJ per beam in case of the
LHC, are a new source of risk to damage the machine in
case of failure, which is a major concern. The understanding of the risk is essential in order to design the protection
systems of the machine correctly, to set admissible risk levels, and to determine the inventory of the spare parts needed
to possibly replace the damaged equipment. The classical
approach to address the damage caused by a particle beam
is to calculate the temperature increase and induced stress
using the energy deposition map obtained by Monte-Carlo
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particle transport code. When the beam is long enough
(tens of μm) this is no longer valid. Hydrodynamic eﬀects
start to play a role. The time constants of the hydrodynamic process are much shorter that the beam duration and
thus the target material cannot be considered static during
the whole interaction process (dynamic properties). Instead
we combine the traditional approach of Monte-Carlo simulations with hydrodynamic simulations.

SPS-HIRADMAT
The High Radiation to Materials (HiRadMat) facility is
dedicated to beam shock impact experiments. The project
has been approved and the facility is currently under construction at CERN-SPS complex [5]. The facility is also
part of the European Coordination for Accelerator Research & Development project (EuCARD). It is designed to
allow testing of accelerator components, in particular those
of LHC, to the impact of high-intensity pulsed beams. It
will provide a 440 GeV proton beam or a 497 GeV/A ion
beam. Beam properties are shown in table 1. The 440 GeV
proton beam will have a focal size down to 0.5 mm, thus
providing a substantial dense beam (energy/size). The
transversal profile of the beam is considered to be Gaussian with a tunable sigma ranging from 0.5 mm to 2 mm.
This facility will allow to study High Energy Density
physics as the energy density will be high enough to create
plasma in the core of some materials (copper, tungsten) and
to produce strong enough shock waves creating a density
depletion channel along the beam axis (tunneling eﬀect) [6,
7].

ENERGY DEPOSITION IN MATTER
Energy deposition in matter by particles is given by the
evolution of the hadronic cascade from several TeV down
to thermal energies. Most of the particle production takes
place at energies below 1 GeV. Particles lose energy by
multiple interaction mechanisms that can be grouped in
two. Nuclear interactions (elastic and inelastic) are relatively rare and are treated in a discrete way by Monte-Carlo
(MC) codes. The distance traveled by a particle before undergoing a nuclear interaction is modeled using the total
cross-section that expresses the probability of interaction
between two corpuscles. Energy loss by collisions and radiation, in case of charged particles, are mechanisms that
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characterized by the interaction of low energy neutrons.

Table 1: HiRadMat Beam Properties
Parameter

Symbol

Protons

Beam
Energy

E

440 GeV

Maximum
Beam
Intensity

Nb

1.7 · 1011
protons

7 · 107
ions

Max. number
of bunches
per pulse

nm ax

288

52

Max. pulse
intensity

N p = nmax ·Nb

4.9·1013
protons

3.64·109
ions

Bunch
spacing

Δtb

25 ns

100 ns

Beam size

σbeam

0.5 mm

0.5 mm

RMS bunch
length

σz

Pulse length

tp

Number of pulse
per cycle
Cycle length

Ions

11.24 cm 11.24 cm
7.2 μs

5.2 μs

1

1

18 s

13.2 s

are treated as continuous events by MC codes. A quantitative description of the energy loss by ionization and atomic
excitation, or alternatively the stopping power of the material, by a charged particle (excluding electrons) traversing
matter is given by the Bethe formula (see Eq. 1).
dE
= 4πNA re2 me c2 N 2 Z/A1/(β2L )
dx
2mec2 (βL βL )2 T m ax
σ(βL γL )
) (1)
(1/2ln
− β2L −
2
2
I
−

Radiation is a quantum eﬀect that takes places when particles are deflected; the energy loss is proportional to the
second power of the energy over the second power of the
particle’s mass (Bremsstrahlung).
Particle showers can be categorized into Hadron (HAD)
and electro-magnetic (EM) according to the primary interaction channel. HAD-showers are dominated by the
strong interaction while EM-showers are dominated by the
electro-magnetic force. When the energy of the beam is
suﬃciently high, above the pion production threshold, a
significant amount of energy is transferred from the HADshower to the EM-shower via neutral pion production. On
the contrary, EM-showers don’t develop HAD-showers, if
electro and photo nuclear interactions are neglected.
The energy deposition profile around the beam axis is
mainly characterized by the stopping power dE/dx and the
profile of the superimposed EM cascades associated with
the π0 s. The last part of the energy deposition profile is
260

CURRENT SIMULATIONS
We are currently simulating the evolution of a carbon
target while being irradiated with a 7 TeV proton LHC-type
beam. The target length is 1000 cm and the radius in the
transversal plane is 5 cm. The initial density is considered
to be 2.28 g/cc. The beam has a Gaussian profile with 1mm
sigma r.m.s.
As already introduced in the abstract, the classical approach, where an initial energy deposition profile is calculated and later fed to a hydrodynamic code, does not
work as soon as we move to a regime where the time
structure of the beam is in the same order or bigger as
the hydrodynamic processes that occur inside the material.
The LHC beam has a total length of 89 μs while the time
needed for a sound wave to reach the surface of the target is 0.05 m/(3901 m/s)=12.8 μs. One has to consider intermediate steps small where the variation of the material
density can be neglected. This adds one level of complexity
as there is no equation for the time steps for each iteration.
An empirical equation for the time-steps is given in [8],
where a step is estimated to 0.2 times the beam spot radius
(1σ) divided by the maximum radial velocity in the deposition region. The more the density changes, the smaller
the time step should be. Density changes are mainly linked
to the radial pressure waves as a consequence of the deposited energy. For materials with a higher energy deposition (smaller nuclear collision length and radiation length),
the density will vary faster and the shock waves will be
stronger.
Today, we simulated up to 90 μs of the interaction process, using a time-step of 5 μs per iteration. Comparisons of
each intermediate step with previous simulations are given
in [1], where the energy profile was analytically scaled using the line density along the beam axis.

SPS-HIRADMAT EXPERIMENT
A previous damage experiment [9], in the SPS TT40 extraction line has shown the damage potential of the SPS
beam and within the expected error bar agreed with the
simulations (only FLUKA simulations). Now, it is foreseen
to test a new set of material samples at the SPS-HiRadMat
facility at CERN. The first experimental objective is to reproduce the “tunneling eﬀect” observed on the simulations
results [6, 7]. Further objectives are to measure the density
profile, temperature and shock wave strength.
The experiment will consist of a target block made of
copper and/or tungsten with a cylindrical shape that will be
front face irradiated with a 440 GeV proton beam. The target will be 2000 cm length, long enough to prevent the density channel to reach the end side during the whole beam
time, and 10 cm radius that will be suﬃcient for the target
to endure the shock waves.
A test target made of carbon will be used firstly to test
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and calibrate the equipment. From simulations, Carbon
have shown to endure the impact of the full SPS-HiRadMat
type beam and can be considered as a safe test to start with.
Several detectors are foreseen to be placed close to the
target. The intention is to be able to capture within ns
timescale resolution changes in the density along the target axis along with other parameters. Figure 1 shows a
top view of the experimental area. Three particle detectors
have been placed around the target: laterally, upstream and
downstream of the beam line.

Figure 2: Conical geometry

Figure 1: Conical geometry
Simulations have shown that the lateral detector placed
at ˜50 cm from the beam axis is able to detect changes in the
density of the target. In addition, the downstream detector
is also able to see changes in the density only if it is placed
closer than 20cm from the beam axis. On the contrary, the
signal of the upstream detector is sensible to changes in the
target density.
It was investigated wherever it is possible to make the
signal along the lateral detector flat for the initial situation.
By doing this, a change in the material properties would be
easily spotted and the calibration of the detectors would be
simpler. For a copper target simulations have shown that
a cone shape would flatter the detector’s signal. Figure 2
shows the charge particle fluence map with the cone geometry superimpose.
Two diﬀerent scenarios have been studied: the first is
the initial situation where the whole target has a constant
density; in the second the target has a region, between
z = 21 cm and z = 50 cm, where the density has decreased
by a factor of 2. Figures 3 and 4 show the fluence of
charge particles on both scenarios. The channel of lower
density reduces the nuclear interaction and radiation length
and thereby the showers will be enlarged reducing the energy density deposited. This will aﬀect the fluence distribution around and inside the target.
The detector signal is proportional to the fluence of
charged particles across it. Figures 5 to 7 compare the
signals on the three detectors for each scenario. All three
detectors are modeled as an uniform copper object where
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Figure 3: Scenario 1
energy deposition is scored. The hump in the signal of the
lateral detector will decrease, flatter and enlarge as the density channel grows. The signal on the downstream detector
will increase as the density channel gets larger but the upstream signal will not considerably vary.
The fluence of charged particles with E > 10 MeV leaving the target cylinder is shown on Figure 8. Four diﬀerent
solid angles and five energy bins have been sampled. The
figure shows the fluence along the lateral side of the target
that averaged along the longitudinal direction, so in order
to obtain the longitudinal distribution one must weight it.

Figure 4: Scenario 2
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Figure 5: Lateral detector

Figure 7: Upstream detector
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Figure 6: Downstream detector

Figure 8: Fluence E > 10 MeV

The energy deposition on the target could be used to do it.
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PROBABILITY OF INELASTIC NUCLEAR INTERACTIONS OF HIGHENERGY PROTONS IN ALIGNED CRYSTAL
R. Losito, W. Scandale#, A.Taratin‡, CERN, Geneva, Switzerland
for the UA9 Collaboration*
Abstract
A number of tests were performed in the North area of
the SPS in view of investigating crystal-particles
interactions for future application in hadron colliders. The
rate of nuclear reactions was measured with 400 GeV
proton beams directed into a silicon bent crystal. In this
way the background induced by the crystal itself either in
amorphous or in channeling orientation was revealed. The
results provide fundamental information to put in
perspective the use of silicon crystals to assist halo
collimation in hadron colliders, whilst minimizing the
induced loss.

INTRODUCTION
When charged particles enter a crystal with small
angles θ relative to the crystal planes, their transverse
motion is governed by the potential well U(x) averaged
along the planes. For angles smaller than the critical
channeling angle θc=(2Uo/pv)1/2, where p, v are the
particle momentum and velocity and Uo the depth of the
planar potential well, particles can be captured into the
channeling regime and will move oscillating between two
neighboring crystal planes. For moderate bending of the
crystal, that is for R<L/θc, where L and R are the length
and the radius of curvature the crystal, the potential well
is preserved and the channeling remains effective. In
channeling regime, close collisions with the crystal atoms
should be strongly suppressed.
In a crystal bent by the angle α, particle with θ≤α that
cannot be channeled at the entry face of the crystal
proceeds until the tangency point with the bent planes.
Here two effects may take place: either the particle
partially loses its transverse energy and gets trapped into
the channel (volume capture) or its transverse direction is
elastically reversed by the interaction with the potential
barrier (volume reflection). For most of their path inside
the crystal, volume reflected particles cross randomly the
crystal planes except that at the tangency point.
Particles with larger incoming angles, which cannot be
channeled neither reflected, traverse the entire crystal
along a path uncorrelated to the crystalline structure and
hence interact with it as if it was an amorphous medium.
In a two-stage collimation system a bent crystal used as
primary deflector may deviate coherently the incoming
halo at angles larger than what can be obtained with
amorphous materials, either by channelling or by
reflection process with an increase of the collimation
efficiency that is the fraction of the halo collected by the
_____________________
#
walter.scandale@cern.ch
‡
on leave of absence from JINP, Dubna, Russia
*http://greybook.cern.ch/programmes/experiments/UA9.html
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secondary absorber. Inefficiency is mostly governed by
nuclear reaction rate inside the crystal itself. Criteria to
minimize it are thus important when selecting the optimal
crystal technology and mode of operation.
Hereafter we present results relative to a single strip
silicon crystal, 1.94 mm long, bent along the (110) planes
by α=189 μrad, well suited for UA9 test in the CERNSPS [1]. The nuclear interaction rate was measured with
400 GeV/c protons in H8 beam line of the North area of
the CERN-SPS as a function of the crystal orientation
respect to the incoming direction of the particles [2].

INTERACTION RATE
Particles traversing a crystal along an amorphous
orientation experience inelastic nuclear interactions with a
probability Pin ≈ σinNamL that is the product of the process
cross-section by the target nuclear density and length. The
Glauber approach provides the estimate σin=0.506 b for
400 GeV/c protons [2], whilst for Si target the nuclear
density is Nam=0.05×1024 cm-3. Thus, for a crystal length
L=1.94 mm one finds Pin=0.49%.
The nuclear density averaged along the trajectory varies
by large factors when the particles travel with small
angles relative to the crystal planes. For protons trapped
in channeling states, the density drops as a Gaussian
function of the distance x from the crystal planes:

D(x) =

⎛ x2 ⎞
exp
⎜− 2 ⎟ ,
⎝ 2u1 ⎠
2π u12
dp

where u1 is the amplitude of thermal vibrations of the
crystal atoms, u1=0.075 Å for a silicon crystal at a room
temperature, dp is the planar channel width. The width of
the “nuclear corridor” across the planes is much smaller
than the width of the channel itself: for the (110) Si,
dp=1.92 Å and 6u1/dp=0.23. Channeled particles with
small transverse energies Ex travel in the potential well
between nuclear corridors and cross a very small average
density of nuclear targets. As the transverse energy Ex
increases, the particles start interacting with nuclear
corridors and cross a rapidly increasing average density of
nuclear target, peaking at a value three times larger than
Nam, when Ex= Uo. Finally, for Ex>Uo, the nuclear density
decreases asymptotically towards Nam as Ex increases.
In the case of volume reflection the average nuclear
density is Nam all along the particle trajectory except than
in the tangency area, where it becomes significantly larger
than Nam. Simulations show that the tangency area is
rather short, only a few μm, and that in our 1.94 mm long
crystal the increase of the average nuclear density is only
a few percents.
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THE DETECTO
D
OR
The experiimental setup shown in Fig. 1 is similar tto the
one in [2].. Four micro-strip silico
on detectors, two
upstream andd two downsttream of the crystal,
c
are ussed to
detect the paarticle trajectoories with an angular resollution
of about 3 μ
μrad. Two laarge scintillatiion detectors with
transverse diimensions 1000×100 mm2 are placed 600 cm
downstream the crystal on
o both sides from the priimary
proton beam
m to register secondary
s
particles generatted in
inelastic nucllear interactioons of protons in the crystall. The
distance betw
ween the scinttillation detecttors is 10 mm
m. The
angular cleaarance of θed
d is sufficiennt to
e =8.33 mrad
exclude bacckground from
m primary protons
p
elastiically
scattered by tthe crystal, beecause θel << θed.

Figure 3 shows how the non--deflected beaam part Pnd=1-Pd deepends the ang
gle θcut.

Figure 3: Non-defleccted beam fracction.

Figuure 1: Schemaatic layout of the
t detector.
A 70×1.94×0.5 mm3 silicon strip crystal withh the
largest faces parallel to thhe (110) crysttallographic pplanes
is bent alongg its length annd placed verrtically, so thaat the
anticlastic beending induced along the crrystal width iss used
to deflect parrticles in the horizontal
h
plaane (see Fig. 22b. in
Ref [3]). A hhigh precision goniometer iss used to oriennt the
(110) crystall planes paralllel to the beeam direction.. The
optimal crysttal orientationn is the one co
orresponding tto the
maximum off the deflectedd beam fraction
n.

THE EX
XPERIME
ENT
The measuured RMS diivergence of the incident bbeam
σx=(13.368±0.003) μrad is larger than the crritical
channeling aangle θc≈10 μrad.
μ
By post--processing seets of
incident partticles in a lim
mited range of incident aangles
|θxo|<θcut one can single ouut less divergent beams.
Figure 2 shhows the anguular distributiion of protonss with
θcut=1.5 μradd resulting from
m interactionss with the crysstal.

A discriminatin
ng thresholdd Ab rejects the intrinsicc
scinttillation detecctor backgrounnd, whilst thee coincidencee
rate with the amplitude A>Abb registered in S1 and S22
when
n the crystal is removed froom the inciden
nt beam givess
the experimental
e
background
b
innduced by ineelastic nuclearr
interractions upstreeam of the cryystal to be su
ubtracted from
m
the nuclear
n
reactio
on rate. The innelastic nucleear interactionn
frequ
uency is defined as F in=N12(A>Ab)/No, wheree
N12(A
A>Ab) is the number
n
of coiincidence sign
nals in S1 andd
S2 with
w
amplitud
des A>Ab annd No is thee number off
partiicles with |θxo|<θcut, which hhit the crystal. A simulationn
using
g the FRITIO
OF model forr Si nuclei [4] provides ann
estim
mate for the co
oincidence ratte that is F12=0
0.655±0.005.
Figure 4 shows the measuredd values of nu
uclear rate Finn
as a function of the
t cutting anngle θcut for th
he amorphouss
orien
ntation (1), for channeling (2) and witho
out the crystall
in th
he beam that is
i the experim
mental backgro
ound (3). Thee
interraction frequeencies withouut the crystal and with thee
crysttal in its am
morphous orieentation are constant.
c
Thee
frequ
uency registerred in the aliggned crystal iss smaller thann
for amorphous orientation and it deccreases withh
decreasing θcut due
d to the inncrease of the fraction off
chan
nneled protonss not interactinng with the crrystal nuclei.

Figuree 2: Angular distribution
d
forr θcut=1.5 μradd.
The twoo peaks corresspond to volum
me reflection (left)
and channeliing (right) parrticles. The reesidual distribbution
between thee peaks is duue to dechan
nneling or voolume
capture. The deflection anngle is θxm=(189±0.02) µradd and
the deflectedd beam fractionn is Pd=(72.5±
±0.117)%.
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Fig
gure 4: Interacction rate: in aamorphous oriientation (1),
in channelling
c
(2
2), without cryystal (backgro
ound) (3).
Th
he probabilitty of inelasstic nuclear interactionss
Pin=((Fin–Fin(BG))//F12 where thee experimentaal backgroundd
is su
ubtracted and
d the nuclear eevent rate F12 estimated byy
Beam Material Interaction
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the simulatioon above is used
u
as the no
ormalization vvalue.
The experim
mental backgroound is about 0.15%.
0
Figure 5 shows how thee nuclear inteeraction probaability
depends on θcut for amorrphous orienttation (1), voolume
reflection (2)) and channeliing (3). Plot (4) is obtainedd with
the simulatioon model in [5]. Plot (1)) is quasi-connstant
with Pinam=(0.505±0.005)%, in a good agreement with
n. Plot (2) iss also
simulations for amorphouus orientation
quasi-constannt and referss to a situattion of symm
metric
volume refleection when the tangency
y point is inn the
middle of thhe crystal lenggth: practically
y all particless pass
the whole crrystal in abovve-barrier states and the nuuclear
probability iss 3-4% larger than for amorrphous orientaation.
Plot (3) shoows a strongg dependencee on θcut: forr the
smallest angular width of the inccident beam,, the
probability is more than 3.5
3 times smaaller in channneling
than in amorrphous orienttation. The discrepancy of plots
(3) and (4) for small values
v
of θcutt is due to small
imperfectionns of the gonioometer and off the crystal sshape,
when
which becom
me less effectiive for large values
v
of θcut w
the angular size of the inncident beam is larger thaan the
angular impeerfections. Thhe simulation results show
w that
channeled pprotons have (0.015-0.02))% probabilitty of
producing innelastic nucleaar events, thaat is (3-4)% oof the
probability ffor amorphouus orientation
n. Only chann
nneled
protons with large oscillattion amplitudees, which apprroach
the channel walls at distances r<rc=2.5u1, can have
inelastic intteractions wiith the crysstal nuclei. Their
transverse energy is Ex>E
> xc=U(rc). The
T
beam fraaction
P(Ex>Exc) inncreases slow
wly with increasing θcut, hhas a
maximum att θcut=θc, then decreases agaain. The P(Ex >Exc)
values for θcuut≈0 and θcut=θθc differ by ab
bout 30%.

Figure 5: Probability of nuclear interaction: in
amorphous orientation (11), in volume reflection (2)), in
channellingg (3) and simuulation for channelling (4).
Figure 6 sshows the ineelastic interacttion probabiliity of
protons measured in the aligned
a
crystaal as a functioon of
the beam fraaction that passsed the crystal in above-b arrier
states, Pnch=
=Nnch/No (soliid circles). The
T
probabiliity is
shown as a raatio to its valuue for the amo
orphous orienttation
Pin/Pinam. Thhe dependencce shown by
y a dashed line,
Pin/Pinam=Pnchh, is a hypotheetic one when
n the probabillity is
the same as in the amorpphous case for all above-b arrier
protons and the contributtion from chaanneled protoons is

Beam Material Interaction
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absent. The prrobability vaalues measu
ured in thee
expeeriment are larger
l
than tthe hypothetiic ones. Thee
diffeerence is abou
ut 8% for the large angulaar sizes θcut off
the incident
i
beam
m. A half of thhis difference,, about 4%, iss
due to the fact that the interacttion probabiliity for above-barriier protons is larger thhan for thee amorphouss
orien
ntation (see 2 in Fig. 5). T
The remainin
ng difference,,
abou
ut 4% for th
he large valuues of θcut, iss due to thee
contrribution of channeled prootons, which is in a goodd
agreement with th
he value prediccted by the sim
mulation.

gure 6: The dependence of the inelaastic nuclear
Fig
inteeraction probability in thee aligned cry
ystal on the
non
n-channeled part of the beam
m.
Th
he measuremeents have shoown that the probability
p
off
inelaastic nuclear in
nteractions off high-energy protons
p
in thee
align
ned crystal is significant
ntly smaller than for itss
amorrphous orienttation. The pprobability deecreases withh
decreasing the angular width oof the incidentt beam that iss
with
h increasing th
he number off particles captured into thee
chan
nneling states. This occurs bbecause chan
nneled protonss
mov
ve through the crystal far from the cry
ystallographicc
planes where thee atomic nucclei are conceentrated. Thee
expeerimental dataa show that thhe contributio
on of inelasticc
interractions from channeled prootons is abou
ut 3-4% of thee
prob
bability for thee amorphous oorientation.
In
n the limiting case with a qquasi-parallel beam, whichh
shou
uld be realized
d in a colliderr beam halo, the
t deflectionn
efficciency can approach 85%. Therefore, th
he probabilityy
of in
nelastic nucleaar interactionss of the beam
m halo protonss
in a perfectly alig
gned crystal sshould decreaase more thann
five times (see 4 in Fig. 5)). This is an
a additionall
advaantage of the crystal
c
primary
ry collimator in
i comparisonn
with
h the ordinary amorphous onne.
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CO
OMMISS
SIONING
G OF THE
E LHC WITH BEA
AM
V. Kain, CERN, Sw
witzerland, oon behalf off the LHC Commission
C
ning Team
Abstract
After moree than a yearr of repairing and preparinng the
Large Hadroon Collider affter a major technical
t
probblem,
beams weree injected aggain in Noveember 2009. The
commissioniing plan for the 2009 to
t 2011 run was
ambitious, aiiming for centtre-of-mass co
ollision energiies of
7 TeV and ann integrated luminosity
l
of 1 fb-1. To datte the
LHC has nott disappointedd its user grou
up or its desiggners.
The first eneergy ramp to 1.2 TeV took
k place only 1 1/2
weeks after the start-up. A short tech
hnical break aat the
beginning oof 2010 waas followed by a seriees of
commissioniing highlightss, including beams
b
at 3.5 TeV,
first collisionns at 3.5 TeV, collisions witth squeezed bbeams
and injectionn of nominaal bunch inteensity. The m
major
challenge forr 2010 is to prepare
p
the machine
m
for hhigher
and higher intensities to reach the target integgrated
luminosity by the end of 2011.
2
This tallk will give a short
introduction to the LHC and
a its challen
nges and then focus
mainly on thhe commissiooning strategy
y, the preparaation,
the commisssioning highligghts, the statu
us of the LHC
C and
the plans for the coming months.
m

missioning an
nd dry runs w
were followeed by transferr
comm
line tests and LHC
C injection tessts [2].
Th
he 2008 com
mmissioning activities weere put to a
sudd
den hold wheen on 19th off September a splice of a
supeerconducting main
m
busbar iin one of the LHC sectorss
suffeered from a thermal ruunaway durin
ng a typicall
powering test. The lateral dama
mage caused by
y the incidentt
was significant [3] and led to more than one year off
shutd
down for repaair, consolidatiion and testing.

LHC
C NOMINA
AL PARAM
METERS
The LHC
C surpasses existing acccelerators in two
aspects: the main dipole field is a facctor 2 above other
accelerators aand the luminnosity a factor 30.
The field oof the LHC suuperconducting main dipolees has
to be 8.3 T too keep 7 TeV protons
p
in thee vacuum cham
mbers
of the 27 km
m long accelerrator installed in the formerr LEP
tunnel. The ddesign protonn luminosity iss 1034 cm-2s-1. This
luminosity reequires 3 x 10
1 14 protons stored
s
in the LHC
which corressponds to a stored energy of
o about 360 M
MJ at
7 TeV - enouugh to cause serious
s
damag
ge in case it iis lost
in an unconntrolled way. One of the main acceleerator
systems is thherefore the LHC
L
machine protection syystem
consisting oof 100s of coollimators insstalled aroundd the
LHC ring, 40000 Beam Looss Monitors (BLMs),
(
absoorbers
in critical loccations such as
a the beam du
ump region annd the
injection reggion and manny other com
mponents. In total
about 20’000 signals aree connected to
t the beam abort
system [1]. F
Figure 1 show
ws an overview
w of the LHC bbeam
dumping system.

LHC
C BEAM COMMISSI
C
IONING
A short ooverview of the
t commissio
oning activitiies in
2008 and 20009 will be giiven. The focu
us will then bbe on
the run 2010//11.

2008 and 22009
The LHC bbeam commisssioning officiially started onn 10th
of Septembeer 2008 withh the first atttempt to estaablish
circulating bbeams. Preparrations had beeen ongoing for a
long time before. Long
L
period
ds of harddware
266

ure 1: Overvieew of the LH
HC beam dum
mping system
m
Figu
instaalled in the LH
HC point 6.
It was not until 20th of Novem
mber in 2009 that the LHC
C
could be started up
u again. Thee target energ
gy during thiss
perio
od (governed by the statuss of the quen
nch protectionn
systeem) was 1.18
8 TeV. 18 daays after starrt-up the firstt
collisions at 1.18 TeV
T could be achieved.

2010/11- The Plan
P
Th
he current plaan for the runn 2010/11 forresees protonss
for most
m
of the time
t
and ionss towards thee end of eachh
year.. The 2010 pro
oton run will bbe finished en
nd of October..
November will be spent with ions. The cu
urrent physicss
gy is 3.5 TeV
V per beam aand the targett β* is 3.5 m
energ
(nom
minal β* is 0.5
55 m).
Th
he goal for th
he 2010/11 ruun is to colleect 1 fmb-1 off
data at 3.5 TeV peer experiment.. This requiress a luminosityy
of 10
032 cm-2s-1 and
d an intensityy of 700 buncches with 10111
+
p /bu
unch. The sto
ored energy att 3.5 TeV corrresponding too
this intensity
i
is 30
0 MJ.
Ob
bviously this ambitious gooal can only be achievedd
with
h a strict, cleaan and reprodducible machiine setup andd
the machine
m
protection system
m running at near nominall
perfo
ormance.

Commissioning, Operations and Performance
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Commissiooning Phasees
The beam commissioniing of the LH
HC can be rouughly
divided into tthree commissioning phasees.
Phase 1: P
Phase 1 was thhe period of co
ommissioningg with
single low iintensity buncches with on
nly limited rissk of
damage in ccase of beam
m loss. The machine
m
proteection
systems weree commissioned during thatt phase.
Phase 2: Phase 2 was the period of running inn the
machine prottection system
m with already
y up to 50 bunnches
per beam. T
The crossing angles weree still kept ooff at
injection andd the bunch spacing
s
was large (> 1 – 2 μs).
This phase laasted until endd of August 20
010.
Phase 3: T
The LHC is currently
c
in th
his commissiooning
phase. Crosssing angles have
h
been in
ntroduced andd the
bunch spacinng has been reduced
r
to 150 ns. Bunch ttrains
are injected ffrom the SPS.. The number of bunches w
will be
increased to 4400 before thee end of the 2010 proton ruun

TUO1A01

veriffied. Automattic post operat
ational checks are launchedd
afterr each injection and each beeam dump.

COMM
MISSIONIN
NG STEPS 2010
2
Cu
urrently the LHC
L
is runninng with 104 × 104 bunchess
and 150 ns spacin
ng – the result of several mo
onths of beam
m
comm
missioning. The
T stored ennergy is aboutt 6 MJ, moree
than any other co
ollider before, see Fig. 2. Table
T
1 showss
an ov
verview of thee main achievvements in 201
10.

Commissiooning Philossophy
The comm
missioning off the LHC is to a large eextent
driven by thhe commissionning of the machine
m
proteection
systems.
New schem
mes are testedd with very lo
ow intensity iin the
beginning (~
~ pilot intenssity: 5 x 109 p+). Under these
conditions thhe LHC can be
b operated with
w a less strinngent
machine prootection system
m. Flexibility
y is built intoo the
system such that inputs can
c be “maskeed” with veryy low
intensity (< setup beam intensity flag
g) [1], in thiss way
they are not taken into acccount for thee evaluation oof the
beam permitt. They are automatically
y unmasked iif the
intensity is inncreased.
For each new configuuration – e.g
g. operation with
crossing anggles – or signnificant increease in intenssity a
number of teests have to bee carried out:
References aree established: the optics annd the
• R
aaperture are measured.
m
Reeference orbitts are
rrecorded.
• P
Protection elem
ments are set up: the collim
mators
aand absorberss are aligned to the new orbit
rreferences and
a
the thrresholds of the
innterlocked BP
PMs are adjusted.
• T
The protectionn level is veriffied: loss mapps are
pproduced to verify
v
the co
ollimator hieraarchy
aand asynchronous dumps are simulateed to
qqualify the prrotection again
nst this potenntially
ddangerous faillure.
• IIntensity is inccreased: if thee qualificationn tests
aare passed successfully,
s
the intensitty is
inncreased.
• O
Operational validation: before the next
inntensity step at
a least 3 fills with about 200 h in
pphysics havee to be achieved to gain
cconfidence in the new setup
p.
In additioon continuoous monitoriing ensures that
protection syystems do nott degrade with
h time. After eevery
fill a post m
mortem analyssis is carried out. Typicallly the
beam loss levels and the
t
collimatiion hierarchyy are
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Figu
ure 2: The LH
HC is currentlyy running witth 104 on 1044
buncches. The co
orresponding stored energ
gy is alreadyy
high
her than in any
y other machinne. Courtesy R.
R Assmann.
Tablle 1: Achievem
ments in 2010
Sttart-up

28tht of Feb.

Ramp
R
to 3.5 TeV
V commissioninng

Maarch

Fiirst collisions @ 3.5 TeV

30tht of March

Sq
queeze to 2 m commissioning
c

miid April

13
3 x 13 bunches,, 2 m β*

unttil mid May

no
ominal bunchess (1011/bunch),
3..5 m β*

Jun
ne

In
ncrease number of bunches to 550

July, August

Crossing angle commissioning

Sep
ptember

PERFORM
P
MANCE
In
n August the LHC
L
ran withh 50 on 50 bunches.
b
Peakk
lumiinosities of 10
1 31 cm-2s-1 were recordeed. A lot off
comm
missioning was
w still ongoiing, but neverrtheless 40 %
of th
he time was spent in phyysics with thee experimentss
takin
ng data, see Fig.
F 3. Until 227th of Septem
mber 7 pb-1 off
data had been integrated (Fig. 4). Th
he maximum
m
availlability per weeek so far is 885 %. The new
w LHC recordd
peak
k luminosity
y with 1044 on 104 bunches iss
3.5 10
1 31 cm2s-1 (Fiig. 5).
Th
he beta beatiing and dispeersion beatin
ng are withinn
tolerrance (20 %) throughout aall phases of the LHC andd
very
y reproduciblee. A comparaative measureement of thee
beta beating in May
M and in Auugust at injecttion energy iss
show
wn in Fig. 6. Optics reprooducibility is essential forr
increeasing intensitty, in particulaar for collimattors.
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Figure 3: Tim
me in stable beeams in 2010. Courtesy ATL
TLAS.

Figu
ure 5: Peak lu
uminosity for fills in 2010
0 until 27th off
Septtember. Courteesy M. Ferro-L
-Luzzi.

Figure 4: Inntegrated lum
minosity in 2010
2
until 277th of
September. C
Courtesy M. Ferro-Luzzi.
F
Only 14 % of all thee beam abortts above injeection
energy were so-called “prrogrammed du
umps” executeed by
the operationns crew. Thee remainder was
w issued byy the
machine pprotection syystem throu
ugh interloccking
equipment.
At 3.5 TeV
V a local loss of
o 107 p+/s can
n lead to a quuench.
The hierarchhy of the coollimators theerefore has tto be
respected at all phases [44]. The collim
mation hierarcchy is
regularly veerified throuugh loss maaps by resonnance
crossing or llarge frequenccy trims. The typical resultt of a
loss map iss shown in Fig. 7. Due to the exceellent
performance of the colllimation systtem and thee fast
reaction timee of the LHC Beam Loss Monitor
M
system
m, no
quench has ooccurred so farr at 3.5 TeV.
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GeV for beam
Figu
ure 6: Beta beeating at 450 G
m 1 measuredd
midd
dle of May (rred) and midddle of Augusst (blue). Thee
beatiing structure and
a amplitudee is unchanged
d. Courtesy R..
Toma
as.
Th
he performancce of the LH
HC relies to a considerablee
exten
nt on feedbaccks. Many feeedback systeems are used::
tune feedbacks, orbit feedbbacks, radiaal loop andd
transsverse feedbaack. The tunee feedback waas introducedd
alreaady at the third
d ramp trial, tthe orbit feedb
back is part off
regu
ular operation since May annd the transveerse feedbackk
is ussed since June. The achievved orbit stab
bility with thee
feedb
back on durin
ng the ramp is shown in Fig. 8.
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Bea
am-beam
Du
uring the firsst physics fillls with nom
minal bunchess
coheerent beam-beeam instabilitties led to sudden strongg
lossees on only a feew bunches (tthose with threee collisions),,
see Fig.
F 9. The ex
xact source fo
for these instaabilities is nott
undeerstood yet.

Figure 7: Loss map after crossing
c
reson
nance for beam
m 1 at
3.5 TeV, squueezed beam
ms. All the losses occuur in
collimator reegions and thhe required lo
oss hierarchy from
primary to ttertiary collim
mators and dump
d
protecti on is
well respecteed. Courtesy R.
R Assmann.

Figu
ure 9: Bunch-by-bunch lossses during co
ollisions. Thee
red and
a blue lines show the daata for bunch
hes with threee
collisions, the grreen ones witth two collissions and thee
black
k line corresp
pond to the llosses of a witness
w
bunchh
with
hout any collisions.
Since the transverse dampeer was introd
duced duringg
collisions, losses due to theese instabilitiies have nott
occu
urred anymoree. The luminoosity lifetime is
i between 200
– 30
0 h, the beam
m life time duuring collision
ns is typicallyy
arou
und 100 h after a dip in lifee time down to
o a few hourss
when
n bringing thee beams into ccollision.

Sud
dden Local Losses
L

Figure 8: O
Orbit stabilitty during with
w
and wiithout
feedback. W
With feedback a stability off < 80 μm R
R.M.S.
can be achievved. Courtesyy R. Steinhagen
n.

C
CURRENT CHALLEN
NGES
The “Humpp”
The emittaance of the noominal bunchees injected intto the
LHC is conssistently arounnd 2 μm - sm
maller than nom
minal
(nominal: 3..5 μm), whicch is very go
ood news foor the
luminosity pperformance. However,
H
freq
quently the bbeams
are excited bby an unknow
wn source, callled the “humpp”, of
varying freqquency, especcially affectin
ng beam 2 inn the
vertical planne. If the freqquency coincid
des with the bbeam
tunes, emittaance blow-upp of up to a factor 2 has been
observed. Thhe source of thhe “hump” cou
uld not be revvealed
yet. Several tests have been
b
performeed. The transsverse
damper, the A
AC dipole, thee transfer linee power conveerters,
the experimeental magnets,, the GSM and
d fire brigade radio
network in thhe tunnel, the triplet beam screen coolingg and
several otherr possible sourrces could all be excluded.
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When
W
intensitiees were incre
reased during the summerr
perio
od 2010, beam
m dumps at top energy due
d to suddenn
locall losses were observed, soometimes in the
t middle off
the arc.
a The risetiimes were fouund to be in the
t ms range,,
partiially even belo
ow 1 ms (~ 100 LHC turns).. These lossess
did not
n provoke an
ny quenches, but preventiv
ve dumps. Thee
reaso
on for these sudden lossees is unclear. A potentiall
explanation could
d be dust partiticles falling into
i
the beam
m
and creating scattter losses. Moore on that su
ubject can bee
foun
nd in [5].

Injeections with “Unsafe” B
Beam
Cu
urrently (for 104 on 1044 bunch opeeration) onlyy
maximum 8 buncches are injectted per injecttion. This cann
still be considereed as safe. Foor the next intensity step,,
injecctions of 16 bunches
b
will hhave to becom
me part of thee
game. The injecttion protectioon system an
nd associatedd
procedures will haave to be fullyy operational by
b then.
Hiigh intensity injections
i
are delicate. Lon
ngitudinal andd
transsverse beam parameters
p
in the injectors must be veryy
well under control not to createe losses on thee transfer linee
collimators in thee injection liine, a part of the passivee
injecction protectio
on system. Thhe transfer lin
ne collimatorss
are very
v
close to the LHC supperconducting magnets, seee
Fig. 10. Any lossses on the coollimators aree seen by thee
beam
m loss monito
ors located oon the LHC magnets.
m
Thee
settin
ng of the co
ollimators is 4.5 σ. With
h the currentt
injecction losses on
nly a factor 110 is left to th
he LHC beam
m
loss monitor dump
p thresholds.
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increease of inten
nsity. Despitee the compllexity of thee
mach
hine and the immaturity, aabout 40 % of
o the time inn
physsics could be achieved duriing the month
h of August, a
mon
nth dedicated to
t stable runnning. Higher in
ntensities willl
bring
g new challenges. Single Evvent Upsets might
m
be comee
and issue and su
udden local losses mightt occur moree
frequ
uently. With the progress acchieved so farr the goals forr
the LHC run 2010/11 seem ffeasible: 30 MJ
M of storedd
energy and a luminosity of 10322 cm-2s-1.
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Figure 10: T
The transfer linne collimators are very cloose to
the superconnducting LHC ring magnets. Any losses oon the
collimators aare seen by thhe beam loss monitors mouunted
on the LHC m
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The LHC is commissioned in step
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COMMISSIONING AND OPERATION OF THE LHC MACHINE
PROTECTION SYSTEM
M. Zerlauth, R. Schmidt, J. Wenninger, CERN, Geneva, Switzerland

Abstract
The energy stored in the nominal LHC beams surpasses
previous accelerators by roughly two orders of magnitude.
The LHC relies on a complex machine protection system to
prevent damage to accelerator components induced by uncontrolled beam loss. Around 20’000 signals feed directly
or in-directly into the machine protection system. Major
hardware sub-systems involved in machine protection include beam and powering interlock systems, beam loss and
beam excursion monitors, collimators and the beam dumping system. Since the LHC startup in December 2009 the
machine protection system components have been progressively commissioned with beam. Besides the usual individual component tests, global machine protection tests have
been performed by triggering failures with low intensity
beams to validate the protection systems. This presentation
will outline the major commissioning steps and present the
operational experience with beam of the LHC machine protection system.

MACHINE PROTECTION AT THE LHC
The first priority for the LHC machine protection systems (MPS) is to prevent equipment damage in the ring
and during beam transfer from the pre-accelerator SPS [1].
Uncontrolled release of even a small fraction of the stored
beam energy may cause serious damage to equipment. The
nominal LHC proton momentum is a factor of seven above
accelerators such as Tevatron and HERA, whereas the energy stored in the beams is more than a factor of 100 higher,
see Figure 1. The beam intensity that leads to equipment
damage depends on impact parameters and on the equipment hit by the beam. The damage level for fast proton
losses is estimated to ≈ 2 × 1012 p at 450 GeV, to ≈ 1011 p
at 3.5 TeV and to ≈ 1010 p at 7 TeV. No special protection
for the LHC would be required below these intensities. At
7 TeV the damage level is four orders of magnitude smaller
than the nominal beam current. To evaluate the beam intensity to reach the damage level, a dedicated experiment was
performed at the SPS confirming the numbers previously
assumed for the damage threshold at 450 GeV [2].
The second priority of the machine protection is to protect superconducting magnets from quenching. At 7 TeV
fast particle losses corresponding to a 10−8 - 10−7 fraction
of the nominal beam intensity may quench superconducting magnets. This is orders of magnitude lower than for
any other accelerator with superconducting magnets and
requires a very efficient beam cleaning system. The LHC
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will be the first accelerator requiring collimators to define
the mechanical aperture through the entire machine cycle.
A sophisticated scheme for beam cleaning and protection
with many collimators and beam absorbers has been designed [3].

Figure 1: Stored beam energy as a function of the momentum for various accelerators.

LHC OPERATION IN 2010
In September 2008 an electrical problem in the interconnection between 2 main magnets lead to damage of over 50
magnets in one sector of the LHC which required a long repair and consolidation of the LHC of around 12 months [4].
The incident highlighted an issue affecting a large number
of interconnections, as a consequence the operating beam
energy of the LHC was reduced to 3.5 TeV for the LHC
run of 2010-2011. The LHC will only operate at nominal energy from 2013 after a one-year shutdown in 2012
to repair all interconnections between the main dipole and
quadrupole magnets in tunnel.
The aim of the LHC run in 2010/2011 is to integrate
1 fm−1 per experiment at 3.5 TeV. To reach this goal the
LHC must operate at a luminosity of at least 1032 cm−2 s−1
in 2011. To reach this luminosity target, approximately 400
bunches of nominal intensity (1011 protons) must be stored
in each of the two LHC beams at 3.5 TeV. This corresponds
to a stored energy of 20 MJ per beam, as compared to the
nominal stored energy of 360 MJ. This target requires the
LHC MPS to be fully commissioned in order to protect the
LHC from damage by beams that exceed the damage level
at 3.5 TeV by roughly 3 orders of magnitude.
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Figure 2: Schema of the LHC Machine Protection System with all its clients.

MPS COMMISSIONING
The commissioning and running in of the LHC MPS can
be decomposed into 3 main phases:
• Commissioning of the MPS equipment without beam.
• Commissioning of beam related MPS systems like
the Beam Loss Monitor (BLM) system, LHC Beam
Dumping System (LBDS) etc with low intensity
beam.
• Progressive increase of the beam intensity while carefully monitoring the performance of the protection
system. Regular checks of collimator and absorber
alignment are made throughout the run.
The commissioning steps with and without beam follow
predefined commissioning steps and procedures. Monitoring of the performance by MPS and equipment experts
aims at identifying upcoming issues.
The majority of the MPS tests without beam were completed in 2009, and a significant fraction of MPS tests with
low intensity beams were performed in December 2009
when the LHC was commissioned at a beam energy of
1.2 TeV. Approximately 2/3 of individual system tests with
beam were completed during that period. Following the
short technical stop in January and February 2010, some
tests had to be repeated due to equipment modification or
upgrades. MPS tests with low intensity beams were completed at injection energy and at 3.5 TeV in March and
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April 2010. By end of March 2010, a first pilot physics
run could be started thanks to the rapid progress in machine setup and MPS commissioning. The total integrated
beam time used for MPS commissioning represents approximately two full weeks.

BEAM INTERLOCK SYSTEM
Several systems ensure early detection of equipment failures and trigger beam dump requests before the beam is
affected. The Beam Interlock System (BIS) [5] receives
these signals, see Fig. 2, and ensures a reliable transmission of the requests to the beam dumping systems. It also
prevents beam extraction from SPS and injection into LHC
in case of non appropriate conditions. The entire beam interlock system logic including the links to all systems was
commissioned before beam operation and fully operational
for the first beam.

Interlock Masking
Beam below an intensity of about 1012 protons is unlikely to cause damage at 450 GeV/c. This limit decreases
during acceleration with increasing energy and decreasing
beam size. At 3.5 TeV it is about 3 × 1010 protons. Initial commissioning and most machine protection tests are
performed with beam intensity below these values. During
this phase, certain interlocks can be masked, greatly simplifying initial commissioning. In order not to compromise
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protection, the so-called ”setup beam flag” is derived from
energy (derived from the dipole magnet currents) and beam
intensity. If this flag is TRUE, masking is possible. When
the flag toggles to FALSE, for example while ramping the
energy, all masks are automatically removed.

MP SYSTEMS COMMISSIONING
In this section the commissioning of the main components of the LHC MPS is briefly discussed.

Powering System
Failures in the magnet powering system are among the
most likely causes of beam losses. After such failures the
closed orbit deviations may increase everywhere around
the ring. In addition, both emittance and beam size may
growth rapidly.
A dedicated Powering Interlock Controller (PIC) system protects the super-conducting electrical circuits of the
LHC. The PIC system is connected to the power converter
and to the quench protection of the circuit. In the event of
a powering failure or a quench, the PIC system also transmits a beam dump request to the BIS. The reaction time
of the system is at the level of 1 ms, for the most critical
circuits even at the level of a few microseconds. Electrical circuits can be configured to be maskable (’non-critical’
circuits) or non-maskable (’critical circuits’) at the level of
the PIC. The configuration of the circuits and the connection between PIC and BIS are checked using automatic test
sequences that may be repeated periodically, for example
after interventions on the circuits.
A similar system (WIC) is in place for the normalconducting magnets of the LHC. In case of a magnet temperature interlock, the WIC system first dumps the beam,
and two seconds later only aborts the powering of the magnet. In case of a power converter failure the WIC system
triggers a beam dump on the time scale of few microseconds after detecting the presence of a powering failure.
For circuits with very short time constants, the detection
of a powering failure in time before the beam is affected
requires very low detection thresholds and very short reaction times. As an example, for the LHC normal conducting
separation dipoles, the detection threshold is ≈ 0.05% to
0.1% in 1 millisecond [1]. Fast Magnet Current Change
Monitors (FMCM) [6], developed at DESY and adapted
to the CERN requirements, are installed on all critical circuits of the LHC and its injection transfer line. Those devices generate a fast interlock using a current signal that is
reconstructed from the voltage after appropriate filtering.
The threshold that may be used is only limited by the power
converter ripple which is usually in the range of some 10−4 .
Each device was individually tested with power converter
failures to ensure that the reaction time is adequate. For the
most critical circuits a test with beam was performed to ensure that the FMCMs were triggering a beam dump before
the beam is affected.
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Beam Loss Monitor System
Since collimators define the aperture, particles will in
most cases be intercepted first by collimator jaws. Beam
loss monitors (BLMs) in the vicinity must detect the particle shower and request a beam dump when the loss level
rises above a preset threshold. To ensure an adequate reaction time against very fast failures, the loss signal integration time and dump reaction time is only 40 µs (half
turn) [7].
Accidentally applied local orbit bumps, local aperture
limitations, obstacles etc may be the cause of to localized beam losses anywhere in the ring. To protect the
LHC against such events, BLMs are installed at every
quadrupole around the ring to detect beam losses that are
not detected by monitors at the aperture limitations. The
total number of loss monitors to be installed in the LHC is
around 3600, the majority of the monitors consisting of a
1 liter volume ionization chamber.
The BLM system was extensively tested before beam operation (connection tests with radioactive sources, noise reduction and EMC, automatic self-tests etc). During beam
operation the BLM reaction times and responses were validated by controlled losses with low intensity beams [7].
Adjustments of the dump thresholds were made for a number of monitors, in particular in the collimation regions,
in the injection regions and at normal conducting magnets.
Each modification must be approved by MP experts and is
carefully documented for tracking purposes.
An example of a beam loss pattern on a super-conducting
magnet that was intercepted by the BLM system before the
magnet could quench is shown in Fig. 3. A possible cause
for this event could be dust particles (or similar light ’objects’) moving across the beam.

Beam Dumping System
Beam dumps were triggered at different energies and
with different bunch placements and filling patterns to
demonstrate that all bunches are correctly extracted via the
700 m long transfer line onto the beam dump block [8]. To
reduce the energy density on the dump block, the beam is
”painted” by fast deflection of two families of kicker dilution magnets. A 3 µs long abort gap in the beam structure
for the rise of the extraction kicker field allows loss free extraction under normal operating conditions. A small number of asynchronous beam aborts is expected, estimated
to once per year. A series of collimators and absorbers
are installed to capture beam deflected with a small angle.
Tests were performed with de-bunched beam demonstrating that particles in the abort gap are correctly intercepted
by these devices. After each beam dump an automatic analysis checks kicker performance and beam losses. Operation with beam is stopped if any anomalies are detected.
Not a single magnet was quenched with circulating beam
above injection energy thanks to an excellent collimation
setup.
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Figure 3: Beam loss pattern as recorded by the LHC Post-Mortem system indicating the loss distribution and the time
profile of the loss at the BLM that triggered the beam dump.

Collimation System
The LHC aperture is defined by collimators to
limit beam losses to collimator regions where normalconducting magnets are installed [3]. Collimators for momentum and betatron cleaning are installed in two dedicated cleaning insertions, and in the experimental insertions to shadow the quadrupole triplet magnets. The cleaning efficiency depends on the precision of the jaw centering on the beam, the accuracy of the gap size and the jaw
parallelism with respect to the beam. The collimators are
aligned during the different operational phases (injection,
top energy, etc). The system performance is excellent and
no quench was induced by circulating beam. The collimation efficiency is measured by driving the beam on a
resonance, losing particles in a few seconds. The beam
loss monitors show that losses are concentrated around the
collimation regions. After setup the efficiencies exceed
99.9%.

ber LHC will move to operation of bunch trains with the
aim of colliding up to around 400 bunches.

Figure 4: Evolution of the energy stored in the LHC beams
as a function of the day in 2010.

LHC PERFORMANCE EVOLUTION

MPS STATISTICS

The intensity of the beams at 3.5 TeV was increased very
carefully, while monitoring the performance of the various protection systems. From June 2010 the LHC operated with almost nominal bunch intensities of 1011 protons. The number of bunches was progressively increased
to 48 bunches by end of August. The evolution of the
stored energy is visible in Fig 4: end of August 2010 the
stored energy reached 3 MJ. The peak luminosity reached
1031 cm−2 s−1 , i.e. 10% of the target for 2010. In Septem-

Between March and End of August 2010, 212 beams
were dumped above injection energy, most of them at
3.5 TeV. On average 1.2 dumps per day were triggered
above injection energy. The reason for the beam dump are
indicated in Fig. 5: only 14% of the dumps have been initiated by the operators. All other dumps were MPS systems
dumps (73%) or MPS tests (13%).
More than 75% of the beams were dumped by protection systems before the beam itself was affected (i.e. no
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gency). A careful analysis of the data is performed to validate the performance of the MPS, and to detect anomalies
before they could lead to serious problems. Figure 3 gives
an example of the PM data for a beam dump triggered by
BLMs.

CONCLUSION

Figure 5: Classification of the beam dumps.
measurable change of beam parameter was detected). The
22% of the beam dumps where the beam was affected can
be split in sub-categories as shown in Fig. 6. In roughly
one third of those cases the orbit was affected, in about one
third beam loss was the driving cause of the beam abort.
False beam dumps due to the MPS itself represent 8%
of the dumps: in such cases a component of the MPS erroneously detects an internal error (for example loss of redundancy). Half of the false beam dumps were initiated by
the beam dumping system itself.

In 2010 the LHC entered the regime of high stored energy beams and by end of August approximately 3 MJ
beams were circulating at 3.5 TeV in each ring. The LHC
MPS was fully commissioned with and without beam. At
the end of August 2010 over 200 beams had been dumped
above injection energy. Despite the high stored energy, no
quench was recorded above injection energy, highlighting
the excellent performance of the LHC collimation and machine protection systems. Despite its complexity and the
large number of interlock signals, the number of erroneous
dumps remained very small, at the level of a few percent.
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Abstract
The J-PARC is a multi-purpose proton accelerator facility aiming at MW-class output beam power, which consists
of a 400-MeV linac, a 3-GeV rapid cycling synchrotron
(RCS), a 50-GeV main ring synchrotron (MR) and several
experimental facilities (a materials and life science experimental facility; MLF, a hadron experimental hall; HD, and
a neutrino beam line to Kamioka; NU). The beam commissioning of the J-PARC began in November 2006, and then
the linac and RCS started a user operation for the MLF
in December 2008. The current output beam power to the
MLF is 120 kW. In this paper, the recent progress and operational experience in the course of our beam power rampup scenario such as beam loss control, machine activation
and beam availability, especially obtained in the MLF user
operation by the linac and RCS will be presented.

INTRODUCTION
The J-PARC is a multi-purpose proton accelerator facility aiming at MW-class output beam power. As shown in
Fig. 1, the J-PARC accelerator complex [1] comprises a
400-MeV linac, a 3-GeV rapid cycling synchrotron (RCS),
a 50-GeV main ring synchrotron (MR) and several experimental facilities (a materials and life science experimental
facility; MLF, a hadron experimental hall; HD, and a neutrino beam line to Kamioka; NU).

a separated-type drift tube linac (SDTL). The output energy is 181 MeV and the peak current is 30 mA at present.
At full capability in the current configuration, the linac will
produce 36 kW output at 181 MeV with 30 mA peak, 0.5
ms long and 56% chopper beam-on duty factor at 25 Hz
repetition, which corresponds to 600 kW output at the RCS
extraction energy (3 GeV). The upgrade of the front-end
system to get 50 mA peak current as well as the installation
of an annular coupled structure linac (ACS) for the energy
recovery to 400 MeV, which are essential to achieve our
final goal of 1 MW output at the RCS, are scheduled for
summer maintenance periods in 2012 and 2013.
The linac beam is delivered to the RCS injection point,
where it is multi-turn charge-exchange injected with a carbon stripper foil. The RCS accelerates the injected beam
up to 3 GeV with 25 Hz repetition. The current injection
energy is 181 MeV, for which the RCS will first aim at
300∼600 kW output, and then drive for 1 MW output after
upgrading the linac.
The 3-GeV beam from the RCS is mainly transported to
the MLF to produce pulsed spallation neutrons and muons.
A part of the RCS beam (typically 4 pulses every 3.64 s)
is transported to the MR. The MR still accelerates the injected beam to 30 GeV, delivering it to the HD by a slow
extraction and to the NU by a fast extraction. The output
energy at the MR will be upgraded to 50 GeV in the second
phase of the J-PARC project.
The beam commissioning of the J-PARC began in
November 2006 and it has well proceeded as planned from
the linac to the downstream facilities [2][3]. The linac and
RCS started a user operation for the MLF with 4 kW output
beam power in December 2008. Via a series of underlying
beam studies with such a low intensity beam, the output
beam power from the RCS to the MLF was increased to
120 kW in November 2009. Since then, our effort has been
focused on a parameter tuning for higher-intensity beams
(∼300 kW) including a beam painting injection scheme in
the RCS. In this paper, the recent progress and operational
experience in the course of our beam power ramp-up scenario such as beam loss control, machine activation and
beam availability, especially obtained in the MLF user operation by the linac and RCS will be presented (the status
of the MR beam operation is presented in [4] in details).

Figure 1: Bird’s eye view of the J-PARC.
The linac consists of a H − ion source, a radiofrequency quadrupole (RFQ), a drift tube linac (DTL) and
∗ hotchi.hideaki@jaea.go.jp
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CURRENT STATUS OF THE LINAC
Fig. 2 shows a typical residual radiation level in the linac,
where the top value is a residual radiation level for 4 kW
operation measured 6-hour after the beam shutdown, while
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Figure 2: Residual radiation level (μSv/h) in the linac,
where the top value is a residual radiation level for 4 kW
operation measured 6-hour after the beam shutdown, while
the bottom value is for 120 kW operation measured 5-hour
after the beam shutdown. In these values, the red one is for
the measurement on the surface of the vacuum chamber,
while the blue one is at a distance of 30 cm.

TUO1A03

maintenance period (July-September 2010). In the next run
cycle (October 2010), we are going to measure this particle
loss under the improved vacuum condition.
Another issue was a considerable machine activation at
the first bend of the first arc section detected after 4 kW
operation, which mainly came from H + component accelerated to around the design energy generated by gas stripping in the low energy beam transport line (LEBT) between
the ion source and RFQ. For this issue, we tried to remove
H+ component at the medium energy beam transport line
(MEBT) between the RFQ and DTL [7]. As shown in
Fig. 3, we separated H + and H− with steering and bending
magnets, and removed H + component with a scraper originally used for chopping. As shown in Fig. 4, the beam loss
was reduced to negligible level in this way. Now we use
this scheme for routine operation, and the corresponding
residual radiation level is significantly reduced to 30 μSv/h
on the surface for the current 120 kW routine operation.

the bottom value is for 120 kW operation measured 5-hour
after the beam shutdown. In these values, the red one is for
the measurement on the surface of the vacuum chamber,
while the blue one is at a distance of 30 cm. After startup
of a high duty operation for MLF users, we found several
significant machine activations [5].

Figure 3: Schematic view of the MEBT.

Figure 5: Residual radiation level (μSv/h) in the RCS measured 5-hour after the beam shutdown of 120 kW operation,
where the red one is for the measurement on the vacuum
chamber surface, while the blue one is at a distance of 30
cm.

CURRENT STATUS OF THE RCS

Figure 4: Beam loss monitor signal located near the first
bend.
The first one is a residual radiation widely distributed
over the future ACS section. One of the possible causes of
this particle loss is H0 or H+ component generated by gas
stripping [6]. For this concern, we will add some vacuum
pumps in the SDTL and future ACS section in this summer
Commissioning, Operations and Performance

Fig. 5 shows a typical residual radiation level in the RCS
detected 5-hour after the beam shutdown of 120 kW operation. The intensity loss at the RCS for the current 120 kW
operation is now 1% level. Most of the beam losses are
well localized on the ring collimator, and the residual radiation level in the collimator area is still kept at less than 100
μSv/h at a distance of 30 cm. But small part of them makes
some machine activations as unlocalized beam loss [5].
The first one is a machine activation detected downstream of the charge-exchange foil in the injection section,
where the highest residual radiation level is 1∼2 mSv/h
on the chamber surface. In the RCS, multi-turn chargeexchange injection with a carbon foil is adopted. In this
way the beam hits the foil many times during injection period. Fig. 6 shows beam loss monitor signals measured at
the two highly activated points (a) and (b) in Fig. 5 as a
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Figure 6: Beam loss monitor signals located at (a) and (b)
in Fig 5 as a function of the average number of the foil hits
during injection period.
function of the average number of the foil hits during injection period. In this measurement, the number of the foil
hits was adjusted by combination of the foil position and
the transverse painting. As shown in the figure, the detected
beam loss monitor signals are proportional to the number of
the foil hits, which indicate that the high residual radiations
come from a large angle event from foil scattering. The
number of the foil hits in the current 120 kW routine operation is 8.8. The current foil with 110 mm (horizontal)×40
mm (vertical) dimension, which was prepared for the day1 of the beam commissioning, is too large compared with
the actual size of the injection beam (6 mm×6 mm). In
order to reduce the foil hitting probability, we will install a
new foil with a smaller size in vertical (110 mm ×15 mm)
matched to the injection beam size in this summer maintenance period. If using such a small foil, the number of
the foil hits can be reduced to 4.7, and the corresponding
residual radiations should be half of the current level.
Another one is a machine activation at the arc section
with dispersion maximum (6 m). This particle loss takes
place at the middle of the acceleration process and is very
sensitive for the tune variation during acceleration process
and the longitudinal beam profile. Such a feature implies
that the beam loss comes from the chromatic tune spread.
Now in the RCS the chromatic correction is performed at
injection with DC power supplies. Therefore the chromaticity gradually recovers as accelerated. For this concern, we plan to introduce AC power supplies for chromatic
correction sextupoles in this summer maintenance period.
Another possible cause of this particle loss is a leakage
from a distorted rf bucket due to the beam loading effect.
In the next run cycle (October 2010), we will try to minimize this particle loss by optimizing the chromatic correction and the tune variation during the acceleration process
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Figure 7: Beam fault statistics for the MLF user operation
in the last five run cycles.

Figure 8: Beam availability for the MLF user operation in
the last five run cycles.
and by introducing the beam loading compensation.

BEAM FAULT STATISTICS
Fig. 7-(a) and (b) shows beam fault statistics for the MLF
user operation in the last five run cycles. The significant
portion of the downtime related to the linac was from a fault
of the RFQ and SDTL. The typical beam resuming time
for the RFQ fault was 1 minute for automatic rf recovery
case and 10 minutes for operator assisted recovery case.
The failure rate of the automatic recovery, which mainly
came from a severe discharge, was 20% in these cycles.
The increase of the downtime related to the SDTL in the
latest run cycle was from a discharge trouble of the coaxial
feeder line. The downtime due to this incident reached to
7 hours. While this is a rare event, now we are monitoring
temperatures at the feeder lines to get a sign. On the other
hand, the downtime related to the RCS was mainly from
a fault of the extraction kickers. In the RCS, eight sets of
kicker magnets are installed and each magnet is operated by
a power supply with two thyratrons. Since the thyratron is a
gaseous discharge switching device, it often caused misfire
or self-breakdown. As shown in Fig. 7-(b), the fault rate of
the kickers is now significantly reduced by optimizing the
reservoir voltage of thyratrons.
The total scheduled MLF user time in this period was
Commissioning, Operations and Performance
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1696 hours, for which the beam availability defined as
the beam-on time for MLF users/scheduled beam time
promised to users was 92% (Fig. 8).

Survival rate

Table 1: Experimental conditions, where I peak /Lmacro /Chop show peak current/macro-pulse length/chopper beam-on
duty factor of the injection beam, N bunch /Npart are bunch number/particles per pulse,  tp is the transverse painting
emittance, and V 2nd /Δφ/Δp/p show amplitude of second harmonic rf voltage (ratio to the fundamental one)/phase sweep
of second harmonic rf voltage relative to the fundamental one/momentum offset applied in the longitudinal painting.
Data ID Ipeak Lmacro Chop Nbunch
Npart
Intensity
tp
V2nd
Δφ
Δp/p
(mA)
(ms)
(%)
(kW)
(π mm mrad) (%) (deg) (%)
(1)
15
0.1
56
2
5.0×10 12
60
120
(2)
15
0.2
56
2
1.0×10 13
(3)
15
0.3
56
2
1.5×10 13
180
240
(4)
15
0.4
56
2
2.0×10 13
(5)
15
0.5
56
2
2.5×10 13
300
(6)
15
0.5
56
2
2.5×10 13
300
100
300
100
80
−80
(7)
15
0.5
56
2
2.5×10 13
(8)
15
0.5
56
2
2.5×10 13
300
100
80
−80 −0.1
(9)
15
0.5
56
2
2.5×10 13
300
100
80
−80 −0.2

BEAM STUDY FOR FURTHER RAMPING
UP THE OUTPUT BEAM POWER
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Survival rate

In December 2009, we began on a parameter tuning for
higher intensity beams (∼300 kW) including a beam painting injection scheme at the RCS. The permissible range of
intensity loss for 300 kW output operation with 181 MeV
injection energy, which is determined by the current collimator capability of 4 kW, is 22% at the injection energy.
On the other hand, the allowable intensity loss for 1 MW
output operation with 400 MeV injection energy is 3% if
assuming the same collimator limit at the injection energy.
The above two operations give an equivalent space-charge
detuning at each injection energy. Therefore, achieving 300
kW output with less than 3% intensity loss for 181 MeV
injection energy is the first matter toward realizing 1 MW
output with 400 MeV injection energy.
Fig. 9 shows beam survival rates in the RCS measured
with a DC current transformer (DCCT) for different intensities and painting parameters (1)∼(9) listed in Table 1.
The intensity losses observed for (1)∼(5) with no painting were 0.5∼7% depending on the beam intensity only
appearing around the injection energy. For a 300 kWequivalent intensity beam causing ∼7% intensity loss, we
performed the painting injection aiming at the beam loss
reduction. As for the transverse painting [8], 100π mm
mrad correlated painting was performed by sweeping the
closed orbit in the horizontal plane and the injection orbit
in the vertical plane. On the other hand, the longitudinal
painting [9] was performed by the momentum-offset injection scheme (0∼−0.2%) superposing a second harmonic rf
voltage with an amplitude of 80% of the fundamental one.
The phase sweep of the second harmonic rf voltage relative to the fundamental one (−80 to 0 degrees) was also
employed so that the shape of the rf bucket was dynamically changed during the injection process. As shown in
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Data ID

Figure 9: Beam survival rates measured with DCCT for
different intensities and painting parameters listed in Table 1, where the blue dotted curves and blue circles are the
results from the corresponding space-charge simulations.
The quoted errors in the lower figure are pulse-by-pulse
deviations in rms.
(6) and (9) of Fig. 9, the intensity loss was improved to
∼5% by the transverse painting, and finally minimized to
∼1% level by adding the longitudinal painting. In the figure, the blue dotted curves and blue circles are the results
from the corresponding space-charge simulations including the following lattice imperfections; (A) scattering on
the charge-exchange foil, (B) static leakage fields from the
extraction beam line, (C) field and alignment errors, (D)
edge focus of the injection-orbit bump magnets, and (E)
multipole field components for all the ring magnets, where
(B)∼(E) are based on measurements. The calculated ones
almost well reproduced the measured intensity losses for
different intensities and painting parameters.
Fig. 10 shows incoherent tune spreads for the cases of
(5) and (9) calculated at the end of the injection period.
The current painting mitigates the space-charge detuning
from ∼−0.6 to ∼−0.4. In order to understand the mechanism of the beam loss reduction by the current painting, we
checked a time dependence of the beam moments obtained
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Figure 12: Normalized 99.9% emittances for (5) and (9)
calculated with a systematic combination of the lattice imperfections; the light blue ones with all (A)∼(E), the pink
ones with (B)∼(E), the blue ones with (C)∼(E), the green
ones with (D)∼(E) and the red ones with only (E). The dotted black curves correspond to the ring collimator aperture
of 324π mm mrad.
the painting, the events surpassing the collimator aperture
is mainly from the emittance dilution caused by foil scattering. This means that the intensity loss for 300 kW beam
is almost minimized by the painting injection.
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SUMMARY
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Figure 11: FFT spectra of the 2nd, 3rd and 4th-order coherent oscillations, where the green ones are calculated for
(5), and the pink ones are for (9).
from the simulated transverse particle distributions. The influence of the resonance to the particle motion is reflected
in the coherent oscillation of the corresponding beam moment; if the beam is captured in a resonance, the tune of
the corresponding beam moment gets to integer. Fig. 11
shows FFT spectra of the 2nd, 3rd, and 4th-order coherent oscillations calculated for (5) and (9). While the spectra for <x2 >, <y2 >, <x3 >, <x4 >, <x2 y2 > and <y4 >
have a significant peak at integer, they are significantly mitigated by the current painting. This analysis could say that
the beam loss observed with no painting is mainly from
the particles which satisfy the parametric resonance conditions at νx,y =6, where various systematic resonances including high order can be excited. Fig. 12 shows normalized 99.9% emittances for (5) and (9) calculated with a systematic combination of the lattice imperfections (A)∼(E).
In this calculation, the ring collimator aperture was not set
to see the emittance growth in more detail. As shown in the
figure, the emittance growth at the early stage of acceleration is significantly reduced by the painting. In introducing
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Figure 10: Incoherent tune shifts at the end of the injection,
where the green one is calculated for (5) and the pink one
is for (9).
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The linac and RCS started a user operation for the MLF
in December 2008. The current output beam power to the
MLF is 120 kW. Since December 2009, intensive studies
for further ramping up the output beam power have been
carried out, in which we successfully demonstrated a 300
kW output operation with a low intensity loss of 1% at the
RCS by optimizing the painting injection. In this summer
maintenance period, we have some measures for further
beam loss reduction; vacuum improvement in the SDTL
and future ACS section in the linac, and installation of AC
power supplies for chromatic correction sextupoles and a
small charge-exchange foil in the RCS. After completing
such hardware improvements, we plan to increase the output beam power to 160 kW in December 2010, 200 kW in
January 2011 and then 300 kW with carefully monitoring
the trend of the machine activation.
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CONTROL AND PROTECTION ASPECTS OF THE MEGAWATT PROTON
ACCELERATOR AT PSI
A.C. Mezger, M. Seidel, Paul Scherrer Institut, Villigen, Switzerland

Abstract
At the Paul Scherrer Institut a high intensity proton
accelerator complex is routinely operated with a final
kinetic energy of 590 MeV and with a beam current of
2.2 mA. In the future the beam current will be increased
to 3 mA, which will then result in a beam power of 1.8
MW. Operating a facility at such a high beam power
needs not only a performing and fast protection
mechanism against failures but also protection against
activation of the facility. This presents a particular
challenge for the beam diagnostics since a high dynamic
range of currents has to be handled. This paper will
present the machine protection system together with
several tools, control loops and procedures which are of
utmost importance for minimizing the ever present losses
in the facility.
A new challenge for our facility is the new ultra cold
neutron (UCN) facility, which will come into operation
later this year and which will require the switch over from
one beam line to another for a duration of 8 seconds at
full beam power. Using a short pilot pulse of a few
milliseconds the beam position is measured and the beam
centered in preparation for the long pulse. We will show
the diagnostics that are involved and how we overcome
the constraints imposed by the machine protection
system.

INTRODUCTION
Any accelerator facility producing an intensive particle
beam has to consider, besides beam loss leading to
activation of the facility, a partial or complete loss of the
particle beam leading to severe damage to the facility
(Fig. 1). In our high power proton facility circa 10
milliseconds would be enough to melt stainless steel with

Figure 1: Cyclotron damage at injection, due to a lack of
redundancy in the machine protection system.
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a wrongly steered beam [1]. This could potentially occur
due to the failure of components like magnets, RF
components or other devices. Therefore, a system has to
be implemented to protect the facility by switching off the
particle beam within a few milliseconds to prevent
damage. The whole system consisting of the machine
protection system (MPS) itself, the devices delivering the
signals for it (sensors) and the actuators shutting off the
beam should be able to suppress the beam in less than 5
milliseconds. This demands for the individual
components of the system reaction times in the submillisecond range. Furthermore the beam diagnostic
devices covering many aspects of the beam and facility
components and connected to the MPS have to evaluate
the beam conditions and react also within a few
milliseconds. These will be described later. However, in
order to keep the number of “beam offs” as low as
possible and therefore maintain also the high availability
of the facility some compromises, where applicable, have
been taken. An example of such a compromise is the
suppression of “beam offs” when an acceleration cavity
reflects its power for a very short time (in the order of 500
μs). In addition to the fast behavior of the machine
protection system, many other requirements have been
defined for the necessary behavior of the machine
protection system and will be presented later on.
This paper presents some aspects that have already
been treated by previous papers, but tries to integrate
these in a consistent way.

SAFETY PHILOSOPHY
Besides the protection of the facility against damage,
many other systems are implemented. In our facility these
systems comprise:
• Personal and radiation safety.
• Safety of the user facilities like the neutron
spallation source (SINQ) or the new Ultra Cold
Neutron (UCN) source.
• Patient safety systems.
All these systems have as final goal the shut off the
beam when detecting any problem. However instead of
considering all the systems as a whole, our policy
maintains a clear separation of the individual systems.
Moreover for shutting off the beam different actuators,
which are monitored by the MPS for their proper
functioning, are used.
This separation of concerns is of utmost importance for
the licensing of the facility. It is easier to describe and
convince the Swiss authorities of the correct behaviour
and safety of the individual systems when these aspects
are completely separated from the other systems. Besides
the behaviour of these systems, only the integration of the
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final actuators and their survey by the MPS has then to be
described.
The actuators used at PSI are the first beam stop at the
energy of 870 KeV, kicker magnets at 60 and 870 KeV
used by the individual systems and in case of
malfunctioning of these devices shutting down of the ion
source.

MACHINE PROTECTION
Requirements
Beneath the requirement of the system to be inherently
fast as has been mentioned above, a well designed
machine protection should present several additional
constraints:
•

The system must be highly reliable in order to keep
its availability and its functionality as high as
possible. It has to meet a high safety standard, but it
should be flexible allowing beam development, i.e.
special operations where some MPS elements are
disabled, etc.

•

Besides the immediate goal to prevent damage, the
RPS should switch the beam off when the losses
exceed a particular level in order to keep the
activation of the components as low as achievable.

•

Since we deal with many modes of operation in our
facility (beam splitting mode, beam dump mode,
spallation source mode, isotope production mode,
low and high intensity modes), the MPS has to be
reconfigurable, geographically and logically.

•

The RPS should make a check for the consistency of
the wiring between the modules and it should
indicate disconnected signals and shorts in cables.

•

To solve the timing problem of the occurring events,
the system has to be deterministic. For example we
need to know if an accelerating cavity triggered the
switching off of the beam, or if the beam load has
disappeared by another event, provoking thereby a
trip of this cavity.

•

The system should be highly redundant not only in
respect to the devices protecting the facility, but also
in respect to the internal paths in the system as well
as a high redundancy in the actuators shutting off the
beam.

•

Many devices with local intelligence are connected to
the MPS in contrast to simple devices like temperatures,
valves, water flow devices and position switches [1].
These devices will generate the appropriate signals
depending on the combination of a bunch of conditions
(interlock signals). We will mention here the most
important ones we are using:
• Beam loss monitors: the losses in the facility
are measured by about 110 ionization chambers
(Fig. 2). These will switch the beam off when the loss
level exceeds some predefined value. They also
switch the beam off when the losses integrated over
time exceed another predefined value above the
warning limit, therefore limiting the activation of the
facility in case of too high losses. Another feature
integrated in the logic of the electronics is a dynamic
window representing a low and high limit as function
of the beam current. This prevents from too high
losses as well as to low losses as function of the
beam current during the ramping up. A possible
malfunctioning of the device or a beam loss before
the monitor can also be detected. Figure 3 shows for
the target E region the actual losses, the limits and
the limits given by the dynamic window.

Figure 2: Ionization chamber for measuring beam losses.

Warning level

Local intelligence at the devices, that nowadays can
be easily integrated, will give a still higher level of
safety and will be described in the devices section of
this paper.

Very important is, of course, the know-how of the
experts in all disciplines to bring the system to the
required protection level without compromising the
availability of the facility. Therefore special mechanisms
have to be introduced as will be mentioned in the next
section.
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Dynamic window
Actual losses
Figure 3: Loss display with fixed and beam current
dependent warning and interlock limits.
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•

Collimators: we have about 80 of these collimators
in our facility. These elements also generate interlock
signals as well as warning signals. They are used for
beam collimation, protection of sensitive elements or
for “Halo” detection. The electronics will also check
the balancing of the currents on each segmented foil
and is also used for a correct positioning of the beam.
An example of a 200 kW collimator with segmented
foils can be seen in Fig. 4.

•

Transmission monitors: only a few of these are
installed: they locally calculate the transmission by
comparing the beam current at two critical spots. A
switch off will be generated when the balance is
incorrect. This kind of monitor is also used to prevent
the beam from bypassing the main thick target, where
the fraction of beam lost should at least be 30%.
These monitors use a rather complicated validity
window (Fig. 5) taking into account the more
complex situation at the beam targets [2].

•

Settings of bending magnets: a window checking
the setting values for the allowed interval is
implemented directly in the bending magnet
controllers to prevent severe missteering. For values
outside this window a hardware interlock signal will
be generated by the VME board and passed on to the
RPS in order to switch off the beam. In case the loss
monitors do not stop the beam due to the shielding of
the radiation provided by the iron yoke, by this check
we can still avoid the beam hitting the vacuum
chamber.

•

Setting of quadrupoles, steering and bending
magnets, voltages, …: In various controllers we
implemented also a safety function, which locally
compares the actual value of the magnet current with
the required set value.

Figure 4: Segmented asymmetric collimator with readout
of the four segments for measuring the currents.
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Figure 5: Validity window for the Target E transmission.

OPERATIONAL TOOLS
Minimizing the beam loss is essential in any accelerator
facility. To achieve this, first a performing loss
monitoring system has to be present. We use for beam
loss detection, ionization chambers and collimators.
Ionization chambers as the main beam loss monitors are
simple and reliable devices and their signal scales linearly
with the losses over a wide range of amplitude. Tuning
the beam losses to a minimum requires optimizing many
different parameters and the issue is not only how well
this can be done, but also how fast. Naturally the skill of
the operators may differ and the control system should
give them with appropriated tools an optimum aid. One of
the important tools at PSI is the losses display (Fig. .6),
where the operator will be presented red (when higher
losses) or green changes (when lower losses) against a
reference. The reference can be taken over at any time
from the existing losses and is normally taken when the
losses get more minimized. By twiddling the machine
parameters, the operator will reduce the losses to a
minimum. In principle automatic learning applications
could take this problem over, but introducing such
applications would ask for a big effort and where the
success is not assured, while dealing with a
multidimensional space with local minima and while
during the process tripping of the system has to be
prevented.
Other tools of interest for optimizing the losses are
measurements using appropriate diagnostics. In a
cyclotron environment the internal phases as well as
precession at extraction have to be tuned to obtain the
cyclotrons best setting. Measurements and calculated
corrections will lead to more or less losses shown by the
loss display tool and the operator will use this information
to obtain the best possible parameters. Another important
tool is the automatic beam centering tool. With this tool
the operator has the possibility to optimize the beam
trajectory and minimize losses in the beam line as well in
the cyclotrons by correctly injecting the beam [2].
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Figure 6: Beam losses display showing a reference with the actual losses as green or red change to this reference.

NEW CHALLENGES
Increase Beam Current

Since the beam transmission monitors “beam off”
detection mechanism operates on a relatively slow (10ms)
timescale, the transition is too fast to be detected and
therefore does not cause problems during beam switching.

To further increase the beam current up to 3 mA (i.e. up
to 1.8.MW of continuous beam) demands besides
upgrading key elements of the facility like the inj2
resonators and the Collimators after the Target E [3]:
1) a careful operation of the facility and
2) a performant machine protection system.
The first point can be fulfilled with well designed
operation tools and the knowledge and skill of all actors.
The second point demands the integration of more and
more devices with local intelligence and solutions
dedicated to special situations (eg. MEGAPIE in the past
and UCN in the future).

New Project UCN
A new project at PSI is in development and will
probably be taken into user operation after the yearly
shutdown of 2011. This project, called UCN, consists of a
powerful ultra-cold neutron source producing its neutrons
on a spallation target driven by the 580 MeV, 2.2 mA
beam of PSI’s proton facility. The proton beam which is
normally directed to the main targets and spallation
source SINQ will be switched over to the new beam line
for UCN by means of a fast kicker magnet with a rise
time of the order of 1 millisecond and with duration of 8
seconds every 800 seconds. Before this long pulse, a pilot
pulse of duration of 5 milliseconds is sent to check the
beam position in the beam line and to perform an eventual
correction of the trajectory [4].
Due to the switching between the two beam lines high
beam losses are produced during the transition. While this
is detected by our machine protection system through the
ionization chambers the beam would be turned off. To
prevent this intervention of the machine protection system
during the transition we have implemented a precise time
scheme where at the beam transition the threshold of the
ionization chambers are raised for 3 orders of magnitude
for 3 milliseconds.
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Figure 7: View of the timing system; during switching of
the beam, the beam losses are raised by 3 magnitudes.

CONCLUSION
The PSI high intensity proton facility runs with over 1
MW of beam power. This order of magnitude of beam
power demands special solutions for protecting the
facility against damage and activation. We have proven
that we can successfully fulfill these constraints by a
careful design of the facility, a very performant machine
protection system and diagnostic devices. Furthermore
careful tuning of the relevant parameters, the support by
excellent diagnostic tools and an efficient control system
are important for successful operation.
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ACCELERATED PARTICLE TRACKING USING GPULIB
V. Ranjbar, I. Pogorelov, P. Messmer, K. Amyx,
Tech-X Corporation, Boulder, Colorado, USA
Abstract
A 4D version of BNL’s spin tracking code SPINK [1]
with limited elements has been successfully ported to a
C++/GPU platform using GPULib [2]. This prototype used
only quadrupoles, simple snakes, dipoles and drifts. We
present the approach used to track spin and orbit degrees
of freedom of polarized proton beams simultaneously. We
also present recent results of prototyping a general-purpose
particle tracking on GPUs, discussing our CUDA implementation of maps for single-particle dynamics in the
Argonne National Lab’s accelerator code ELEGANT [3]
where a 40x speedup was achieved for single-particledynamics elements.

GENERAL PURPOSE COMPUTING ON
GPUS
In recent years, general purpose computing on graphics
processing units (GPUs) has attracted significant interest
from the scientific computing community because these
devices offer a large amount of computing power at very
low cost. Unlike general purpose processors, which are
designed to address a variety of tasks ranging from control flow and bit manipulation operations to floating-point
operations, GPUs are optimized to perform floating-point
operations on large data sets. Instead of allocating a large
amount of the on-chip real estate for large cache memory
and control flow logic, GPUs dedicate a lot of resources
to floating-point units. A GPU like the one found in the
NVIDIA Tesla C2050 serias consists of 15 vector processors with a vector length of 32 elements. Using predicated
execution enables each vector element to execute its own
flow through the program, providing the impression of 448
independent execution units.
The introduction of the Compute Unified Device Architecture (CUDA) by NVIDIA has made it possible for computational scientistst without a deep knowledge of graphics
oriented programming interfaces like OpenGL to take advantage of the high processing power offered by GPUs.
CUDA enables users to develop algorithms in C++ with
a small set of language extensions. The developers write
so-called kernels, code that executes on the GPU defining the behavior of a single thread of execution. Typically,
a kernel is executed by thousands of threads concurrently
and the GPU’s thread manager maps them to the physical
thread processors. The kernel is invoked on the host side,
at which time it is determined how many threads will be
executed. Memory management, data transfer and kernel
invocations are all controlled by the host CPU. A special
compiler, nvcc, translates kernels and host programs into
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code that executes on the CPU and on the GPU. This architecture simplifies significantly the software development
process for CUDA-enabled GPUs, but it still requires a detailed knowledge of the GPU’s architecture in order to obtain good performance. For example, while the threads can
be treated independently of each other, they are in fact executed on a Single-Instruction-Multiple-Data (SIMD) type
architecture. E.g. on a C2050 card, 32 threads are executed using the same instruction stream, which means
that diverging threads can lead to a large amount of stalled
threads thus degrading performance. Also, one of the benefits of GPUs is their large memory bandwidth, but in order to take advantage of it, memory access of different
threads has to be carefully aligned. Finally, many inherently sequential algorithms, such as cumulative sums of a
vector, are straightforward to implement on a serial processor. However, optimization on a massively parallel system
like GPUs requires carefully crafted routines. In order to
free developers of the burden of low-level GPU code development, Tech-X developed GPULib, a library of GPU
vector operations (http://GPULib.txcorp.com) [2]. While
mainly designed to be used from within high-level languages, GPULib can also be used from C or Fortran.

GOALS OF THE CURRENT WORK
Our goal is to provide a set of fast orbit tracking kernels for ELEGANT and spin-orbit tracking classes for the
Unified Accelerator Library (UAL) [4]. Using the UAL
paradigm will make these classes usable by a wide variety of codes. The core spin transport function in SPINK,
Sprot(), will be extracted translated to Templated C++ and
turned into a self-contained class. These classes will wrap
and self-contain core GPU kernels which will drive the numerically expensive particle pushes. These GPU kernels
will be made available in future GPULib packages.
ELEGANT is an open-source, multi-platform code used
for design, simulation, and optimization of FEL driver
linacs, ERLs, and storage rings [3, 5]. The parallel version,
PELEGANT [6, 7], uses MPI for parallelization and shares
all source code with the serial version. Several new ”direct” methods of simultaneously optimizing the dynamic
and momentum aperture of storage ring lattices have recently been developed at Argonne [8]. These powerful
new methods typically require various forms of tracking
the distribution for over a thousand turns, and so can benefit significantly from faster tracking capabilities. Because
the ability to create fully scripted simulations is essential
in this approach, ELEGANT is used for these optimization
computations.
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Orbit Tracking
Machines are defined in terms of a ’lattice’ of elements
which act to ’steer’ and accelerate the beam. For example,
in SPINK Particles are tracked through the lattice in terms
of their 6D phase space coordinates.
r = x, px , y, py , z, pz

n+1

r

n

n

= M (r )

(2)

where M is the map and n is the element number. In the
simplest cases these maps are just 6x6 matrices however for
higher order tracking they can take the form of Taylor maps
or include ’space-charge’ effects which require solving for
the self fields.
ELEGANT is fundamentally a lumped-element particle
accelerator tracking code utilizing 6D phase space, and is
written entirely in C. A variety of numerical techniques
are used for particle propagation, including transport matrices (up to third order), symplectic integration, and adaptive numerical integration. Collective effects are also available, including CSR, wakefields, and resonant impedances.
Presently, we are working on prototyping key ELEGANT
particle tracking algorithms on NVIDIA GPUs and showing that such accelerated implementations can be incorporated into ELEGANT. To achieve this goal, we focus on
one element described by a transfer map (a quadrupole),
and one collective-effect element (a drift with 1D longitudinal space charge). Our longer-term goal is to expand
the kernel library to include optimized implementation on
GPUs of most of the ELEGANT elements, starting with the
most time consuming ELEGANT kernels.

Spin Tracking
Existing codes usually track both orbital and spin coordinates of a beam of spin-1/2 particles through the lattice
 in the particle
of a circular accelerator. The spin vector S
rest frame precesses in the machines electric and magnetic
fields according to the Thomas-BMT equation [9].

dS
 × Ω,

=S
dt

(3)

where

 = e (1 + Gγ)B
 ⊥ + (1 + G)B
 +
Ω
mγ

γ
1
 × β
(Gγ +
)E
c
1+γ

Frenet-Serret coordinate system and Magnetic fields to obtain,


˙

 − G(γ − 1)(rB)r
 = h (1 + Gγ)B
(6)
Ω
Bρ
where

(1)

In many codes this is accomplished by applying a transport map to propagate the particles from one element to the
next:

(4)
(5)

 is usually expressed
For s based tracking purposes Ω
in terms of an expansion in magnetic field in terms of the
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h = h(x, x , y  ) =


x2 + y 2 + (1 + x/ρ)2

(7)

and
r =

v
v

(8)

where v and v is the velocity magnitude and vector respectively. Following [10] , over an infinitesimal step size δs
solutions to the T-BMT equation result in a spin transport
map,
⎛

1 − (B 2 + C 2 )c
⎝ ABc − Cs
ACc + Bs

ABc + Cs
1 − (A2 + C 2 )c
BCc − As

⎞
ACc − Bs
BCc + As ⎠
1 − (A2 + B 2 )c
(9)

with,
c
s
A
B
C
ω

= 1 − cos(ωδs)
= sin(ωδs)
Ωx
=
ω
Ωy − 1/ρ
=
ω
Ωz
=
ω
=

Ω2x + (Ωy − 1/ρ)2 + Ω2z

(10)
(11)
(12)
(13)
(14)
(15)

The terms in the spin transport matrix Eq. 9 contain up to
fourth order terms in r. Thus unlike the orbit push where
the same transport map is applied to all the particles, the
spin transport maps are unique to each phase space point
and require calculation on the fly.

INITIAL RESULTS
Spin-Orbit Tracking Efforts Using GPULib
A 4D version of BNL’s spin tracking code SPINK [1]
with limited elements has been successfully ported to a
C++/GPU platform using GPULib [2]. This prototype used
only quadrupoles, simple snakes, dipoles and drifts.
Our approach was as follows:
1. The 4D phase space particles are loaded from the
CPU into an N sized particle array on the GPU: X[N],
PX[N], Y[N], PY[N]
2. The particles are then pushed through a 4x4 orbit
transport matrix defined by the lattice. This is accomplished using several calls to GPULibs’ gpuAddFAT
function.
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3. The input and output phase space variable are average to get Xavg[N] on the GPU using both GPULibs’
gpuAddF and gpuAddFAT functions.
4. These averaged phase space points together with
knowledge of the magnetic fields in the elements are
then used to construct the elements of the 3x3 spin
transport matrix. This involves calculation of up to
4th order terms in r based on the Thomas-BMT equation. The calculations were performed on the GPU
using GPULibs’ gpuMultF, gpuMultFAT, gpuAddF,
gpuSqrtF, gpuDivF, gpuSinF and gpuCosFAT functions.
5. Finally the spin is pushed through this spin transport
map now using GPULib’s gpuMultF and gpuAddF
functions

Prototype Kernels for Single-Particle-Dynamics
in ELEGANT
As a first step toward enabling particle tracking with
ELEGANT on GPUs, we implemented in CUDA the 2nd
order map for the quadrupole beamline element (QUAD
in ELEGANT notation). This implementation serves as
a starting point for the transition of a set of ELEGANT’s
single-particle-dynamics algorithms to GPUs. So far, we
implemented algorithms in both single and double precision, with an emphasis on optimizing the kernels for the
NVIDIA “Fermi” GPU architecture. In our implementation, we stored particles in linear memory, and investigated
schemes in which one particle is computed per thread. We
utilize the high-bandwidth and low-latency constant memory cache to store and access the map parameters used to
update the particle information. This minimizes memory
traffic and has yielded superior performance to schemes we
investigated that utilized L1 caching or shared memory.
For testing purposes, we generated a realistic 6D phase
space distribution function that was propagated through a
lattice consisting of a small number (∼ 20) of quadrupoles
and drifts (without space charge).
In a simulation
with 100k double-precision particles, we observed a 20x
speedup on a C2050 Fermi GPU compared to a single core
Intel Xeon X5650 @ 2.67GHz CPU, with a comparable
speedup seen when traversing a single quadrupole. (The
20x speedup becomes approximately 40x when the computation is done in single precision.) In addition to developing kernels for other beamline elements, we plan to explore additional efficient ways of accessing the map parameters. The latter becomes more important in simulations
with higher order maps, as the number of Taylor series coefficients that describe the map goes up.

ONGOING DEVELOPMENT
Older codes like SPINK used an averaged phase space
value based on the values at the entry and exit of an element
for r in the spin matrix calculation. However it has been
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determined that for the high precision necessary for spin
tracking in the EDM (Electric Dipole Moment) and RHICSpin experiments, that this was not sufficient. More recent
approaches use a thin element treatment of each magnet (as
in UAL-TEAPOT), thus keeping the entry and exit phase
space values is no longer necessary.
We are currently developing CUDA code embedded in
UAL Templated C++ classes to perform the particle push
in UAL-TEAPOT. This approach while easily integratable
into the UAL framework has the draw back that particle information needs to be copied back and forth to the GPU
on each function call. A better approach will be to maintain particle information on the GPU only uploading the
initial distribution and downloading the final distribution
after the tracking is complete. An even more efficient approach would be for both the 6x6 orbital transport matrix
and magnetic fields for each element in a typical lattice (i.e.
for RHIC 256 - 1000 active elements depending on slicing
needs) to be preloaded on the GPU, then a single GPU kernel call can track many particles over many turns. We believe the final result will be capable of performing all three
approaches depending on diagnostic details required by the
modeler.
We are also working on developing prototype kernels for
collective effects in ELEGANT, using as our test case the
LSCDRIFT element (drift with longitudinal space charge).
CUFFT library will be used to implement a DFT of the
binned longitudinal space charge which is then multiplied
by a known impedance function, the inverse DFT applied
thereupon to transform the result back to the original space.
A nontrivial aspect of this work is efficient implementation of charge binning algorithms, which are challenging
to implement on a GPU due to the possibility of memory contention between individual threads attempting to deposit charge to the same bins. We will investigate two approaches: atomic memory updates and data-parallel primitives. The Fermi architecture allows for fast floating-point
atomic updates to memory locations that avoid thread contention issues. This can be utilized to perform a onedimensional charge binning. The second approach is to
apply a generic sorting algorithm (such as the radix sort
implemented in the CUDPP library) to sort particles based
on bin index; then perform a modified segmented prefix
sum operation (also implemented in the CUDPP library)
to calculate the average longitudinal position of particles
based on bin index, as well as count the number of particles
based on bin index; and finally calculate the charge contribution to first the lower charge bins, then the upper charge
bins, based on the average longitudinal position and number of particles between bins. Depositing charge first to the
“lower bins”, synchronizing (in CUDA this is equivalent to
launching a second kernel), and then depositing charge to
the “upper bins” will allow us to avoid memory conflicts
and perform the charge binning in a data-parallel manner.
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AN EFFECTIVE SPACE CHARGE SOLVER FOR DYNAMION CODE
A. Orzhekhovskaya, W. Barth, S. Yaramyshev, GSI, Darmstadt, Germany
Abstract
An effective analytical and semi-analytical method for
internal electrical field calculations was proposed for
ellipsoidal shaped beam as well as for a beam of arbitrary
longitudinal shape with an elliptical transverse cross
section. This method combines acceptable accuracy with
a high speed of computation. The existing version of the
DYNAMION code uses the particle-particle method to
calculate the electrical field, which needs a significant
time for computation. A Semi-Analytical Solver (SAS)
for the ellipsoidal bunch was introduced into
DYNAMION code. It allows much faster beam dynamics
simulations than the old. The DYNAMION parameter
"macroparticle size" was investigated in combination with
the new space charge algorithm. The beam dynamics
simulations were performed through the 1st Alvarez tank
of the GSI linac UNILAC using the standard and the new
methods. The RMS emittance growth as a benchmark
parameter shows sufficient agreement between both
solvers.

stripper section and poststripper accelerator (5 Alvarez
type tanks; up to 11.4 MeV/u) [2,3].
For electrical field calculation the code DYNAMION
uses recently two methods: the particle-particle
interaction and the PIC solver. An analytical and SemiAnalytical space charge Solver (SAS) was originally
created for beam dynamics simulations in the GSI
synchrotron SIS18 and in FAIR rings SIS100, SIS300 [46]. This algorithm being implemented into the
DYNAMION code allows also for fast and reliable beam
dynamics simulations for linacs.

INTRODUCTION
Fast and precise space charge solvers are especially
important in the beam dynamics simulations for high
current linear and circular accelerators, where space
charge effects may dominate and lead to the emittance
growth and beam losses. Space charge effects can be
calculated using different analytical and numerical
methods. Recently various modifications of the PIC
solver are mainly used for the simulations. The advanced
multiparticle code DYNAMION [1], dedicated to beam
dynamics simulations in linacs, was created in 1985 in the
Institute of Theoretical and Experimental Physics (ITEP,
Moscow) and was developed in collaboration of ITEP and
GSI Helmholtzzentrum fuer Schwerionenforschung
(Darmstadt)

Figure 2: Scheme of GSI Helmholtzzentrum für
Schwerionenforschung (Darmstadt, Germany) with
existing and future facilities.

SEMI-ANALYTICAL SOLVER (SAS) FOR
THE INTERNAL ELECTRIC FIELD
CALCULATIONS
Kellogg’s Formulae
A 3D ellipsoidal frozen bunch is considered; the charge
density is given by

ρ ( x, y , z ) =

Figure 1: GSI – UNILAC.
Since 1991 the code DYNAMION is used for study,
optimization and upgrade of the heavy ion high current
GSI linac UNILAC (Fig. 1), serving as a high current
injector for FAIR - International Facility for Antiproton
and Ion Research at Darmstadt together with the
synchrotron SIS 18 (Fig. 2). The UNILAC comprises
high current injector (HSI; 2.2 keV/u - 1.4 MeV/u),
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Q
n(t ),
4πabc

where Q - total charge of the bunch, a,b,c – horizontal,
vertical and longitudinal axis of the ellipsoid, n(t) –
analytical function, representing particle distribution, t –
isodensity parameter
t=x2/a2+y2/b2+z2/c2, 0 ≤ t ≤1.
The general formulae for the electrical field of such a
bunch were derived by Kellogg [7]:
∞

Ex =

Q
n(T ) ds
x
,
2 ∫0 ( a 2 + s )3 / 2 (b 2 + s )1 / 2 (c 2 + s )1 / 2

Ey =

Q ∞
n(T )ds
,
y∫ 2
1/ 2
2 0 (a + s) (b 2 + s) 3 / 2 (c 2 + s)1 / 2

(1)

Computational Challenges in High-Intensity Linacs, Rings incl. FFAGs, Cyclotrons

Proceedings of HB2010, Morschach, Switzerland

Ez =

Q ∞
n(T )ds
,
z∫ 2
1/ 2
2 0 (a + s) (b 2 + s)1 / 2 (c 2 + s) 3 / 2

y2
x2
z2
.
T= 2
+ 2
+ 2
a +s b +s c +s
In common case, the integrals (1) are calculated
numerically for each particle. During beam dynamics
simulations this process should be repeated many times
on each integration step of the particle motion equation,
resulting in time consumption simulations.

Interpolation of the Particle Distribution
In the proposed method a particle distribution n(t),
given by an analytical formula, is interpolated as a
polynom:
N

n(t ) = ∑ cn t n
n =0

using Chebyshev nodes

tk =

(2k + 1)π
1 1
,
+ cos
2N + 2
2 2
k=0,1,..., N.

For the polynom of certain order N these nodes provide
the minimum absolute error of interpolation. The
optimum order of the interpolating polynom was
investigated and found as N ≈20 [4].

Analytical Solution for an Axisymmetric Bunch
For an axisymmetric ellipsoidal bunch (a=b, a<c) with
a polynomial representation of the particle distribution the
following transformation of standard Kellogg's formulae
was proposed:

Ex =

Q N
l!
x∑ cl ∑ r 2i z 2 j I i +1, j
2 l =0 i + j =l i! j!

Ey =

Q N
l! 2 i 2 j
y ∑ cl ∑
r z I i +1, j
2 l = 0 i + j = l i! j!

Ez =

Q N
l!
z ∑ cl ∑ r 2i z 2 j I i , j +1
2 l =0 i + j =l i! j!

∞

1
dξ
(a + ξ ) (c 2 + ξ )1 / 2+ j
0

I i, j = ∫

2

1+i

.
Then integrals Ii,j can be calculated analytically by
using the hypergeometrical function:
1
3
c2 − a2
+ i + j, + i + j,
)
2 F1 (1 + i ,
2
2
c2
I i, j =
1
( + i + j )c1+ 2i + 2 j
2
.
Indexes i,j here depend only on the order of the
interpolating polynom, but not on the number of particles.
Thus the integrals Ii,j can be calculated once for the whole
bunch. It significantly reduces the computation time. The
more particles are in the bunch, the higher is the
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advantage of the analytical method compare to the
"standard" solvers [4].

Numerical Solution for an Arbitrary Ellipsoidal
Bunch
Using the polynomial representation of the particle
distribution, the formulae (1) can be transformed to the
following series:
Q N
l! 2i 2 j 2k
E x = x ∑ cl ∑
x y z I i +1, j , k
2 l = 0 i + j + k = l i! j!k!
Q N
l! 2i 2 j 2k
E y = y ∑ cl ∑
x y z I i, j +1, k
2 l = 0 i + j + k =l i! j! k!
Q N
l! 2i 2 j 2k
E z = z ∑ cl ∑
x y z I i, j , k +1
2 l = 0 i + j + k =l i! j! k!
where
∞
1
Ii, j ,k = ∫
dξ
2
1 / 2+i 2
(b + ξ )1 / 2 + j (c 2 + ξ )1 / 2 + k
0 (a + ξ )
.
The integrals Ii,j,k are calculated numerically by Gauss
quadrature with high accuracy of 10-5. It limits the error in
field calculations to less than 0.1%. As before, the
integrals Ii,j,k can be computed once per integration step
for the whole bunch.

Previous Results and Implementations
A comparison of the described solvers with analytical
solutions known in some particular cases, shows high
accuracy of the proposed methods (error is always less
than 0.1%) [4,5].
Benchmarking of the analytical method with different
linac codes (DYNAMION, IMPACT, LORASR, PARMILA,
PARTRAN, PATH, TOUTATIS) was performed for an
axisymmetric ellipsoidal bunch (105 particles, static case)
in frame of the High Intensity Pulsed Proton Injector
project (HIPPI) [8]. This comparison showed good
coincidence of results and demonstrated high speed of
computation by the proposed analytical method (up to 15
times less CPU time).
The development of the described algorithms allows
calculations of space charge forces for a beam of arbitrary
longitudinal shape with elliptical transverse cross section
as well [5].
All these methods were introduced into the
MICROMAP library [9] and were used for beam
dynamics simulations and beam loss estimations for the
GSI synchrotron SIS18 and for the FAIR project.

SAS IMPLEMENTATION INTO
DYNAMION CODE
Application of the Method on One Integration
Step (Static Case)
The integration scheme in the multiparticle code
DYNAMION has usually 100-200 steps per characteristic
length βλ, where β is the relative velocity of the particle, λ
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- the wave length of the operating frequency. Space
charge effects are calculated at each step of integration
using particle-particle method, which needs significant
computational time.
In previous simulations by SAS the particle distribution
n(t) (given analytically) was polynomial interpolated. The
code DYNAMION operates with a set of macroparticles
represented by their coordinates and velocities, but not
with the analytical function of the particle distribution.
For the implementation of the new solver the continuous
space charge density n(t) was the reconstructed from the
discrete particles coordinates (x,y,z). To solve this
problem we propose the following procedure on each step
of integration.
All Np particles of the bunch are assumed inside the
ellipsoid with the axis a, b, c, i.e.
t=x2/a2+y2/b2+z2/c2, 0 ≤ t ≤ 1.
The average distance between particles in terms of
parameter t can be defined as d=1/Np.
The value of function n(t) for a certain argument t0 is
defined as a number of particles with the parameter
t=x2/a2+y2/b2+z2/c2 inside the interval [t0-kd, t0+kd]. Here
k is a parameter which characterizes the vicinity of point
t0. Obviously, for different k the value of the function n(t)
(and consequently the value of electrical field) at this
point will be different.
In order to define the value of parameter k, the field
calculation for the static case by SAS for different k was
analyzed and compared with the p-p field calculations.
The field calculation in DYNAMION code depends on the
macroparticle size rmp, dedicated to avoid the artificial
particle collisions. Usually this parameter changes inside
the DYNAMION code automatically in accordance with
the beam size (but also can be fixed). Thus the
comparison of the field calculations was done in 2 steps.

Step 1
The value of function n(t) in the interpolation node t is
defined inside the interval [t-kd, t+kd]. The electrical
field Exk(x,y,z) was calculated for each of 105 test random
particles (x,y,z) for the different value of the parameter k
(2,3,4,5 and 6). The average and the maximum values of
the relative error
k

M=

| E x ( x, y , z ) − E x

k +1

( x, y , z ) |

k

E x ( x, y , z )

for all particles of the bunch in dependence on parameter
k are presented in Fig. 3. The average error Maver is 2 - 3%
for all values of parameter k and does not indicate the
optimum value of k. The maximum relative error Mmax
obviously appears for particles with coordinates close to
zero while the field in the bunch center is also close to
zero. Nevertheless, the value of Mmax changes
systematically for different k. Obviously the smallest
Mmax is seen for k = 5.
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Figure 3: Average (dashed line, left scale) and maximum
(solid line, right scale) values of the error (M) as a
function of the parameter k.

Step 2
The electrical field is calculated for all 105 test particles
by the DYNAMION code with a fixed macroparticle size
rmp of 1 mm, 0.5 mm, 0.1 mm, 0.05 mm, 0.001 mm. Then
SAS with a fixed k = 5 is applied to the same set of
particles. We compare the results for SAS with
DYNAMION computation for different rmp. An average
relative error of field calculation is about 1% for rmp =
0.1mm and about 3% for all others values of rmp.
From the other side the value rmp ≈ 0.1mm is
automatically calculated for this bunch in the
DYNAMION code. This comparison additionally verified
coincidence of both methods and right definition of rmp in
the DYNAMION code.

CPU Time Comparison for SAS and P-P
Method (Static Case)
The comparison of computational speed in the static
case for the proposed algorithm and for particle-particle
field calculation is presented in Fig. 4. Obviously SAS
has a significant advantage for particle number above
5·103.

Beam Dynamics Simulations with SAS in the
GSI Poststripper DTL
The particle motion through the 1st Alvarez tank was
simulated by the DYNAMION code using p-p and SAS
methods. The computation scheme and integration of the
particle motion equation was in both cases the same.
Therefore difference in CPU time (with the same number
of particle) occurs due to the different space charge
solvers only.
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Figure 4: CPU time for p-p (dashed line) and SAS (solid
line) calculations with different number of particles.
The distributions with the particle number of 103, 104
and 105 (gaussian, truncated at 2σ) were generated. These
distributions with σx,y = 4mm, σz = 8mm represent a U 28+
bunched beam at an energy of 1.4 MeV/u. The beam
current was varied from 0 up to 50 mA, while the design
value is about 20 mA. Tab. 1 shows the speed of
simulations for different numbers of particle using both
methods. Obviously for high particle number SAS allows
calculation of beam dynamics much faster than the p-p
method. It allows for simulations with 105-106 and even
more particles with a reasonable CPU time, while
standard DYNAMION simulations use 103-104 particles.
Table 1: CPU Time of Simulation by DYNAMION Code
for Different Number of Particles Using P-P and SAS
Method
particles

103

104

105

p-p

10 min

48 hours

-

SAS

1 hour

2 hours

10 hours

The RMS emittance growth was chosen as a
characteristic parameter of the calculations accuracy.
More detailed investigations are recently under
investigation. Fig. 5 shows the RMS transverse
emittances behind the 1st Alvarez tank as a function of
beam current for both space charge solvers. These tests
were done for 2·103 particles with the p-p space charge
solver and for 104 particles with the SAS. These two
models are comparable in accuracy and require similar
CPU time.
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Figure 5: RMS emittance behind the 1st Alvarez tank as
function of the beam current.
Just small difference might be explained by the
simplification of models and by the choice of the
parameters in the solvers:
- Slightly different macro-characteristics of the
generated input distributions with 2·103 and 104 particles.
- The parameter k = 5 is chosen on the base of the
previous investigation in the static case.
- For this test the macroparticle size is fixed:
rmp = 0.1mm. Previous investigations showed a weak
dependence of the results on the rmp parameter [1].
- For this test an integration scheme for the computing
of particle motion equation has 100 steps per βλ.
Last issue was studied additionally. Fig. 6 shows the
dependence of the RMS emittance on the number of
integration steps in the DYNAMION code with p-p solver
and with the SAS.

Figure 6: An RMS emittance behind the 1st Alvarez tank
as a function of number of integration steps.
As already shown [1], for the reliability of simulation
using p-p model the number of steps plays a more
important role than the number of particles. The RMS
emittance plato, also calculated with the semi-analytical
solver, confirms this fact.
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OUTLOOK
- A set of various tests is recently under investigation in
order to optimize internal parameters of the algorithms.
- Different bunch shapes will be considered.
- A benchmarking of the beam dynamics codes
DYNAMION (new solver) and LORASR is foreseen.
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Abstract
The 1.3 MW of beam power delivered by the PSI 590
MeV Ring Cyclotron together with stringent requirements
regarding the controlled and uncontrolled beam losses
poses great challenges with respect to predictive simulations. We describe a large scale simulation effort, which
leads to a better quantitative understanding of the existing
PSI high power proton cyclotron facility. Initial conditions
for the PSI Ring simulations are obtained from a new time
structure measurements and 18 profile monitors available
in the 72 MeV injection line. The radial beam profile measurement which is just located in front of the extraction septum is compared with simulations. We show that OPAL
(Object Oriented Parallel Accelerator Library) can precise
predict the radial beam pattern at extraction with a large
dynamic range of 4 orders of magnitude. A large turn separation and a narrow beam size at the Ring extraction is
obtained by adjusting parameters such as the injection position and angle, the flattop phase and the trim coils. A
large turn separation and a narrow beam size are the key
elements for reducing the beam losses to acceptable levels. The described simulation capabilities are mandatory in
the design and operation of the next generation high power
proton drivers.

INTRODUCTION
A three stage proton accelerator complex is operated at
the Paul Scherrer Institut. The 590 MeV Ring cyclotron,
routinely delivers 2.2 mA of proton current, which makes
it the most powerful machine of this kind worldwide. The
resulting strong, phase-independent energy gain per revolution gives good turn separation and hence a beam extraction
with low beam losses in the order of 10−4 . The upgrade
plans of the PSI facility foresee a stepwise increase of the
beam intensity to 3.0 mA [1].
Benefiting from the the High Performance Computing
(HPC) clusters available today, the powerful tool OPAL
enables us to perform large scale simulations in complex high intensity accelerators [2]. OPAL is a tool for
charged-particle optic calculations in accelerator structures
and beam lines including 3D space charge. A new particle matter interaction model taking into account energy
loss, multiple Coulomb scattering and large angle Rutherford scattering is now available. This model together with
∗ biyj05@mails.tsinghua.edu.cn
† andreas.adelmann@psi.ch

the 3D space charge will significantly increase the predictive capabilities of OPAL.

THE PHYSICAL MODEL
To perform large scale simulations in complex high intensity cyclotrons, both space charge effect and the particle matter interaction should be considered carefully. The
original version of OPAL can deal with not only single
bunch space charge effects but also the effects of neighboring bunches [3], however, the particle matter interaction is missing. General-purpose Monte Carlo codes, e.g.
MCNPX [4], FLUKA [5, 6], are developed to model the
particle matter interaction, however they have limited capabilities to track the particle in both complex external and
space charge fields. We extend OPAL in order to handle
efficient particle matter interactions, hence collimator systems in high intensity accelerators can be modeled together
with space charge.
Ω ⊂ R3
absorbed particle

Ωm

tn
tn+1 Ω
v
t
deflected particle

Figure 1: The beam and its surrounding region.
The Fig.1 describes the computational domain Ω surrounding the beam. It is divided into two sub-domains: the
vacuum domain Ωv and the material domain Ωm . When the
beam is passing collimator or in general ’material’, some
of the halo particle maybe go from the vacuum domain into
the material domain. This part of the beam is then absorbed
or deflected.
The flowchart with physical model in material is shown
in Fig. 2. If the coordinate of a particle is in the material region, x ∈ Ωm , a temporal sub-stepsize is defined as
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Figure 2: The flowchart with physical model in material.
dtm = dtv /s, where dtv is the stepsize in vacuum and s is
an integer. When the particle interacts with the matter, the
energy loss is calculated using the Bethe-Bloch equation.
Comparing the stopping power with the PSTAR program of
National Institute of Standards and Technology (NIST), the
error is found in the order of 10% for copper, from several
MeV to 10 GeV. For applications at PSI, the error is within
3% in the region from 50 MeV to 1 GeV. In general, there
is energy straggling when a beam passes through the material. For relatively thick absorbers, when the number of collisions is large, the energy loss distribution is Gaussian [7].
If the energy of the particle is low enough to be absorbed
after a certain distance, it is marked to be deleted and is
written to a file. The Coulomb scattering is treated as two
independent events: the multiple Coulomb scattering and
the large angle Rutherford scattering, using the distribution
given in [8]. After applying these physics processes, the
n,i+1
.
particles are pushed one sub-step (x, v)n,i
k → (x, v)k
If the particles coming back to the vacuum domain, another
→ (x, v)n,s
(s − i) sub-steps (x, v)n,i+1
k
k are applied, treating the particles motion as in a drift space. Otherwise, the
loop goes on until s sub-steps finish and then the particles
are stored in the collimator container.
As a benchmark of the collimator models in OPAL, the
energy spectrum and angle deviation is compared against
two general-purpose Monte Carlo codes, MCNPX and
FLUKA, as shown in Fig. 3. A 72 MeV cold Gaussian
beam with σx = σy = 5 mm is send through a elliptic copper collimator with the half aperture of 3 mm in both x and
y direction from 0.01 m to 0.1 m. The deflected particles
contribute to the energy spectrum and angle deviation after a collimator. These particles may be lost downstream.
A very good agreement of our model w.r.t. MCNPX and
FLUKA is shown in Fig. 3.

OBTAINING INITIAL CONDITIONS FOR
THE RING CYCLOTRON
The simulation starts at the beginning of the 72 MeV
transfer line between the Inj. 2 and Ring cyclotron. There
are 18 beam profile monitors in both x and y direction at
the transfer line. The initial distribution is obtained using
transport [9] by fitting the profile monitor data. We obtain the non-normalized rms emittance x = 2.25 π mm
mrad, y = 0.5 π mm mrad. The rms moment spread
is 0.1%. Fig. 4 shows the comparison of the envelope between OPAL- T and the measurement. Before the bending
2 σ envelopey (mm)

Generate Initial
Condition f0 , F0
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0

Figure 3: Energy spectrum and angle deviation (small
plot).
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Figure 4: Envelope of the beam at the 72 MeV transfer line
for 2 mA beam.
magnet MIC, the agreement between OPAL- T , transport
and measurement is very well. After MIC, it is already the
start of the Ring cyclotron. At the position of MIC, we
switch from OPAL- T to OPAL- CYCL which is developed
as a general purpose cyclotron tracker.
For the start of the Ring simulation, the emittance acquired at the end of the transfer line is used. The length of
the bunch is measured using the time-structure probes [10].
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Beam losses during the operation of the cyclotron usually limits the intensity that can be extracted. The PSI 590
MeV Ring which routinely delivers 2.2 mA beam has a
very low loss rate in the order of 0.02% to avoid excessive activation of accelerator components and keep the radiation dose imposed on the personnel involved in maintenance at acceptable levels. Therefore, the understanding
of the beam dynamics, most important in the extraction region, is one of the key points to be addressed if power levels
increase.

x 10
2
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0

0

−2

−0.01

−4

−0.02

The Effect of the Trim Coil TC15
In the original design of the Ring cyclotron, the beam
will pass the coupling resonance νr = 2νz four times at
490, 525, 535 and 585 MeV. A large horizontal oscillation
is transformed into a large vertical one at the coupling resonance which can lead to vertical beam losses. A trim coil
TC15 is designed to avoid the resonance at 525 and 535
MeV [11]. It provides an additional magnet field and field
gradient in the radial direction as shown in Fig. 5. The trim
coil provides a maximum magnetic field of 14 Gs. It has
a long tail towards the smaller radii in order to make the
integrated strength of the trim coil over the radius to zero.
The radial and vertical tune shift caused by TC15 is,

Δνr ≈ 2νRr B dB
dR ≈ 0.014
(1)
Δνz ≈ − ννrz Δνr ≈ −2Δνr ≈ −0.028

4100

4200

4300
r (mm)

−6
4500

4400

Figure 5: Additional field provided by TC15.
where R is the orbit radius, B is the hill field, dB
dR is the
average field gradient in radial direction.
Fig. 6 shows the tune diagram with and without TC15.

The Flattop Phase

1
0.95

without TC15
νr=2νz

585 MeV

with TC15

z

0.9
0.85

582 MeV

487 MeV

ν

Although a compact beam is observed in the extraction
of the Inj. 2 cyclotron, the bunch length increases to about
σ = 23 mm at injection into the Ring after passing through
the almost 60 m long (72 MeV) transfer line. For such a
long ”pencil” beam, a flattop cavity is needed to compensate the energy difference from the main cavity and also
avoid the formation of the S-shape beam caused by space
charge effects.
When there is no space charge effect, the ideal flattop
makes the total energy gain of any particle almost the same
independent of the RF phase. Considering a high current
beam, the flattop phase should be shifted to make the tail
particle gains more energy than the head one to compensate the linear part of the space charge force. The phase of
the flattop is intensity-dependent, therefore there exists an
optimum flattop phase for an given intensity.

dB/dR (kGs/mm)

TOWARDS REALISTIC SIMULATIONS IN
THE RING CYCLOTRON

−4

0.02

Δ B (kGs)

Different distributions such as a six-dimensional Gaussian
or parabolic are used for the Ring cyclotron simulations.
For a 2 mA beam we obtained the non-normalized radial
emittance as 1.5 π mm mrad, the vertical emittance is 0.6
π mm mrad, and the standard deviation of bunch length is
σ = 23 mm.
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Figure 6: Tune diagram with and without TC15.

The Injection Position and Angle
It is important to make the radial beam size at the extraction region smaller than the turn separation in order to be
able to extract the beam in a single turn. The turn separation for a centered beam is defined as
γ
dE/dn 1
dR
=
R
,
dn
γ+1
E 1+n

(2)

where n is the field index. It it only about 6.0 mm at the
extraction region of the Ring cyclotron. To get large turn
separation, a non-centered injection into the Ring cyclotron
is used. Since νr ≈ 1.7 in the extraction region, adjusting
the injection position and angle, results in the betatron amplitude being almost equal to the radius gain per turn. The
formation of the turn pattern for the last four turn is shown
in Fig. 7. This is a special turn pattern because the last
turn is well separated from the overlapping second, third
and fourth last turns. In this case, the turn separation at the
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extraction turn is as large as 16 mm, hence it allows the
extraction of high intensity beam with very low losses.
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Figure 8: Radial beam profile with indicated turn numbers
at extraction for 2 mA beam.

Figure 7: Formation of the turnpattern in PSI Ring cyclotron.

The Radial Profile at Probe RRE4
To compare the above analysis with measurements, a
radial probe is implemented in OPAL- CYCL. In the 590
MeV Ring at PSI, the radial probe RRE4 located just before the extraction septum. This probe is able to record the
radial profile of the last nine turns. The measurement as
well as the simulations are carried out at 2 mA. The flattop phase and the injection position and angle is optimized
to get the largest turn separation and smallest beam size at
the extraction region. The effect of the trim coil TC15 on
the turn pattern is shown in Fig. 8. For fixed energy, it
ΔB
brings a shift of orbit center by ΔR
R = − B . In our case,
ΔR |max ≈ 3mm, hence the center of turn 180 moves to
the exact position of the measurement when considering
the effect of the TC15. Figure 8 also shows that the valley
at the position of septum gets closer to the measurement
if the initial distribution is supposed to be parabolic. It is
because the gaussian distribution has a long tail which can
contribute to the minimum value.

CONCLUSIONS AND DISCUSSIONS
In this paper, we present novel simulations for the beam
dynamics in high intensity cyclotrons. For the first time
we are able to obtain a realistic understanding of the beam
dynamics in the very complex PSI Ring cyclotron by means
of 3D particle simulations.
By a proper consideration of the initial distribution, according to measurements of beam profile monitors, and the
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time structure of the beam, realistic simulations of the PSI
Ring cyclotron are presented and compared to measurements. Very good agreement for the radial probe between
the simulation and measured data is obtained by adjusting
the injection position, angle, flattop voltage, phase, and the
trim coil TC15. These parameter are all in agreement with
settings obtained from the control room.
Particle matter interaction is included in OPAL to track
particles with off-momenta and angles in both external and
space charge fields. This enables the prediction of lost
particles including space charge which can’t be done with
general-purpose Monte Carlo codes.
The presented results can be extrapolated to other accelerators and enable the precise prediction of crucial parameters, such as losses, in next generation high power cyclotrons.
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[10] R. Döling, New time-structure probes between injector and
Ring cyclotron, PSI - Scientific and Technical Report 2004
/ Volume VI, (2004).
[11] S. Adam and W. Joho, Tech. Report, TM-11-13, (1974).

Computational Challenges in High-Intensity Linacs, Rings incl. FFAGs, Cyclotrons

299

Proceedings of HB2010, Morschach, Switzerland

TUO1B01

BEAM DYNAMICS AND DESIGN OF THE ESS LINAC
M. Eshraqi, M. Brandin, C. Carlile, M. Lindroos, S. Peggs, A. Ponton, K. Rathman, J. Swiniarski,
European Spallation Source, Lund, Sweden.

Abstract

Table 1: Primary Parameters of Accelerating Structures

The European Spallation Source, ESS, will use a linear
accelerator delivering high current long pulses with an average beam power of 5 MW to the target station at 2.5 GeV
in the nominal design. The possibilities to upgrade to a
higher power Linac at ﬁxed energy are considered. This
paper will present a full review of the Linac design and the
beam dynamics studies.

INTRODUCTION
The European Spallation Source, ESS, is a high current
proton Linac to be built in Lund, Sweden. The design is
based on previous studies done by ESS-Scandinavia [1] and
ESS-Bilbao [2] teams. In the new design the average beam
current and the ﬁnal beam energy have changed by at least
a factor of two from the 2003 ESS design values (5 MW,
1 GeV, 150 mA, 16.7 Hz) [3]. Decreasing the beam current
and increasing the beam energy simpliﬁes the linac design
and increases the reliability as well as leaving the upgrade
scenario by increasing the beam current possible.
In the new design Linac delivers 5 MW of power to the
target at 2.5 GeV, with a nominal current of 50 mA. It is
designed to include the ability to upgrade the Linac to a
higher power of 7.5 MW at a ﬁxed energy of 2.5 GeV, by
increasing the current from 50 to 75 mA. Increasing the
beam current implies that in case of ﬁxed power couplers
the energy gain per cavity will decrease, to reach the ﬁxed
energy of 2.5 GeV extra cryo-modules will be added in the
area reserved for this purpose, as illustrated in Fig. 1.

LINAC STRUCTURES
Proton Source and LEBT
It is foreseen to use an ecr, electron cyclotron resonance,
proton source to produce up to 90 mA of beam current at
75 keV. The source will deliver pulses as long as 2 ms with
a repetition rate of 20 Hz. One of their advantages is that
they can operate in low vacuums of O(10−4 ) Torr, enabling
them to deliver very high currents. The absence of hot ﬁlaments increases the mean time between maintenance signiﬁcantly [4]. These sources function is very reliable manner in terms of availability and current stability.
The Low Energy Beam Transport, lebt, system is composed of two magnetic solenoids, it transports and matches
the 75 keV beam out of source to the radio frequency
quadrupole, rfq, while minimizing emittance growth. The
lebt is equipped with magnetic steerers to adjust the beam
300

System Energy
MeV
Source 0.075
lebt
0.075
rfq
3
mebt
3
dtl
50
Spokes 240
Low β 590
High β 2500

Freq. βGeo No. of
MHz
modules
–
–
–
–
–
–
352.21
–
1
352.21
–
–
352.21
–
3
352.21 0.54
15
704.42 0.67
10
704.42 0.84
14

Length
m
2.5
1.6
4.7
1.0
19
61
59
169

position and angle at the rfq injection point, and includes
beam diagnostics to measure the beam parameters between
source and rfq. Depending on the rise time of the source
and the beam quality during the rise time a slow chopper
might be added to deﬂect the low quality head and tail of
the beam.

RFQ and MEBT
The ﬁrst stage of the acceleration in ESSlinac will be
performed by a radio-frequency quadrupole, rfq. This
four-vane rfq operates at 352.21 MHz and boosts the proton beam from 75 keV to 3 MeV while it shapes the beam
in a train of micro-pulses. The quality of the proton beam
out of rfq will have a signiﬁcant impact on the particle
dynamics throughout the rest of the linac. ESS has consequently put important R & D eﬀorts in designing the rfq.
The rfq is expected to maintain the transverse emittance of
the beam, control and reduce the generation of halo, and
shape the beam longitudinally to improve the eﬃciency of
acceleration in the following structures. In addition very
low loss in the rfq walls is mandatory to prevent sparking
and a possible thermo-mechanical stress.
A Medium Energy Beam Transport, mebt, composed of
four electromagnetic quadrupoles and two buncher cavities, at 352.21 MHz, matches the 3 MeV beam out of rfq to
the acceptance of the Drift Tube linac, dtl. Not requiring a
chopper the mebt will be the shortest possible to avoid the
longitudinal blowup of the beam. At this energy, 3 MeV,
neutron production is not an issue and pre-collimation can
be easily performed, if necessary.
There are proposals to avoid the mebt completely and couple the rfq to the dtl directly, this option needs to ramp the
voltage in rfq, requiring a varying ρ, to match its phase advance to the one of dtl, and subsequently the acceleration
Beam Dynamics in High-Intensity Linacs
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Figure 1: Block layout of the ESS Linac (not to scale).
in dtl can start in a higher synchronous phase providing
more eﬃcient acceleration [5].

DTL
The dtl uses Permanent Magnet Quadrupoles, pmq, for
the transverse focusing of the beam, and the focusing is
done in an ffdd lattice. Dtl has a frequency of 352.21 MHz
and will accelerate the beam over the range of 3 MeV to
50 MeV in three tanks each being fed by a single klystron
delivering 1.3 MW to the ﬁrst tank and 2.5 MW to the second and third tanks. RF ﬁeld perturbations caused by static
manufacturing errors are compensated by ﬁxed post couplers that are installed in front of every third drift tube in
the ﬁrst tank, every second drift tube in the second tank,
and before every drift tube in the third tank, making almost
the same number of ﬁxed post couplers per tank.

Spoke Resonators
Superconducting spoke resonators at the relatively low
frequency of 352.21 MHz have the advantage of providing
a large longitudinal acceptance, and the less the number of
spokes, the larger is their velocity acceptance. In addition
to that the large transverse acceptance that is a result of
relatively large apertures compared to normal conducting
structures makes them the preferred accelerating structure
at this range. This is expected to signiﬁcantly reduce beam
losses and radio-activation. Superconducting spoke resonators also reduce power consumption enormously with
respect to the usual normal conducting structures. Another
advantage is the ﬂexibility to phase and tune spoke resonators independently making them less sensitive to single
cavity failure.
There are 15 periods using superconducting double
spoke resonators with geometric β of 0.54 each period being consisted of a quadrupole doublet followed by three
cavities. Depending on the choice of magnets and cryomodule, few periods can be housed in a single cryomodule.

Elliptical Cavities
To reduce the size of the cavities in the high energy
part of the linac, lower their manufacturing cost, and decrease the cryogenic heat load a frequency jump is performed at the end of spokes resulting in the superconducting elliptical cavities that operate at the second harmonic
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with a frequency of 704.42 MHz. Two families of ﬁve
cell cavities will be used, with medium β cavities accelerating from 240 MeV to 590 MeV and high β cavities
from 590 MeV to 2500 MeV. The ESS elliptical cavities
have medium and high geometric βs of 0.67 and 0.84 , respectively when optimized for the nominal beam current
of 50 mA, while if the Linac was optimized for the high
current these values would have been 0.63 and 0.75 for the
low and high β cavities, such a linac would need the minimum number of modiﬁcations for the upgrade scenario [6].
The low beta cryo-modules contain four cavities, and the
high beta cryo-modules houses eight cavities. Each cavity is fed by a single power coupler delivering 0.9 MW of
power to the beam. An inter-cavity distance of 400 mm
nulliﬁes the crosstalk between neighbor cavities, and accommodates both the main power couplers and also higher
order mode couplers in case the latter is proven necessary.
A quadrupole doublet per period, each period being
house in one cryo-module, will focus the beam in transverse plane in both low and high beta regions. There are
ongoing studies to clarify between the use of superconducting or normal conducting quadrupoles, the former may
result in a non-segmented architecture with a continuous
cryostat (e.g. SPL) [7] and will have a lower static heat
load, while the latter will dictate a highly segmented architecture with many warm-to-cold transitions (e.g. SNS) [8],
with the advantage of a shorter mean time to replace defective cryo-modules. Doublet quadrupoles have the advantage of simpler cryo-module design and easier installation, and will result in a much shorter linac than singlets
in case of normal conducting magnets. Superconducting
quadrupole doublets can be installed either inside the same
cryo-module or inside a separate cryo-modules designed to
house them.

BEAM DYNAMICS
After design and optimizing of structures to achieve the
best acceleration in each individual section, the optics in
linac is adjusted to have a ratio between transverse to longitudinal phase advances which does not excite any resonances, at the same time the phase advances in all the three
phase space planes are always kept below 90 degrees per
period. It is noteworthy to mention that the matching between adjacent structures is done by smoothing the phase
advance variation per meter. Then a series of multi particle
end-to-end beam simulations is performed to ﬁnd and re-
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move bottlenecks, to pin-point the sources of halo production along the Linac and reduce their eﬀect, and to improve
the beam quality at the end of the Linac. The CEA codes,
GenDtl and GenLinWin are used to optimize and generate
the structures, and then Toutatis and TraceWin codes are
used for multi particle simulations [9]. The beam distribution is generated at the rfq entrance having 50, 000 macro
particles with a Gaussian distribution cut at 3 × σ.
More than 99% of the particles entering the rfq are transmitted through and accelerated to the right energy, without
any growth in the rms transverse emittance for a 50 mA
beam and which decreases to almost 99% if the current is
increased to 75 mA. Even for a completely matched beam
rfq generates some minor halo at the beginning of acceleration. A collimator to remove this halo could be included
in the mebt where neutron production cross section is still
negligible. The required klystron power is about 0.95 MW
and 1.05 MW for the ess nominal and the potential upgrade
current respectively. It is shown that the total transmission
reaches a maximum for a given klystron power and more
power does not increase the transmission [10].
The Kilpatrick limit is chosen to be K p = 1.8 with the possibility to increase to K p = 1.9. To achieve the best performance it has been decided to bunch the beam as adiabatically as possible using a long gentle buncher section, and
careful varying of the minimum aperture, a, allows to avoid
resonances between planes, and conserve the transverse focusing.
The dtl accelerates the beam out of rfq and mebt without any losses in the absence of errors, when the phase
advance is matched smoothly between the mebt and dtl
and then between dtl tanks, both for nominal and for upgrade current. The ffdd lattice is intrinsically more forgiving against quadrupole misalignments [11], and can be
matched much easier to both upstream and downstream
structures because of its longer period length. A zero current phase advance ratio of 1.5 (transverse to longitudinal) gives a satisfactory transverse conﬁnement of the beam
within the drift tube apertures and maintains nicely the longitudinal shape of beam.
To achieve a large longitudinal acceptance the synchronous rf phase at the entrance to the ﬁrst dtl tank is set
to −30 degrees. As the bunch gets longitudinally focused
the synchronous phase gradually increases to −20 degrees
in the middle of ﬁrst tank to increase the real estate gradient. The lower space charge forces at the higher energies,
as in the spoke resonators, allows the synchronous phase
to increase from −20 deg to −15 deg. To minimize the effect of frequency jump at injection to elliptical cavities the
bucket size is kept constant at this transition, by decreasing the synchronous phase and gradient in elliptical cavities [12], where the frequency is twice the upstream structures. The phase increases rapidly from −30 degrees to
−15 degrees in the low beta section, and increases smoothly
to −13 degrees in the high beta section, towards the end of
the Linac.
The longitudinal acceptance of the three dtl tanks com302

bined is more than 50 times the rms emittance at dtl injection and for the three sc structures it is more than 160 times
the area of the matched beam emittance, as shown in Fig. 2,
the large acceptance in the sc structures indicates the eﬀectiveness of the method used during the frequency jump, on
top of that one may conclude that such a structure is more
tolerant to single cavity failures.
The transverse apertures are larger in the downstream superconducting structures. A varying phase advance ratio
between 1.1 and 1.3 (transverse to longitudinal) is used in
general to avoid resonances, by varying the ratio of phase
advances gradually within each structure the phase advance
per meter in the neighboring structures can be equalized to
avoid impulses to the beam due to discontinuity in the average focusing force. Lowering the phase advance ratio relaxes the transverse plane and results in emittance exchange
from the longitudinal to the transverse planes, as shown in
Table 2. The rms beam envelopes shown in Fig. 3 are kept
less than 4 mm all along the Linac, resulting in an increasing aperture to rms ratio which consequently decreases the
beam loss and machine activation. More than 99.9% of the
particles shown in Fig. 4 are conﬁned within 5 mm of radius. The outermost of particles do not exceed a radius of
20 mm for the end-to-end beam, and in case of a Gaussian
beam generated at the injection to mebt the particles will
stay conﬁned within a radius of 10 mm.

Figure 2: Superposition of the matched beam emittance on
the total acceptance of each structure. The ordinate is the
diﬀerence from input energy in MeV and the abscissa is the
phase in degrees. Top: Dtl tanks, Bottom: sc structures.
Beam Dynamics in High-Intensity Linacs
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Table 2: Normalized rms emittances along the Linac at the
exit of each structure, for the 50 mA beam generated at
RFQ input.
Structure
lebt
rfq
mebt
dtl
Spokes
Low β
High β

x
π mm mrad
0.2
0.206
0.243
0.240
0.244
0.260
0.257

y
π mm mrad
0.2
0.205
0.215
0.230
0.254
0.272
0.268

z
π mm mrad
–
0.274
0.275
0.314
0.330
0.307
0.328

Figure 4: Beam density along the length of the Linac for
a beam generated at the entrance of rfq with a Gaussian
distribution cut at 3 × σ.

SUMMARY AND CONCLUSION
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The number of cavities per cryo-module as well as the
geometric betas of cavities is optimized to have the most
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in the installed equipment.
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BEAM DYNAMICS OF SPL: ISSUES AND SOLUTIONS
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and ESS Lund, Sweden
Abstract
SPL is a superconducting H- LINAC under study at
CERN. The SPL is designed to accelerate the 160 MeV
beam of LINAC4 to 4-5 GeV, and is composed of two
families of 704.4 MHz elliptical cavities with geometrical
betas of 0.65 and 1.0 respectively. Two families of cryomodules are considered: the low-beta cryo-module houses
6 low-beta cavities and 4 quadrupoles, whereas the highbeta one houses 8 cavities and 2 quadrupoles. The regular
focusing structure of the machine is interrupted at the
transition between low beta and high beta structure and at
1.4 and 2.5 GeV for extracting medium energy beam. The
accelerator is designed for max. 60 mA peak current
(40 mA average) and max. 4% duty cycle, implying a
very accurate control of beam losses. In particular the
choice of the diagnostics and correction system, the
maximum quadrupole gradient to avoid Lorentz stripping
and the effect of the RF power delivery system on the
beam quality are discussed in this paper.

INTRODUCTION
SPL, Superconducting Proton Linac [1], is a CERN
multi user facility with the aim to produce at 5 GeV a
high power proton beam suitable for a neutrino factory.
Fixed target experiments are foreseen at lower energies,
like ISOLDE at 1.4 GeV or Eurisol at 2.5 GeV.
LINAC4 [2] accelerates H- ions from 45 keV to
160 MeV in a sequence of normal conducting structures
at 352.2 MHz and injects the beam into SPL: the H- are
then accelerated from 160 MeV to 5 GeV by about 240 5
cells elliptical cavities (704.4 MHz) whose geometric β in
the low energy part is equal to 0.65 and 1.0 above (see
Figure 1). The nominal accelerating gradients are 19 and
25 MV/m respectively. The transition energy between the
two families is set between 700 and 800 MeV, optimized
in order to have the best beam dynamics and the most
efficient acceleration [3]. At the moment two current
scenarios are under study: while the final power is the
same (4 MW), the peak current can be 32 or 64 mA, the
latter being the highest among high power linac projects
in the world running or under study (see Table 1).
A large community participates to the SPL design,
including members of high power proton linac projects
and of various Universities, companies and Institutes, all
generally involved in electron and proton linac studies or
in the technology of SC cavities.

SPL BEAM DYNAMICS
General Criteria
SPL beam dynamics was designed according to the
following three general beam dynamics criteria:
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Table 1: High Power Linac Projects in the World
Param.

Unit

ion

SPL

SNS

ESS

Project
X

LC

HC

H-

H-

H-

p

H-

Energy

[GeV]

5

5

1

2.5

3

Beam
power

[MW]

4

4

1.4

5

3

Rep. rate

[Hz]

50

50

60

20

CW

Av. pulse
current

[mA]

20

40

26

50

1

P. pulse
current

[mA]

32

64

38

50

10

Source
current

[mA]

40

80

47

60

≤ 10 dc

Chopping
ratio

[%]

62

62

68

/

10

Beam
pulse

[ms]

0.8

0.4

1

2

100

Duty
cycle

[%]

4

2

6

4

10

• The phase advance per period for zero current does
not exceed 90 degrees in all planes to avoid beam
envelope instabilities.
• The longitudinal phase advance is always smaller
than the transverse. The ratio between the two is far
from the peaks of Hofmann plots [4], avoiding
resonances.
• The matching between the two cavity families is
achieved by means of a smooth transition of the
phase advance per meter.
Consequently:
• Maintaining the cavity voltage at its maximum
except at the beginning of the low β and high β
sections where the resulting phase advance would
exceed 90 degrees, the longitudinal phase advance is
reduced along the acceleration as the beam energy
increases.
• Accordingly, the transverse phase advance is reduced
in order to maintain the ratio. This is obtained by
lowering the focalization. As the geometrical
emittance decreases in the acceleration, the resulting
average beam size remains almost constant along the
linac.

Beam Dynamics in High-Intensity Linacs

Proceedings of HB2010, Morschach, Switzerland

TUO1B02

~500 m

5 cells
βg = 0.65

LINAC4
4

1 MeV
160
P Booster
PS

5 ce
ells
βg = 1.0

7-8
800 MeV

1.4 GeV
(ISOLDE)

2.5 Ge
eV
(Eurisoll)

Norm
mal Conducting

neutrino
factory

Sup
per Conducting

Figure 1: SPL concepptual layout (lo
ongitudinally to scale).
The CEA code GenLinnWin is used to generate aand to
optimize the structures whereas
w
TraceW
Win [5] is ussed to
simulate thee particles runnning through the entire linac
starting from
m the output off the Linac4 to
o SPL transferr line.

Figure 4: Traansverse envellopes for both
h layouts.

Figure 2: S
SPL input disttribution (50k macroparticlees).

oth lattices (d
details in Tab
able 2) perforrm very welll
Bo
regarrding the final beam dynam
mics parameters (see Figuree
4 an
nd Table 3). Neverthelesss statistical runs on thee
mach
hines indicatee that the F0D
D0 layout is slightly moree
robu
ust against the quadrupole m
misalignmentss, as shown inn
Figu
ure 5.

Lattice Com
mparison
The transsverse phase advance peer period can
an be
adjusted withh either a doubblet (FD0, thee baseline soluution)
or a FODO lattice (layouuts in Figure 3).
3 In the thinn lens
approximatioon, the ratio (at
( the same gradient) bettween
the phase addvance of thhe FD and th
he F0D0 lattiice is
2 √LD ⁄ (L+D
D) (L being thhe distance bettween the cennter of
the D magneet to the end of
o the period and
a D the disstance
between the centers of thhe quads). For SPL latticess this
ratio is ~0.5. Therefore thee gradients neeeded for the F
F0D0
layout are haalf of the ones of the FD lay
yout.
Initially, a magnetic length of 450
0 mm and a bore
radius of 550 mm are taken as reference
r
forr the
quadrupoles. Each quadruupole will hav
ve an extra cooil to
perform a stteering correcction in one plane,
p
and a BPM
will be installled at each latttice period.

Figure 3: Laattice compariison.
Beam Dynamics in High-Intensity Linacs

Figu
ure 5: Transverse emittance increase as fu
unction of thee
quad
drupole misalignment, for the two layo
outs with andd
w/o correction.
Th
he two design
ns in compariison have theeir advantagess
and disadvantages
d
s, namely for tthe FD lattice:
• Pro: flexible for cryo-secttioning. 4 cav
vities at low β
and 8 at hig
gh β are insttalled betweeen the quads,,
which therefo
ore can be botth warm and cold.
c
nment sensitiviity.
• Contra: align
And for the F0D0 lattice:
ve the samee
• Pro: weakerr quadrupolees to achiev
focusing (adv
visable for thee magnetic striipping issue).
gher total num
mber of quad
drupoles. Thee
• Contra: a hig
design of th
he cryo-moduule is more complicated,,
especially at low energy.
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F00D0 lattice

Magnetic SStripping annd Quadrup
pole Magnettic
Length

The Low E
Energy Brannching Issuee
As said inn the introducction, branch-offs are needded at
1.4 and 2.5 G
GeV for the low energy ex
xperiments. D
Due to
the magneticc stripping isssue and the co
onsequent lim
mit on
the dipole fieeld, each brannching requirees a minimum
m drift
space of 13.6 m and 21 m respectively in the perriodic
structure of tthe linac, the former
f
one beeing about 1 hhigh β
lattice periodd length (15.11 m) and the latter 1.5. Sinnce a
re-matching involving twoo periods beffore and after must
be performedd in these regions, the chan
nge in the focuusing
lattice mentiooned before caan be perform
med here.
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at 255% of the bore
at 500% of the bore
at 755% of the bore
at thhe pole-tip

0.1
0.01

Stripping probability (%)

1×10
1×10
1×10
1×10
1×10
1×10
1×10
1×10
1×10
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−9
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3

4

5 1

2

E (GeV)

3

4

5

E (G
GeV)

ure 6: Stripping probabiliity for the nominal
n
SPL
L
Figu
quad
drupole (50 mm
m
bore raadius, 450 mm
m
long) ass
function of the eneergy for the FFD and F0D0 layouts.
l
0.1 W/m
m - F0D0

0.1 W/m
m - FD
4
450

2
250

Minimum quadrupole magnetic length (mm)

When an H- ion movves in a maagnetic field B it
experiences a Lorentz forrce that bendss its trajectoryy and
also tends too strip its eleectrons. This phenomenonn may
occur in botth the dipoles of the tran
nsfer lines andd the
quadrupoles of the linacc. The stripping probabiliity is
independent of the beam transverse
t
disttribution in caase of
a constant ffield, whereass in a quadrrupole magneet the
linear increaase of the magnetic field B with its disstance
from the cennter has to be considered. This
T means thaat for
a given distriibution, the probability for particles travveling
around the m
magnetic centrre of the quad
drupole is veryy low
and it increases with the distance
d
from the axis, as shhown
in Figure 6. Most of the particles
p
are located
l
arounnd the
quadrupole ccentre, whereeas particles very far from
m the
center can be found only if the distributioon is
characterizedd by high haloo, which may
y turn out to bbe the
case for SP
PL due to the high cu
urrent accelerrated.
Moreover, iff the beam iss off-centered
d, the high deensity
part becomes closer to thhe higher B reegion and thee total
number of strripped particlees increases.
To quantiffy the amountt of stripped particles
p
one hhas to
combine the stripping probbability with the
t probabilityy of a
particle beinng at a certainn distance fro
om the centre . The
result will depend on the type off the distribbution
(Gaussian, D
Double Exponential, etc…),, on the widthh σ of
the distributiion itself and on the displaccement r0 from
m the
centre. Two σ value scenarrios are analyzzed:
• σ = 1.7 m
mm corresponnding to the nominal
n
case with
full centtring correctioon ( < 1 mm
m);
• σ = 2.5 m
mm correspoonding to th
he nominal case
without any correctioon ( < 10 mm
m).
The minim
mum magneticc length requiired to have llosses
below 0.1 W
W/m increasess with the eneergy, as show
wn in
Figure 7 (a safety factor 10 below th
he radio-proteection
limit of 1 W
W/m is neededd to allow for other sourcces of
losses, like thhe intra-beam
m stripping). Iff both the maggnetic
length and tthe type of laattice are kep
pt constant foor the
whole linac,, the magnettic length is indicated byy the
minimum vaalue at 5 GeV, which meanss overdesigninng the
magnets at loow energy. If one switches from an FD llattice
at low energyy to a F0D0 lattice
l
at high energy (Figuure 8),
the magneticc length is optimized with the added bennefits
of a better ssteering correcction at low energy and hhigher
cryo-segmenntation effectivveness at high
h energy.

FD lattice
l

1

Gauss (1.7m
mm)
Dex (1.7mm
m)
Gauss (2.5m
mm)
Dex (2.5mm
m)

2
225
2
200

Gauss (1.7m
mm)
Dex (1.7mm
m)
Gauss (2.5m
mm)
Dex (2.5mm
m)

4
400
3
350

1
175

3
300

1
150
2
250

1
125
2
200

1
100
1
150
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1
100

50

50

25
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3.5
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4

4.5

5

0

1

1.5

2

2.5

3

3.5

4

4.5

5
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Figu
ure 7: Minimu
um quadrupolle magnetic length
l
for thee
scen
narios describeed in the text.

THE
E MIXED SSOLUTION
N
In
n the FD & F0D0
F
mixed architecture of the highlyy
segm
mented SPL (ssee Figure 8) tthere are:
• 3 cavities (lo
ow β cryo-moodule) with a NC doublett
per period in the low energgy part.
N doublet inn
• 8 cavities (hiigh β cryo-moodule) and a NC
the high energy region befo
fore the 2.5 GeeV.
h β cryo-moddule and on
ne single NC
C
• 2x one high
quadrupole after 2.5 GeV. This makes a F0D0 latticee
twice the leng
gth of the F0D
D0 previously discussed.

Figure 8: Laattices for the SPL mixed so
olution.
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Figure 9: Grradient of the quadrupoles along the linne for
the 3 SPL layyouts. The maagnetic length
h used in the ddesign
is reported beetween brackeets.

Lattice

L (m)

Period
ds

Cavs. pp

Quads

C
Cavs

FD

501

20/233

3/8

86

2244

F0D0

510

24/244

2/8

96

2240

Mixed

505

18/15//6

3/8/16

78

2244

Table 3: Nom
minal SPL beeam dynamics results (mm mrad
norm.). In brrackets the com
mparison with
h the SPLin vallues
Lattice

X emit.

Y emit.

Z emitt.

SPLin

0.338

0.339

0.494

0.369
(+9.2%)

0.365
(+7.7%)

0.486
(-1.7%
%)

SPL out

FD
F0D0

0.359
(+6.2%)

0.356
(+5.0%)

0.546
(+10.5%
%)

mixed

0.387
(+14.5%)

0.384
(+13.3%)

0.515
%)
(+4.3%
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Fig
gure 10: SPL mixed
m
solution
on beam dynam
mics results.
1
0.0% 0.5% 0.5% 1.0% 0.0% 1.0% 1.5% -

0.1

0..5deg
0..0deg
0..5deg
0..0deg
1..0deg
1..0 deg
1..5deg

Probability

After eachh lattice transiition the leng
gth of the focuusing
doubles, maxximising the packing denssity of the cav
avities
and thereforre increasingg their “reall-estate gradiient”.
Having less quadrupoles after the tran
nsition at 2.5 GeV
brings the beeam to the sam
me energy witthin the same linac
length as thhe unsegmennted layouts in Figure 3 . An
optimization of the magnnetic length of
o the quadruupoles
can be done and the resuulting value iss 350 mm. Suuch a
length wouldd not be advvisable for an
ny of the prev
evious
designs. The gradients are reported in Figure 9.
Even thouugh the matchhing is done carefully
c
from
m low
energy to hhigh energy and
a
also acro
oss the extraaction
branches, thee long extracttion drift spacces have an im
mpact
on the beam
m halo (Figuure 10). Lon
ngitudinal haalo is
enhanced at 1.4 GeV andd the transverrse halo is m
mainly
increased at the 2.5 GeV
V transition where
w
there iis the
change of the focusing schheme from FD
D to F0D0. T
This is
where the maajor emittancee increase in transverse
t
plaane as
well as the maximum beeam size occu
urs, the rms vvalue
being 4 mm in horizontall plane, whilee in the rest oof the
m. The miniimum
machine thiss value stayss below 3 mm
aperture to rratio value is therefore 17. Neverthelesss the
performances of this solution are similaar to the ones oof the
previous desiigns (Table 3)).
Table 2:: SPL Layoutss

0.01

0.001
1

10

100

1000

Emittan
nce growth compareed to the nominal caase (%)

Figu
ure 11: Cumu
ulative probaability as fun
nction of thee
unifo
orm random error
e
applied too the single caavities.

CAVITY JITTER
J
SP
PECIFICAT
TIONS
In
n order to test the effect off phase and am
mplitude jitterr
on th
he SPL longitu
udinal beam ddynamics (com
mmon to all 3
desig
gns), sets of 500 linacs w
with increasing
g jitter valuess
weree generated, as reportedd in Figure 11. If thee
long
gitudinal emittance increasee has to be con
ntained withinn
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10%, 0.5 degg for the phasee and 0.5 % for
f the amplituude is
the specificattion needed foor the RF conttrols.

INT
TRA-BEAM
M STRIPPIING: AN
OUTSTAN
NDING ISS
SUE
A problem
m recently aroose from the SNS experiennce is
the intra-beaam stripping [6]. This ph
henomenon ooccurs
when two H
H- are very cloose in space and have diffferent
velocity (rellative velocityy β > 2×10-4
). If a Gauussian
distribution for both spattial and veloccity distributiion is
assumed andd the three plaanes are decou
upled, the resuulting
fractional losss can be writtten as

1E-05
FD
FODO
mixed

1E-06
Fractional Loss

TUO1B02

1E-07

1E-08

1E-09
0.20
0.18

CONC
CLUSIONS
S
The SPL bbeam dynamiccs was studied
d based initiallly on
2 lattices, a doublet and a F0D0. The comparison oof the
two layouts does not givve a preferen
nce to any oof the
designs, but statistical runns on the macchines indicatee that
the F0D0 layout is sligghtly more robust
r
againsst the
quadrupole m
misalignmentss. However, the
t doublet laayout
is more flexibble on cryo seegmentation. For
F these reassons a
third solutioon based on a doublet architecture
a
bbelow
2.5 GeV andd a long F0D00 lattice abovee has been reccently
designed. Thhis layout has some advantaages to the nom
minal
doublet layoout as it usees 12 less qu
uadrupoles. T
These
quadrupoles are shorter (3350 mm vs. 450
4 mm) andd they
can be norm
mal conductingg, much easieer to align. T
The 3
designs offerr almost the same perform
mances in term
ms of
beam dynam
mics, whereass the mixed solution offe
fers a
higher reliability due to the higher segm
mentation.
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Power Loss (W/m)
( / )

0.16

where
≅ 3.0 10
1
mm , is the rms sppatial
width of thee bunch,
is the rms velocity
v
widthh and
is a form facctor which is =2/√3 (max) w
when
, ,
all 3 velocityy spreads are equal. The firrst evidence oof this
phenomenonn is reported in [7] and its cross seection
reviewed in [8]. It is im
mportant to underline
u
thaat the
fractional losss depends prooportionally to the peak cur
urrent:
keeping the product of the
t peak currrent and the pulse
length consttant (i.e. mainntaining the beam power)), the
power loss iss proportional to the peak cu
urrent itself.
In Figure 112 the Fractioonal Loss is caalculated by m
means
of a program
m supplied by FNAL [9] forr all the SPL bbeam
dynamics prreviously desccribed: since the transversee and
longitudinal phase advancces are almost the same for the 3
cases, so aare the spattial widths and the vellocity
distributions.. This meaans that th
he 3 cases are
indistinguishhable. The ressulting Powerr Loss exceedds the
0.1 W/m lim
mit in many zones and in
n particular inn the
achromatic bbend transfer line
l from Linaac4, where a sstrong
waist in booth transversse and long
gitudinal planne is
achieved. Thhe only way too reduce these losses is to reeduce
the peak currrent: if the Low
L
Current scenario is chhosen
instead of thhe High Currrent, the pow
wer loss woulld be
reduced by a factor 2, presserving the above limit.

FD
FODO
mixed

Linac4 – PIMS & TL
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0.02
0.00
0

1
100

200

300

400

500

600

z possition (m)

Figu
ure 12: Fractio
onal Loss andd Power Loss calculated ass
function of the position
p
alonng the linac for the Highh
Currrent scenario. The data werre generated by
b a program
m
supp
plied by FNAL
L [9].
Th
he 3 solutions were obtaineed keeping intto account thee
low energy brancching neededd by the Proj
oject, and thee
lossees due to mag
gnetic strippinng are below 0.1
0 W/m. Thee
intraa-beam stripping has been sstudied as welll and it mightt
be an
n issue for thee SPL High Cuurrent scenario.
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Abstract
One major system of the IFMIF project (International
Fusion Materials Irradiation Facility) is its two
accelerators producing the neutron flux by accelerating
Deuteron particles up to 40 MeV against a Lithium target.
In a first phase called EVEDA (Engineering Validation
and Engineering Design Activity), a full scale prototype
accelerating particles up to 9 MeV is being studied and
constructed in Europe, to be installed in Japan.
Two unprecedented performances are required for the
IFMIF-EVEDA accelerators: the very high power of 5
MW and very high intensity of 125 mA CW. That leads to
numerous unprecedented challenges: harmful losses even
for those as low as 10-6 of the beam, non-linear dynamics
induced by very strong space charge forces, difficulties
for equipment and diagnostic implementations in the high
compact structure, need of specific tuning strategies in
this context.
These issues are highlighted in this article, and the
ways they are addressed are detailed.

INTRODUCTION
The IFMIF project (International Fusion Materials
Irradiation Facility) is set in the context of the Fusion
Broader Approach signed between Japan and Europe,
aiming at studying materials which must resist to very
intense neutron radiations in future fusion reactors. One
objective is to construct the world most intense neutron
source capable of producing 1017 neutrons/s at 14 MeV. A
major system of this project is its two accelerators
producing the neutron flux by accelerating Deuteron
particles up to 40 MeV against a Lithium target. In a first
phase called EVEDA (Engineering Validation and
Engineering Design Activity), a full scale prototype
accelerating particles up to 9 MeV is being studied and
constructed in Europe, to be installed in Japan.
To produce the neutron flux equivalent to that of future
fusion reactors, the required Deuteron intensity in the
accelerators is very high, 125 mA CW, which, combined

with the required final energy, makes IFMIF-EVEDA the
accelerators of the megawatt class at relatively low
energy. This article points out how the simultaneous
combination of these two very high intensity and very
high power induces unprecedented challenges, but also
provides exciting opportunity for HIB studies.

IFMIF MAIN FEATURES
The general layouts of the IFMIF-EVEDA accelerators
are displayed in Fig. 1. In each of the two IFMIF
accelerators, D+ particles are first accelerated by the
source extraction system, then by the long RFQ and
finally the SRF-Linac composed of four cryomodules.
The LEBT and MEBT have to focus and match the beam
in the 6D phase space from an accelerating structure to
another. The HEBT drives the beam to the Lithium target
where, with the help of multipolar magnetic elements, the
transverse beam density must be made flat in a well
defined rectangle shape. The EVEDA accelerator is
composed of exactly the same sections up to the first
cryomodule, and a simplified HEBT which must properly
expands the beam toward the Beam Dump.
In Fig. 1 are also indicated beam energies together with
beam powers along the accelerators. Due to the very high
beam intensity of 125 mA, the beam power is already 625
kW at the RFQ exit and 1.1 MW after the first
cryomodule, to reach 5 MW after the 4th cryomodule. And
that at relatively low energies of 5, 9 and 40 MeV, where
space charge effects are still dominant.
That situation is unique when compared to worldwide
linear accelerators in operation or planned. Figure 2
shows the beam power as a function of beam energy for
the most powerful accelerators, while Fig. 3 gives for the
same accelerators the generalised perveance K, relevant
for judging space-charge forces. We can see that for a
given energy, IFMIF-EVEDA has the highest beam power
and the highest space charge regime. When considering
beam power absolute values, IFMIF-EVEDA can be
ranked second. But unlike any other accelerator, even for

Figure 1: Layouts
accelerators.
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the most powerful, when the beam power becomes critical
from the point of view of losses, let us say for example
from 1 MW, IFMIF-EVEDA has by far the highest space
charge importance. That means that when the beam power
becomes so high that it should be very precisely
controlled, because even tiny losses as low as 10-6 of the
beam must be avoided, the beam behaviour is still very
difficult to control due to the importance of space charge
effects.
As the space charge effect decreases with energy,
particles must be accelerated by the RFQ to energy
enough high before being accelerated more efficiently by
separated cavities and focusing elements. That is why in
IFMIF-EVEDA, the RFQ must accelerate particles to the
energy as high as 5 MeV, and is the longest RFQ ever
constructed.
The space charge effect can also be seen by the tune
depression that indicates the focusing deficit experienced
by the beam within the periodical structures. Figure 4
shows that this tune depression in the transverse plane is
very low, between 0.4 and 0.6 in the RFQ, and between
only 0.2 and 0.4 along the 4th cryomodules of the SRFLinac.

CHALLENGES AND TREATMENT
The unprecedented high beam intensity induces the
simultaneous combination of two other unprecedented
challenges: high beam power and high space charge. That
leads to numerous issues that can be summarised as
follows:
- For E < 5 MeV, i.e. for the Source Extraction, the LEBT
and the RFQ, beam losses are still significant (~ % of the
beam), the issue is to be able to obtain the required 125
mA.
- For E > 5 MeV, i.e. for the MEBT, the SRF- Linac and
the HEBT, losses induce harmful material activation and
must be maintained << 1W/m. As simultaneously the
beam power is in the MW class, the issue is to avoid
microlosses << 10-6 of the beam.
Those issues, of which a few are conflicting, are
furthermore detailed in the following, and the ways
foreseen to overcome them presented.

Source Extraction
In anticipation of possible important losses in the
LEBT-RFQ sections, and of the undesirable species

Figures 2 and 3: Generalized Perveance K and Beam
Power as functions of energy.
extracted, a total extracted current as high as 175 mA is
required. Besides, the beam emittance must also be low
enough, so that after passing through the LEBT, it must
not exceed 0.30 πmm.mrad at the RFQ entrance, in order
to stay in the range of the RFQ optimum transmission.
High current and low emittance are generally
conflicting requirements. A higher current means higher
space charge forces, contributing strongly to increase the
emittance. In order to limit the extracted emittance, it is
then necessary to work around effects of space charge
forces. The adopted solutions [1] are to enlarge as much
as possible the extraction aperture, to increase the
accelerating field but keeping it below 100 kV/cm to limit
spark risks, and to shorten the extraction length, where
there is no possible neutralisation, by reducing the
number of extraction electrodes to four.

Figure 4: Tune depression in the RFQ and the SRF-Linac
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LEBT
The high current implies an important space charge
effect, but at this low energy, ionisation cross-section is
still large, the D+ beam will itself sufficiently ionise the
residual gas so that released electrons can efficiently
compensate its own charge. Those competing effects, the
space charge and its neutralisation, must be finely studied
because the resulting effect along with its detailed
location, will significantly affect the beam dynamics.
The SolMaxP code [2] has been used to calculate the
resulting radial and longitudinal space-charge potential
profile, regarding collision and ionisation mechanisms.
With that, it has been demonstrated that the targets are not
reached, if all the usual tricks are not employed to
enhance the space charge compensation, like additional
residual heavy gas (Krypton), electron repellers at
extraction exit and RFQ entrance. The space charge
potential map must then correctly take into account all
those equipments as well as the focusing fields.
The optimisation of the latter aims at obtaining the
highest beam transmission at the RFQ exit [3]. It is then
verified a posterior that the Twiss parameters at the RFQ
entrance are within the theoretical optimum range. That
optimisation method was deliberately chosen in order to
ensure that it can be reproduced on-line by only looking
at the RFQ output current. Indeed, the high compactness
dictated by the high space charge regime does not allow
implementing more appropriate beam measurements.
Furthermore, we have to keep in mind that the real beam
output from the ion source could be significantly different
from the theoretical one studied here, and that can also
change with time, making on-line fine tuning mandatory.

RFQ
First of all, the high space charge regime obliges to
accelerate while focusing particles to energy as high as 5
MeV. That means a longer RFQ and in addition a higher
beam power, which is furthermore in an energy range
where particle losses begin to induce harmful material
activation. Then the bunching task becomes particularly
delicate. In addition to have to face strong longitudinal
space charge, the bunching process must limit as much as
possible losses, spread losses on a biggest length in order
to lower lost power density, while limiting them to the
lower energy part. All that will also induce a longer
Gentle Buncher section.
To overcome those difficulties, the RFQ optimisation
consists in limiting as far as possible the total length, the
losses in high energy part, the maximum surface field, the
power consumption [4]. The focusing strength B0 is
chosen to be weak at entrance [5] in order to ease beam
injection from the LEBT. Then it grows very fast in order
to compensate high space charge forces and to keep the
beam in linear force fields. With the same purpose, the
design has adopted a "2TERM" geometry type combined
with a strong electric focusing to produce extremely
linear transverse fields around the beam. At the end of the
Gentle Buncher, about the first third of the RFQ, an
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abrupt decrease of the aperture is intended to loose out-ofenergy particles that are not bunched, in order to prevent
them from being accelerated to higher energies. On the
contrary, in the last third of the RFQ all parameters are let
unchanged to avoid losses at energies approaching 5 MeV.

MEBT and SRF-Linac
The MEBT basic mission would be to transport the 5
MeV beam output from the RFQ and match it for
injection into the SRF-Linac. That would mean that the
SRF-Linac is a channel with its well defined matched
beam in terms of RMS values, to which the input beam
has just to be adjusted. Then the tuning of the MEBT and
the SRF-Linac are decoupled. The problem is in fact
much more delicate.
It appears that RMS quantities are not enough relevant
[6], so that the multiparticle aspect must always be
considered. Indeed, on the one hand, as the beam is spacecharge dominated, and as there are long transitions
without focusing in the SRF-Linac, any change in the
beam distribution will impact on the net forces acting on
the particles, and change their trajectory. On the other
hand, as the energy is over 5 MeV, loss-induced material
activation becomes harmful and the hands-on
maintenance imposes losses to be well less than 1 W/m,
which means 10-6 of the beam. We call them micro-losses.
All that point out that every simulation or optimisation
must be performed for the MEBT and SRF-Linac
together, in multiparticle mode, with at least 106
macroparticles, and each macroparticle at the very
external beam tail must be carefully examined. That
makes optimisations very time consuming.
Furthermore, theoretical calculations have little chance
to describe the reality at this degree of precision, as well
as it is hard to assure this degree of machine
reproducibility. Thus frequent fine tuning is expected in
real life, and the numerical optimisation procedure
employed to avoid micro-losses must have an on-line
equivalent procedure, with the appropriate diagnostics.
To solve this very challenging objective, an uncommon
procedure has been adopted. A first optimisation is done
to match the beam in RMS envelope, then from this
starting point, an extra optimisation is carried out, aiming
at minimising the extent of macroparticles at the external
border of the beam. After this step which is time
consuming due to many multiparticle transports, the result
is very satisfying: there are no micro-losses, and the beam
very external border is regular, enough far from the beam
pipe wall. On the contrary, the beam RMS envelope
becomes less regular. Everything happens as if a “halo
matching” has been performed, instead of the classical
“beam matching”.
That second optimisation can be used for on-line
tunings, at the condition that micro-loss detectors can be
implemented along the cryomodules, the closest possible
to the beam pipe. The device capable of measuring a
fraction of W loss is under discussion and not yet decided.
It could measure either the deposited heat, or deposited
current, or the induced neutrons and/or gammas.
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HEBT
The EVEDA HEBT has a double mission [7]:
- Drive the beam and carefully expand it as symmetrically
as possible at the Beam Dump so that the power density
does not exceed 300 W/cm2.
- Adapt the beam size for beam measurements, in
particular for a diagnostic plate of more than 2 m long.
Note that the HEBT is the only section of the
accelerator where all the measurements for beam
characterisation are planned, which will help to check the
validity of beam dynamics calculations under very strong
space charge regime, an important step in the validation
mission of EVEDA for the final IFMIF.
Seen the beam power, the issues here are to avoid
micro-losses while limiting beam power densities at the
Beam Dump, as well for nominal conditions as for the
different tunings necessary for example for the emittance
measurement by the quadrupole variation method. Many
multiparticle simulations are mandatory, and all of them
are not yet finished up to now.
The IFMIF HEBT has for mission to drive the beam
toward the liquid Lithium target where, with the help of
multipolar magnetic elements, it must be expanded in a
‘perfect’ rectangular shape of 5 x 20 cm, with a ‘perfectly’
uniform density. For the moment, only preliminary
studies have been performed to prove the feasibility of the
present HEBT configuration. But, seen the beam power of
2x5 MW, any small deviation from the ideal situation
could consistently bias results of physics experiments or
strongly damage equipments. Many more studies remain
to be performed in order to estimate the reliability, the
reproducibility and the stability of such a beam, as well as
to limit the backward radiation from the target.

A “LABORATORY” FOR HIB STUDIES
The above described procedures allow finding out
immediate beam dynamics solutions for the challenging
IFMIF objectives, but much remains to do in order to well
understand the physics of its very high intensity beam. It
has been observed for example that once the external
beam limit is perfectly minimised and regular along the
SRF-Linac, the emittance can sometimes literally blow
up. A compromise is often necessary between halo and
emittance minimisations.
In [8], the reason of emittance growth has been sought
by looking at the two competing terms of the envelope
equations, the emittance term and the space charge term
[9], which are given by

E x, y =
SC =

ε x2, y

K
2σx +σ y

(

(1)

σ x3, y

)

(2)

where εx,y is the horizontal, vertical non-normalised
emittance, σx,y is the corresponding RMS beam size and K
the generalized perveance. But this SC term, although
valid for all types of distribution with elliptical symmetry,

312

is rather valid for a continuous beam. In case of bunched
beams, it is more correct to use instead
3K 3 (1 − f )
SC3 =
(3)
σx +σ y σz

(

)

where f is a form factor given by [10], and K3 the 3-D
space-charge parameter [9]. The only problem is that K3
depends on a coefficient that varies with the particle
distribution type. To choose the appropriate coefficient
corresponding to our case, we can remark that when the
longitudinal dimension is much greater than the
transversal ones, f → 0 and SC3 = SC . As at one
location very close to the RFQ exit, the beam is in such a
condition (f ≲ 0.1), we can find out the coefficient in the
K3 expression by equalising SC3 and SC there.
The comparative evolution of SC3 and Ex,y is given in
Fig. 5 along the MEBT and the four cryomodules of the
SRF-Linac. The corresponding emittance growth is also
given in the same figure.
After careful examination, the first emittance growths
till the SRF-Linac entrance look understandable.
Whenever the SC term is larger than the Ex or Ey term,
meaning that the beam is space charge dominant, the
emittance grows in the corresponding plane. Right at the
RFQ exit (z = 0 m), SC3 > Ex, the horizontal emittance
immediately grows, up to z~0.9 m where the situation is
inversed. In the vertical plane, Ey is larger than SC3 at
z = 0 m, then progressively decreases below at z~0.9 m,
that is why the vertical emittance grows after and slower
than the horizontal one and continues to grow after 0.9
m, up to about z=1.90 m. But then, close to the MEBT
end at z~1.95 m where the beam begins to get
cylindrically symmetric, it is again in the condition where
the horizontal and vertical emittances grow together up to
z~2.80 m, where an equilibrium is reached.
We can see at each time that the growing distance is
about 0.90 m, which corresponds to the average length
covered by the beam during a quarter of the plasma
oscillating time. This is typical of the classical mechanism
of charge redistribution when the beam leaves a strong
focusing environment for a less strong one. Here, the first
time is the transition from the RFQ to the MEBT, and the
second one is due to the long transition without transverse
focusing between the last MEBT quadrupole and the first
cryomodule solenoid.
This mechanism can also be clearly seen in the x-y
beam density (Fig. 5, bottom) when looking at the
importance of the maximum density (red area), or the
projections in x and y (green line). For x and y, at z = 0 m,
as well as for only x, at z = 1.95 m, the beam has a large
tail, typical of a space charge dominated beam, leading to
emittance growth. On the contrary, for x and in a less
extent for y, at z = 0.9 m, then for x and y, at z = 2.8m, the
beam has a much more compact profile, due to rapid
charge redistribution to provide shielding to the external
focusing field. This is typical of an emittance dominated
beam, stopping the emittance growth process.
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Figure 5: Variation of Ex,y and SC3 terms along the MEBT and the four cryomodules of the SRF-Linac (Top). The
corresponding variation of emittance is also given (Centre). The beam presents remarkable behaviors (see text) at the
positions z = 0.90, 1.95, 2.80 m. Beam density in the x-y space, and its projection in x and y(green line), are given for
z = 0 and those positions. Red is the most dense and blue the less dense (Bottom).
However, the emittance growths in the next sections as
well as in longitudinal cannot be explained by that
mechanism. Resonance and/or coupling mechanisms
should rather be invoked. Additional exciting studies
should be carried out in order to better understand the
processes leading to emittance and/or halo growths. From
this point of view, we are in the presence of a true
"laboratory" for High Intensity Beam studies.

CONCLUSION
The IFMIF-EVEDA record intensity, which induces
simultaneously the highest beam power, the highest space
charge and the longest RFQ, makes that unprecedented
challenges have to be faced. But it provides also a
tremendous opportunity for studying High Intensity Beam
Physics.
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OVERVIEW OF BEAM OPTICS IN PROJECT-X SC CW LINAC∗
J.-F. Ostiguy† , N. Solyak, A. Vostrikov and J.-P. Carneiro
Fermilab, Batavia, IL 60510
Abstract
Project-X is a proposed multi-MW proton facility at Fermilab. Based on a new superconducting H− linear accelerator, it would provide the foundation for a flexible long
term intensity frontier physics research program. Two machine configurations have been developed. The first one
involved a single 8 GeV, pulsed linac (9 mA peak, 1 ms
@ 5 Hz pulses) followed by accumulation and acceleration
to 60-120 GeV in the existing Main Injector synchrotron.
The second -and currently favored one- replaces the single
pulsed linac by a 3 GeV (10 mA peak, 1 mA average), continuous wave linac followed, up to 8 GeV, by either a rapid
cycling synchrotron or a second (pulsed) linac. We present
here an overview of beam optics for the 3 GeV CW linac.
Alignment, field amplitude and phase tolerances are also
addressed.

INTRODUCTION
The US elementary particle physics community strategic
plan for the coming decade emphasizes research on three
frontiers: the energy, intensity and cosmic frontiers. As
the sole US site for accelerator based particle physics research, Fermilab’s strategy features the development of a
high intensity, multi-MW proton source. This new facility, dubbed Project-X, is based on a superconducting H−
linear accelerator. Project-X will provide the flexibility to
support diverse intensity-frontier physics experiments, including a world leading program in neutrino physics. Ultimately, it would serve a basis for a future neutrino factory and/or muon collider. Specifically, the objectives of
Project-X are:
• provide 2 MW of beam power at a beam energy of
60 to 120 GeV for long base line neutrino oscillation
experiments
• provide > 1 MW of high intensity low energy protons
for rare decay experiments operating simultaneously
with the neutrino program.
• provide a path toward a muon source for a future Neutrino factory and/or a Muon collider: 4 MW of beam
power at 5-15 GeV.

Historical Background
The genesis of Project-X is the Fermilab Proton Driver
(PD), a concept developed at the beginning of the decade
[1, 2]. The PD was an 8 GeV pulsed superconducting
H− linac used to inject and accumulate beam into the existing Main Injector synchrotron. To capitalize on the
∗
†
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ILC (then TESLA) technology, the PD front-end frequency
(325 MHz) was selected to be a submultiple of the 1.3 GHz
ILC frequency. The PD featured a single four-fold jump
in frequency to 1.3 GHz around 400 MeV with the bulk
of the acceleration (from 2.4 to 8 GeV) subsequently handled with unmodified ILC cavities. An innovative scheme
involving fast ferrite phase shifters for independent cavity
phase and amplitude control was also introduced.

Project-X
At an early stage, Project-X retained many ingredients
of the PD concept, most notably the 8 GeV pulsed linac.
A subsequent series of reviews, studies and workshops led
to the conclusion that the 8 GeV pulsed linac lacked the
flexibility necessary to support both the near and long term
Fermilab physics programs. An optimal energy for planned
rare-decay experiments was deemed around 3 GeV. Perhaps more importantly, diﬀerent experiments required simultaneous operation with vastly diﬀerent beam timing
structures. These considerations led to the current concept
for Project-X (technically referred to as IC-2.2), and shown
schematically in Fig. 1. It consists of a 3 GeV continuous-

Figure 1: Project-X IC-2.2 conceptual diagram. Acceleration to 3 GeV is handled by linac operating in CW mode.
Acceleration from 3GeV to 8 GeV could be handled either
by a pulsed linac, or by a rapid cycling synchrotron (linac
option is shown).
wave (CW), 1 mA average, 10 mA peak linac, followed by
rf separators to dispatch portions of the beam to diﬀerent
experiments. The chief advantage of CW operation is that
it allows for arbitrarily complex beam pulse structures to
be accelerated. The beam structure is imposed at low energy, before acceleration in the linac using a fast broadband
chopper and can modified more or less at will without altering the main linac operation. An added benefit of CW
operation is that it is inherently more stable than pulsed
operation. To reach 8 GeV, two options are being consid-
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ered: a pulsed 8 GeV linac using ILC-style cavities, or a
rapid cycling synchrotron. 8 GeV beam would ultimately
be accumulated in the Main Injector/Recycler complex and
accelerated up to 120 GeV. Possible siting for Project-X,
assuming the pulsed 8 GeV linac option, is shown in Fig. 2.
In this paper we focus on optics design of the 2.5 - 3.0 GeV
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of cavity types so as to reach a good compromise between
costs and acceleration eﬃciency. For Project X, this choice
is summarized in Table 1. For high current operation, it is
Table 1: Cavity Types for Project X
Frequency βopt Name Energy Range Description
MHz
MeV
325
325
325
650
650
1300

Figure 2: Project-X possible siting, shown here assuming
the high energy pulsed linac option.
linac. While a variety of scenarios have been explored we
discuss here two representative iterations of the linac optics. The first one is considered our baseline design and
involves 325, 650 MHz and 1.3 GHz (ILC) cavities for acceleration. The second one eliminates the 1.3GHz cavities
and uses 650 MHz cavities exclusively to reach 3 GeV. We
shall refer to it here as the he650 lattice.

LINAC DESIGN PROCEDURE
In designing linac optics, the overall objective is to minimize the potential for emittance growth and losses by producing a stable beam envelope that is as smooth and regular as possible. Theoretical advances, numerical simulation
results and operational experience have produced a number of rules and guidelines that can be followed to attain
this objective. In proton or ion linacs, accelerated particles
experience a strong transverse rf defocusing kick resulting in marked influence of longitudinal on transverse dynamics, at zero current. In contrast, the transverse dynamics aﬀects the longitudinal dynamics more weakly, mostly
through space charge. For this reason, the design starts in
the longitudinal phase plane. Because the particle velocity
increases with increasing energy, synchronism with the accelerating cavity fields must be preserved as much as possible to achieve eﬃcient acceleration. This ideally implies
many independently phased cavities, each with a geometry optimized for a particular value of β. In practice, due
to high development and fabrication costs, the number of
cavity types used in any given machine needs to be limited
to a few. The first step then, is to select a small number
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0.11
0.21
0.4
0.6
0.9
1.0

SSR-0
SSR-1
SSR-2
beta06
beta09
ILC

2.5-10
10 -32
32-160
160-520
520-3000
2000-3000

single spoke
single spoke
single spoke
5-cell elliptical
5-cell elliptical
9-cell elliptical

important to provide within a relatively short period, rapid
acceleration so as to reduce space charge forces early. This
is accomplished by putting resonators and focusing elements in a common cryostat. This approach, used consistently in the entire linac also minimizes the number of
costly and complex cold/warm transitions and maximizes
the real-estate gradient. At superconducting temperatures,
in particular at low energy, short solenoids are an attractive
choice as transverse focusing elements: they provide, in a
compact package, pure radial focusing to match the radial
defocusing due to space charge and rf fields. Quadrupole
doublets (or triplets) may also be used, but generally they
consume more precious longitudinal space and introduce
locally non-radial transverse focusing. In the lattices discussed here, solenoids provide transverse focusing in the
periods involving SSRs; doublets are introduced later in
the low-energy (β = 0.6) 650 MHz section when more focusing force is needed and radial defocusing eﬀects have
become comparatively weaker.

Envelope Stability
In a periodically focusing system, single particle trajectories are known to be stable as long as the phase advance per period at zero current σ0 satisfies the condition
σ0 < 180◦. In the presence of space charge, it can be shown
[3] that envelope instabilities can arise when σ > 90◦ ,
which is somewhat more restrictive. Envelope instabilities
are automatically avoided by conservatively setting the focusing strengths in each plane so as achieve a value below
90◦ .

Parametric Resonances
While the phase advances are typically the same in both
transverse planes, longitudinal and transverse oscillations
are parametrically coupled through the dependence of the
transverse rf defocusing strength on the phase. A simplified
analytical model show that such resonances occur when
σ0⊥ = n2 σ0 . The longitudinal phase advance should be
chosen so as to avoid the strongest one, n = 1, which is
usually the only one of significance.
315
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Focusing Field Strengths
At constant field strength, the
 transverse focusing
strength decreases inversely with βγ, as do the transverse
emittances. The result is that the envelope amplitude remains approximately uniform provided the focusing field
strength is held constant from period to period. Additional
insight may be gained by inspection of the envelope equation
2
< xF sc >
xrms + k2 (s)xrms − 3x −
=0
(1)
xrms
xrms

more variables. Experience shows that a quality match between sections with diﬀerent periods is critical to minimize
losses. Additional care is needed when a jump in rf frequency is involved.
Even with good matching between sections, the beam
envelope will typically exhibit residual irregularities. Small
irregularities may also be present within regular periods
due to the discrete nature of the acceleration. A well-known
result of WKB theory applied to the equation
x + k2 (z)x = 0

2

where k (z) is the optical focusing strength as a function of the longitudinal position z,  is the emittance, and
< xF sc > is the first moment of the (possibly non-linear)
space charge force F sc . In an idealized uniform focusing
channel with acceleration, k2 (z) depends on z via the energy only, equation 1 admits an uniform amplitude solution
2
sc >)
xrms = xrms = 0 provided the ratio (k −<xF
is independent
x
of energy. Clearly, this is true to a reasonably good approximation when the field in the focusing elements is held
constant and the space charge force is a perturbation.
These observations lead to the following prescription:
for each linac section, the field strengths of the focusing
elements are set to be nominally constant from period to
period. The field strength value is chosen so that at the beginning of each section, the transverse phase advance per
period is slightly below 90◦ . Because of the reduction in
optical focusing strength caused by acceleration, the phase
advance per cell decreases gradually until it reaches a minimum of approximately 20 to 30◦ , at which point a new section is started with new (diﬀerent) period and the phases
advances σ0⊥ are reset to 90◦ . Note that phase advance
per period at the end of a section should not be allowed to
go much below 20◦ as this would result in a significant
increase in sensitivity to misalignments and/or field errors.
Parametric resonances with the the longitudinal oscillations
will be avoided by keeping σ0 in the range 0.6 − 0.8σ0⊥ .

Apertures, Bunch sizes
Transversely, avoiding losses involves keeping the ratio
between the physical aperture and the beam size large, typically at least a factor of 5, possibly 10 or more. Longitudinally, the rf synchronous phase sets that limit and
the objective is then to ensure that the rms bunch length,
measured in rf degrees, remains comfortably below φ s , the
synchronous acceleration phase. Longitudinally, a bucket
width to bunch length ratio of 5 is diﬃcult to achieve, especially in a low energy front end. It would probably not
be wise to allow this ratio to ever go much below 3.

Transitions
To provide a smooth transition between the regular periodic envelopes of two regular sections, focusing elements
strengths on both sides need to be adjusted. Although
matching involves a minimum of two constraints per plane,
the quality of the match is considerably improved by using
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(2)

is that the equation admits solutions with a smooth, slow
varying envelope amplitude provided that k << k /k. Not
surprisingly, it turns out that the rate of change of the phase
advance per unit length σ, (the smooth approximation version of the wavenumber k in 2 above) provides a sensitive
measure of residual envelope irregularities. Conversely,
these irregularities can be reduced by minimizing the magnitude of a finite-diﬀerence version of the second order
derivative of k over many periods. The smoothing process
typically involves iterating on the strengths of all focusing
elements.

Frequency Jump
A significant diﬀerence between longitudinal and transverse dynamics is the fact that longitudinal focusing is inherently more non-linear than its transverse counterpart.
This is especially noticeable in the linac front-end, when
the bunch is longer and more susceptible to experience
the curvature of the rf field. Across a transition where a
frequency jump occurs, matching is optimized for a specific nominal longitudinal emittance. However, an increase
in emittance (or beam current) with respect to the design
value result in a corresponding increase in bunch length.
Diﬀerent nonlinearities on each side of the transition result in mismatch and subsequent emittance growth [6].
To make frequency jump transition robust with respect to
this phenomenon, one approach (implemented in the code
GenLinwin ) is to optimize the acceleration profile so as to
keep the bunch length to acceptance ratio constant.

Emittance Transfer and Equipartioning
The beam rest frame rms kinetic energy fluctuations in
each phase plane define the beam “temperatures”. In the
presence of random energy exchanges between planes, the
temperatures will tend to equalize, that is, the emittance in
a given plane will grow at the expense of the others. Such
random energy transfers necessary for thermalization are
favored by space charge fields. Changes in emittance may
also be triggered when coupling resonances are excited by
space charge. In that case, the emittances in each plane do
not equalize, but rather may simply undergo an abrupt “exchange”. To mitigate both eﬀects and preserve emittances
along the linac, one approach is to start with an equipartitioned beam, that is, an input beam with equal beam temBeam Dynamics in High-Intensity Linacs
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peratures. The equipartitioning condition is [3]:
T ⊥ k x nx
=
T
kz nz

(3)

where k x , nx and kz , nz are the wavenumber and normalized emittance in the transverse and longitudinal planes respectively. For the Project-X linac lattice studies, we assume nx = ny = 0.25 mm-mrad and nz = 0.5 mmmrad. Since kkzx  σσxz 0.7 to avoid parametric resonances,
the equipartition condition is only roughly satisfied, which
should be adequate given the fact that the linac is operating conformably away from the space charge dominated
regime.

Cryo Segmentation
As already alluded to, the resonators and the transverse
focusing elements are housed in long cryostats. The linac
is divided into distinct sections, each with specific regular period topologies. Each section is comprised of an integer number of of cryoststats and each cryostat encompasses multiple periods. The space required for cryostats
inter-connection tends to break the lattice periodicity and
the end periods within each cryostat should be designed
to account for this and mitigate the disruption. Since the
cryostats must by necessity be treated a whole units, the
optimization procedure must take this constraint into account. So far our experience is that the tools available do
not deal with this issue in fully satisfactory way.
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Table 2: Period Topology Used in Diﬀerent Sections. R:
resonator, S: solenoid, D: doublet, QF : focusing quad QD :
defocusing quad, R2 : R-R, etc.
Lattice SSR0/1 SSR2 BETA06 BETA09
1

baseline S-R
he650
S-R1

2

S-R
S-R2

4

4

ILC
4

R-D-R R -D-R R -QF -R8 -QD -R4
R-D-R R4 -D-R4

Fig. 4. In the baseline lattice, focusing in the 1300 MHz
section is provided by FODO-style cells. Longitudinal
matching at 2 GeV present some diﬃculty because of the
ineﬀectiveness of the the rf to aﬀect the bunch length as
β approaches 1. Accordingly, a small amount of longitudinal emittance growth (on the order of 10%) is observed
after the transition while no meaningful growth occurs in
the transverse plane. For the he650 lattice, no growth is
observed in any plane. The corresponding emittance plots
are shown in Fig. 6. The phase advance per period is shown
in Fig. 3. Note the adiabatic variation from slightly below
90◦ per cell at the beginning of a section down to 30◦ /cell at
the end of a section in transverse phase advance and the fact
that the longitudinal phase advance/cell remains around 0.8
times less than than its transverse counterpart everywhere.
Finally, plots of the cavity voltage for both lattice variants
are shown in Fig. 5. As can be seen, introducing ILC 1.3
GHz cavities at 2 GeV results in some ineﬃciency, which
is in retrospect not surprising given the number of cells (9)
in these cavities. The he650 lattice represents a saving of
about 30 cavities. The cavity count is summarized in Table 3.

CODES
The optimization, matching and smoothing procedures
outlined in the preceding paragraphs need to be performed with the assistance of computer programs. Various codes are available, but after exploring a few alternatives, we settled on the suite of codes developed by
CEA/Saclay[4]: GenLinWin for longitudinal dynamics optimization, TraceWin for matching and smoothing both in
transverse and longitudinal planes. Of note is the flexibility of TraceWin in enabling the user to impose constraints
and its ability to transparently swith between a quick and
eﬃcient moment-based model and more accurate particle
tracking (handled by the PARTRAN module). The codes
TRACK[5] and ASTRA[7] have also been used extensively.
These codes are primarily particle-tracking codes with capabilities similar to PARTRAN i.e. they track particles trough
detailed field maps and provide a space-charge solver. Both
codes are well-suited for runs in batch mode on a large
scale computer grid. To that extent, they have been used
primarily for statistical error studies. We also use all codes
to run cross-checks.

Table 3: Cavity Counts
Lattice

SSR0 SSR1 SSR2 BETA06 BETA09 ILC Total

baseline 26
he650
26

18
18

44
44

42
36

96
144

72
0

298
268

RESULTS AND DISCUSSION
The cavity types and period topologies for the 3 GeV
linac are summarized in Tables 2 and 2. The beam envelopes for the baseline and he650 lattices are shown in
Beam Dynamics in High-Intensity Linacs

Figure 3: Beam phase advances/period. Top: baseline lattice, bottom: he650 lattice.
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Figure 4: Beam envelopes computed from particle tracking. Top: baseline lattice; bottom: he650 lattice.

Figure 5: Cavity voltage. Left: baseline lattice; right:
he650 lattice.

Table 4: Summary of Error Studies Performed on the Baseline Lattice Using the Code TRACK
Error Type
Limit
Lossy Runs / 400
solenoid (δx, δy)
300 μm
3
solenoid (pitch angle) 2 mrad
2
quad (δx, δy)
300 μm
3
quad (pitch angle)
300 μm
0
cavity (δx, δy)
>10 mrad 0
cavity (pitch angle)
>10 mrad 6
20
RF phase jitter
1◦
RF field jitter
1%
3
RF field+phase jitter 1◦ + 1% 56

CONCLUSIONS

Figure 6: Emittances computed from particle tracking.
Left: baseline lattice; right: he650 lattice.

Error Studies
To get an initial assessment of the lattice sensitivity to
various errors, studies been performed on the baseline lattice using the code TRACK v39 running on the FermiGrid.
For each type of error, the studies involved 400 runs with
diﬀerent random seeds. For these initial studies, no correction was assumed. The results are summarized in Table .
Detailed analysis of the run results shows that losses occur
only when the beam centroid is allowed to wander more
than 10 mm oﬀ the machine reference axis. A subsequent
study, assuming a beam position monitor and a corrector located near each transverse focusing element, random misalignments of 1 mm for all elements, rf jitter δφ, δV/V of
0.5◦ , 0.5% in the front end and 1.0◦, 1.0% in the high energy part resulted in no loss (100 seeds, 1.0 × 106 particles/seed). While these results are still preliminary, they
suggest that tolerances on phase and amplitude jitter may
turn out to be the most challenging ones. A realistic static
error correction strategy remains to be devised and analyzed.
318

Project-X has evolved significantly in the last year. The
concept of a 3 GeV linac operating in CW mode is now
well-established and we have developed optics meeting basic requirements. Much work remains to be done to finalize the design: (1) optimize the cryo-segmentation, (2)
modify the optics to accommodate warm regions for instrumentation and diagnostics (3) develop a static error correction strategy (4) perform more exhaustive statistical error
studies (5) understand the implications of possible issues
with the reproducibility of cavity performance and how this
could be mitigated.
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BEAM DYNAMICS IN THE FRIB LINAC*
R. C. York#, X. Wu, Q. Zhao, M. Doleans+, F. Marti, E. Pozdeyev,
National Superconducting Cyclotron Laboratory, East Lansing, MI 48824, U.S.A.
Abstract
The Facility for Rare Isotope Beams (FRIB), a
Department of Energy (DOE) national user facility to
provide intense beams of rare isotopes for nuclear science
researchers, is currently being established on the campus
of Michigan State University (MSU). A superconducting
driver linac will deliver cw beams of stable isotopes with
an energy of >200 MeV/u at a beam power of 400 kW.
Highly charged ions will be produced from an Electron
Cyclotron Resonance Ion Source (ECRIS) with a total
extraction current of several mA. Multiple charge states of
heavier ions will be accelerated simultaneously to meet
the final beam power requirement. The FRIB driver linac
lattice design has been developed and end-to-end beam
simulations have been performed to evaluate the machine
performance. An overview of the beam dynamics is
presented.

INTRODUCTION
The 2007 Long Range Plan for Nuclear Science had as
one of its highest recommendations the “construction of a
Facility for Rare Isotope Beams (FRIB) a world-leading
facility for the study of nuclear structure, reactions, and
astrophysics.” [1] FRIB, currently being established on
the campus of Michigan State University (MSU) under a
Cooperative Agreement between Department of Energy
(DOE) and MSU, will be a DOE national user facility
providing intense fast, stopped, and re-accelerated beams
of rare isotopes for nuclear science researchers to
understand the fundamental forces and particles of nature
as manifested in nuclear matter, and to provide the
necessary expertise and tools from nuclear science to meet
national needs. Since the 2008 selection of MSU as the
FRIB site, the driver linac layout has been evaluated and
the double-folded configuration, as shown in Fig. 1, was
chosen as the preferred alternative in 2010. The choice of

the driver linac layout was largely driven by goal to
reduce overall project cost while maintaining the
performance and upgrade potential.
The FRIB facility is based on a superconducting heavy
ion linac with >200 MeV/u for all varieties of stable ions
at beam power of 400 kW [2]. The uncontrolled beam loss
specification for the cw, high power linac is ≤1 W/m to
facilitate hands-on maintenance. To meet the beam
intensity requirements, the FRIB linac will utilize
simultaneous multi-charge-state acceleration for heavier
ions. The driver linac will consist of a Front End to bring
the beam energy to 0.3 MeV/u, three superconducting
acceleration segments connected by two 180° bending
systems to achieve a final beam energy of >200 MeV/u
and a Beam Delivery System to transport the multicharge-state beams to a fragmentation target, as shown in
Fig. 1. The superconducting linac has an 80.5 MHz base
frequency and utilizes four types of resonators with only
one frequency transition to 322 MHz after the Linac
Segment 1 of Fig. 1.
Several codes were used to design the driver linac
lattice. The transport and matching in the Front End, the
two 180° bending sections and the Beam Delivery System
were performed using DIMAD, COSY and TRACE3D.
The superconducting linac lattice was optimized for
multiple charge state acceleration using a code developed
at MSU. End-to-end beam simulations with high statistics
have been performed using the code RIAPMTQ and
IMPACT on high-performance parallel computers.

LINAC LATTICE DESIGN
The FRIB driver linac lattice design has been developed
and evaluated through several evolutions [3,4]. The
double-folded geometry was chosen to reduce overall
project cost, and the beam dynamics of that design is
discussed here.

Figure 1: The planned FRIB surface buildings (left) and the layout of the double-folded superconducting driver linac in
tunnel (right).
____________________________________________
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Even a state-of-the-art ECRIS is unable for heavier ions
(above xenon) to produce sufficient beam current in a
single charge state to satisfy the 400 kW beam power
requirement. Therefore, for heavier ions two charge states
are selected from the ECRIS. The Low Energy Beam
Transport (LEBT) [5] matches beam from the ECRIS into
a Radio Frequency Quadruple (RFQ).
The RFQ cell design was accomplished using the
PARMTEQ code package. To achieve the smallest
longitudinal emittance from the RFQ, the beam is
externally bunched in the LEBT. The RFQ was designed
to have a reduced longitudinal acceptance so as to capture
fewer particles at the extremes of the distribution.
Following a transition cell, a radial matching section was
also employed at the exit to produce an axial-symmetric
output beam for the solenoid focusing in the downstream
Medium Energy Beam Transport (MEBT). More
information on the RFQ design can be found in reference
[6]. To achieve the matched beam parameters at the
entrance of the first superconducting linac (Linac
Segment 1) and to provide flexible matching for different
ions, the MEBT includes two room temperature rf
bunchers and three superconducting solenoids.
The first superconducting linac (Linac Segment 1 in
Fig. 1) will consist of two types of cryomodules with two
types of quarter wave resonators (QWRs) both operating
at 80.5 MHz [7]. A schematic layout of the two types of
cryomodules is shown in Fig. 2. Four cryomodules each
containing
four
E opt=0.041
QWRs
and
two
superconducting solenoids will bring the beam energy
from 0.3 MeV/u to ~1.4 MeV/u followed by twelve
cryomodules each containing eight E opt=0.085 QWRs and
three superconducting solenoids to accelerate the beam to
~17 MeV/u at the end of Linac Segment 1. Each
superconducting solenoid has a pair of dipole windings to
provide the central orbit correction due to lattice
alignment errors. Energy gain per accelerating gap of the
QWRs (with two gaps) for a beam of A/Q=7 is shown in
Fig. 3. The Linac Segment 1 lattice was optimized to
simultaneously accelerate two-charge-state beams. Due to
the high accelerating voltage of the E opt=0.041 QWRs
(with respect to the input beam energy), the voltages of
the QWRs were gradually increased from ~40% of the
nominal value in the first two cryomodules with a
synchronous phase of about -35° to balance the
longitudinal phase advance and acceptance. The last two
Eopt=0.041 QWRs were adjusted to provide longitudinal
matching into the downstream E opt=0.085 cryomodules.
Fig. 3 also shows from particle tracking the longitudinal
acceptance of Linac Segment 1. The longitudinal
acceptance to emittance ratio is ~10.
Folding Segment 1 of Fig. 1 includes a charge stripping
system to increase the beam charge state and a bending
system to provide a compact geometry. A rebuncher
cryomodule with two E opt=0.29 half wave resonators
(HWRs) together with the last cavity in the last
cryomodule of Linac Segment 1 are used for longitudinal
matching while quadrupoles provide transverse matching
onto stripper to minimize beam emittance growth due to
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interaction with the stripping material. The mean charge
state of a uranium beam will at a stripping energy of 16.6
MeV/u increase from 33.5 (33+ and 34+) to 78 assuming
a solid stripper. Five charge states (76+ to 80+) of
uranium beam are then selected and transported through a
180°, second-order achromatic magnetic bending section
to limit the multi-charge-state beam emittance growth. A
cryomodule of two E opt=0.085 QWRs right after the bend
and a cryomodule of two E opt=0.29 HWRs before Linac
Segment 2 are used to match the beam longitudinally
from stripper into the entrance of Linac Segment 2.

Figure 2: Schematic layout of the two types of
cryomodules in Linac Segment 1: (Left) E opt=0.041
QWRs in green and (Right) Eopt=0.085 QWRs in green.
Solenoids are in red.

Figure 3: (Left) Energy gain per accelerating gap (QWRs
have two gaps) for a beam of A/Q=7; (Right)
Longitudinal acceptance (area within red ellipse) of Linac
Segment 1 together with the tracked particles of a twocharge-state input beam (green).
Linac Segment 2 consists of two types of cryomodules
with two types of HWRs both operating at 322 MHz [8].
The schematic layout of the two types of cryomodules is
shown in Fig. 4. Thirteen cryomodules each containing
six E opt=0.29 HWRs accelerate beam energy from 16.4
MeV/u to ~55 MeV/u followed by seven cryomodules
each containing eight E opt=0.53 HWRs to bring the beam
to ~105 MeV/u. Both cryomodule types have one
superconducting solenoid with a pair of dipole windings
for misalignment correction. Energy gain per accelerating
gap of the HWRs (two gaps) for a beam of A/Q=3 is
shown in Fig. 5. The Segment 2 lattice is optimized to
simultaneously accelerate a five-charge-state beam.
Several solenoids were adjusted to provide transverse
matching between the two types of cryomodules. To
achieve a large longitudinal acceptance in Linac Segment
2, the synchronous phase was kept at about -35° for the
Eopt=0.29 HWRs and -25° for the E opt=0.53 HWRs. Fig. 5
also shows the longitudinal acceptance of Linac Segment
2 together with the results of particle tracking. The
longitudinal acceptance to emittance ratio of Linac
Segment 2 is ~20.
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Figure 4: Schematic layout of the two types of
cryomodules in Linac Segment 2: (Left) E opt=0.29 HWRs
in green and (Right) E opt=0.53 HWRs in green. Solenoids
are in red.
Figure 6: (Left) Evolution of beam energy and (Right)
beam envelope for a multi-charge-state uranium beam
from the exit of the RFQ to the fragmentation target.

Figure 5: (Left) Energy gain per accelerating gap (HWRs
have two gaps) for a beam of A/Q=3; (Right)
Longitudinal acceptance (area within red ellipse) of Linac
Segment 2 together with the tracking results of a fivecharge-state beam (green).
The design philosophy of the 2nd 180o bending system
(Folding Segment 2 in Fig. 1) is similar to that for Folding
Segment 1. Linac Segment 3 consists of eleven E opt=0.53
HWR cryomodules of the same layout as those in Linac
Segment 2 bringing the final beam energy >200 MeV/u.
The longitudinal acceptance to emittance ratio of Linac
Segment 3 is ~40. The Beam Delivery System is designed
to transport a multi-charge-state beam to a fragmentation
target with ~90% of the beam within a diameter of ~1
mm. The Beam Delivery System has a 70° achromatic
bending section with high-order corrections to minimize
multi-charge-state beam emittance growth.

END-TO-END BEAM SIMULATIONS
Beam simulation-based studies have been essential to
the evaluation and optimization of the FRIB linac lattice
performance. Since the uranium beam with its multicharge-states is the most challenging, results will be
presented for this beam.
Based on available experimental data, a normalized
transverse rms emittance of 0.1 S-mm-mrad was assumed
after ECRIS charge state selection as well as an intrinsic
energy spread of ±0.05%. A total of one million particles
(238U33+ and 238U34+) were tracked from the entrance of the
LEBT, through the RFQ, MEBT, Linac Segment 1,
Folding Segment 1 including the charge stripper, Linac
Segment 2, Folding Segment 2, Linac Segment 3, and
Beam Delivery System to the fragmentation target. A
stripper medium with an effective thickness of 3
micrometer was modeled in the beam simulation
assuming a thickness variation of ±10%. Fig. 6 shows the
evolution of the beam energy and beam envelope for a
multi-charge-state uranium beam from the exit of the RFQ
to the fragmentation target.
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Even for a machine without errors (rf fluctuations or
misalignments) simulations show an increase in both the
transverse and longitudinal emittance because of the
multiple-charge states, passage through the stripping
medium, and magnetic aberrations of the two Folding
Segments. For example, the normalized transverse and
longitudinal 99.99% emittance (defined as an emittance
enclosing 99.99% of ~1 million particles based on the rms
Twiss parameters) of a two-charge-state uranium beam at
injection into the Linac Segment 1 are 1.4 S-mrad
and 3.1 S-keV/u-ns, respectively. The effective fivecharge transverse emittance (see Fig. 7) at the end of
Linac Segment 3 is approximately 2.6 S-mm-mrad largely
due to chromatic (Q/A differences between charge states)
effects since the emittance of each individual charge state
increased by only about 15%. The longitudinal emittance
growth was mitigated by making the longitudinal
acceptance as large as possible so that the beam would
primarily be in the linear region of the acceptance. The
effective five-charge state longitudinal emittance (see
Fig. 7) at the exit of the driver linac is about 33 S-keV/uns largely due to the differing phase space motion of each
charge state since the emittance growth of each individual
charge state is about 5 times less. The corresponding rms
emittances are about one order of magnitude smaller. The
phase space distributions of tracked particles at the
entrance of Linac Segment 1, after the stripper, at the exit
of Linac Segment 2, and on the fragmentation target are
presented in Fig. 7. As shown in Fig. 8, at the
fragmentation target ~90% of the five-charge-state
uranium beam (238U76+ to 238U80+) is within a 1 mm
diameter of beam size meeting a requirement of the
Fragmentation Separator.
To estimate the performance of the linac under more
realistic conditions, beam simulations including machine
imperfections were carried out. A total of 120 different
seeds were used for the multi-charge-state uranium beam
with rf errors specified in Table 1. For each seed, one
million particles were tracked from the exit of the RFQ
through the three Linac Segments and two Folding
Segments to the exit of linac. The transverse rms
emittance of the multi-charge-state uranium beam at the
exit of linac was found to increase by ~10% due to the rf
errors showing little coupling between the transverse and
longitudinal. The longitudinal rms emittance of multicharge state uranium beam was found to increase about

321

Proceedings of HB2010, Morschach, Switzerland

TUO1B05

the results of end-to-end simulations show that the
emittance remains well within the linac longitudinal
acceptance and that the transverse beam envelope growth
is small.

Figure 9: Longitudinal phase space of a two-charge-state
uranium beam (33+ in red, 34+ in blue) before stripper
(Left) without rf errors and (Right) with rf errors double
those specified in Table 1.

Figure 7: Phase space plots from end-to-end simulations
of a multi-charge-state uranium beam at the entrance of
Linac Segment 1 (Top row), after stripper (2nd row), at the
exit of Linac Segment 2 (3rd row), and at the
fragmentation target (Bottom row).

The evaluation of the effect of misalignment combined
with rf errors has not been completed for the doublefolded lattice. However, the evaluation results of our
previous lattices with the same alignment errors show that
misalignment mainly affects the transverse plane and does
not couple into the longitudinal plane [4]. Beam envelope
growth due to misalignment is typically within ~5 mm
still remaining well within the apertures. The end-to-end
beam simulations indicate that the driver linac will have
adequate acceptances, even for acceleration of the
multiple-charge-state uranium beam.

Figure 8: Distribution of five-charge-state uranium beam
at the fragmentation target in xy plane (left), and
projections in the horizontal (middle) and vertical (right)
planes with V values corresponding to the Gaussian fit in
red. ~90% of the beam is within 1 mm diameter size.
4.5 times due to the rf errors demonstrating an expected
sensitivity to rf variations. Fig. 9 shows an example of the
longitudinal phase space of a two-charge-state uranium
beam before the stripper without rf errors and with errors
double those specified in Table 1. Although the two
charge states are superimposed for the case of no errors,
they are sufficiently separated for larger rf errors (twice
Table 1 values) that simulations showed beam loss.
Table 1: Superconducting Cavities rf Fluctuation Limits
Name

Tolerance

Distribution

rf amplitude error ±1.5% (truncated at 3σ) Gaussian (σ=0.5%)
rf phase error

±1.5° (truncated at 3σ) Gaussian (σ =0.5°)

The longitudinal emittance growth produced by the rf
errors as specified in Table 1 was found to be acceptable
for the driver linac. With these errors, even for the
challenging case of a multiple-charge-state uranium beam,
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Figure 10: Horizontal (Top) and longitudinal (Bottom)
phase space of uranium beam at the entrance of the RFQ
without (blue), with 0.5 emA space charge effects (red on
left), and with compensation (green on right).

SPACE CHARGE EFFECTS
For a multi-component, high current (several mA)
beam extracted from the ECRIS, space charge effects will
have a significant impact on the transverse beam
dynamics [5], though space charge neutralization may
play an important role. However, for heavy ions after
charge selection, the typical beam has an electrical current
of ~0.5 emA with a beam energy of 12 keV/u, and
therefore space charge effects are insignificant. As an
example, Fig. 10 shows the horizontal and longitudinal
phase space of a uranium beam at the entrance of the RFQ
without and with (0.5 emA) space charge effects. The
space charge effects can be compensated by increasing the

Beam Dynamics in High-Intensity Linacs
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focusing strength and buncher voltages by only ~1%. For
light ions, such as proton, space charge effects will be
important even after charge selection. In this case, we
plan to inject molecules (e.g. use H3+ instead of protons)
[6] to mitigate space charge effects.
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velocity of the synchronous particle, respectively. Thus,
the oscillation period gets longer as the beam velocity
increases as shown in Fig. 11. Since different charges
have different longitudinal oscillation periods, the
centroids and the Twiss parameters of the different charge
states in the longitudinal phase space vary throughout the
linac. Effective emittance is larger when two charge states
are separated, and becomes smaller when they come
close, as shown in the phase space plots of Fig. 11.
The driver linac must also accommodate two-chargestate acceleration for other ions heavier than xenon. To
obtain the proper longitudinal oscillations so as to achieve
a minimum emittance at the stripper, individual cavity
synchronous phases will be adjusted for different ions
(different ΔQ/Qo). Fig. 12 shows longitudinal rms
emittances of a two-charge-state xenon beam (136Xe19+
and 136Xe20+) along Segment 1. With the same phase
settings as those of uranium, the two charge states of
xenon beam reach a maximum separation at the exit of
Segment 1. Adjustment of the synchronous phases by ~5°
was sufficient to achieve the minimum emittance.

Figure 11: (Top) Longitudinal rms emittance of twocharge-state uranium beam along Linac Segment 1 with
charge state 33+ in red, 34+ in blue, and two-charge-state
(33+ & 34+) in green; (Bottom-left) longitudinal phase
space of uranium beam (33+ in red, 34+ in blue) at ~68 m
along Segment 1 where the two charge states are the most
separated due to the longitudinal oscillation, and (Bottomright) at the exit of Linac Segment 1 where they overlap.

MULTI-CHARGE-STATE ACCELERATION
A substantial challenge for the linac beam dynamics
design is the simultaneous multi-charge-state acceleration
of heavy ions necessary to meet the beam power
requirement. Beam mismatch amongst the different
charge states leads to a larger effective emittance in both
transverse and longitudinal planes. For example the
chromatic effects must be compensated to achieve a fivecharge-state beam focus to obtain the required 90% of the
beam with a 1 mm beam spot at the fragmentation target
as shown in Fig. 8. To mitigate the effects of beam
passage through the stripper medium, the two charge-state
beam from Linac Segment 1 must have at the stripper a
minimum focus in the longitudinal as well as transverse
planes. Fig. 11 shows the longitudinal rms emittance of
the two-charge-state uranium beam along Linac Segment
1. For each single charge state (33+ or 34+), there is no
longitudinal emittance growth. However, the longitudinal
emittance of the two-charge-state beam oscillates and can
effectively reach five times larger. The longitudinal
oscillation frequency (flo) is determined by [9]
qEoTO sin(Is )
(1)
flo f
2Smc2J s3 E s
where f is the cavity rf frequency, q is the charge, Eo is the
average axial electric field, T is the transit-time factor, λ is
the rf wavelength, Is is the synchronous phase, mc2 is the
rest energy, γs and βs are the relativistic energy and
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Figure 12: Longitudinal rms emittances of two-chargestate (19+ & 20+) xenon beam along Linac Segment 1
with the rf phases for a uranium beam (red) and with
xenon phase setting (green) adjusted to bring the charge
states together at the stripper.

CONCLUSION
Extensive beam dynamics simulation studies have
demonstrated that the FRIB linac design will meet
performance requirements with simultaneous multicharge-state acceleration required to meet the beam power
specification.
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Abstract
The Japan Proton Accelerator Research Complex (JPARC) is now in a full operational stage and delivering
relatively high power beam to all experimental facilities.
There are two stages of injection and extraction schemes in
the entire facility and each has very unique as well as common issues in terms of the design criteria in order to obtain
a desire beam power in each stage and finally to ensure a
stable and fair operation keeping the beam loss to an acceptable limit. There has been a lot of understandings and
achievements so far through systematic beam studies and
thus continuing the user operations with relatively a high
power beam to all experimental facilities. However, for
further higher and long term operation, there remains few
issues as well as challenges to discuss. Uncontrolled beam
loss due to the foil scattering at the RCS injection area,
slow rise time and heating problem with the fast extraction
kicker system as well as improvement of duty factor for the
slow extraction operation in the MR can be mentioned.

INTRODUCTION
The Japan Proton Accelerator Research Complex (JPARC) is a high intensity accelerator project consists of
a 400 MeV linac (181 MeV at present), a 3 GeV rapid cycling synchrotron (RCS), a 50 GeV (30 GeV at present)
main ring (MR) and several experimental facilities [1]. The
experimental facilities include a Material and Life Science
Experimental Facility (MLF), which utilizes a 3 GeV fast
extracted beam from the RCS, while the neutrino (NU)
and the hadron (HD) experimental facilities use 30 GeV
fast and slow extracted beam, respectively, from the MR.
The entire accelerator facility already entered into an operational mode ending with its overall initial beam commissioning aspects. The RCS is now operating with a beam
power of 120 kW for the MLF and more than 200 kW
equivalent beam power for the MR injection. The MR already achieved a maximum possible of 6 bunches injection
and continuing NU operation with a beam power of more
than 50 kW through Fast Extraction (FX) at 30 GeV. The
Slow Extraction (SX) operation there also for the HD experimental facility with gradually improving the duty factor
is in a good progress. On the other hand, a maximum beam
power of 300 kW already been demonstrated in the RCS,
while the MR also demonstrated a 100 kW operation for
the neutrino experiment [2, 3].
There are two stages of injection and extraction in the
∗ E-mail
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entire system. An H − beam with a kinetic energy of 181
MeV from the linac is injected into the RCS. RCS has a
charge-exchange H − painting injection scheme in the injection period of 500 μs. Accelerated is done up to a beam
energy of 3 GeV and the beam is then simultaneously extracted for the MLF and MR injection by using a pulsed
bending magnet placed in the extraction beam transport
line. The MR has a multi-bunch injection scheme and starting with a 3 GeV injection, the beam is accelerated up to
a maximum of 30 GeV at present. The beam is then delivered either to the neutrino experiment through FX mode or
to the hadron experimental facility through SX mode.
In order to obtain a high power and high quality beam
and eventually for a fair and stable operation, there are
many issues and challenges in each accelerator especially,
with the injection and extraction systems of both RCS and
MR. Some of the issues are common but most of the issues
are quite different in many aspects. Because of a chargeexchange scheme, the RCS injection system involves many
more issues and thus needed to adopt a complicated and a
sophisticated system as compared to the MR injection. The
charge-exchange foil including the foil system itself is one
of the most complicated issue in the RCS injection. On the
other hand, the SX scheme of MR is quite different than
the ordinary RCS extraction, where a high duty and a low
loss operation are always big issues. The overall initial operational experiences with both injection and the extraction
systems are satisfactory and there also has a lot of understandings through systematic beam studies and simulations
especially, with a high power beam. However, there remains few urgent issues for further higher power and stable
operation in the near future. The uncontrolled beam loss
due to the foil scattering at the injection area during multiturn injection period is one of main issue in RCS for high
power operation. The leakage field from the extraction and
injection magnets in RCS and MR, respectively, are two big
issues. Furthermore, slow rise time of the FX kicker system, hitting problem in the kicker ferrite core are two recent
issues and appear as direct limitations for high power SX
operation to the NU experiment, where a high duty regardless of high power for the HD experimental facility is one
of the key issue with SX operation in the MR.

RCS INJECTION AND EXTRACTION
SYSTEMS
One key issue with the RCS injection is to keep the uncontrolled beam loss especially, from the foil scattering as
low as possible. Based on detail study on the transverse
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painting injection [4], an optimized painting injection area
is set for the user operation in order to reduce the circulating beam hitting time on foil and eventually to minimize
the foil scattering loss. The extraction system is performing well and there is no significant issue at least with the
present operation. As a result, MLF user operation with
a beam power of 120 kW and nearly with 200 kW equivalent operation or more for the MR injection are continuing without any serious issue. However, for further higher
power and a long term operation in the near future keeping
the beam loss within acceptable limit as well as operation
with very low downtime of the accelerator, there are some
issues to discuss.

Issue on Foil Life Time
For the charge-exchange injection in RCS, a HBC (Hybrid type Boron-mixed Carbon) foil is used [5]. Although
RCS is operating with much lower beam power than its design beam power of 1 MW, the life time of the foil not yet
appears as a real issue. A single foil is in use for a year with
a beam power of almost 120 kW to the MLF user in each
run and similar or higher power equivalent beam for the
MR injection. The transmission efficiency with the same
operational condition of RCS remains unchanged and so
far no noticeable deterioration of the foil could be seen [6].
On the other hand, waste beam at the H0 dump line is
monitoring online through a special technique as there is
only about a 0.4% of the unstripped beam are suppose to
remain by using the present thickness of the stripping foil.
The raw signal taken by a Current Transformer(CT) named
as H0CT placed at the entrance of the dump contains a large
noise from the nearby bump magnets as well as main magnets and thus hard to pick up the beam signal. However,
a FFT (Fast Fourier Transform) analysis of the raw spectrum and picking up the signal that corresponds to the ring
RF frequency (fundamental) at the bottom energy makes
it possible to identify the beam signal well separated from
the noise signal, in other words with a good S/N ratio. Figure 1 shows a trend of the H0CT although just for 10 days
taken during a recent MLF user operation. The trend of the
linac beam peak current at the upstream part is also shown
together for comparison, where the H0CT trend is found
to be well reflected the peak current of the linac beam. In
addition, an off-line analysis is also carried out at each run
and that shows the waste beam there at the H0 dump is
(0.38±0.05)% and is thus consistent with expectation. This
study is in other words a very direct way of monitoring the
foil life time and becomes important for the high power
operation.

Foil Scattering Issue
The uncontrolled beam loss caused by the nuclear scattering especially, by the large angle multiple Coulomb scattering is the most considerable issue in the RCS injection.
Figure 2 shows a close view downstream of the RCS injection area. Two hot points represented by “(1)” and “(2)” are
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Figure 1: Partial trend of the H0 dump CT taken during run
33 representing the waste beam at the dump. Life time of
the stripping foil can be monitor through such a technique.
See text for detail.
located at the ring inner side and peaking only in the horizontal direction as shown by two arrows. The 1st point is
at the H0 dump branch, while the 2nd point is at a little upstream of the ring QFM (BPM2-1). Typically, there exist a
residual radiation of 1∼2 mSv/h (on contact) after each run
with a beam power of 120 kW operation (0.1∼0.2 mSv/h
at 30 cm apart). In order to identify the loss sources, a detail experimental study as well as simulation were carried
out, where the real experimental condition, a comparatively
large number of macro particle as well as a very realistic
and precise machine aperture were taken into account. As
a result, a very realistic distribution of the beam loss peaking exactly at (1) and (2) and consistent with the beam loss
monitor signal were obtained. The study were extended
for RCS different operation mode so-called “one third (1/3)
mode” and “DC circulating mode” [8] and also with different painting area in the transverse direction. In the former
mode, the beam passes through the foil only once and thus
the average foil hit is just 1, while in the later mode it is
practically much higher and depends on the painting area.
For the present 120 kW operation with a painting area of
150 π mm mrad, the average foil hit is calculated to be
about 9. Figure 3 shows a comparison of the measured
beam loss rate to that with the simulation. The beam loss
monitor gain for each mode was adjusted and was different
in order to measure even a lower beam loss for the former
mode or the signal not to saturate in case of much higher
beam loss for the later mode. The experiment was done for
three different painting areas of 100, 150 and 200 π mm
mrad in the horizontal direction. The loss particles found
in the simulation and integrated beam loss monitor signal
for each case were normalized by the data with a painting
area of 150 π mm mrad. The trend of the beam loss rates
were found to be consistent each other and were very proportional to the foil hitting rate. It is important to mention
here that, the bigger the horizontal painting area the larger
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the aperture at the ring inner side of 1st loss point (1) and
thus beam loss at that point reduces with larger painting
area [7]. On the other hand, there are no noticeable loss as
well as residual activation in the vertical direction because
of the vertically focusing quadrupole QDL as confirmed in
the simulation too.
In order to reduce such a uncontrolled beam losses, two
actions are in consideration. The first one is to use a smaller
size foil and is very simple to adopt. It will directly reduce such a beam loss as the foil hitting particles will be
reduced. The present foil size especially in the vertical
direction is quite big (40 mm) and already replaced with
a size of 15 mm as shown in Fig. 4. However, there is
no change in the horizontal direction as foil position is adjustable very precisely and also circulating beam orbit goes
away from the foil with decay patterns of the horizontal
painting bump magnets. The foil hitting rate are expected
to reduced about a half and thus the corresponding beam
losses as well. However, for further high power and long
term operation, radiation level at those areas might cross
the acceptable limit and thus the 2nd action is to place a
new collimator system at the H0 branch location (1st loss
point) in order to localize those uncontrolled beam losses
and will be installed in the 2011 maintenance period.

1.6
1.4

Loss Rate
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Figure 3: Beam loss rate with different foil hitting rate at
the loss point “(1)”. Comparison of the loss monitor data
and the simulated results for each mode and setting are
found to be consistent with each other. A similar consistency is also found for the same comparison of the beam
loss at “(2)”.
*

*

Figure 4: A new foil size with almost the same size of the
linac beam in the vertical direction is already installed. The
foil hitting rate and thus the corresponding beam losses will
be reduced nearly half as compared to that with the present
foil used even with a vertical offset position.

Figure 2: Close view around the RCS injection area. Two
hot beam loss points in the ring inner side caused by the
foil scattering are shown by arrows in “(1)” and “(2)”. A
smaller size foil by which a half of the beam loss can be reduced has already been installed and for further measures
putting a local collimator system at “(1)” in order to localize beam loss is also in consideration.

than a half and that still cause the COD (Closed Orbit
Distortion) as high as ±8mm in the horizontal direction
and about ±2mm in the vertical direction. Although the
COD caused by such a leakage field can be well corrected
by using steering magnets but as it includes higher order
field components such as quadrupole component, causing
a distortion of the superperiodicity and additionally exciting several nonstructure betatron resonances [8]. There are
almost no space available for further shielding and thus by
introducing 2∼3 small quadrupole magnets in the extraction straight section of the RCS ring so as to use as local
correctors are in consideration.

Leakage Field from the Extraction DC Magnets

Issue with RCS Extraction Kicker System

The effect of the leakage field from the extraction DC
septum magnets and one bending magnet in the 3NBT line
is one big issue with RCS [8]. Even with extra shielding, the integrated leakage field was suppressed only less

The life time of the thyratrons and a stable operation of
the kicker system may be also two considerable issues with
the RCS extraction. There are 8 kickers and power supply
of each kickers has two thyratrons. Recent studies revealed
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that a proper conditioning and ranging methods and then a
proper setting of the rise time increased thyratrons life time
significantly as compared to a very poor life time in the
early operations believe to used without such detail measures [9]. In addition to the life time, accelerator downtime
related to kicker failures and thyratron exchange becomes
almost negligible in the recent operation. In addition, there
has been introduced a online feedback program in order to
control time delay of the thyratron output current, in other
words drift of the kicker. The online program corrects the
thyraton time delay automatically and thus there is no need
to set a higher reservoir voltage for any thyratron as was
done before to minimize the drift. This is also proved to
be one good reason of almost no kicker failure during user
operation after introducing the feedback program.
We have also performed extraction with 7 kickers in
stead of 8 kickers in the usual design. The purpose of the
study was mainly to established a backup scenario to continue user operation in case of any problem with any kicker.
It could be even applied during a thyratron exchange, which
takes several hours and thus beam delivery can be continued with 7 kickers. The scheme includes a horizontal local
bump orbit of about 10 mm produced by the closed orbit
correction steering magnets at the kicker region and the rest
are just fine adjustment with extraction DC septum magnets
in order to obtain the original extraction orbit. The study
was done with a beam power of maximum 120 kW at the
RCS extraction and there was no unexpected loss observed
for any combination with 7 kickers operation.
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beam power of about 50 kW. Demonstration for a further
higher power operation with 100 kW beam was also succeeded recently but unfortunately, due to the heating problem in the ferrite core of the FX kicker magnets such a
operation could not started yet. Except that issue, the beam
in the injection and extraction was in control and well localized in the ring collimator section [10]. As for the SX
operation, a maximum beam power of 2.6 kW has been delivered to the HD experimental facility with an extraction
efficiency better than 98% but relatively with a low duty
factor of around 11%. The strategy with SX operation is
to increase the beam power gradually and in addition the
HD facility is now at the commissioning stage and there
has limitation on the HD beam dump capacity too.

Figure 5: Operation cycle of the MR.

MR INJECTION AND EXTRACTION
SYSTEMS
The 50 GeV (30 GeV at present) performs multi bunch
proton beam injection from the 3 GeV RCS and has two
different extraction schemes [1]. The 30 GeV beam is delivered either to the neutrino experiment through Fast Extraction (FX) channel or to the hadron experimental facility
through Slow Extraction (SX) channel. Figure 5 shows a
demonstration of the MR operation cycle. An increase of
the beam intensity due to the multi bunch injection is represented by the “MR Beam”, while the magnet pattern is
shown by the red line. In the fast extraction, the beam is
immediately extracted at the top energy of 30 GeV, while
in the slow extraction, beam is slowly extracted by exciting
3rd order resonance with sextupole magnets and ramping
the horizontal betatron tune during the extraction period of
2 s. So far in the operation, the MR cycle is fixed to be 3.52
s and 6s, for FX and SX operation, respectively, while the
acceleration as well as injection time are same for the both
operation.
There has been a lot of progresses in the beam commissioning of MR and thus comparatively high power operation for the neutrino experiment as well as gradually stable
operation for hadron experimental facility has already been
started [2, 10]. Neutrino user operation has already been
started few months ago and at present continuing with a
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Figure 6: Bunch configuration in the main ring.
Like RCS, there has also several key issues with MR injection and extraction systems especially, with high power
operation. The leakage field from the injection Eddy current septum can be mentioned. However, additional shielding has already been put in this summer maintenance period hoping to reduce the leakage field down to 10%.

Issues with FX Kicker System
There are two issues with the present FX kicker system
of the MR and both of which related to high power oper-
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ation. One is the slow rise and the other one is the heating problem in the ferrite cores as mentioned above. Figure 6 shows the bunch configuration in the MR [1]. For
a full 8 bunches operation, rise time of the FX kicker system is needed to faster than ∼ 1.1μ s. The rise time of
the present system is as slow as 1.6μs and thus 8 bunches
operation is not possible in principle. On the other hand,
there occurred a heating problem in the ferrite core of the
kicker magnets in the recent high power operation larger
than 60 kW, which eventually results a drift the beam orbit
and goes beyond the criteria of ±1mm at the NU experimental target. The high power operation with larger than
60 kW beam could not thus continued for a long term. In
fact, the present kicker system was not made to perform a
design operation with 750 kW but did not expect to show
such a effect with a beam power of 100 kW. In order to
solve these two issues, the present kicker magnets together
with the system has already been replaced recently. A careful investigation of the coupling impedance has also been
done. The design 8 bunches operation is thus possible and
the new FX kicker system is believe to have no any problem even for an operation with a design beam power of 750
kW.

Slow Extraction Issue
One of the main parameter in SX operation is the socalled spill duty factor, which is a function of the beam
spill flatness. The beam spill is a time structure of the slow
extraction and is required to be as flat as possible in order
to prevent pileup events in particle detectors or data acquisition system for the physics experiments.
The spill duty factor is defined as
2
I(t)dt
,
Duty F actor =  T
T
dt · 0 I 2 (t)dt
0

T
0

plex is in the operational stage relatively with a high power
beam for all experimental facilities. There are several issues especially, for further higher beam power and long
term operation and most of which are fairly understood and
thus many measures have already been taken in this summer maintenance period. A smaller size foil is installed in
order to reduced uncontrolled foil scattering beam loss at
the RCS injection and also a local collimator system will be
installed at the H0 branch to localize all uncontrolled beam
losses at that region. The FX kicker system in the MR has
already been replaced with a new one with a rise time faster
than 1μs. The 8 bunches operation is now possible and also
hope no further issue even for an operation with a design
power of 750 kW. There are also several measures and will
be implemented soon in order to improve the duty factor
for the SX operation. It is thus hope that there would be no
practical limitations from any of the injection and extraction scheme for continuing a stable and high power user
operation in the J-PARC.
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The overall experience so far with the J-PARC injection and extraction systems is satisfactory. The entire com-
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INJECTION PAINTING AND ASSOCIATED HW FOR 160 MeV PSB H−
C. Bracco, B. Balhan, J. Borburgh, C. Carli, E. Carlier,
R. Chamizo, M. Chanel, T. Fowler, B. Goddard, M. Hourican,
A.M. Lombardi, B. Mikulec, A. Newborough, D. Nisbet, R. Noulibos,
U. Raich, F. Roncarolo, L. Sermeus, M. Scholz, W. Weterings, CERN, Geneva, Switzerland
Abstract
Linac4 will replace the currently used Linac2 in the LHC
injector chain. The motivation is to increase the proton flux
availability for the CERN accelerator complex and eventually achieve the LHC ultimate luminosity goals. Linac4
will inject 160 MeV H− ions in to the four existing rings
of the PS Booster (PSB). A new charge-exchange multi
turn injection scheme will be put into operation and requires a substantial upgrade of the injection region. Four
kicker magnets (KSW) will be used to accomplish transverse phase space painting in order to match the injected
beams to the required emittances. This paper presents hardware issues and related beam dynamics studies for several
painting schemes. Results of optimization studies of the
injection process for different beam characteristic and scenarios are discussed.

INTRODUCTION
The ultimate luminosity reach of the LHC foresees to increase the bunch intensity from 1.15×10 11 protons (p + ) to
1.7×1011 p+ . One of the key intensity limitation is determined by the direct space charge effects at the PS Booster
(PSB) for low energies. The replacement of the Linac2,
currently injecting 50 MeV p + into the PSB, with Linac4
will allow to increase the injection energy to 160 MeV [1].
This will mitigate the space charge effects and permit to
increase the beam intensity at the Booster. Moreover, the
conventional multi turn injection, used with Linac2, will be
substituted by a H− charge exchange injection system [2].
This consists of a horizontal closed orbit bump (chicane)
and a thin carbon foil (stripping foil) converting hydrogen
ions to protons by removing the electrons. The chicane is
made up of four dipole magnets (BS), with 66 mrad deflection, which are located symmetrically around the stripping
foil. A further attenuation of the space charge effects can
be obtained controlling the distribution, in phase space, of
the injected particles. The energy of the injected beam will
be varied to fill the bucket with an equal density distribution (longitudinal painting) [3]. The H − charge exchange
allows to inject more times in the same phase space volume. An additional closed orbit bump will be used to fill
first the centre and then the outer area of the ellipse in the
transverse phase space (transverse painting).
The PSB has to provide beam to several users with different requirements in terms of beam intensity and emittance.
Decay time modulation of four kicker magnets (KSW),
Accelerator System Design, Injection, Extraction

which are already installed in the PSB lattice, will allow
to accomplish the transverse phase space painting to the
required emittances [4].

PSB USERS BEAM REQUIREMENTS
Particles are accelerated up to 1.4 GeV in the PSB
and then they can be either directed to the Proton Synchrotron (PS) or directly to the isotope facility ISOLDE.
The Booster has to provide the PS with beams having different emittances and intensities, in order to fulfill the requirements of several users. Six beam types are foreseen
for the Large Hadron Collider (LHC), during nominal and
ultimate operation. Beams with extremely different characteristics are then needed for a number of fixed target experiments (CNGS, East and North area targets), the Antiproton decelerator (AD) and neutron time-of-flight facility (nTOF).
Linac4 supplies 1×10 14 protons per pulse to the PSB,
with a pulse length of 400 µs. Protons need roughly 1 µs to
perform one turn in the Booster. Number of injection turns
needed to fill the PSB rings, target intensities and emittances are summarized in Table 1 for the different users.

INJECTION TRANSVERSE PAINTING
The beam will be injected in the PSB with an angle of 66
mrad with respect to the axis of the circulating beam. The
strength of the BS chicane magnets (RBEND) will be maximum during injection, corresponding to a -45.9 mm orbit
bump, and will decrease linearly after the injection. Edge
focusing effects will occur at the pole faces and perturb
the vertical betatron oscillations. This perturbation can be
compensated either with additional trim quadrupoles (active) or by a pole face rotation of the BS (passive) [5]. The
studies presented in this paper refer to the passive compensation case, and to a pole face rotation of 66 mrad
(SBEND).
In addition to the injection chicane, a horizontal painting bump is implemented. The height of the bump, at the
beginning of the injection, depends on the beam and other
injection parameters. The painting bump starts to decay already during injection to control the filling of the horizontal
phase space. Vertical beam ellipse areas are partially filled
without painting, letting the space charge forces reshuffle
the particle distribution on successive turns. The following
studies were performed to understand the effect of different
KSW decay modulations on the beam emittance and to de329
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Table 1: Target beam intensities (per ring) and rms normalized emittances are listed for the different PSB users. The
number of turns needed for injecting the desired number of protons is also shown.
User

Description

LHC25
LHC50
LHC75
LHCPILOT
LHCPROBE

25 ns LHC beam
50 ns LHC beam
75 ns LHC beam
Early LHC pilot
Early LHC probe

LHCINDIV
CNGS

Individual bunch
physics beam
CNGS target

SFTPRO
AD
TOF
EASTA/B/C

North Area target
AD target
nTOF beam
East Area target

NORMGPS
NORMHRS
STAGISO

ISOLDE GPS/HRS
target
ISOLDE special target

Intensity per ring
[p+ ]
3.25×10 12
2.43×10 12
< 2.43×10 12
5×10 9
5×10 9
2.3×1010
2.3×10 10
1.35×10 11
6.0×1011
8.0×1012
6.0×10 12
4.0×10 12
9.0×10 12
1.0×10 11
4.5×1011
1.0×1013

Emittance
H [mm mrad] V[mm mrad]
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5

10.0

8.0

8.0
8.0
10.0
3.0

6.0
6.0
10.0
1.0

15.0

9.0

8.0

4.0

22

ulations were carried out, for the nominal 25 ns LHC beam
with and without the stripping foil (carbon, 300 µg/cm 2 ), to
quantify this effect. Particles were tracked over 100 turns

ORBIT SIMULATIONS

Effect of Stripping Foil on Emittance
The stripping foil, needed for charge exchange injection,
causes also a scattering which determines an emittance
growth and, therefore, a beam quality degradation [7]. Sim-

4
r.m.s. Normalized Emittance [mm mrad]

Simulations were performed with the particle tracking code ORBIT [6] (Objective Ring Beam Injection and
Tracking) using multiple processing. This program allows
to simulate H− charge exchange, via stripping foil, and dynamics of beams with strong direct space charge forces.
Apertures and acceleration were also included. A routine
is implemented in ORBIT to simulate the painting bump
using the thin lens formalism for the KSW. This approximation cannot be applied to the chicane magnets because
edge focusing effects would be neglected. Initial 6D distributions of 500 000 macroparticles were generated using
a Mathematica notebook, including the longitudinal painting. For the studies presented in the following, a particle
distribution matched in dispersion (Dx = -1.4 m) and for a
horizontal position of -35 mm and 0 offset was generated.
The initial lattice, created with MAD8, stays unchanged
during injection, while a new lattice has to be reloaded, at
each turn, when the chicane fall starts. Theses studies were
dedicated to injection painting, particles were tracked over
100 turns and a fixed lattice was used.
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2.5

20
15
<15
1
1
1
1
1
4
49
37
25
55
1
3
62

3.5×10 12

fine the optimum painting scheme for nominal 25 ns LHC
and CNGS beams.

Injection turns

No Foil
With Foil
3.5
3
2.5
2
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1
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0

10

20
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time [us]

Figure 1: Effect of stripping foil on beam emittance for
nominal 25 ns LHC beam. Particles were tracked over 100
turns and injection finished after 20 turns.
keeping the painting bump height fixed at -35 mm. In this
way, the circulating beam was passing through the stripping foil at each turn. It was shown that, after injection, the
foil caused a linear blowup of the emittance, that increased
by a factor of 2 after 100 turns (see Fig. 1). Circulating
beam must be moved away from the foil as fast as possible
to limit this effect. Presently, the chicane fall time is slow
(about 5 ms), and the painting bump has to be used for this
purpose.
Accelerator System Design, Injection, Extraction
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Two different options, of possible waveforms for the
painting magnets, were analyzed. The first option (see
Fig. 2) foresees a slow linear decay of KSW current (dI/dt)
until the end of the injection, and then a fast linear fall to
0, in order to move the beam away from the stripping foil.
An initially faster exponential decay, followed by an almost
constant slope fall, until the end of the injection, characterizes the second option (see Fig. 3). The last part of the
waveform is identical in both cases (15 µs) and depends on
the maximum KSW dI/dt. The second option would allow
to better distribute particles in the horizontal phase space by
reducing the charge density in the core of the bunch. This

solutions proposed for the KSW waveforms. The LHC
beam is injected over 20 turns and it has a relatively low
intensity (see Table 1). A target r.m.s. normalized emittance, of 2.5 mm mrad (see Fig. 4), has been used to tune
the parameters defining the KSW decay. For the linear decay case, 1.8% of the tracked particles were lost after 100
turns, while a slightly smaller fraction (1.5%) was lost for
the exponential case. Final charge density, in the horizon2.6
r.m.s. Normalized Emittance [mm mrad]

KSW Possible Waveforms
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Figure 4: LHC beam normalized emittance is plotted, as
a function of time, for linear KSW decay (option 1, red
curve) and exponential-linear decay (option 2, blue curve).
5000

Figure 2: Decay of KSW painting magnets current as a
function of time (Option 1). Injection ends at time t1 and
the magnets are off at t f all . Imax gives current corresponding to a bump height, at the foil, of -35 mm.
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Figure 5: LHC beam charge density, in horizontal phase
space, is presented for linear KSW decay (option 1, red
curve) and exponential-linear decay (option 2, blue curve).
Figure 3: Decay of KSW painting magnets current as a
function of time (Option 2). The exponential decay ends at
time t1 and injection finishes at t2. The magnets are off at
tf all . Imax gives current corresponding to a bump height,
at the foil, of -35 mm.
is beneficial, especially for high intensity beams, because
it would reduce the instabilities induced by space charge
effects.

tal phase space after 100 turns, is shown in Fig. 5. No big
differences can be seen between the two variants. The particle distribution is peaked in both cases but, due to the low
intensity, this should not determine a major limitation. The
initial exponential decay might anyhow be preferable since
it allows to reduce the effect of emittance increase, induced
by the stripping foil over the first turns.

CNGS Beam
LHC Beam
ORBIT Tracking simulations have been performed, for
the nominal LHC beam, to compare the effect of the two
Accelerator System Design, Injection, Extraction

Analogous simulations have been carried out for the
CNGS high intensity beam (8×10 12 p+ see Table 1). In
this case, injection takes place over 49 turns and an emit331
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tance of 10 mm mrad was used as target (see Fig. 6). The
number of particles which are lost at the machine aperture
is slightly higher for exponential waveform (1.9% with respect to 1.6% of the linear case). Anyway, for the high

Table 2: Waveform parameters used to characterize the exponential decay of the KSW magnets (Option 2).

r.m.s. Normalized Emittance [mm mrad]

11
10
9

5

I1
I2
t1
t2

4

tf all

8
7
6

LHC Beam
94% Imax
92% Imax
7 µs
20 µs
35 µs

CNGS Beam
71% Imax
70% Imax
10 µs
49 µs
64 µs

3
2
Lin.Decay
Exp.-Lin.Decay

1
0
0

10

20

30

40

50
60
Time[us]

70

80

90

100

Figure 6: CNGS beam normalized emittance is plotted,
as a function of time, for linear KSW decay (option 1, red
curve) and exponential-linear decay (option 2, blue curve).
8000
Lin.Decay
Exp.Lin.Decay

7000
6000
5000
n(x)

(0.013 T) at the second and third KSW (KSWP1L4 and
KSWP2L1). Current decay of the painting magnet varies

4000
3000
2000

in time and for different PSB users beams. Functions have
to be defined for each user requiring a high flexibility of the
KSW. Detailed studies have still to been performed for all
the remaining intensities and target emittances presented in
Table 1. It is reasonable to estimate, according to the results obtained, an initial exponential fall corresponding to
a ΔI between 0% I max and 50% Imax over 1-20 µs, followed by a constant slope fall over 5-100 µs (ΔI = 2% 100% Imax ). A hardware limit sets the maximum achievable dI/dt to 15% I max . This has an influence on the exponential fall time constant and on the final fast fall, that is
expected to vary between 5 µs and 15 µs (ΔI = 0% - 70%
Imax ). New power supplies deign and switches for slope
changes are needed. Moreover, the most convenient way
for powering the magnets (in series, in parallel or independently) is under investigation.
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Figure 7: CNGS beam charge density, in horizontal phase
space, is presented for linear KSW decay (option 1, red
curve) and exponential-linear decay (option 2, blue curve).
intensity beams, the exponential decay of the painting magnets gives a significant improvement (see Fig. 7). The linear waveform generates, in fact, a peaked particle distribution, while the exponential solution reduces the core density providing a more uniform spread of the particle in the
horizontal phase space.

KSW MAGNETS
The exponential solution, for KSW waveform, proved
to be the most promising, in particular, for high intensity
beams. In Table 2, the parameters used to characterize the
exponential decay (Option 2, see Fig. 3 ) are presented for
the simulated cases. KSW magnets can provide a maximum bump, at the stripping foil, of -55 mm. This bump
corresponds to a kick of 8.74 mrad (0.045 T) at the first and
last KSW (KSWP16L1 and KSWP16L4), and of 2.55 mrad
332

CONCLUSIONS
A H− charge exchange injection system, at 160 MeV,
will be implemented into PSB to reduce space charge
effects and increase beam intensity. Kicker magnets,
presently installed in the Booster, will be used to perform
beam painting in the horizontal phase space and to fast
move the beam away from the scattering foil after injection.
Two different options have been analyzed for decay modulation of KSW magnets. Orbit simulations, for nominal
LHC and CNGS beam, have been performed to investigate
the optimum painting forms. Preliminary results showed
that an initial exponential decay is preferable. This reduces
the emittance increase induced by the stripping foil over the
first injection turns and, for high intensity beams, limits the
charge density in the core of the bunch. Same studies have
to be extended to all other beam types, and functions have
to be defined for each user. Time and current ranges have
been estimated and imply a high flexibility of the KSW.
Studies have to be carried out to evaluate how to obtain the
required vertical emittance and the effect of injection offsets, dispersion and betatron mismatch.
Accelerator System Design, Injection, Extraction
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Abstract
The Spallation Neutron Source comprises a 1 GeV,
1.4 MW linear accelerator followed by an accumulator
ring and a liquid mercury target. To manage the beam loss
caused by the H0 excited states created during the H−
charge exchange injection into the accumulator ring, the
stripper foil is located inside one of the chicane dipoles.
This has some interesting consequences that were not
fully appreciated until the beam power reached about
840 kW. One consequence was sudden failure of the
stripper foil system due to convoy electrons stripped from
the incoming H− beam, which circled around to strike the
foil bracket and cause bracket failure. Another
consequence is that convoy electrons can reflect back up
from the electron catcher and strike the foil and bracket.
An additional contributor to foil system failure is vacuum
breakdown due to the charge developed on the foil by
secondary electron emission. In this paper we detail these
and other interesting failure mechanisms and describe the
improvements we have made to mitigate them.

power of 1 MW. A single foil was also used for the
subsequent February – June 2010 run cycle, with even
more charge delivered to the neutron production target.
In this paper we discuss the causes of the foil system
failures, and the modifications made to prevent them.

SNS STRIPPER FOIL SYSTEM
The nominally 17 mm x 45 mm x 0.30 mg/cm2 stripper
foils have three free edges and are mounted on L-shaped
brackets that hang from pins on the foil changing
mechanism. A photo of a first generation foil and bracket
is shown in Fig. 1. The long arm and leg of this bracket
style were designed to accommodate stripper foils that
require support from thin carbon fibers that can be
stretched across the arm and the leg. The diamond foils do
not require fiber support.

INTRODUCTION
The Spallation Neutron Source accelerator [1]
comprises a 1 GeV, 60 Hz, H− ion beam linac with a
1.5 MW design beam power, followed by an accumulator
ring with charge-exchange injection to compress the 1 ms
long pulses from the linac to ~700 ns. The present beam
power is typically about 1 MW at 925 MeV. Corrugated
nanocrystalline diamond stripper foils [2] have been in
use from the beginning of formal operations in 2006.
These foils were successfully used with no failures until
May 3, 2009, shortly after increasing the beam power to
~840 MW. The first failure was quickly followed by two
more, and the beam power was reduced to ~430 kW to
prevent further foil system failures, and then to ~400 kW
two days later after another failure. A mid-cycle foil
change (a first for SNS) was executed on May 19, 2009
using a modified foil bracket, but the foil system
continued to fail.
A team was assembled to investigate the failures and
recommend modifications, which were put in place for
the next run cycle starting in September 2009. The
modified foils and brackets performed very well, and a
single foil lasted for the entire September – December
production run, which included operating at a beam
____________________________________________

*ORNL is managed by UT-Battelle, LLC, under contract DE-AC0500OR22725 for the U.S. Department of Energy.
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Figure 1: A first generation foil bracket mounted on the
foil-changer mechanism. The long arm and leg of the Lshaped bracket were designed to stretch carbon fibers
across the span to support foils if needed (not used in this
case). (Figure reproduced from Ref. 3.)
When in use, the foil is positioned inside a strong
(~0.25 T) magnetic field to control the beam loss caused
by the partially stripped H0 excited states created by the
foil that, if not properly controlled, could strip to H+ at
some point downstream of the foil and outside the ring
acceptance [4]. The magnetic field at the foil causes the
excited states with n≥5 to strip within about a mm of the
foil. Also, the foil is located in the falling field
(downstream end) of the magnet, and the peak field of the
next downstream magnet is less than the field at the foil,
so that the surviving n<5 states will not strip until they
reach the secondary stripper foil, whereupon they can be
properly transported to a beam dump.

Accelerator System Design, Injection, Extraction
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The magnetic field causes the convoy electrons stripped
from the H− beam to circle with a 12 mm gyroradius. To
prevent these electrons from circulating repeatedly
through the foil and causing it to overheat, the field is
tilted longitudinally by ~200 mrad so that the electron
trajectories drop ~16 mm in the first revolution, which is
enough to miss the foil [5].
It is important to properly control the convoy electrons
since, e.g., for a 1.4 MW proton beam power there is
1.5 kW of electron power. A water-cooled electron
catcher is mounted to the bottom of the vacuum chamber
to intercept the electrons and prevent them from reflecting
back up into the path of the beam. The electron catcher is
comprises carbon-carbon composite wedges that have
undercut faces. By design the convoy electrons strike
these faces so that any reflected electrons will be aimed
downward and away from the path of the proton beam.

TUO2B03

relative to the stripper foil, the convoy electrons can miss
the undercut faces and instead strike the tops of the
wedges, which would make it much more likely for
convoy electrons to be reflected back up toward the beam
and stripper foil. In February 2010 the electron catcher
and stripper foil positions were measured, and they are in
fact not positioned according to design, so it is likely that
there is a surplus of reflected electrons.

Figure 3: A failed second-generation foil and bracket.
This foil lasted for a few hours at ~840 kW beam power.
(Figure reproduced from Ref. 3.)

Figure 2: A used second-generation foil bracket. The
beam power in this case was only 400 kW, so this foil and
bracket show very little damage. (Figure reproduced from
Ref. 3.)

The trajectories of the reflected convoy electrons were
simulated [6] using a particle tracking code and magnetic
fields from a detailed 3-D model of the magnet [7]. An
example result is shown in Fig. 4, where it can be seen
that the reflected electrons will strike both the stripper foil
and the bracket.

FOIL SYSTEM DAMAGE MECHANISMS
Convoy Electrons Strike the Bracket
The first failure mechanism is simple – the lower
portion of the L-shaped bracket was too close to the foil,
so the convoy electrons struck the bracket on their first
revolution around the magnetic field lines. It should be
stressed that this failure mechanism is actually a bracket
failure, not a foil failure. A photograph of a second
generation bracket (the type in use at the time of the first
set of failures) is shown in Fig. 2. An example of a failed
bracket is shown in Fig. 3. The bottom-left corner of the
bracket shows the melting that occurred from the convoy
electrons striking the bracket. The large melted area on
the lower right shows where a circular counterweight was
attached before the material around the mounting hole
melted, causing the counterweight to fall off.

Reflected Convoy Electrons
The second failure mechanism is reflected convoy
electrons. If the electron catcher is not properly positioned

Accelerator System Design, Injection, Extraction

Figure 4: The results of a particle tracking simulation
showing the locations where the reflected convoy
electrons strike the stripper foil, the bracket, and the top
of the vacuum chamber.
Figure 5 shows a used third-generation foil and bracket.
The lower leg on this bracket was removed so that the
convoy electrons would not hit it as they travel down to
the electron catcher, yet it still shows melting damage on
the lower left corner, and the arm of the bracket has also
softened enough to allow the arm to droop down. This
damage is consistent with the tracking results in Fig. 4.
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However, these simulations do not explain all the damage
to this bracket. There is also a vertical hole created in the
bracket along the inner edge of the foil substrate (see next
section).

Figure 5: A used third-generation foil bracket. (Figure
reproduced from ref. 3.)

Vacuum Breakdown
The third failure mechanism is cathode-spot in-vacuum
breakdown. This is a form of electrical breakdown that
can take place in a perfect vacuum. To initiate the
breakdown, the anode (foil) first develops a positive
electrical charge due to secondary electron emission. If
the foil is hot enough, thermionic electron emission can
further charge the foil. The next step is evaporation of
sharp points on the cathode (bracket) that become hot
from field emission due to the strong electric field that
has been created between the bracket and the foil. The
evaporated cathode material then provides the gaseous
environment needed to sustain the breakdown. Each
breakdown event creates a small crater in the bracket, and
over time large holes can develop. Figure 6 shows a close
up photo of the same bracket as in Fig. 5. Several holes
can be seen where the silicon foil substrate was clamped
to the bracket. One hole passes completely through the
bracket arm. The top of the bracket also shows similar
material erosion at locations where the foil substrate had
sharp edges that helped initiate the vacuum breakdown
events.

Figure 6: A close-up view of the foil clamp for the
bracket shown in Fig. 5. (Figure reproduced from ref. 3.)

Bracket Pinching
Even in the absence of reflected convoy electrons and
vacuum breakdown, the foil bracket will get hot due to
conduction of heat from the irradiated foil. The
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generations 1 through 3 foil brackets were made of
aluminium due to its ease of machining, good
conductivity, light weight, and low radioactivation.
However, aluminium also has a low melting point and a
high coefficient of thermal expansion (CTE) which is
approximately 8 times higher than that of the Silicon foil
substrate. Titanium screws were used at one point
creating an additional CTE mismatch between the
fastening components. As the temperature increases in
this arrangement, it pinches the stripper foil between the
clamp and the bracket arm because the aluminum
between the screw head and nut expands more than the
titanium. The clamping of the foil to the holder in
combination with the expansion of the holder induces
significant tensile stresses in the silicon substrate. This
can cause the silicon to fracture, which can then lead to
rips and tears in the free-standing portion of the foil, and
also create sharp edges that contribute to the vacuum
breakdown. Some of the failed foils exhibited this
symptom, such as the one shown in Fig. 7, where most of
the right half of the silicon substrate is missing.

Figure 7: An example of a fractured foil substrate on a
third-generation foil bracket.

Other Mechanisms
In addition to the foil system damage mechanisms
already discussed, there are others that probably
contribute to at least a minor degree.
The silicon substrate that mounts the diamond foil, and
some portions of the bracket, are located inside the beam
aperture of the ring. Particle tracking simulations do not
predict that any particles will be this far away from the
closed orbit, yet beam halo is certainly present at a low
level (otherwise there would be no beam loss).
Trailing edge multipacting is also likely to be present at
some level in the ring, due to the triangular nature of the
longitudinal beam profile. This phenomenon has been
detailed at the Los Alamos PSR [8]. These electrons
could strike the foil and bracket and cause additional
heating.
Sudden beam excursions in the ring, caused by
momentary equipment failure, can cause large beam loss
in the ring injection area. Some of the beam loss is likely
to be due to beam striking the stripper foil and/or bracket.
An example of this type of phenomenon occurred every
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few minutes and lasted for several days in 2009 due to
problems with the Ring rf system.
Another heating mechanism that we investigated was
eddy current heating due to the pulsed nature of the
electric fields of the beam, causing electrical currents to
flow in the foil bracket. We have not observed evidence
for this type of heating.

SOLUTIONS
During the summer of 2009 several modifications were
made to the foil and the bracket. The bracket material was
changed from aluminium to titanium, since the thermal
expansion coefficient of titanium is much better matched
to that of silicon. Also titanium has a relatively high
melting point, good electrical conductivity, and it is
lightweight. However, the radioactivation properties are
not as good as aluminium due to its high atomic number.
The bracket and clamp were machined flat, and before
clamping the foil to the bracket, both the bracket arm and
the clamp were carefully polished to remove any sharp
points that could contribute to cathode-spot in-vacuum
breakdown. Some of the foils we installed in September
2009 were also sandwiched between layers of gold foil
~0.025 mm thick to help improve the large-area electrical
contact between the foil and the bracket.
The foils were also moved 1 cm further out on the arms
of the brackets to improve the clearance for the
circulating convoy electrons, and the arms and legs of the
brackets were made as short as possible to remove any
excess material that could be struck by beam halo or
reflected convoy electrons. Note that some additional
length would need to be added to both the arm and the leg
in order to mount fiber-supported foils.
The foil itself was modified to have a longer freestanding length, increased from 25 mm to 30 – 35 mm
(i.e. shorter silicon substrate), to prevent beam halo and
reflected convoy electrons from striking the opaque
substrate.
A new set of foils, half with the gold foil mounting and
half without, were installed for the September to
December 2009 run cycle. The first foil selected was one
with the gold foil mounting method, and it lasted the
entire run cycle, even after increasing the beam power to
1 MW. The total charge delivered to the target using this
foil was 4820 C, to be compared to the previous highpower record of 978 C. The used bracket shows no signs
of damage, although there is an unknown coating on the
upstream side of the bracket and foil substrate that is not
understood at this time. The foil itself is blackened,
twisted, and wrinkled, but it was still performing well at
the end of the run cycle. A photograph of this foil, taken
after it was removed in February 2010, is shown in Fig. 8.
For the next run cycle, from February to June 2010, we
selected a foil mounted without the gold, and that foil also
survived the entire run cycle, with an even higher
integrated charge to the target of 7,359 C. It seems that
the gold foil is not necessary. For comparison, at full
design beam power, 95% availability, and 2,500 hours per
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run cycle, the integrated charge to the target would be
12,300 C.

FUTURE PLANS
The foil lifetime is no longer an issue at the present
operating power of ~1 MW. However, we are working to
continue to ramp up the beam power to the design value
of 1.4 MW. We are also working on a beam power
upgrade to 3 MW at 1.3 GeV. These higher beam powers
will place even greater demands on the stripper foil, so we
will continue to improve the foils.
To help with the foil charging issue we are developing
more conductive nanocrystalline diamond foils using
boron doping. Also, as the foil ages, it tends to develop a
curl. We plan to try different corrugation patterns to
alleviate this problem. Another issue is that the edge of
the foil often has an over-hang due to the way the foil is
grown on the substrate, where some of the growth occurs
on the sides of the substrate rather than just the top. One
way to cure this problem is to cut off the edge of the foil
prior to etching away the substrate material. The bottom
edge of the foil in use at the time of this writing has been
cut off.
As we accumulate more experience with this stripper
foil technology we anticipate that we will be able to
fabricate stripper foils that will be even better than the
ones we have today.

Figure 8: Photo of the foil and bracket that lasted the
entire Sept. – Dec. 2009 run cycle at high beam power.
(Figure reproduced from ref. 3.)
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ADVANCEMENTS IN LASER TECHNOLOGY AND APPLICATIONS TO
ACCELERATORS*
Yun Liu#, SNS, Oak Ridge National Laboratory, U.S.A.
Abstract
A brief review on the emergent applications of laser
technology to particle accelerators is provided. Important
developments of key elements in laser technology that
lead to the applications are described.

INTRODUCTION
Advancements in laser technology have dramatically
expanded the applications of lasers to particle
accelerators. Today, lasers have been used for
accelerators in a broad range from operational systems
such as nonintrusive particle beam diagnostics
instruments, to elaborate applications with high technical
readiness levels including, for instance, photoinjectors, a
laser assisted foil-less charge exchange injection scheme
and Compton scattering-based light sources, and finally to
exotic topics such as laser driven electron/ion
accelerators. This talk reviews recent experimental results
achieved in the above applications, their requirements on
laser parameters and challenges that require future laser
technology development. Important technical elements
such as the femto-second pulse generation, the burstmode optical amplifiers, the beam combining from laser
arrays, and the power enhancement optical cavity will be
briefly described.

LASER TECHNOLOGY ADVANCEMENTS
Ultrahigh-Intensity Pulsed Lasers
The remarkable progress in the application of lasers to
accelerators was largely attributed to the invention of the
chirped pulse amplification (CPA) technique [1]. Prior to
CPA, the maximum laser peak power was below 1 GW
and the maximum achievable laser intensity stayed
around 1014 W/cm2, a limitation due to the nonlinear
effects and catastrophic optical damage of the optical
components. The core of the CPA technique is that it
stretches the pulse duration before the amplifier,
maintains the intensity below the amplifier damage
threshold, and compresses the pulse in air or vacuum to
avoid any possible nonlinear effect. Today, CPA is the
only technique for amplifying an ultrashort laser pulse up
to the petawatt (1015 W) level. The main gain materials
used in CPA are solid-state media such as Ti:sapphire or
Nd:Glass, which can store about a thousand times more
energy than dye or excimer lasers used earlier.
Table 1 lists the parameters of a few ultrahigh-intensity
lasers in various facilities. Focusing petawatt pulses onto
small spots can produce extreme power densities of 1018
___________________________________________
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to 1021 W/cm2. Such high power densities can accelerate
electrons to relativistic speeds, generate MeV protons,
and produce x-rays and gamma rays. As we see in the
later part, many of the lasers in Table 1 have been used
for these purposes.
Table 1: Ultrahigh Intensity Lasers
Facility

Laser
Type

Peak
Power

UT Austin
HERCULES
(U Michigan)
Vulcan
(RAL)
LLNL

Nd:Glass
Ti:Sapphire

1.1 PW
300 TW

Pulse
Widt
h
167 fs
30 fs

1 PW

700 fs

Gekko
(Osaka)
LOA
MPQ
PHELIX
LULI
Ref. [2]

Nd:Glass

Rep.
Rate
10 Hz
0.1 Hz

Ti:Sapphire
+ Nd:Glass
Nd:Glass

1.5 PW

440 fs

10 Hz

500 TW

500 fs

3-4 Hz

Nd:Glass
Ti:Sapphire
Nd:Glass
Nd:Glass
Yb Fiber

100 TW
20 TW
1 PW
100 TW
1 GW

25 fs
450 fs
500 fs
300 fs
700 fs

10 Hz
10 Hz
10 Hz
100KHz

Laser Array Beam Combination
In many applications such as the Compton scattering
based light source or laser based collider design, (X-ray/γray) the yield and luminosity are important factors. Such
applications require not only high peak power, but also
high average power of the laser system.
Increasing the cavity volume will raise the laser power
but this approach has a physical limitation. An alternative
approach to building high power lasers is to use arrays of
relatively lower power lasers. As a matter of fact, many
large laser facilities obtain extremely high power
intensities through beam combining of a large number of
high power lasers. In general, beam combining requires
that the beams from the array elements be combined to
have the propagation characteristics of a single beam. One
way of scaling up the laser power is to incoherently
combine the laser beams via multiplexing in position,
angle, wavelength or polarization. As an example, a 2MW peak power was obtained by wavelength combing
from 4 pulsed photonic crystal fiber lasers [3]. A
drawback of the incoherent beam combining is that the
brightness of the total beam from the laser array cannot
exceed that of each individual beam.
The limitation of the brightness does not apply to
mutually coherent beams since they occupy the same
elements in phase space and behave as if they came from
one coherent source. Therefore only coherent beam
combining allows truly scalable output powers and
diffraction-limited quality of the combined beams.
Primary approaches to get mutually coherent beams are
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external optical phase control by a master oscillator
through injection-locking or amplification or selforganizing of the oscillators by coupling through
evanescent/leaky waves or common resonators. Coherent
beam combining has been applied mainly to
semiconductor lasers [4] and fiber lasers [5,6] because of
their ease in building in array formats, high efficiency,
and the ability to get near-diffraction-limited beams from
individual elements. Recently, the Northrop Grumman
group demonstrated over a 100 KW average power from a
coherently combined solid-state laser array seeded by
ytterbium doped fiber amplifiers [7].

Power Enhancement Optical Cavity
In many laser-particle interactions, due to the very low
cross section, the photon-particle interaction results in a
negligible loss to the laser beam power. Therefore, it is
expected that the average power requirement from the
laser can be significantly reduced by recycling the laser
beam within an optical cavity. Different cavity
configurations such as Fabry-Perot, ring cavity, or cavity
with built-in harmonic generation crystals have been
investigated. Table 2 lists a few recent developments.
Optical cavity stabilization technology has been well
developed for low-power, infrared, and often continuous
laser beams. However, optical cavities proposed for
accelerator applications are frequently required to recycle
high intensity UV laser beams, operate within a high
vacuum, and survive in an environment with high
radiation dose. These constraints impose severe technical
challenges on the development of the optical cavity to be
used in accelerator facilities.
Table 2: Optical Cavity Development
Finesse

Wavelength

Pulse Width

Reference

16000
349
3000
6000
2000

657 nm
835 nm
800 nm
823 nm
1560 nm

CW
3.4 ps
52 fs
63 ps
150 fs

8
9
10
11
12

APPLICATIONS TO ACCELERATORS
Laser-Based Diagnostics
Laser-based nonintrusive beam diagnostics have almost
no risk for causing equipment damage and can be
conducted at operational particle beam parameters, i.e.,
high beam current, long pulse duration and/or high
repetition rates. A number of laser-based diagnostics
systems are operating in accelerator facilities. One
example is the system installed in the accelerator test
facility (ATF) damping ring at the High Energy
Accelerator Research Organization (KEK) to measure a
low-emittance electron beam [13]. At the Spallation
Neutron Source (SNS), several laser-based beam
diagnostics instruments have been developed or are under
construction. Recently a large scale laser wire system was
brought into operational service for tracking the H- beam
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profiles in the superconducting linac (SCL) [14]. This
system consists of 9 measurement stations and can be
readily extended to measure profiles at each of the 23
cryomodules (or 32 cryomodules in the upgrade project)
in the SCL. Laser-based longitudinal bunch
measurements in thet MEBT and beam emittance
measurement in the HEBT are also under development.
For the above beam diagnostics, the laser power
requirement is relatively easily met by commercial
available Q-switched or mode-lock laser products. Optical
engineering efforts are required for specific applications.
At KEK, a Fabry-Perot optical cavity was built to achieve
power amplification and small laser beam sizes. At SNS,
an active stabilization scheme was designed and installed
to maintain a high spatial (pointing) stability of the laser
beam to produce an acceptable beam size and position at
all profile measurement stations over 250 meters.

Photoinjectors
Photoinjectors are widely used to provide sources of
high brightness electron beams for studies in accelerator
science, plasma wakefield acceleration, future free
electron lasers and linear colliders [15]. Advantages of
photoinjectors are their abilities to provide polarized
electron beams and generating extremely short,
picosecond pulses, each made up of a “bunch” of
electrons.
Table 3 lists the main laser parameters used in
photoinjectors at a number of facilities. Most
photoinjector lasers have a burst mode amplifier structure
[16]. A typical photoinjector laser system consists of a
seeder that is usually a mode-locked laser providing ps or
fs pulses at high frequencies (MHz-GHz), a pulse picker
that selects only a portion (macropulse) of the seeder
output for amplification, multiple-stage amplifiers to
boost the power of the macropulse, and harmonic
generation crystals to convert the wavelength from
infrared (seeder output) to the UV regime so that
electrons can be released in a metal with a sufficient
energy to escape into vacuum. Rapid progress has been
obtained in the development of the laser technology for
photoinjectors in recent years [16].

Laser Stripping
The Spallation Neutron Source (SNS) utilizes chargeexchange injection to “stack” a high-intensity proton
beam in the accumulator ring for short-pulse neutron
production. In this process, a 1 ms long H– beam pulse is
transported to a carbon stripping foil located at the
injection point of the ring. The electrons are stripped and
the resulting proton is merged with previously
accumulated beam. This injection scheme is central to the
operation of many facilities, including the SNS, J-PARC,
ISIS and PSR. As the beam power of the SNS is increased
from the 1.44 MW design to more than 3 MW as
envisioned in the SNS Power Upgrade project, the
stripping foils produce uncontrolled beam loss due to
excessive heat load, which is one of the main factors
limiting beam power in high intensity proton rings.

339

Proceedings of HB2010, Morschach, Switzerland

TUO2B04

A “foil-less” charge exchange injection method was
first proposed in the 1980s by using a field dissociation
process. This scheme requires an impractically large laser
power, which is indeed the central difficulty involved in
ionizing neutral hydrogen. Recently, Danilov et al. [17]
came up with a three-step scheme for laser stripping. The
3-step scheme works as follows: First, H– ions are
converted to H0 by stripping off the first electron in a
magnetic field; then H0 atoms are excited from the ground
state (n = 1) to the upper levels (n ≥ 3) by a laser, and the
excited states H0* are converted to H+ by stripping the
second electron in a second magnetic field.
In a proof-of-principle experiment, a third harmonic
beam from a Q-switched laser was used for stripping. The
laser generates 30 Hz, 6 ns pulses with a peak power of
~10 MW at 355 nm. The stripping efficiency reached
90% [18]. A simple multiplication of 10 MW laser peak
power, used in the first experiments, and the duty factor
of the SNS beam (6%) yields an average laser power of

0.6 MW at 355 nm to strip the entire ion beam.
Obviously, this power is too large to make the device
practical. Therefore, a number of approaches have been
studied to mitigate the requirement of peak/average laser
power. First, a burst-mode laser system has been designed
and a prototype model has been fabricated to match the
temporal structure of the laser pulses with the ion beam.
An alternative approach is to use a Fabry-Perot resonator
to recycle the laser beam at the stripping site.
The 3-step laser stripping method can be applied to
other facilities where the charge-exchange injection
scheme is employed. An example is the Project X [19].
Since in Project X, the H- is converted to protons at 8
GeV, lasers with longer wavelengths can be used due to
the larger relativistic factor. In Table 3, we summarize the
laser parameters for the SNS intermediate stage and the
final stage laser stripping experiment as well as a design
example for the Project X laser stripping.

Table 3: Laser Parameters for Photoinjector and Laser Stripping Experiment
λ
(nm)
351

Micropulse
Length
5 ps

Micropulse
Frequency
81.25 MHz

Micropul
se Energy
20 uJ

Macropulse
Length/Rep Rate
800 us @ 1 Hz

Power in
Burst
1.6 KW

Average
Power
1.3 W

262

10 ps

1 MHz

53 uJ

800 us @ 10 Hz

53 W

0.4 W

FLASH
Photoinjector
European XFEL
Photoinjector
NLS Photoinjector
CEBAF
Photoinjector
LCLS Photoinjector

800

7 fs

1 MHz

1 mJ

800 us @ 10 Hz

1 KW

8W

800

10 fs

4.5 MHz

5 mJ

650 us @ 10 Hz

22 KW

150 W

800
780

30 fs
100 ps

1 MHz
499 MHz

50 mJ
4 nJ

CW
CW

255

10 ps

119 MHz

2.5 mJ

300 KW

<12 W

SNS Laser Stripping
(Intermediate Stage)
SNS Laser Stripping
Project X Laser
Stripping

355

50 ps

402.5 MHz

50 uJ

1-40 micropulses
@ 120 Hz
10 us @ 10 Hz

20 KW

2W

355
1064

50 ps
81 ps

402.5 MHz
325 MHz

50 uJ
1.2 mJ

1 ms @ 60 Hz
1.25 ms @ 5 Hz

20 KW
390 KW

1.2 KW
2.4 KW

Fermilab NICADD
Photoinjector
TTF Photoinjector

50 KW
2W

Table 4: Parameters of Laser Compton Scattering
Facility
U. Tokyo [20]
KEK [21]
BNL/ATF [22]
AIST/Japan [23]
RadiaBeam [24]
JAEA [25]
ELSA/France [26]

Laser
System
Nd:YAG
Nd:YAG
CO2
Ti:Sapphire
Nd:YAG
Nd:YAG
Nd:YAG

Wavelength
532 nm
1064 nm
10.6 um
800 nm
532 nm
1064 nm
532 nm

Pulse
Width
10 ns
7 ps
6 ps
100 fs
10 ps
1 ps
30 ps

Inverse Compton Scattering
When photons are scattered by charged particles, the
energy is transferred from the photons to the electrons and
the process is known as the Compton scattering. Inverse
Compton scattering (ICS) occurs when the particles are
no longer considered to be at rest and in this case the
energy is transferred from the electrons to the photons. In
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Pulse
Energy
25 mJ
112 uJ
2J
100 mJ
620 mJ
1.8 uJ
200 mJ

e-beam
Energy
45 MeV
50 MeV
64-72 MeV
40 MeV
547 MeV
350 MeV
19 MeV

X-/γ-ray
Energy
10-60 KeV
30 KeV
8 KeV
20-40 KeV
10.8 MeV
0.5-9 MeV
13.6 KeV

Yield
105 Hz
105 Hz
108 per shot
106 Hz
1014 Hz
1013 Hz
108 per pulse

particular, when relativistic electrons are subjected to an
intense laser beam, the ICS can produce substantial fluxes
of photons at a broad spectrum from UV wavelengths to
γ-ray region. As high intensity lasers have become more
and more available in the recent decade, ICS becomes an
important means for high flux generation of X and γ rays
with unprecedented characteristics of brilliance,
tunability, high monochromaticity and rapidity, with
Accelerator System Design, Injection, Extraction
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radiation pulses in the picosecond to femtosecond
duration range and fluxes of 1011 photons/s and higher,
within a narrow bandwidth.
Table 4 summarizes recent experimental demonstrations [20-23] and ongoing projects [24,25] on Compton
scattering based light sources. High power lasers are
required to generate high flux sources. On the other hand
a relatively compact laser with a moderate cost is
preferred for a practical system. This was made possible
by employing an optical cavity to recycle the laser beam
since the cross section of Compton scattering is very low
and the resulted optical loss is negligible. Indeed in a
number of experiments [20,21], optical cavities with
finesses of a few tens to several hundreds have been used
to increase the X-ray yield by one to two orders of
magnitude. Such a design is also included in several
ongoing projects [24,25] for the generation of large-flux
γ-rays.

Laser Wakefield Plasma Acceleration
The accelerating gradients in conventional RF linacs
are currently limited to ~100 MeV/m, partly due to
breakdown that occurs on the walls of the structure.
Ionized plasmas, however, can sustain electron plasma
waves with electric fields easily exceeding 10 GeV/m,
which is approximately three orders of magnitude greater
than that obtained in conventional linacs. As first
proposed by Tajima and Dodson [27], plasma waves can
be induced by a sufficiently intense laser pulse. When an
ultrashort and ultraintense laser pulse is propagating
through an underdense plasma, electron plasma waves are
generated by the ponderomotive force of the laser field in
the wake of the laser pulse, in a similar way that waves
are caused in the wake of a fast moving ship. Remarkable
results have been achieved on high quality beam
acceleration in the recent decade. A GeV electron beam
from a cm-scale plasma was obtained at Lawrence
Berkeley National Laboratory [32]. The success greatly
encouraged accelerator scientists to conceive of very
compact accelerator structures based on laser plasma
acceleration for the future colliders.
Table 5: Laser peak power (P), pulse width (τw), laser
strength parameter (a0), center energy of the electron
beam (E), and electron charge (Q) in recent laser
wakefield plasma acceleration experiments.
Facility
LBNL [28]
RAL [29]
LOA [30]
LOA [31]
LBNL [32]
Heinrich [33]
MPQ [34]
MPQ [35]
JAEA [36]
U. Michigan [37]

P (TW) @
τw (fs)
9 @ 55
12 @ 40
24 @ 30
24@ 30
40 @ 38
40 @ 80
18 @ 42
20 @ 42
2 @ 70
40 @ 30

a0
2.2
1.1
1.3
1.3
0.8
4.8
0.8
0.9
0.6
2.2

E
(MeV)
86
78
170
117
1000
47
260
198
14
320
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(pC)
320
22
500
19
30
0.3
45
10
22
~5
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Table 5 shows a list of recent experimental results on
high-quality electron beam acceleration. All lasers are
Ti:Sapphire CPA systems. Most of the experiments
produced electron beams with only a few percent energy
spread. The laser irradiance (Iλ2) is characterized by
a02 ≅ 7.3 × 10−19 I (W/cm 2 )[λ (μ m 2 )]2 where I is laser intensity,
λ is wavelength, a0 is the peak amplitude of the
normalized vector potential of the laser field [1] and a0 ~
1 corresponds to a relativistic laser intensity.

Laser Driven Ion Acceleration
In recent years, a novel method of laser driven ion
acceleration was realized by impinging an ultraintense
(1018–1021 W/cm2) laser pulse on a thin foil target. In a
number of experiments, protons with energies up to
several tens of mega-electron-volts were detected behind
thin foils.
Different mechanisms were proposed to account for the
phenomenon depending on the thickness of the target.
When the target thickness is within the range of a few to
several tens of microns, target normal sheath acceleration
(TNSA) was found to be the predominant mechanism
leading to the emission of multi-MeV, high-quality ion
beams [43,45]. In this case, fast electrons
ponderomotively accelerated by the laser pulse at the
front irradiated surface of the target propagate through the
target and exit the rear, setting up a large electrostatic
field (of the order of TV/m) due to the charge separation
between the escaping electrons and the ions at the rear
surface. Another mechanism, radiation pressure
acceleration (RPA), was proposed when a thin foil is
irradiated by a circularly polarized laser pulse at normal
incidence [41,44]. In this case, particles gain energy
directly from the radiation pressure (RP) exerted onto the
target by the laser beam.
Table 6: Laser peak power (P), pulse width (τw), laser
strength parameter (a0), maximum ion beam energy (Emax),
and conversion efficiency (ε) in recent laser driven ion
acceleration experiments.
Facility
LLNL [38]
ASTRA [39]
CRIEPI [40]
Saclay Laser [41]
RAL PW [42]
LULI [43]
MPQ [44]
RAL [45]
JAEA-KPSI [46]

P (TW)
@ τw (fs)
1000 @ 500
3 @ 60
2 @ 60
10 @ 65
570 @ 700
100 @ 320
30 @ 45
240 @ 50
4 @ 40

a0
15.5
1.8
2.2
2.1
12.7
0.9
4.9
18.1
6.8

Emax
(MeV)
58
1.2
15
5
44
7.3
71
60
1.9

ε
12%
0.7%
0.2%
7%
4%
2.5%
10%

Many experiments have been conducted on different
types of target foils with thicknesses varying from 30 nm
to 100 um. Table 6 lists the parameters of the laser and
the resultant ion beam energy in a number of recent
experiments. The maximum proton energy from laserirradiated targets for experiments on different laser
systems was found to be a function of the laser pulse
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irradiance. Laser ion power conversion efficiency (1-6%)
is proportional to the laser pulse energy [47].
Apart from its fundamental research interest, laser
driven ion sources can attract many applications, such as
the radiography and radiotherapy [47]. Most existing
medical facilities that are based on conventional ion
accelerators are typically large (in size and cost), thus
limiting their number and ultimately access to ion beam
radiotherapy. Owing to its compactness, laser driven
ion accelerators show promise for significantly
reducing the size and cost of medical ion accelerators.

CONCLUSION
Lasers have been applied to accelerators for a long
time. Emergent applications such as Compton scattering
based high-flux light source, laser stripping, and laser
driven accelerations have been made feasible owing to the
rapid advancement of laser technology in the recent
decade. However, to make the key factors such as the
yield of X-/γ−rays, stripping efficiency, or the luminosity
of the electrons stay competitive with the conventional
technology, the average laser power and wall-plug
efficiency have to be dramatically enhanced. Future
research on the new gain medium such as the ceramic
disk lasers [48], as well as a continuous effort on the
beam combining technology and beam recycling optical
cavity are required to meet the new challenges.
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FEASIBILITY OF 2 GeV INJECTION INTO THE CERN PS
S. Aumon, B. Balhan, W. Bartmann#, J. Borburgh, S. Gilardoni, B. Goddard, M. Hourican,
L. Sermeus, R. Steerenberg, CERN, Geneva, Switzerland
The increase of the extraction energy of the CERN PSB
to 2 GeV has been suggested as a method to increase the
intensity of the LHC beam which can be obtained from
the present injector complex. Such a change would
require a redesign of the present PS proton injection
system, which is already operating at close to its limits.
The feasibility of a 2 GeV proton injection is discussed
and a potential solution outlined. The implications on the
injection equipment and on the performance in terms of
beam parameters and losses are discussed.

INTRODUCTION
An increase in the extraction energy of the CERN PSB
has been mooted [1] as a possible route to removing the
space charge limit at injection into the CERN PS for the
LHC beam. This could open a path to significantly
increase the brightness of the beam for future LHC
luminosity upgrades [2], and might be a cost-effective
alternative to the SPL-PS2 injector complex upgrade
route [3]. Many PSB systems would be affected by the
increase from 1.4 GeV to 2 GeV; in addition, the beam
transfer to the PS and in particular the PS fast injection
system for p+ would need to be redesigned. The present
injection scheme is outlined, and the constraints for a
2 GeV injection are presented. Two possible upgrade
concepts are compared: injection into the same straight
section SD42 as present, and injecting into the upstream
straight section SD41 which has longer available drift
space. The reasons for preferring an injection into the
present straight section are presented. The feasibility of
this solution is examined in terms of the required injection
equipment performance, the available aperture, the impact
on the injection of other beams and the requirements for
modifications to associated beam instrumentation,
vacuum and the injection line. Experimental studies on
emittance blow up made with the present injection kicker
are reported, which have implications for the choice of
kicker operating mode (short-circuit or terminated) and on
the necessity for an additional injection kicker system.

magnet located just upstream of the septum, to allow
injection with a large angle, required to fit the beam
inside the aperture of the main lattice magnet downstream
of the septum. The injection bump and trajectory are
shown in Figures 1 and 2 for the LHC beam and high
intensity beam, respectively, together with the physical
aperture model of the PS in this region. It should be noted
that the injected beam is not fully optically matched to the
circulating beam.
x [mm]

Abstract

120
100
80
60
40
20
0
-20
-40
-60
-80
-100
245

255

275

285
s [m]

Figure 1: Existing injection bump and injected trajectory
envelopes for 12.0 μm high intensity beam at 1.4 GeV.

CONSTRAINTS
The new injection should be at a rigidity 30% higher
than at present, Table 1. The kicker rise time should not
increase beyond 56 ns, to avoid losses from the 220 ns
long bunches injected with 276 ns spacing. The injection
should accept LHC beams at 2.0 GeV with a maximum
emittance of 3.0 μm, and should also conserve the
emittance of the 1 μm pilot beam. Ideally it should be
possible to inject the large emittance high intensity beam
at 2.0 GeV; it is essential that it be possible to continue to
inject this beam at 1.4 GeV.
Table 1: Beam Characteristics and Constraints

EXISTING 1.4 GeV INJECTION
The present injection into the PS is a classical
horizontal plane fast bunch-to-bucket scheme to transfer
protons only, using a closed orbit bump to approach the
septum. The septum is located in a straight section with
low horizontal β, which minimises the beam size but
increases the effective septum width and hence required
kick strength. The injection bump makes use of a bumper

265

Present
Beam rigidity [Tm]
Kicker rise time [ns]
Normalised emittance LHC
physics beam [μm] H / V
Normalised emittance LHC
pilot beam [μm] H / V
Normalised emittance high
intensity beam [μm] H, V

Upgrade

7.14
56
3.0 / 3.0

9.28
56
3.0 / 3.0

1.0 / 1.0

1.0 / 1.0

12 / 9

12 / 9

#wolfgang.bartmann@cern.ch
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Septum SMH42
The injection septum is already near the feedthrough
limit in terms of current. The present magnets have a 5
mm thick septum with a 60.4 mm gap height, and 102
mm between conductors. A larger vertical aperture (e.g.
70 mm) can only be possible if the septum width is
increased to 8-10 mm.

Kicker KFA45
The injection kicker would be very difficult to modify
to gain more kick strength, as there is no space in the
lattice in SD45, and the 80 kV gas filled cables are no
longer manufactured. It is possible to run the present
system in short-circuit mode to gain about 80% in kick
strength: this increases the rise time by a similar amount.

BSM Bumper Magnets
The bumper magnets are limited in current to about
4,500 A for a linear kick. The present power convertor
limit is 4,000 A.

Transfer Line BT/BTP
The injection line is presently not matched in dispersion
to the PS lattice, unavoidably so in the case of the vertical
optics, since the beams from the 4 different PSB rings
have different dispersions at the injection point. The beam
size at the injection point is presently too large, causing
losses on the SMH42, which is a specific concern for the
beam losses in the PS complex.

UPGRADE CONCEPTS
For PS injection no strength margin exists on the
present septum or kicker system in terminated mode. A
new injection scheme is therefore mandatory to provide
the additional space for a longer septum, as well as to
either allow the use of the injection kicker in short-circuit
mode (with the associated degradation of rise, fall time
and ripple at the flattop), or with the replacement or
extension of the kicker system.
Two options were explored: injection into PS straight
section SD42 (the present PS injection location, standard
PS short straight section with 1 m length), or to displace
the injection region to straight section SD41 (PS standard
long straight section with 2.4 m length, in which little
equipment is installed at present).

Injection into SD41
This solution has the largest impact on the PS and on
the BTP line, which will have to be rebuilt. However, the
advantage of SD41 is that it is a long straight section,
presently almost empty of equipment. In addition, the
required kicker strength decreases, as the phase advance
to the KFA45 would then be more favourable, at very
close to π/2, and the β function at the septum is larger.
Finally, the rebuilding of the injection here could allow
measures to be taken to reduce beam losses at injection.
In a preliminary version the injection bumpers
presently installed in SD40 and SD42 would need to be
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moved to SD39 and SD41. The remaining bumpers and
KFA45 stay in their present locations in SD43, SD44 and
SD45, respectively. The present KFA45 could remain, but
a total of 5 bumpers would be needed, together with a
longer septum. The injection bump has as large an angle
as possible at the septum to minimise the SMH strength
needed. However, the beta functions are large at the
septum location and the consequent larger beam size will
not fit easily into the aperture, especially for the high
intensity beam, Figure 2. Possibly a temporary
perturbation of the injection optics would allow the beam
sizes to be reduced enough to make such a scheme
possible, or replacement of existing chambers with
enlarged ones. No satisfactory solution for injecting into
SD41 was found. It is possible that the affected main
magnets could be fitted with new enlarged vacuum
chambers, and also that the optics could be specially
rematched at injection to reduce the beta function at this
location; these options were not investigated.
x [mm]
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Figure 2: Injecting into SD41 with 12.0 μm high intensity
beam at 2 GeV. The apertures are insufficient, especially
at main magnet 41.

Injection into SD42
The simplest solution is to inject into SD42 as at
present, which requires a longer injection septum, and a
~13 mrad bumper integrated into the septum tank. The
KFA45 kicker can be operated in short-circuit mode for
LHC beam if the blow-up due to the increased ripple is
acceptable – if not, a new supplementary kicker can be
built in SD53, with about -1 mrad.
The integration of the bumper and septum in SD42 is a
particular mechanical challenge, the feasibility of which
is crucial to the overall concept.
The orbit increases by about 10 mm in main magnet 41,
and the trajectory of the injected beam is about 3 mm
further out, in main magnet 42, Figure 3. This means that
this injection will probably not work for the large
emittance high intensity beam at 2.0 GeV; however, the
layout is such that the high intensity beam can be injected
in almost exactly the same way as present at 1.4 GeV,
with a reduction of the orbit bump.
The ripple from KFA45 blows up the beam emittance.
In case the ripple is too large from the existing KFA45
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x [mm]

operated in short-circuit mode, an additional kicker
module could be built and located in SD53, which has
exactly π phase advance from the existing kicker. The
new unit would provide about -1 mrad, while the existing
kicker would work at its present voltage in terminated
mode, and deliver 3.4 mrad. The resulting beam
envelopes look reasonable, Figure 4, especially since the
excursions are for a single turn only.
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Kicker deflection [mrad]
Septum deflection [mrad]
BSM1.40 angle [mrad]
BSM1.41 angle [mrad]
BSM1.42 angle [mrad]
BSM1.43 angle [mrad]
BSM1.44 angle [mrad]
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4.3
55
6.7
-5.2
-9.0
11.3
-4.6

Injection Septum SMH.42
The injection septum would need to be completely
rebuilt, to deliver 55 mrad at 2.0 GeV, which requires a
magnetic length of 0.8 m and a field of 0.64 T. The
septum tank would need to incorporate the new BSM42
bumper, which would also be under vacuum. Preliminary
mechanical studies have shown that such a combined
septum-bumper tank is feasible, Figure 5. The septum
alignment is horizontally adjustable, and the BSM
bumper coil would be aligned with the septum coil, such
that the aperture for the circulating beam is not reduced
for any septum position. The peak current for the septum
would be 31 kA, which is possible with the present
feedthroughs. The parameters for the septum are shown in
Table 3.

Figure 3: New injection bump and injected trajectory
envelopes (bold) for 3.0 μm LHC beam at 2.0 GeV.
x [mm]
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Figure 4: Use of auxiliary kicker π downstream of
KFA45, to supplement the existing kicker if this can only
be operated in terminated mode.

EQUIPMENT REQUIREMENTS FOR
2 GeV INJECTION IN SD42
The deflection angles and nominal operating
voltages/currents of the injection elements are shown in
Table 2 for the 2.0 GeV LHC beam injection, and also for
comparison for the 1.4 GeV high intensity beam injection
with the new layout. The detailed implications for the
systems are discussed below.
Table 2: Assumed deflections and strengths of injection
elements in new layout, compared to present
2.0 GeV
LHC

1.4 GeV high
intensity

Accelerator System Design, Injection, Extraction

Circulating beam axis Injected beam

Figure 5: New SMH.42 tank containing the two half
septum SMH.42 magnets aligned to the injected beam,
and the BSM.42 bumper.
Table 3: Parameters for New SMH42 Half Septum
Parameter
Lphysical
Lmagnetic
Deflection angle
Gap height
Gap width
Ipeak
Current density
Inductance
Coil resistance
Power rating
Water cooling

Value

Unit

470
400
27.5
60
100
31
4.1
0.9
0.1
100
3

mm
mm
mrad
mm
mm
kA
A/mm2
μH
mOhms
W
l/min.

Injection Bumpers
In addition to the BSM42 which needs to be
incorporated into the SMH42 tank, another 4 injection
bumpers are needed. The existing magnets can remain in
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SD40, SD43 and SD44. A new magnet needs to be
located in SD41. This could be the existing BSM42 unit
and its power supply, since the BSM42 will be rebuilt
inside the septum tank, with a new power supply. The
deflections required at 2.0 GeV for the existing 4 magnets
(including BSM.42 displaced to SD41) are within the
acceptable limits for the present power supplies
(maximum 3000 A).
The field quality of the new BSM.42 magnet has been
evaluated with a 3D finite element model, Figure 6, and
shows an acceptable homogeneity of +/−1% can be
achieved over the required aperture, Figure 7. The
parameters for the new bumper are shown in Table 4.

Coil resistance
Power rating rms

0.05
44

μOhms
W

AVAILABLE APERTURE
Injecting the 2 GeV LHC beam into SD42 implies
changing the bump for the circulating beam, Figure 3.
The aperture bottlenecks are the injection septum SMH42
on the outer side and the bumper magnet BSM.43 on the
inner side of the ring. Assuming 3 mm orbit oscillation
and 5·10-4 momentum spread the 1.4 GeV high-intensity
beam with the present injection bump is limited to 3σ.
The 2 GeV LHC beam type with the modified bump
allows for 6.5σ aperture for the circulating beam.

MODIFICATIONS TO OTHER SYSTEMS
In addition to the injection elements, several other
systems will need modification.

Beam Instrumentation
The currently upstream of the injection septum placed
BTV does not fit into the SD42 design and has to be
moved upstream in the injection line.
Also the downstream placed SEM grids are suppressed
in the proposed SD42 concept. Integrating the wires
between the pole pieces of the downstream bending
magnet has to be investigated as a possible solution.
Figure 6: 3D Opera model of the new BSM.42 bumper.

BT-BTP Injection Line
The lattice of the injection line to SD42 needs to be redesigned due to a change of the injection point and the
replacement of magnets and power converters to provide
PPM powering. This gain in flexibility should allow to
design the line optics such as to minimise the dispersion
mismatch coming from different PS Booster beams and
thereby reduce losses at the septum in particular for the
high-intensity beam [4].

EMITTANCE GROWTH FROM KICKER
RIPPLE
Expectations
Figure 7: Integrated field homogeneity for the new
BSM.42 bumper magnet, the top half of the magnet gap is
shown, and the coloured region indicates a field within
±1% of nominal.

The emittance growth due to kicker flat top ripple was
calculated by the formula:

Table 4: Parameters for new BSM.42 bumper integrated
in the septum tank, there is no active cooling foreseen

with α and β denoting the Twiss parameters and Δx and
Δx’ the error in displacement and angle at the injection
point. The kicker flat top uniformity is given as ±2% in
terminated and ±3% in short-circuit (SC) mode [5]. The
respective growth in emittance is shown in Table 5.
Table 5: Emittance growth for kicker operated in
terminated (2% ripple) and SC mode (3% ripple)

Parameter
Lphysical
Lmagnetic
Deflection angle
Gap height
Vertical beam acceptance
Gap width
Ipeak
Current density
Inductance
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Value
320
260
13
76
70
145
27.9
1.5
0.7

Unit
mm
mm
mrad
mm
mm
mm
kA
A/mm2
μH

ε/ε0 = 1 + 0.5 (Δx2 + (βΔx’ + αΔx)2 / (βε0)

Beam type

LHCPROBE
LHC

ε0 [μm]

1
2.5

Emittance growth [%]
2% ripple

3% ripple

9
4

20
8
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Measurements
The emittance of the LHCPROBE beam has been
measured for the two kicker modes with and without
correcting injection oscillations, Figure 8. Measurements
were only taken into account for bunch intensities
between 0.45·1010 and 0.55·1010 protons.

Emittance [μm]

1
0.8
0.6
0.4
short circuit

0.2

terminated

0
1

2

3

4

5

6

RF period

Figure 8: Emittance measurement with injection kicker in
terminated and short-circuit mode, respectively.
The ripple pattern is visible in particular for the SC
mode which is consistent with the expectations of less
ripple in terminated mode. The correction of injection
oscillations hardly changes the kick strength, the bigger
part is corrected already by the transfer line dipole and the
septum. From terminated to SC mode there is an
emittance increase of ~10% which agrees well with the
theoretical expectation of 9% and 20% blow-up for
terminated and SC mode, respectively.

Implications
Assuming the presently extracted emittance of ~2.5 μm
for the LHC physics beam with respect to the nominal
emittance of 3 μm, an increase of 10% is acceptable and
the injection kicker can be used in SC mode. Also, there
is a handle to control the emittance increase by the
installed but not yet commissioned PS damper system.

POTENTIAL SYNERGY WITH OTHER
UPGRADES
The need to provide PPM powering for the BT/BTP
line means that the magnets, power supplies and controls
will need to be rebuilt. This should then be combined with
an improvement of the injection line optics [4], to better
match the beam to the PS optical functions, in particular
the horizontal dispersion and the vertical beta function at
the septum. This latter should be reduced to minimise the
losses at the septum, which are presently a major source
of irradiation in the PS ring [4]. Rematching the optics
with a new line design seems easier than increasing the
vertical gap of the SMH.42 septum to something like
70 mm, since this will increase both the magnet current
(which is already very high) and require an increase in the
septum thickness, from 5 to 8 mm. The extra strength
available for the injection elements may allow some more
optimisation of the injection at 1.4 GeV for the high
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intensity beam to reduce the losses, although this
possibility has not yet been investigated.

CONCLUSION
The simplest solution is to inject into SD42 as at
present, which requires a longer SMH septum, and a new
~13 mrad BSM bumper integrated into the septum tank.
The bumper presently located in SD42 will need to be
displaced to SD41. The KFA45 kicker can be operated in
short-circuit mode for LHC beam if the blow-up from the
ripple is acceptable – preliminary MD results show that
this should be possible, with the extra normalised
emittance increase about 0.1 μm, in agreement with
analytical estimates. If this emittance increase is too large,
a new supplementary kicker can be built in SD53, to
provide about -1 mrad, or the PS injection damper could
be commissioned, which would possibly result in gains
with respect to the present emittances obtained.
Injecting into SD41 has been looked at but seems
problematic. There is ample space for the septum and an
adjacent bumper, and the kicker strength required is
lower, as the phase advance and beta function are
favourable. However, the beta functions are large at the
septum location and the consequent larger beam size for
the high intensity beam will not fit into the aperture. No
feasible solution has been identified – possibly a
temporary perturbation of the injection optics would
allow the beam sizes to be reduced enough to make such a
scheme possible.
The upgrade of the PS injection system is feasible on
paper for the LHC beams at 2.0 GeV; the larger emittance
high intensity beams can continue to be injected at
1.4 GeV. Since this will require anyway an upgrade of the
BT/BTP line to PPM capability, it is strongly
recommended that the upgrade of the PS injection system
be combined with a new BTP line design which improves
beam losses at injection of the high intensity beam,
through better optical matching.
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COUPLING IMPEDANCES OF A SHORT INSERT
IN THE VACUUM CHAMBER
Y. Shobuda, JAEA/J-PARC center, Tokai-mura, Ibaraki 319-1195, Japan
Y. H. Chin and K. Takata, KEK, Tsukuba, Ibaraki 305-0801, Japan
Abstract
We have developed a theory to calculate both longitudinal and transverse impedances of a resistive short (typically shorter than the chamber radius) insert with cylindrical symmetry, sandwiched by perfectly conductive chambers on both sides. It is found that unless the insert becomes extremely thin (typically a few nm for a metallic
insert) the entire image current runs on the thin insert, even
in the frequency range where the skin depth exceeds the insert thickness, and therefore the impedance increases drastically from the conventional resistive-wall impedance. In
other words, the wake ﬁelds do not leak out of the insert
unless it is extremely thin.

LONGITUDINAL IMPEDANCE
The longitudinal coupling impedance of the resistive
short insert is expressed as
Z0
ZL,insert =
/[Ypole + Ycut −
jβakI02 (k̄a)







kβ
2π jkβZ0 σc + j kβ
tanh
σ
t
jkβZ
+
j
0
c
Z0
Z0
],
k2 β 2 g
(1)
where
Ypole = −

bs g
∞

4πa(1 − e−j 2a )

s=1

∞
0

INTRODUCTION

In proton synchrotrons, the inner surface of a short ceramic break is normally coated by a thin (typically about
ten nm) Titanium Nitride (TiN) to suppress the secondary
emission of electrons. The skin depth can be larger than the
thickness of the TiN coating in low frequency, and the wake
ﬁelds may interact with the outside world through the coating. It is thus important to construct a theory of resistive
insert taking into account its thickness effects.
We have developed a theory to describe the impedance of
a short insert by generalizing a theory of a gap, where the
respective components are sandwiched by perfectly conductive chambers[1, 2]. The main difference between the
gap and the insert is that the insert has a ﬁnite skin depth,
and this skin depth effect will modulate how wake ﬁelds
propagate in the chamber. Main objective of this paper is
to study how the impedance of the insert will change from
that of the conventional resistive-wall theory to that of a
gap, when the thickness of the insert is changed compared
to the skin depth.
In numerical examples shown in ﬁgures, unless speciﬁed
otherwise, we consider a beam pipe radius a = 5 cm with
an insert of length g = 8 mm, and conductivity σc = 6 ×
106 /Ω m. This can be a model for a short ceramic break
with TiN coating in a copper beam pipe.
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Z0 = 120π, k = ω/cβ, k̄ = k/γ,  is the relative dielec2
tric constant of the insert. Here, b2s = k 2 β 2 a2 − j0,s
=
(1)

−βs2 , j0,s are s-th zeros of J0 (z) and Hm (z) is the Hankel function of the ﬁrst kind. We should notice that bs approaches −jβs for j0,s > kβa.
At ﬁrst, let us check the accuracy of the formula Eq.(1)
by comparing with ABCI results [3]. Recently, ABCI has
been upgraded and can now handle a resistive material inside a cavity. We choose the chamber thickness t = 2mm,
the relative dielectric constant of the insert  = 10 and its
conductivity σc = 50[/Ωm]. In order to simulate correctly,
the mesh size should be sufﬁciently smaller than the chamber thickness. In our case, it is divided into ten meshes. At
high frequency where the skin depth becomes smaller than
the mesh size, ABCI cannot accurately simulate ﬁeld behavior. That is about 1GHz for the present choice of mesh
size. At higher frequency where the skin depth is smaller
than the mesh size, the theory predicts the insert impedance
better than the ABCI [1]. In ABCI, we put a huge cavity
in the outside of the insert to simulate open space. Figure 1 shows the comparison results of the real (left) and
the imaginary (right) parts of the impedance, respectively.
Quite good agreements can be seen between the two results.
Beam Dynamics in High-Intensity Circular Machines

Proceedings of HB2010, Morschach, Switzerland

TUO1C01

Then, Eq. (1) becomes
ZL,insert 

Im

Figure 1: Comparison of the real (left) and the imaginary
(right) parts of the longitudinal impedance, calculated by
the present theory (red curves) and ABCI (blue curves), respectively.

Frequency-dependence and Length-dependence
of the Impedance
In this subsection, we assume that the chamber thickness
t satisﬁes the condition :
4g
π 2 Z03 σc3

(8)

Speciﬁcally for a relativistic beam, Eq.(8) reproduces
Eq.(6). These results show that the impedance decreases
in proportional to k −1/2 in the extremely high frequency,
as predicted by the diffraction theory [6].
In the intermediate region of f  fD where the skin
depth δ is still smaller than the insert thickness t, we can
apply the following inequality to Eq.(1):
 √

 π jkβZ0 σc 
.
(9)
|Ypole + Ycut |  
k2 β 2 w 

f[GHz]

t > tmin ≡ (

√
(1 − j)2Z0 g
√
.
2πaI02 (k̄a) βπk

1

)4 .

(4)

We exclude an extremely thin insert case here. This assumption allows us to neglect the effect from ”radiation
terms” such as Ypole and Ycut in Eq.(1) in the low frequency
region where the skin depth exceeds the insert thickness t.
The thickness tmin is typically a few ten nm for a metallic
insert.
Krinsky et al and Stupakov [4, 5] studied the impedance
of a short insert. Their results indicate that when g 
(Z0 σa4 /4π)1/3 and

2Z0 σc
c
f  fD ≡
,
(5)
2π
g
(the frequency fD is typically of the order of THz in our
short insert in MKS unit), then
√
(1 − j)2Z0 g
√
ZL 
,
(6)
2πa πk
√
and is proportional to g.
Let us consider the case that the thickness of the insert is
larger than 21/2 π 3/4 tmin and see if our theory can reproduce the formula Eq.(6) in the extremely high frequency
region f  fD . In this frequency region, we may take a
limit of t to inﬁnity in Eq.(1), and the following inequality
can be applied to Eq.(1):
 √

 π jkβZ0 σc


.
|Ycut |  
(7)
+
Y
pole

k2 β 2 w
Beam Dynamics in High-Intensity Circular Machines

We then obtain the conventional formula of the resistivewall impedance for a relativistic beam [7]:

2ω 1 + j
ZL,insert  gZ0
,
(10)
cZ0 σc 4πa
which is proportional to the length of the insert g.
In the low frequency region where the skin depth exceeds
the insert thickness t:
c
f < fδ ≡
,
(11)
πZ0 σc t2
but the effect from radiation terms such as Ypole and Ycut
are still negligible in Eq.(1), we obtain
[ZL,insert ] 

g
.
2πaσc t

(12)

When the thickness of the insert is smaller than
21/2 π 3/4 tmin but larger than tmin , Eq.(12) becomes valid
all the way up to fD .

Dependence of the Insert Impedance on its Thickness
Before studying the thickness dependence of the insert
impedance, let us study the thickness dependence of the
resistive-wall impedance in order to compare them with our
results afterwards. We numerically calculate the resistivewall impedance for different thicknesses of the chamber
by borrowing the general formulae of the resistive-wall
impedance with ﬁnite thickness from Metral et al’s recent
work [8, 9]. The results for a relativistic beam are shown in
Fig.2. The red, the blue and the black lines show the cases
that the insert thickness t is equal to inﬁnity, 10μm and
1μm, respectively. The impedance starts to deviate from
that for the inﬁnitely thick chamber when the skin depth exceeds the chamber thickness. Apparently, the wake ﬁelds
leak out at low frequency. The dependence of ZL on the
conductivity σc , the frequency f and the chamber thickness t, for the case that the skin depth exceeds t, can be
approximately written as
[ZL ] 

2gπZ02 σc f 2 t3
.
3ac2

(13)
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μ

the results of t = 1μm to t = 100 nm (even including the
result of 10 nm that is smaller than tmin ) described in Fig.3
are equal to the resistance of the wall current Zwall :

Zwall =

Figure 2: The dependence of the real part of the longitudinal resistive-wall impedance of a uniform beam pipe (no
insert) on the thickness of the chamber.

g
g

.
2
2
σc π((a + t) − a )
2πaσc t

This behavior of the insert impedance is quite different
from that of the resistive-wall impedance of the chamber
with ﬁnite thickness for a relativistic beam, which was discussed in the ﬁrst paragraph of this subsection.
When the thickness of the insert is extremely thin like
t  tmin , the situation is quite different from the above
case. The results of t = 1nm to t = 10pm in Fig.3 correspond to this case. The frequency fD and the skin depth δ
are no longer dominant parameters. The new parameter:

fc ≡

G

Figure 3: The thickness dependence of the longitudinal
impedance of the insert in the relativistic beam case.

Contrary to our intuition, the impedance becomes larger as
the conductivity of the material σc increases.
Now, let us discuss the properties of the impedance of the
insert by changing the thickness of it. The thickness dependence of the real part of the insert impedance obtained by
Eq.(1) is shown in Fig.3. The red, the blue, the black, the
black dashed, the black dot, the green and the blue dashed
and the red dashed lines represent the cases that the thickness t is equal to 100μm, 10μm, 1μm, 100 nm, 10 nm, 1
nm, 100 pm and 10 pm, respectively.
When the skin depth is smaller than the thickness of the
insert but the frequency f is lower than fD , the impedance
of the insert is identical to the resistive-wall impedance
given by Eq.(10) (see the results for the case that t is equal
to 100μm).
As we ﬁnd from the result of t = 10μm in Fig.3, if the
skin depth exceeds the insert thickness (fδ  0.42 GHz in
this case. See Eq.(11)), the real part of the impedance becomes independent of the frequency. The imaginary part is
still inductive for the insert with this thickness. This indicates that the whole wall current runs in the thin insert, despite of the fact that the skin depth exceeds the insert thickness in most of frequencies. In other words, the beam current is completely shielded by the wall current in the insert,
and the wake ﬁelds do not propagate out of the chamber. If
this picture is correct, the real part of impedance should be
equal to the resistance of the wall current Zwall . Actually,
350

(14)

σc2 Z02 t2 c
,
4πg

(15)

plays a more important role in the impedance. In the frequency region f  fc , the contribution from the wall current dominates in the impedance. In the rest of the frequency, the radiation effects become dominant contributions. The dips for these cases in Fig.3 correspond to the
cut-off frequencies of the chamber. The imaginary part of
impedance becomes capacitive, which is opposite to the result of t > tmin .
The physical reason of why the whole wall current tends
to run on the thin insert except for the extremely thin insert
case is that the nature tries to minimize the energy loss of
a beam, which is smaller when the wall current runs on the
thin insert with large resistance than it converts to the radiation out to free space(= gap impedance). When t  tmin ,
the real part of the correct impedances using the present
theory is smaller than the hypothetical impedances calculated by extending the simple formula (14) to these extreme
thicknesses. The impedance i.e. the energy loss of a beam
becomes small by the wall current converting to outer radiation than staying in the extremely thin insert.

TRANSVERSE IMPEDANCE
The expression for the transverse impedance ZT,insert is
given as
jZ0
ZT,insert  −
/
2βγ 2 aI12 (k̄a)
−

√
2π jkβZ0 σc
tanh
k2 β 2 g



,
jkβZ0 σc t + Ypole
+ Ycut

(16)
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where

Ypole
=

∞


−

s=1

4πa(1 − e−j
gb21,s

b1,s g
2a

)

⎤
b1,s g

4πaJ1 (j1,s
)(1 − e−j 2a )
⎦
+
2 J  (j  )
k 2 β 2 a2 gj1,s
1 1,s
d1,0 g

(2)

−

4πH1 (h1,0 )(1 − e−j 2(a+t) )
(2)

k 2 β 2 (a + t)gh2
(h1,0 )
1,0 H1


kβg
(2)
H1 (h1,0 )
1
4π(1 − e−j 2 )
,
−
+
(2) 
gk 2 β 2
(a + t)h2
(h1,0 ) 2a
1,0 H1
(17)
∞

Ycut

=−


+

0

0

−j

dζ

dζ

g
2

r

k2 β 2 +

ζ
(a+t)2

)

“
π√
(1) j π √
(2)
ζ
2
ζ k2 β 2 + (a+t)
ζ)H1 (ej 2 ζ)
2 H1 (e

kβg
4(e−j 2

∞

4(1−e ”

−j

g
2

r

π(a + t)g
k2 β 2 +

ζ

2

(a+t) )
−e
π√
π√
(1)
(2)
ζ 2 H1 (ej 2 ζ)H1 (ej 2 ζ)
k 2 β 2 (a + t)πg

 4 tan−1 √

Figure 4: The thickness dependence of the transverse
impedance of the insert for the relativistic beam case.
which reproduces the conventional resistive-wall
impedance for a relativistic beam: [7]

Z0 ωσc 1 + j
ZT,insert = gc
.
(22)
2c πσc ωa3
In a lower frequency where the skin depth exceeds the
thickness of the insert, the impedance becomes

1
jkg

[ZT,insert ] =

√
kβg
−2 + 4 1 + jkβg sinh−1 √kβg + 2e−j 2
√
+
,
(18)
k 2 β 2 (a + t)2 1 + jkβg


2 , b
2 , d
k 2 β 2 a2 − j1,s
b1,s = k 2 β 2 a2 − j1,s
1,s =
1,0 =


k 2 β 2 a2 − h2
1,0 , jn,s are the s-th zeros of Jn (z), j1,s are
π
e−j 4

the s-th zeros of J1 (z) and h1,0 = 0.501184 + j0.643545:
(2)
the 0-th zero of H1 (z)(the differential of the Hankel
function of the second kind). We should notice that b1,s


2 − k 2 β 2 a2 for j 2 > k 2 β 2 a2 .
approaches −j j1,s
1,s
Similarly to the longitudinal case, let us examine the
frequency-dependence of the transverse impedance. We
start to study from the extremely high frequency and then
will gradually lower the frequency. When the thickness of
the insert is larger than 21/2 π 3/4 tmin (see Eq.(4)), the wake
ﬁeld leaks out of the insert in the high frequency region
speciﬁed by f  fD (see Eq.(5)). In this frequency range,
the transverse impedance is approximately given by
√
(1 − j)Z0 kg
ZT  √
,
(19)
8 2βγ 2 aI12 (k̄a)

which becomes for a relativistic beam
√
(1 − j)Z0 g
ZT  √
.
2 2k 3/2 a3

(20)

In the frequency region where f  fD but still the skin
depth is smaller than the insert thickness, the impedance is
approximately written as
√
jkβZ0 gI1 (k̄rb )
ZT,insert 
,
(21)
√
2γπrb a σc I12 (k̄a)
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gc
.
2π 2 f a3 σc t

(23)

When the thickness of the insert is smaller than
21/2 π 3/4 tmin but larger than tmin , Eq.(23) gives correct
impedance all the way up to fD .
Finally, in the region of
f  fL ≡

3c
,
4πZ0 σc ta

(24)

the wake ﬁelds leak out of the insert again. It is almost
identical to the gap impedance Zgap,⊥ described in reference [2] and goes down toward zero as the frequency approaches to zero.
Now, we consider the thickness dependence of the insert.
The dependence of the real part of the insert impedance on
the insert thickness is shown in Fig.4. The red, the blue, the
black, the black dashed, the black dot, the green, the blue
dashed and the red dashed lines represent the cases for the
thickness t equal to 100μm, 10μm, 1μm, 100 nm, 10 nm,
1 nm, 100 pm and 10 pm, respectively.
Similar to the longitudinal case, we at ﬁrst consider the
case that the thickness of the insert t is larger than tmin .
The result of t = 100μm in Fig.4 corresponds to the case
that the skin depth δ is smaller than the thickness of the insert t, which reproduces Eq.(22). The results of t = 10μm
to t = 100nm in Fig.4 represent the case that the skin
depth δ exceeds the thickness of the chamber t except at
the low frequency extreme f  fL (See Eq.(24)). These
impedances (even including the result for 10 nm which
is smaller than tmin ) agree very well with those obtained
from simple formula
[ZT ] 

2βc
βcg
Zwall =
,
a2 ω
2π 2 f a3 σc t

(25)
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Figure 5: The dependence of the real part of the transverse
resistive-wall impedance of a uniform beam pipe (no insert)
on the thickness of the chamber.
where Zwall is identical to Eq.(14).
The case of t = 10μm especially helps us to understand
the behavior of the real part of the impedance, which starts
to deviate from Eq.(22) and becomes proportional to f −1
when the skin depth exceeds the insert thickness (f < fδ .
See Eq.(11)).
In the frequency region speciﬁed by fL < f < fδ , the
whole wall current runs on the thin insert, and wake ﬁelds
are still conﬁned inside the chamber. Contrary to the longitudinal impedance, this picture of the insert impedance
is applicable to that of the resistive-wall impedance for the
transverse impedance.
In order to compare the resistive-wall impedance
with the insert impedance, we numerically calculate the
resistive-wall impedance for different thicknesses of the
chamber by borrowing the general formula of the resistivewall impedance with ﬁnite thickness from Metral et al’s
recent work [8, 9]. The results for a relativistic beam are
shown in Fig.5. The red, the blue, the black, the black
dashed and the black dot lines show the cases that the insert thickness t is equal to inﬁnity, 10μm, 1μm,100nm and
10nm, respectively. The entire wall current runs on the
chamber for the resistive-wall impedance as well, after the
skin depth exceeds the chamber thickness. But at the region
f < fL (but not quite lower as in the short insert) where
the skin depth is much larger than the chamber thickness,
the resistive-wall impedance starts to fall off.
In the case that the thickness of the insert t is extremely
thin like t  tmin , the situation becomes signiﬁcantly different. The results of t = 1nm to 10 pm in Fig.4 correspond
to this case. The parameter fL should be replaced by a new
parameter:
1
1
2gc3
fr ≡
(26)
( 2 2 4 2 )3 .
2π Z0 σc a t
Contrary to the longitudinal case, fr as well as fc (see
Eq.(15)) are used to classify the property of the impedance
along the frequency axis. In the frequency region fr <
f  fc the contribution from the wall current dominates in the impedance, while the radiation effects dominate in the rest of the frequency. Since the wall current
effect dominates in the impedance in the frequency region
fr < f  fc , the impedance is proportional to the length
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Figure 6: The transverse impedances for the case of t 
tmin . The green solid and dashed, the blue solid and
dashed, and the red solid and dashed lines show the cases
that the thickness of the insert t is equal to 1nm, 100 pm
and 10 pm, respectively. The solid lines are based on the
present theory, while the dashed lines are calculated hypothetically by extending the simple formula (25) to these
extreme thicknesses.
√
of the insert g. The impedance is proportional to g in the
higher frequency region, as the contributions from the radiation dominate in the impedance. The wake ﬁeld makes
dips in the impedance curve for the frequency that is larger
than the cut-off frequency of the chamber. Especially, in
the case of the inﬁnitesimally thin insert, the impedance is
identical to the gap impedance, in the entire frequency.
Like the longitudinal case, the transition thickness of the
insert at which the wall current starts converting to the outer
radiation from running on the thin insert is determined by
which case minimizes the impedance and thus the energy
loss of a beam. Figure 6 demonstrates this fact by comparing the correct impedances with the hypothetical ones
obtained by extending the simple formula (25) to these extreme thicknesses.

SUMMARY
The theory to describe the impedances of a short insert
has been developed. The theory is consistent with the conventional resistive-wall impedance and the gap impedance.
Even in the thin insert the entire image current runs on
the insert, and therefore the impedances increase drastically from the conventional resistive-wall impedance [7].
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Abstract
Two dimensional electromagnetic models (i.e. assuming
an infinite length) for the vacuum chamber elements in a
synchrotron are often quite useful to give a first estimate
of the total beam-coupling impedance. In these models,
classical approximations can fail under certain conditions
of frequency or material properties. We present here two
formalisms for flat and cylindrical geometries, enabling
the computation of fields and impedances in the multilayer
case without any assumption on the frequency, beam velocity or material properties (except linearity, isotropy and
homogeneity).

INTRODUCTION
In this old subject [1], the general formalism of B.
Zotter [2] enables the analytical computation of the electromagnetic (EM) fields in frequency domain and the
impedance created by a beam in an infinitely long multilayered cylindrical pipe made of any linear materials. Still,
improvements of this formalism were possible for better
accuracy and computational time, thanks in particular to a
matrix formalism for the field matching. Also, it is possible
to extend this theory to any azimuthal mode instead of only
m = 0 and m = 1, enabling the computation of nonlinear
terms in the EM force.
For multilayer flat chambers, the usual approach is to
compute the beam coupling impedances thanks to a formula valid for an axisymmetric geometry multiplied by
constant “Yokoya” form factors [3, 4], but this has been
shown to fail in the case of non metallic materials such as
ferrite [5] which is expected since Yokoya’s theory relies on
hypotheses that can be wrong for certain materials and/or
certain frequencies. Therefore, we show here how we can
provide a more general theory of the multilayer flat chamber impedance, going beyond the single-layer case [4] or
the double-layer one [6, 7]. We use similar ideas as for a
cylindrical geometry and apply them to an infinitely long
and large flat chamber.
Details on the derivations below can be found in [8, 9].

ELECTROMAGNETIC FIELDS IN A
CYLINDRICAL MULTILAYER CHAMBER
We consider a point-like beam of charge Q travelling at
a speed υ = βc along the axis of an axisymmetric infinitely
long pipe of inner radius b, at the position (r = a 1 , θ =
0, s = υt) in cylindrical coordinates. The source charge
ω
), after the usual
density is in frequency domain ( f = 2π
Beam Dynamics in High-Intensity Circular Machines

Figure 1: Cross section of the cylindrical chamber.
decomposition on azimuthal modes [8, 10]
∞
∞


Q cos(mθ)δ(r − a1 )e− jks
, (1)
ρm =
ρ(r, θ, s; ω) =
πυa1 (1 + δm0 )
m=0
m=0
where k ≡ ωυ , δ is the delta function, and δ m0 = 1 if m = 0, 0
otherwise. The space is divided into N +1 cylindrical layers
of homogeneous, isotropic and linear media (see Fig. 1),
each denoted by the superscript (p) (0 ≤ p ≤ N). The last
layer goes to infinity.
The macroscopic Maxwell equations in frequency domain for the electric and magnetic fields E and H are written [2]
curlH − jωD = ρm υe s , curlE + jω B = 0,
div D = ρm ,

div B = 0,

D = εc E, B = μH,

(2)

where [11]


σDC
εc = ε0 ε1 =ε0 εb 1 − j tan ϑE +
,
jω (1 + jωτ)


μ = μ0 μ1 =μ0 μr 1 − j tan ϑ M .

(3)
(4)

In these expressions, ε 0 (μ0 ) is the permittivity (permeability) of vacuum, ε b the real dielectric constant, μ r the real
part of the relative complex permeability, tan ϑ E (tan ϑ M )
the dielectric (magnetic) loss tangent, σ DC the DC conductivity and τ the Drude model relaxation time [12].
From Maxwell equations, one gets for each mode m [13]




1 ∂
∂2
∂
1 ∂2
2
r
+ 2 2 + 2 + ω εc μ E s =
r ∂r ∂r
r ∂θ
∂s
1 ∂ρm
+ jωμρm υ,
εc ∂s




1 ∂
∂2
∂
1 ∂2
2
r
+ 2 2 + 2 + ω εc μ H s =0.
r ∂r ∂r
r ∂θ
∂s
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Solutions are sought by separation of variables, in the form
R(r)Θ(θ)S (s). Θ and S are solutions of the harmonic differential equation. From the symmetries of the problem [8]
ΘE s (θ) ∝ cos(me θ),

S E s (s) ∝ e− jks ,

ΘHs (θ) ∝ sin(mh θ),

S Hs (s) ∝ e− jks ,

where me and mh should be integer multiples of m. R E s
(RHs ) is a combination of modified Bessel functions of order me (mh ) and argument νr with ν ≡ k 1 − β2 ε1 μ1 . From
the boundary conditions between all the layers it can be
first proven [8] that m e = mh = m. The longitudinal components of the fields are then in each layer (p) [13] (with
G = Z0 H = μ0 cH):
(p)
− jks
Im ν(p) r
E (p)
C Ie
s = cos(mθ)e
(p)
+C Ke
Km ν(p) r ,
(p)
Gs

=

(p)
sin(mθ)e− jks C Ig Im

p+1

Sp

ν(p) r

(p)
(p)
(p)
(p)
where the constants C Ie
, C Ke
, C Ig
and C Kg
depend on m
and ω. The transverse components are found from [13]

Er(p) =
Eθ(p) =
(p)

Gr =
G(p)
θ

=

jk
(p) 2

ν

jk
ν(p) 2
jk
ν(p) 2
jk
ν(p) 2

(5)
(6)
(7)
(8)

(0)
(0)
(1)
(N)
(N)
= C Kg
= C Kg
= C Ie
= C Ig
= 0,
C Ke


ka1
2C
(1)
C Ke
=
Im
,
1 + δm0
γ
ka1
γ

Im

ka1
γ

p+1

p+1

=

ε1(p+1)
(p+1)

μ1

p+1

Qp ,

(11)
2

2

2
m ν(p) −ν(p+1)
−ν(p+1) b(p)
, χ p+1
=
, ξ pp+1 =
(p+1)
p
ε1
ν(p) 2 βε(p+1)
1
2
−ν(p+1) b(p)
, Imp+1,p = Im ν(p+1) b(p) , Imp,p = Im ν(p) b(p) and
μ(p+1)
1
similar definitions with I m , Km and Km .

Iteratively applying Eq. (10) and solving leads to
M12 M33 − M32 M13
,
M11 M33 − M13 M31
(1) M12 M31 − M32 M11
= C Ke
,
M11 M33 − M13 M31

(1)
(1)
(1)
= −C Ke
αTM = −C Ke
C Ie
(1)
(1)
C Ig
= C Ke
αTE

(N)
(1)
(1)
(1)
= M21C Ie
+ M22C Ke
+ M23C Ig
,
C Ke

Then, the boundary conditions at r = a 1 [10] and the finiteness of the fields at r = 0 and r → ∞ give

Km

p+1

with ζ pp+1 =

(p)
+C Kg
Km ν(p) r ,

⎞
⎛ (p)
(p) ⎟
⎜⎜⎜ ∂E s
βμ(p)
∂G
⎟⎟⎟
s
1
+
⎟,
⎜⎜⎝
∂r
r
∂θ ⎠
⎛
(p) ⎞
⎜⎜⎜ 1 ∂E (p)
∂G s ⎟⎟⎟
s
⎟⎠ ,
⎜⎝
− βμ(p)
1
r ∂θ
∂r
⎞
⎛
(p)
(p) ⎟
⎜⎜⎜ βε(p)
∂G
∂E
⎟⎟⎟
s
s
1
+
⎟,
⎜⎜⎝−
r
∂θ
∂r ⎠
⎛
⎞
⎜⎜⎜ (p) ∂E (p)
1 ∂G(p)
⎟⎟⎟
s
s ⎟
+
⎝⎜βε1
⎠.
∂r
r ∂θ

p+1

where P p , Q p , R p and S p are 2 × 2 matrices:
⎡ ε(p+1)
(p)
⎢⎢⎢ 1 I p,p K  p+1,p − ε1 K p+1,p I  p,p
p+1
(p+1) m
(p)
m
m
m
⎢
ν
ν
P p = ⎢⎢⎣ ε(p+1)
ε(p)
p,p  p+1,p
p+1,p  p,p
1
1
− ν(p+1) Im Im
+ ν(p) Im Im
⎤
(p+1)
(p)
ε1
ε1
p,p  p+1,p
p+1,p  p,p ⎥
⎥⎥⎥ p+1
K
K
−
K
K
(p+1)
(p)
m
m
m
m
ν (p+1)
ν (p)
⎥⎦⎥ ζ p ,
ε1
ε
− ν(p+1) Kmp,p Im p+1,p + ν1(p) Imp+1,p Km p,p
 p,p p+1,p
p,p p+1,p 
−Km Km
p+1
p+1 −Im Km
Qp = χp
,
Imp,p Imp+1,p
Kmp,p Imp+1,p
⎡ μ(p+1)
(p)
⎢⎢⎢ 1 I p,p K  p+1,p − μ1 K p+1,p I  p,p
p+1
(p+1) m
(p)
m
m
m
⎢
ν
ν
R p = ⎢⎢⎣ μ(p+1)
μ(p)
p,p  p+1,p
p+1,p  p,p
1
1
− ν(p+1) Im Im
+ ν(p) Im Im
⎤
(p)
μ(p+1)
μ
p,p
p+1,p  p,p ⎥
 p+1,p
1
1
⎥⎥⎥ p+1
K
K
−
K
K
(p+1)
(p)
m
m
m
m
ν (p+1)
ν (p)
⎥⎦⎥ ξ p ,
μ1
μ
p,p
p+1,p
1
− ν(p+1) Km Im p+1,p + ν(p)
Im Km p,p

(N)
(1)
(1)
(1)
C Kg
= M41C Ie
+ M42C Ke
+ M43C Ig
,

(12)

N
N−1
· MN−2
· · · M12 is a 4 × 4 matrix, and we
where M ≡ MN−1
have defined α TM and αTE as in [13]. When summing all
modes m to get the EM response to the initial point-like
source in Eq. (1), we get for the total longitudinal electric
field in the vacuum region

  
k
vac
− jks
2
2
a1 + r − 2a1 r cos θ
K0
E s,tot = Ce
γ
  ⎤

∞

ka1
kr ⎥⎥⎥⎥
αTM (m) cos(mθ)
Im
−2
Im
⎥ . (13)
1 + δm0
γ
γ ⎦
m=0

(9)

Note that similar matrix formalisms in other theoretical
frameworks have been developped in [14, 15].

jωμ0 Q
with γ−2 = 1−β2 and C = 2πβ
2 γ2 . Expressing all the bound(p)
ary conditions at b for 1 ≤ p ≤ N − 1, it can be shown [8]
that the constants of one layer are related to those from the
adjacent layer through

ELECTROMAGNETIC FIELDS IN A FLAT
MULTILAYER CHAMBER

(0)
C Ig

=

(1)
C Ig
,

(0)
C Ie

=

(1)
C Ie

(1)
+ C Ke

⎡ (p) ⎤
⎡ (p+1) ⎤
⎢⎢⎢C Ie ⎥⎥⎥
⎢⎢⎢C Ie ⎥⎥⎥
 p+1
⎢⎢ (p) ⎥⎥
⎢⎢⎢⎢C (p+1) ⎥⎥⎥⎥
⎢⎢⎢ Ke ⎥⎥⎥ = M p+1 · ⎢⎢⎢⎢⎢C Ke ⎥⎥⎥⎥⎥ , M p+1 = P p
p
p
p+1
⎢⎢⎢C (p) ⎥⎥⎥
⎢⎢⎢C (p+1) ⎥⎥⎥
Sp
⎢⎢⎣ Ig ⎥⎥⎦
⎢⎢⎣ Ig ⎥⎥⎦
(p+1)
(p)
C Kg
C Kg
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,

p+1 
Qp
p+1 ,
Rp

(10)

Here we also consider a point-like beam of charge Q
travelling at a speed υ = βc at the position (x = 0, y =
y1 , s = υt) in cartesian coordinates, along an infinitely long
and large flat chamber of half gap b. We write the source
charge density in frequency domain as
ρ(x, y, s; ω) =

Q
δ(x)δ(y − y1 )e− jks ,
υ

(14)
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and ω. The transverse components are found from
(p)
Ex

=

Ey(p) =
G(p)
x =
G(p)
y =

⎛ (p)
(p) ⎞
jk ⎜⎜⎜ ∂E s
⎟⎟⎟
(p) ∂G s ⎟
⎜
+ βμ1
⎠,
2 ⎝ ∂x
(p)
∂y
ν
⎛ (p)
(p) ⎞
jk ⎜⎜⎜ ∂E s
⎟⎟⎟
(p) ∂G s ⎟
⎜
−
βμ
⎠,
⎝
1
∂x
ν(p) 2 ∂y
⎞
⎛
(p)
∂G(p)
jk ⎜⎜⎜
⎟⎟⎟
s ⎟
(p) ∂E s
⎜−βε1
+
⎠,
2 ⎝
(p)
∂y
∂x
ν
⎛
⎞
∂G(p)
jk ⎜⎜⎜ (p) ∂E (p)
⎟⎟⎟
s
s ⎟
⎜
+
βε
⎠.
2 ⎝ 1
(p)
∂x
∂y
ν

(16)
(17)
(18)
(19)

Then the boundary conditions at y = y 1 give
(1)
(−1)
Cg+
= Cg+
,

Figure 2: Cross section of the flat chamber.

(1)
(−1)
Cg−
= Cg−
,
(1)

with the same notations as above. Using
 +∞ the horizontal Fourier transform and dropping the 0 dk x factor, we
want first to compute the response to the source
ρ̃(k x , y, s; ω) =

Q
cos(k x x)δ(y − y1 )e− jks ,
πυ

(15)

which corresponds to a surface charge density on the plane
y = y1 . The space is divided into N + M layers parallel
to the y = 0 plane (see Fig. 2), denoted by the superscript
(p) where −M ≤ p ≤ N, p  0, with the same general
assumptions as in the axisymmetric case.
The macroscopic Maxwell equations in frequency domain for the electric and magnetic fields E and H are written as above in Eqs. (2), replacing ρ m by ρ̃, εc and μ being
given by Eqs. (3) and (4). One can then get the wave equations
 2

∂
∂2
∂2
1 ∂ρ̃
2
+ jωμρ̃υ,
+
+
+
ω
ε
μ
Es =
c
εc ∂s
∂x2 ∂y2 ∂s2
 2

∂
∂2
∂2
2
+
+
+ ω εc μ H s = 0.
∂x2 ∂y2 ∂s2

(1)
(−1)
= Ce+
−C
Ce+

S E s (s) ∝ e− jks ,

S Hs (s) ∝ e− jks .

From the boundary conditions at y = b (p) and y = y1 it can
the layers [9]. Defining
be shown that k xe = k xh = k x in all 

then ν(p) , G as above and k y(p) = k2x + ν(p) 2 , we get the
fields longitudinal components in layer (p):


(p) ky(p) y
(p) −ky(p) y
− jks
E (p)
=
cos(k
x)e
e
+
C
e
C
,
x
s
e+
e−


(p)
(p)
(p) (p)
(p)
G s = sin(k x x)e− jks Cg+ eky y + Cg− e−ky y ,
(p)
(p)
(p)
(p)
where the constants C e+
, Ce−
, Cg+
and C g−
depend on k x
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ky(1)

(1)

,

(1)
(−1)
Ce−
= Ce−
+C

⎡ (p+1) ⎤
⎡ (p) ⎤
⎢⎢⎢Ce+ ⎥⎥⎥
⎢⎢⎢Ce+ ⎥⎥⎥
 p+1
⎢⎢⎢ (p+1) ⎥⎥⎥
⎢⎢⎢ (p) ⎥⎥⎥
⎢⎢⎢Ce− ⎥⎥⎥
p+1 ⎢C ⎥
⎥⎥⎥ , M p+1 = P p
⎢⎢⎢ (p+1) ⎥⎥⎥ = M p · ⎢⎢⎢⎢⎢ e−
p
(p)
S pp+1
⎢⎢⎢Cg+ ⎥⎥⎥
⎢⎢⎢Cg+ ⎥⎥⎥⎥⎥
⎣ (p+1) ⎦
⎣ (p) ⎦
Cg−
Cg−

ek y

y1

ky(1)

,


Q p+1
p
,
R p+1
p

(20)

p+1
p+1
and S pp+1 are 2 × 2 matrices:
where P p+1
p , Qp , Rp

P p+1
p

p+1

Qp

R p+1
p
p+1

XHs (x) ∝ sin(k xh x),

y1

with C defined as in the cylindrical case. We can express
all the boundary conditions at b (p) for 1 ≤ p ≤ N − 1 (upper
layers) in a matrix form:

Solutions are sought in the form X(x)Y(y)S (s). We get
three harmonic diﬀerential equations, and from the finiteness of X(±∞) and the symmetries of the problem
XE s (x) ∝ cos(k xe x),

e−ky

Sp

⎤
⎡ p+1
p+1
⎢⎢⎢ 1+ψ p e p,p+1 1−ψ p e p,p+1 −1 ⎥⎥⎥
+
−
⎥⎥⎥ ,
⎢
2
2
= ⎢⎢⎢⎣ 1−ψ p+1
1+ψ p+1
⎦
p,p+1
p,p+1 −1 ⎥
p
p
e−
2 e+
2
⎡

−1 ⎤
p,p+1
(p+1) 2
− e+p,p+1 ⎥⎥⎥⎥
k x ν (p) 2 − 1 ⎢⎢⎢⎢−e−
ν
⎢⎢⎢
⎥⎥⎥
=
⎢⎢
⎥⎥⎥ ,
(p+1) (p+1) ⎢
⎢⎣ p,p+1
2βky ε1
⎦
p,p+1 −1 ⎥
e+
e−
⎡ p+1
⎤
p+1
⎢⎢⎢ 1+φ p e p,p+1 1−φ p e p,p+1 −1 ⎥⎥⎥
+
2
⎥⎥⎥ ,
= ⎢⎢⎢⎢⎣ 1−φ2p+1 −
1+φ p+1
⎦
p,p+1
p,p+1 −1 ⎥
p
p
e
e
+
−
2
2
=

ε1(p+1)
μ1(p+1)

p+1

Qp ,

(21)

with
2

p+1

=

p,p+1

= e ky

e+

2

ν(p+1) ky(p) ε(p)
1

ψp

(p+1)

ν(p) 2 ky
(p)

p+1

, φp
(p+1)

ε1

+ky(p+1) b(p)

p,p+1

, e−

=

ν(p+1) ky(p) μ(p)
1
(p+1) (p+1)
μ1

ν(p) 2 ky
(p)

= e ky

−ky(p+1) b(p)

,

.

We can write the same relations as in Eqs. (20) to (21) for
the lower layers −M ≤ p ≤ −1 simply by replacing p + 1
N
N−1
· MN−2
· · · M12 , M =
with p − 1. Defining then M ≡ M N−1
−M
−M+1
−2
M−M+1 · M−M+2 · · · M−1 , and the 4 × 4 matrix P with the
lines 1 and 3 of M and 2 and 4 of M  in this order, using
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the finiteness of Y(±∞), we solve and find [9]

(1)
(1)
C 
(1)
Ce+
= − (1) χ1 (k x )eky y1 + η1 (k x )e−ky y1 ,
ky

(1)
(1)
C 
(−1)
Ce−
= − (1) χ2 (k x )eky y1 + η2 (k x )e−ky y1 ,
ky

Direct Space-charge Impedance

(22)

with (i = 1 or 2)
χi (k x ) = P−1
ηi (k x ) = P

−1

i1

M12 + P−1

M21
i3

+ P

i2

M32 ,

i4

M41 .

−1

(23)

Note that χi and ηi depend on k x but not on y 1 . The total
fields due to our initial point-like source are obtained by
integration over k x . Using the polar coordinates (r, θ) in the
(x, y) plane, in the vacuum region we can cast E s into [9]:


 

k
vac
− jks
2
2
E s,tot = Ce
x + (y − y1 )
K0
γ

  ⎤⎥
nπ
+∞ α

mn cos nθ − 2
ky1
kr ⎥⎥⎥
⎥⎥ ,
−4
Im
In
(1
+
δ
)(1
+
δ
)
γ
γ ⎦
m0
n0
m,n=0

(24)

where αmn are obtained by integrals that can be computed
numerically:
αmn =


 
k
sinh u
du cosh (mu) cosh (nu) χ1
γ
0




k
k
+(−1)mη1
sinh u + (−1)n χ2
sinh u
γ
γ


k
+(−1)m+n η2
sinh u .
γ

From the direct space-charge part of E vac
s,tot , in both the
axisymmetric and flat chamber cases we get the multimode
direct space-charge impedances [8]:


kd1,2
jLμ0 ω
K
ZS C,direct = −
,
0
γ
2πβ2 γ2


kd1,2 x2 − x1
jLμ0 ω
K
,
Z xS C,direct =
1
γ
d1,2
2πβ2 γ3


kd1,2 y2 − y1
jLμ0 ω
ZyS C,direct =
K
,
(27)
1
2πβ2 γ3
γ
d1,2
with d1,2 = (x1 − x2 )2 + (y1 − y2 )2 the distance between
the source and the test particles.

Wall Impedance in the Cylindrical Case
We obtain the “wall” impedance [11] (i.e. the impedance
due to the chamber itself, including the indirect spacecharge or perfect conductor part of the fields, but excluding the direct space-charge isolated above) when writing
Eqs. (26) with Eq. (13) without the direct space-charge. Up
to first order in the source and test positions we get

∞

Z xWall
ZyWall
(25)

The first term in E vac
s,tot is the direct space-charge part, independent on the chamber. The other term is the “wall” part
of the fields, as αmn depend only on the chamber properties
and on ω. Those coeﬃcients are the analoguous of α TM (m)
in the cylindrical case.

8

10

7

10

6

10

5

10

4

10

x

Zdip [Ω /m2]

For both cases, we can now proceed to the impedances
(longitudinal and transverse) for a test particle located at
(x2 = r2 cos θ2 , y2 = r2 sin θ2 ), and generalizing (thanks
to the symmetries of both geometries) the source position
at (x1 = r1 cos θ1 , y1 = r1 sin θ1 ). Using the definitions
from [13] and Eqs. (16) to (19) in vacuum (valid for both
the cylindrical and flat chamber cases):

3

10

Re(Z ), infinite graphite
2

10

1

1
Q
1
Zx = −
kQ
1
Zy = −
kQ
Z = −

10

jks
dsE vac
s,tot (x2 , y2 , s; ω)e ,

Re(Zx), 10 μm Cu + 2.5cm gra. + infinite stainless steel
|Im(Zx)|, 10 μm Cu + 2.5cm gra. + infinite stainless steel

0

10

∂E vac
s,tot

(x2 , y2 , s; ω)e jks ,
∂x
L
∂E vac
s,tot
(x2 , y2 , s; ω)e jks ,
ds
∂y
ds

the integration going over the length L of the element.
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x

|Im(Zx)|, infinite graphite

2

10

L

(28)

In transverse, in addition to the usual dipolar impedance
(coeﬃcient in front of x 1 and y1 in Z xWall and ZyWall ), we
find a term proportional to x 2 or y2 , which is a transverse
quadrupolar impedance [16, 17]. In most classical theories
this term is thought to be 0 in axisymmetric structures; we
find here that in principle it is not the case.

IMPEDANCES

L

jLμ0 ω
αTM (0),
2πβ2 γ2
jLZ0 k2
=
[αTM (1)x1 + αTM (0)x2 ] ,
4πβγ4

jLZ0 k2 
=
αTM (1)y1 + αTM (0)y2 .
4πβγ4

ZWall =

4

10

6

10

8

10

10

10

12

10

14

10

Frequency [Hz]

(26)

Figure 3: Dipolar wall impedance/L (i.e. per unit length)
for a round collimator of one or three layers (γ = 479.6,
b = 2mm, σ DC,Cu = 5.9 · 107 S/m, τCu = 27 fs, σDC,gra =
105 S/m, τgra = 0.8 ps, σDC,ss = 106 S/m, τ ss = 0, and in all
layers εb = μr = 1 and ϑ E = ϑ M = 0).
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Wall Impedance in the Flat Chamber Case
Plugging now Eq. (24) into Eqs. (26) we get for the wall
impedances up to first order in the source and test positions
jLμ0 ω
α00 ,
2πβ2 γ2
jLZ0 k2
(α02 − α00 ) (x1 − x2 ) ,
=
4πβγ4


jLZ0 k2 2γ
)
(α
y
α
=
+
2α
y
+
+
α
01
11 1
00
02 2 . (29)
4πβγ4 k

ZWall =
Z xWall
ZyWall

Due to the absence of top-bottom symmetry, there is a constant term in the vertical impedance. Also, contrary to usual
ultrarelativistc results, Z xWall,quad  −ZyWall,quad .

1.6

Re(F||), this theory

1.4

Re(Fx ), this theory

1.2

Re(Fy ), this theory

Im(F||), this theory

dip

Im(Fx ), this theory

dip

Im(Fy ), this theory

F||, Yokoya (=1)
dip

2

dip

2

dip

Fx , Yokoya (=π /24)

dip

Fy , Yokoya (=π /12)

1

Form factors

In Fig. 3 we show the dipolar wall impedance in the case
of a graphite round collimator, with one layer or three layers. The diﬀerence between the two is mainly due to the
copper coating in the three layers case, and this diﬀerence
decreases at low frequencies because the fields penetrate
deep inside the collimator wall.

TUO1C02
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Figure 5: Form factors in the case of a three-layer copper
coated collimator (see Figs. 3 and 4).
the copper coated collimator already investigated in Figs. 3
and 4. Deviations from the usual Yokoya factors are significant mainly at high frequencies but can also be seen below
1 MHz, in particular for the longitudinal impedance.

8

10

CONCLUSION

7

Two dimensional models giving the EM fields and
impedance in respectively cylindrical and flat multilayer
chambers have been presented. They rely only on basic
assumptions on the materials (linearity, isotropy and homogeneity) such that they are valid in principle at any frequency and for any beam velocity. Thanks to the matrix
formalism used, the number of layers in the structure is no
longer an issue.

10

6

10

5

4

10

y

Zdip (Ω /m2)

10

3

10

2

10

Re(Zy), this flat chamber theory
|Im(Z )|, this flat chamber theory
y

Re(Z ), Tsutsui’s model

REFERENCES

y

1

10

|Im(Z )|, Tsutsui’s model
y

[1] L.J. Laslett et al, Rev. Sci. Instrum. 36 (1965), p. 436.

0

10

4

10

6

10

8

10

10

10

12

10

Frequency (Hz)

Figure 4: Vertical dipolar impedance/L for a threelayer copper coated graphite flat collimator (parameters in
Fig. 3). In Tsutsui’s model the third layer is replaced by a
perfect conductor and the plates perpendicular to the large
flat jaws are 25cm apart.
In Fig. 4 we have plotted the vertical dipolar impedance
of a copper coated graphite flat collimator, comparing our
results to Tsutsui’s model [18] on a rectangular geometry.
The agreement between the two approaches is very good.

Form Factors Between the Two Geometries
The ratio of the flat chamber impedances to the cylindrical ones (longitudinal for F  , dipolar term only for the
others) give us form factors that are a frequency and material dependent generalization of the Yokoya factors:
α00
α02 − α00 dip
2α11
dip
, Fx =
, Fy =
,
F =
αTM (0)
αTM (1)
αTM (1)
α00 − α02 quad α00 + α02
F quad
, Fy =
.
(30)
=
x
αTM (1)
αTM (1)
In Fig. 5 we have plotted those form factors for the case of
Beam Dynamics in High-Intensity Circular Machines

[2] B. Zotter, CERN-69-15 (1969) and CERN-AB-2005-043
(2005).
[3] R.L. Gluckstern et al, Phys. Rev. E 47 (1993) 1, p. 656.
[4] K. Yokoya, Part. Acc., 41 (1993), p. 221.
[5] B. Salvant et al, IPAC’10, Kyoto, Japan, p. 2054.
[6] A. Piwinski, DESY 84-097 (1984).
[7] A. Burov and V. Lebedev, EPAC’02, Paris, France, p. 1455.
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VAN KAMPEN MODES FOR BUNCH LONGITUDINAL MOTION
A. Burov, FNAL*, Batavia, IL 60510, U.S.A.
Abstract
Conditions for existence, uniqueness and stability of
bunch steady states are considered. For the existence
uniqueness problem, simple algebraic equations are
derived, showing the result both for the action and
Hamiltonian domain distributions. For the stability
problem, van Kampen theory is used [1-3]. Emerging of
discrete van Kampen modes show either loss of Landau
damping, or instability. This method can be applied for an
arbitrary impedance, RF shape and beam distribution
function Available areas on intensity-emittance plane are
shown for resistive wall wake and single harmonic, bunch
shortening and bunch lengthening RF configurations.

Let H(z,p) be a Hamiltonian for longitudinal motion
inside RF bucket distorted by the wake field:

(1)

Here z and p are the offset and the momentum of a
particle, U(z) is the steady state potential with Urf(z) as its
RF part, λ(z) is steady state linear density, W(z) is the
wake function, V(z,t) and ρ(z,t) are small perturbations of
the potential well and linear density. For the potential well
U(z), action I and phase φ variables can be found:

I (H ) =

π

zmax

∫

2( H − U ( z ))dz ;

zmin

2( H − U ( z ))
dH
dz
;
.
Ω( I ) =
=
dI
dϕ
Ω( I )

(2)

The linear density λ and its perturbation ρ can be
related to steady state phase space density F(I) and its
perturbation f(I,φ,t):

λ ( z ) = ∫ F ( I )dp ;
ρ ( z, t ) = ∫ f ( I , ϕ , t )dp .

(3)

Below, the steady state distribution F(I) is treated as an
input function, determined either by cooling-diffusion
Operated by Fermi Research Alliance, LLC under
Contract No. DE-AC02-07CH11359 with the United
States Department of Energy.
*
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(4)
Set of equations (1-4) assumes given input functions
Urf(z), W(z) and F(I), while the steady state solution U(z),
I(H), λ(z) and all the eigenfunctions of the dynamic JeansVlasov equation (4) are to be found.
To obtain the steady state solution, the following set of
three equations is to be solved:

U ( z ) = U rf ( z ) − ∫ λ ( z′)W ( z − z′)dz′ ≡ U RHS [λ ];
1

π

λ ( z) = 2

zmax

∫

2( H − U ( z ))dz ≡ I RHS [U ];

(5)

zmin

H max

∫

U (z)

V ( z, t ) = − ∫ ρ ( z′, t )W ( z − z′)dz ′ .

1

∂f
∂f ∂V
+ Ω( I )
−
F ′( I ) = 0 .
∂t
∂ϕ ∂ϕ

I (H ) =

MAIN EQUATIONS

p2
H ( z, p) =
+ U ( z ) + V ( z, t ) ;
2
U ( z ) = U rf ( z ) − ∫ λ ( z′)W ( z − z ′)dz′ ;

kinetics, or by injection. The perturbation f(I,φ,t) satisfies
the Jeans-Vlasov equation [4]:

F ( I ( H ))
dH ≡ λRHS [ I ,U ].
2( H − U ( z ))

For any given input functions Urf(z), W(z) and F(I), the
solution can be numerically found by means of a quasitime method. Indeed, let it be assumed that initially there
is no wake, so that the entire potential well is equal to the
RF potential U(z)=U0(z)=Urf(z). With that, initial action
and linear density functions I0(H) and λ0(z) can be found
from the 2nd and 3rd equations of the set (5). Then the
following iteration procedure can be applied:

U n ( z ) = U n−1 ( z ) − ε (U n−1 ( z ) − U RHS [λn−1 ] ) ;
I n ( H ) = I RHS [U n ];

(6)

λn ( z ) = λRHS [ I n ,U n ] ; n = 1, 2,....
If the solution exists, the process converges to it
provided the convergence parameter ε>0 is sufficiently
small. When the steady state is found, the dynamical
stability analysis can be performed by means of JeansVlasov equation (4). Following Oide and Yokoya [5], the
eigenfunctions may be expanded in Fourier series over
the synchrotron phase φ:
∞

f (I ,ϕ, t ) = e−iωt ∑[ fm (I )cos mϕ + gm (I )sin mϕ ] . (7)
m=1

With the zero-phase at the left stopping point,

z( I , ϕ = 0) = zmin ( I ); z( I , ϕ = π ) = zmax ( I );
z( I , −ϕ ) = z ( I , ϕ ) ; p( I , −ϕ ) = − p( I , ϕ ),

(8)

this yields an equation for the amplitudes fm(I):

⎡⎣ω 2 − m2Ω2 (I )⎤⎦ fm (I ) =
∞

−2m2Ω(I )F ′(I )∑ ∫ dI ′Vmn (I , I ′) fn (I ′);

(9)

n=1
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Vmn (I , I ′) =
−

2

π

π

π

0

0
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A following estimation allows to see when Eqs. (5) do

∫ dϕ ∫ dϕ′ cos(mϕ)cos(nϕ′)W (z(I ,ϕ) − z(I ′,ϕ′)).

The matrix elements Vmn (I , I ′) can be also expressed in
terms of the impedance Z(q). After [6]
∞

W ( z ) = −i ∫

−∞

dq Z ( q )
exp( iqz )
2π q

Vmn ( I , I ′) = −2Im ∫ dq
0

π

Gm (q, I ) ≡ ∫
0

dϕ

π

Z ( q)
Gm (q, I )Gn* (q, I ′);
q

estimated as p ≅ I / l , and the average synchrotron
frequency Ω ≅ p / l ≅ I / l .
2

−1

From

another

side, Ω − Ω ∝ Im( Z (l )) / l , where Ω0 is the bare
2

(10)

it results in
∞

have a solution. Let I be rms bunch emittance, and l be
the rms bunch length; then, the rms momentum spread is

2
0

2

RF synchrotron frequency. Combination of these two
expressions yields (compare with Ref. [6], p. 285):

I 2 q 4 = 1 + q 2 Im Z (q );
(11)

cos(mϕ )exp [iqz( I ,ϕ )].

Note that there is no bunch-to-bunch interaction in the
formulas above; this long-range wakes are omitted for
simplicity sake. Equations (9-11) reduce the integrodifferential Jeans equation (4) to a standard eigen-system
problem of linear algebra after the action integral in
Eq. (9) is approximately substituted by a sum.

STEADY STATE SOLUTION
The algorithm of Eq. (6) allows finding numerical
solution of the steady state problem. In this section, a
problem of existence and uniqueness of that solution is
considered.
It is well-known that below a certain temperature
threshold, there is no thermodynamic equilibrium (no
solution of the Haissinski equation [7]) for the space
charge wake above transition, W(z) ~ δ(z) [6,8]. For this
case though, the distribution function is given in the
Hamiltonian domain, F = C exp(− H / T ) . Thus, its
normalization constant C is yet to be found from the
∞

∫

normalization condition, 2π C exp( − H ( I ) / T )dI = 1 ,
0

which is to be added to the entire set of equations and has
to be solved jointly with them. If the temperature T is low
enough, the normalization condition leads to an algebraic
equation having no solutions. The same problem would
appear for any distribution function expressed in terms of
the Hamiltonian, not the action. For the HoffmanPedersen distribution F = C H max − H this is shown
in Ref. [6]. For the space charge above transition, and
some other wakes, the bunch momentum spread and
average Hamiltonian turn out to be limited from below:
for given RF and intensity they cannot be smaller certain
value for any longitudinal emittance. That is why it may
be wrong to assume arbitrary distribution function in
terms of Hamiltonian. On the contrary, equations (5)
assume distribution density as a function of action, so it is
a priory explicitly defined and normalized, and limitations
for Hamiltonian-domain functions may not apply for this
case.
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where q=1/l is the inverse bunch length to be found from
this equation, q is measured in inverse radians of RF
phase. Emittance I is dimensionless, its value in
conventional eV·s units can be found after multiplication
by a factor of E0 Ω0 / (ηωrf2 ), where E0 = γ mc 2 is the
beam energy. The dimensionless impedance Z(q) of this
paper, Eqs. (1,10), relates to the conventional Z||(q) of
Ref. [6] as Z(q)=DZ||(q) with the intensity factor

D = Nr0η cωrf2 / ( Ω02γ C ) , where N is the bunch

population, r0 - the classical radius,

η = γ t−2 − γ −2 – the

slippage factor, ωrf – RF angular frequency, γ – relativistic
factor, C – the machine circumference. Note that this
equation does not pretend to give an exact solution for the
bunch length; it is an estimation showing existence of the
solution and its dependence on the parameters. It follows
that the solution exists if the wake singularity is not too
high: at high frequencies the impedance may not grow too
fast, lim Im Z ( q ) / q
q →∞

2

= 0 , what is true for all known

cases. For non-monotonic impedances, in general there
may be several solutions though. For the space charge and
the resistive wall impedances there is always a unique
steady state.
There is an obvious reason though, why Eqs. (5) may
still have no solution: the bucket has a limited acceptance;
thus, it cannot hold a bunch which emittance is higher
than that. Moreover, in many cases, wake fields reduce
bucket capacity. This could lead to some beam loss to
DC, even if the bunch would fit within the bare RF
bucket.
In case the distribution function is given as a function
of Hamiltonian, with its average value H the steady state
estimation writes as

Hq 2 = 1 + q 2 Im Z (q) .
For that case, the solution existence is not intensitylimited only for slow-growing or bunch-lengthening
impedances, when D lim Im Z ( q ) ≤ 0 ; what is not
q →∞

satisfied for the space charge above transition and the
resistive wall below transition. For these impedances,
there are either no solutions, or two of them. For the last
case, the two solutions have the same Hamiltonian
distribution but different phase space density.
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VAN KAMPEN MODES
More than half a century ago, N. G. van Kampen found
eigen-system of Jeans-Vlasov equation for infinite plasma
[1-3]. The spectrum was found consisting of continuous
and discrete parts. Continuous spectrum essentially
describes single-particle motion, with addition of a proper
plasma response. Frequency band of the continuous
spectrum is one of the incoherent frequencies; for any
velocity v within the distribution function, there is a
continuous van Kampen mode with a frequency kv, where
k is the wave number. Continuous modes are described by
singular functions in the velocity space, underlying their
primary relation to single-particle motion. In these terms,
Landau damping results from phase mixing of van
Kampen modes of the continuous spectrum. On the
contrary to the continuous spectrum, the discrete one not
necessarily exists; there may be no discrete modes. If the
discrete spectrum is not empty, all its modes are described
by regular functions, and some of the modes do not
decay. Indeed, since the original equations (analogue of
Eq. (9)) are with real coefficients, the mode frequencies
are either real or forming complex-conjugate pairs. The
first case corresponds to a loss of Landau damping (loss
of LD, or LLD), while the second describes an instability.
Plasma with monotonic distribution density was shown to
be always stable; discrete modes of LLD type may only
appear if the distribution function is of a finite width. The
instability is possible for non-monotonic distributions
only.
Most of the plasma results are applicable to bunches.
However, two issues make a difference of bunches from
plasma. First, beam particle interaction may be described
by various wake functions, it is not reduced to pure
Coulomb forces. And second, the frequency spectrum for
bunch particles is always limited, while in plasma the
velocity spectrum may be considered as infinite, at least
formally.
Eigen-modes of Jeans-Vlasov equation for bunch
longitudinal motion were first considered by A. N.
Lebedev [9]. Although the suggested formalism was not
numerically tractable, an important result was analytically
obtained: it was proved that for the space charge
impedance above transition, a bunch steady state is
always stable. Numerically tractable algorithm was
suggested more than twenty years later by Oide and
Yokoya [5].
For parabolic RF potential, van Kampen modes were
analyzed for power wake [5], capacitive [10], broad-band
wakes [5,10] and modified inductive wake [11]. For that
RF, rigid bunch oscillations at the unperturbed
synchrotron frequency is always a solution of equation of
motion [10]. Indeed, single-particle equations of motion
can be written as

&&
zi + Ω02 zi = ∑ W ′( zi − z j ) ; i, j = 1,..., N .
j

The solution can be presented as a sum of a steady-staterelated part zˆi and a small perturbation z%i . It is clear that
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with the rigid-bunch motion

z%i = A cos(Ω 0t ) that

equation is satisfied. Typically there is no incoherent
frequency of that value, since all of them are either
suppressed or elevated by the potential well distortion;
thus, this mode is discrete. It is not necessarily though: as
it was shown in Ref [10], for broad band impedance
model, core and tail incoherent frequencies may go with
intensity in opposite directions, so the rigid-bunch mode
may be covered by incoherent frequencies, proving to be
Landau-damped. In Ref. [12], loss of Landau damping
was analyzed assuming it is the rigid-bunch mode which
is losing its Landau damping; similar assumption was
done in Ref. [10]. As it is shown in the next section,
generally it is not correct: action dependence of the
emerging discrete mode can be very different from the
rigid-bunch mode; it is always so when the RF frequency
spread is taken into account.
Without interaction, there are no discrete modes for
Eqs.(9), all of them belong to continuous, or incoherent,
spectrum, ω=mΩ(I). If the bunch intensity is low enough,
weak head-tail approximation may be applied, omitting
terms with different azimuthal numbers. In this case, it is
straightforward to show that for monotonic distributions,
dF/dI<0, and for symmetric potential wells, U(-z)=U(z),
Eq. (9) reduces to one with a symmetric matrix; thus, in
this case, all its eigenvalues are real. Since there are no
unstable modes, all the discrete modes, if any, belong to
LLD type. In practice there are always some losses, and
so the distorted potential well U(z) is always somewhat
asymmetric. However, my attempts to find weak head-tail
instability in numerical solutions for resistive wake and
purposely asymmetric RF potentials never succeeded.
This contradicts to results of Ref [13], where radial mode
coupling was found within a simplified 2-mode analysis.
To save CPU time, I so far limited my stability analysis
by the weak head-tail approximation and the dipole
azimuthal mode m=1.
This paper takes into account two possible reasons for
beam intensity limitations: reduction of bucket acceptance
by wake fields and loss of Landau damping (LLD).

RESULTS FOR RESISTIVE WALL
In this section, intensity limitations for resistive wall
impedance are summarized. The energy is supposed to be
above transition; otherwise, the space charge impedance
normally cannot be neglected. RF potential is supposed to
be as
U rf ( z ) = (1 − cos z ) + α 2 (1 − cos 2 z ) / 4 . (12)
Three options for the second RF harmonic are considered:
single harmonic (SH), α2=0, bunch shortening (BS), α2=1,
and bunch lengthening (BL), α2=-1. Here Ω0 is zeroamplitude synchrotron frequency provided by the first
harmonic only. For SH case, the RF bucket acceptance
(maximal action) in dimensionless units is 8/π≈2.54. The
energy offset is related to the dimensionless momentum
as

δ E / E0 = − pΩ0 / (ηωrf ) ,

time offset is z/ωrf. In

these dimensionless units, the wake function and
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impedance of a round chamber with radius b and
conductivity σ are presented as [6]:

W (s) = −k / − s ;
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Figure 1: Relative width of the discrete mode σI/Ilim, %,
versus intensity parameter k for distribution F(I)~(Ilim-I)1/2
and emittances Ilim=0.5 , 1.0 and 1.5 (red, blue and green).
In Fig. 1, relative width of that discrete mode σI/Ilim is
shown, where

∫ dIf ( I )( I − I )
∫ dIf ( I )
2

σI =

2

2

∫ dIf ( I ) I ,
≡
∫ dIf ( I )
2

,I

1.5
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Figure 2: Threshold intensity parameter kth for SH RF
versus the bunch emittance for the same distribution
function as in Fig. 1.
LLD threshold for the intensity parameter k versus the
emittance Ilim is presented in Fig. 2. The blue fitting line:
9/4
k th = 0.2 I lim
. Although the emergent discrete mode is

from

being

similar

to

the

rigid-bunch

I / ( I lim − I ) , its power 9/4 agrees with the

LLD threshold is nicely fitted as
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simplistic rigid-bunch model [14]. For BS RF bucket, the
discrete mode looks rather similar to the SH case; the
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An example with the parabolic potential shows that
wake fields act more on incoherent frequencies than on
the coherent ones. For the parabolic potential, the first
discrete mode does not depend on the impedance at all.
Thus, at certain threshold, a first discrete mode jumps out
of the continuous spectrum, since its frequency is not
suppressed or increased as much as the incoherent
frequencies are. For the SH and BS RF, above transition,
lowest-amplitude particles are mostly excited for this
mode, since their frequencies are closer to the coherent
mode. That is why an assumption of rigid-bunch discrete
mode is not generally correct.

30

Threshold Intensity
k _t h
0.70

Z (q ) = k (1 − i sgn q) π | q | /2 ;
Nr0ηωrf2
k=
πγ bΩ02
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2

as a function of the intensity parameter k for the
Hoffman-Pedersen distribution F(I)~(Ilim-I)1/2 and three
values of the emittance Ilim. It is clear that after the
threshold the mode widens rather fast, what indicates its
weak sensitivity on details of the distribution as soon as
the bunch emittance is given.
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5/2
.
kth = 0.55I lim

Contrary to SH and BS RF cases, for the BL RF
incoherent frequency is not monotonic function of action,
it has a maximum at I=Im≈1.5. That is why, for the
considered case of effectively repulsive wake, the discrete
mode emerges from the tail particle frequencies, if the
bunch limiting emittance is smaller than that, Ilim<Im. For
BL RF, emergence of the discrete mode is sensitive to the
tails of the distribution: even a tiny tail covering the
coherent frequency returns Landau damping, so it kills
that discrete mode. If the bunch emittance is not that
small, I>Im, the discrete mode emerges above the
incoherent maximum. Since this mode emerges outside
the entire bucket area of the incoherent frequencies,
Landau damping cannot be returned by tiny perturbations
of the distribution function. That is why this kind of LLD,
which cannot be cured by tiny corrections of the
distribution function, is called here as radical LLD. To
avoid that tail ambiguity, only radical LLD is taken as a
real stability limit.
Figure 3 shows radical LLD limitations for BL RF, for
two different distributions. Note that LLD limits the
available acceptance by Im≈1.5, while the entire BL
bucket area is about twice higher. Stability limitation
associated with the maximum of incoherent synchrotron
frequencies was first pointed out in Ref. [15]; for BL RF
it was analytically found with the rigid-beam model in
Ref. [12], and experimentally studied at CERN SPS (see
Ref. [16] and references therein).
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Threshold Intensity, BL RF

bucket, the Landau damping cannot be restored by tiny
perturbation of the particle distribution; LLD is called
radical in that case.
For a given bunch emittance and RF voltage, the
intensity is limited either by reduction of the bucket
acceptance or by (radical) LLD. In this paper, results are
presented for longitudinal bunch stability in weak headtail approximation and resistive wall impedance; three RF
configurations are studied: single harmonic, bunch
shortening and bunch lengthening. It is shown that every
RF configuration may be preferable, depending on the
bunch emittance and intensity.
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Figure 3: Threshold intensity kth versus emittance Ilim for
BL RF and two distribution functions: F(I)~(Ilim-I)1/2 (red)
and F(I)~(Ilim-I)2 (blue).
On the k-Ilim area, the availability is limited by LLD and
bucket capacity. For the three RF configurations, SH, BS
and BL, their areas of availability are shown in Fig. 4.
The left slope of the BL (green) line is preliminary and
may significantly change when azimuthally mode
coupling will be taken into account. It is seen that every
RF configuration has its own beneficiary area: hot and
low-intensity beams better fit into SH, cold high-intensity
ones are more suitable for BL, and intermediate case is
for BS RF.
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Figure 4: Intensity-emittance k-Ilim areas of availability
for F(I)~(Ilim-I)1/2. Red lines are for SH, blue – for BS,
green – for BL. Solid lines show radical LLD or
instability, dashed – limiting bucket capacity.
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CONCLUSIONS
Language of van Kampen modes is a powerful tool for
studying beam stability. Its unique efficiency reveals
itself in those complicated cases, when the dielectric
function cannot be obtained, as it is for the longitudinal
bunch motion. Emergence of a discrete mode means
either loss of Landau damping or instability. By
definition, the discrete modes lie outside the continuous
incoherent spectrum, but they still may stay within the
bucket. In the last case, the discrete mode would
disappear after a tiny portion of resonant particles would
be added. However, if the discrete mode lie outside the
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LONGITUDINAL PEAK DETECTED SCHOTTKY SPECTRUM
E. Shaposhnikova, T. Bohl and T. Linnecar, CERN, Geneva, Switzerland

Abstract
The peak detected Schottky spectrum is used for beam
observation in the CERN SPS and now also in the LHC.
This tool was always believed, however without proof,
to give a good picture of the particle distribution in synchrotron frequencies similar to the longitudinal Schottky
spectrum of unbunched beam for revolution frequencies.
The analysis shows that for an optimised experimental setup the quadrupole line from the spectrum of the peak detected signal is very close to the synchrotron frequency distribution inside the bunch - much closer than that given by
the traditional longitudinal bunched-beam Schottky spectrum. The analysis of limitations introduced by a realistic
experimental set-up is based on its realisation in the SPS.

INTRODUCTION
The so called “peak detected Schottky” (PD Schottky)
signal is a beam diagnostics tool developed and used extensively in the SPS [1, 2] since the late seventies, especially
during p p̄ operation. This technique has already been used
in the LHC.
The theory of Schottky signals for unbunched and
bunched beams both in the longitudinal and transverse
plane is well developed (e.g. [3]-[5]). In the case of an unbunched beam the longitudinal Schottky spectra gives the
particle distribution in revolution frequencies and therefore
in particle momentum. For the bunched beam, information about the momentum spread (dispersion) can also be
extracted in most cases [6].
The PD Schottky is a special case of the bunched beam
longitudinal Schottky signal, diﬀerent from the usual technique since it uses only one selected piece of information
from the beam current - its (average) peak amplitude. This
method is in fact closer to the unbunched beam Schottky spectra in that it also provides almost direct information about the particle distribution in oscillation frequency,
which for an unbunched beam is the revolution frequency
and for a bunched - the synchrotron frequency [7]. The deviation of the PD Schottky spectrum from the synchrotron
frequency distribution is mainly defined by the experimental set-up.

PEAK DETECTED SIGNAL
The peak detected signal is used as a beam diagnostics
tool to control beam lifetime and stability and can also be
used as input for Schottky diagnostics. In the SPS and LHC
a simple circuit, Fig. 1, consisting of fast switching diode
and capacitor detects the peak of the bunch current signal
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from the wide-band pick-up. The spectrum is obtained using the dynamic spectrum analyser.

Figure 1: The simplified scheme of the bunch peak detection used for longitudinal Schottky signal in the SPS.
The parameters relevant to the Schottky measurements
in the SPS and LHC and used in diﬀerent examples below
are presented in Table 1.
Table 1: The PD Schottky Parameters in the SPS and LHC
Parameter
revol. period
RF harmonic
resistance
resistance
capacitance
PD decay time
PD growth time
acquisition time

T0
h
R1
R2
C
1/µ
1/α
Ta

µs
Ω
MΩ
pF
µs
ns
s

SPS
23.0
4620
50
1.0
240
240
12
1.6

LHC
88.9
35640
50
1.0
920
920
12
3.2

The fast diode is open during the bunch passage with
current Ib , when Vb = Ib R1 ≥ V. The voltage V measured
at resistance R2 during this time interval (−T 1 , T 2 ) can be
found from the following equation (valid for R2  R1 )
dV
= α(Vb − V),
dt

(1)

where αC = 1/R1 + 1/R2 . The solution of eq. (1), valid for
−T 1 < t < T 2 , is
 t

Vb (t ) e−α(t−t ) dt + V(−T 1 )e−α(t+T 1 ) . (2)
V(t) = α
−T 1

with additional conditions
V(−T 1 ) = Vb (−T 1 ),

(3)

V(T 2 ) = Vb (T 2 ).

(4)
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Here δ = α(T 2 + T 1 ) + μT 0 and the increase in voltage at
each revolution turn, as follows from (2),
 tk +T 2

Ib (tk − t ) e−α(tk +T 2 −t ) dt .
(7)
ΔVk = R1 α

1
0.8
0.6

tk −T 1

 Sampling

0.4

is proportional to the average bunch peak amplitude.
In the SPS set-up αT 2 = 0.083, μT 0 = 0.077 and δ 
0.25 for T 2 = T 1 = 1 ns.

0.2
2

4

t/T 0

6

8

10

Figure 2: Illustration of the PD signal in time domain used
for Schottky spectrum measurements.
The diode is oﬀ for the rest of the revolution period and
dV
= −μ V,
dt

V(t) = V(T 2 ) e

−μ(t−T 2 )

,

V(−T 1 )  V(T 2 ) e−μT 0 .
Taking into account solution (2) together with (3-4) allows
the stationary values of T 1 and T 2 to be found as functions
of beam (bunch length for a given particle distribution) and
experimental set-up (α and µ) parameters. They are shown
in Fig. 3 for a Gaussian line density with rms bunch length
σ. One can see that in this model for the SPS set-up T 1 
T 2  σ.
The signal detected at the moment t, after the k-th bunch
passage, is Vk e−μ(t−tk ) , where tk = kT 0 and
Vk = ΔVk + Vk−1 e

=

k


ΔVk−q e

−qδ

.

(6)

q=0

ψn =
ψn =

Ωn tφ + 2πm
π − Ωn tφ + 2πm,

where m = ±0, 1, ..., ∞, and

tφ = tφ (En , φ) =

φ
0



dφ
2[En − W(φ )]

.

We consider below a single RF system with potential well
W(φ) = Ω2s0 (1 − cos φ), where Ω s0 = 2π f s0 = 2π/T s0
is a linear synchrotron frequency and for a particle with
phase oscillation amplitude φa the synchrotron energy E =
W(φa ). The particle contribution to a bunch current at φ is
e
In (t, φ) =
[δ(t − t1 ) + δ(t − t2 )] =
2 m
=

eΩn  imΩn tφ
[e
+ eim(π−Ωn tφ ) ] e−im(Ωn t+ψn0 ) .
4π m

(8)

Collecting contributions at φ from all particles the increase
in voltage (7) can be written in the form
ΔVk =

∞
e  
B
Ωn Am (En ) e−im(Ωn tk +ψn0 ) ,
2π n m=−∞

(9)

where B = 2R1 αT e−αT and Am = Am (En ) is
 Φmax
αφ
1
Am =
e hω0 [eimΩn tφ + eim(π−Ωn tφ ) ]dφ.
2Φ −Φmax

1.5
1.25

Here Φ = hω0 T 2 and the limit of integration Φmax is a function of En

1
0.75
0.5

Φmax =

Φ

for En ≥ W(Φ),

(10)

0.25

Φmax =

φa (En )

for En ≤ W(Φ),

(11)

0

0

0.1 0.2 0.3 0.4 0.5 0.6 0.7

ασ

Figure 3: T 1 /σ (dashed line) and T 2 /σ (solid line) for
μT 0 = 0.07 (two upper curves, SPS values) and μT 0 = 0.01
(lower curves) found for a Gaussian line density.
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A particle with phase ψn = Ωn t + ψn0 will be detected at
the azimuthal position φ (RF phase) twice per synchrotron
period 2π/Ωn at time t1 and t2 , when

(5)

where μ = 1/(R2C). The voltage is sampled during this
period (typically 2048 points), see Fig. 2.
After a transient period, in the quasi-stationary situation
variations of T 1 and T 2 from turn to turn are small and defined only by statistical fluctuations (Schottky noise). Then
in the first approximation (and for T 1  T 0 )

−δ

PEAK DETECTED SCHOTTKY
SPECTRUM

since particles with synchrotron energy En > W(Φ) contribute to the whole range of measurement 0 ≤ φ ≤ Φ while
for particles with En < W(Φ) the contribution is restricted
to the range 0 ≤ φ ≤ φa (En ) with φa (En ) determined by
equation En = W(φa ). As it will be shown below the shape
of the Schottky signal is mainly aﬀected by these functions.
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Examples of Am as a function of the synchrotron oscillation
amplitude φa for diﬀerent multipoles m and values of Φ in
a single RF system are shown in Fig. 4. For a single RF
system and Φ  π functions Am can be calculated analytically:
αφ φa
3
αφ Φ
3

A1 =
A1 =
A2 =
A2 =

1

( φΦa )

for φa ≤ Φ

( φΦa )

for φa ≥ Φ

1 φa
3 (φ)
− 23 ( φΦa )2

Qm (Ωn ) =

for φa ≥ Φ

0.025
0.02
2Π5
Π5

0.005
0
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2.5

3

Π10
0.8
Π5

0

0.5

1
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2
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0.035

3

2Π5

0.03
0.025
0.02
Π5

0.015
0.01

Π10

0.005
0

0

0.5

1
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2

2.5

3

1
0.8

Π10
Π5

0.6
0.4

2Π5

0.2
0

0

0.5

1

1.5

2

2.5

3

2T a sin2 [(ω − mΩ)T a /2]
.
T s0 [(ω − mΩ)T a /2]2

2t2s sin2 [(ω − mΩ)T a /2]
,
T s0 T a sin2 [(ω − mΩ)t s /2]

(14)

where t0 is a time of signal acquisition (sampling) after the
bunch passage and discrete frequencies are replaced by a
continuous spectrum. Since t0 < T 0 we have e−2μt0  1.
The signal has some additional noise if sampling is not at a
multiple of the revolution period T 0 [7].
For the SPS experimental set-up the distortion of the PD
Schottky spectra due to function |Qm (Ω)|2 , which can be
also written in the form
eδ / 2
,
|Qm (Ω)|2 =
cosh δ − cos (mΩT 0 )

2Π5

0

Averaging over initial phase ψn0 (similar to that for unbunched beam Schottky, see e.g. [4]) and replacing the sum
over all particles by the integral over the distribution function F(Ω) = dN/dΩ (normalised to unity) the power spectral density of the PD signal can be written in the form [7]
∞ 
P0 
Ω2 F(Ω) |Am(Ω)|2 |Qm (Ω)|2 S 2 dΩ,
P(ω) = 2
Ω s0 m=1
(13)
where P0 = e2 N f s0 B2 . Function S depends on the acquisition time T a with

|S |2 = e−2μt0

0.4
0.2

1
.
1 − eimΩn T 0 −δ

Taking into account the structure of the PD signal, Fig. 2,
and the fact that measurements are done at some sampling
rate t s which is diﬀerent from T 0 , function S becomes

1

0.6

eimΩn T 0 q−qδ 

S 2 = |S (ω − mΩ)|2 =

Π10
0

k

q=0

where αφ = α/(hω0 ). Maximum value of A1 , αφ Φ/3,
is usually much less than 1, maximum of A2 , and it is
achieved at synchrotron oscillation amplitude φa = Φ.

0.01

Using expression (9) the summation over q in (6) can be
performed and finally for the PD signal we obtain
eB  
Ωn Am (En ) Qm (Ωn ) e−im(Ωn tk +ψn0 ) . (12)
Vk =
2π n m
For large enough k, so that kδ  1, the function Qm is

for φa ≤ Φ

0.015

TUO1C04

φa

Figure 4: Function |Am (φa )| for m = 1, 2, 3 and 4 (from
top to bottom) calculated for αφ = 0.07 and Φ = 2π/5,
Φ = π/5 and Φ = π/10.
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is very small. A few examples of this function for diﬀerent
δ are given in Fig. 5.
The Schottky power spectrum is mainly aﬀected by the
form-factor |Am (Ω)|2 . It is obvious from Fig. 4 that only a
quadrupole line m = 2 can represent well the synchrotron
frequency distribution inside the bunch. All odd multipoles are also significantly suppressed in amplitude, indeed
(A1 /A2 )2 ∼ (αφ Φ)2 and in the SPS set-up αφ Φ ≤ 0.1. Examples of A1 and A2 as functions of the synchrotron oscillation frequency Ω are shown in Fig. 6 for diﬀerent Φ. The
smaller the integration time Φ the closer the shape of the
measured quadrupole band is to the synchrotron frequency
distribution.
Examples of the quadrupole line in the PD Schottky
spectrum for Gaussian distribution function with σφ =
365
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2

Ω/Ω s0
Figure 5: Function δ2 |Q2 (Ω)|2 for δ = 0.25 (top), δ = 0.1
(middle), δ = 0.01 (bottom) with T 0 Ω s0 = 0.03.
hω0 σ = π/4 and Φ = π/8 (top) and Φ = π/4 (bottom)
are shown in Fig. 7. These spectra can be compared with
the corresponding distribution function in synchrotron frequency as well as with Schottky spectra of the ”ideal” case
(A2 = 1 in (13), only taking the finite acquisition time T a
into account). As Qm is a fairly flat function of Ω for not too
small δ, the measured PD Schottky spectrum deviates from
F(ω/m), mainly due to A(Ω). The distortion is smaller for
smaller Φ and in the limit of tφ = 0, Am = (1 + (−1)m)/2, so
that only even multipoles (reducing as 1/m in amplitude)
are present in the spectrum. The quadrupole line gives the
best reproduction of particle distribution.
For comparison, the dipole sideband at revolution harmonic ph in the traditional Schottky spectra (e.g. [4]), calculated by replacing the function (Qm Am )2 in P(ω) by the
1
0.8
0.6
0.4
0.2
0.2

0.4

0.6

0.8

1

0.9

Π10
0.95

1

0.0008
0.0006
2Π5
0.0004
0.0002
Π5
0.8

0.85

Ω/Ω s0
Figure 6: Top: functions |A2 (Ω)|2 for Φ = π/10 (top curve),
Φ = π/5 (middle) and Φ = 2π/5 (bottom). Bottom:
|A1 (Ω)|2 for the same Φ and αφ = 0.07.
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1.4 1.5 1.6 1.7 1.8 1.9

2

2.1

ω/Ω s0
Figure 7: Quadrupole PD Schottky band P/P0 (blue) for
Φ = π/8 (top) and Φ = π/4 (bottom), σφ = π/4, measurement time T a = 320 T s0. In all figures logarithmic scale
(dB), 2Ω s0 /mF(ω/m) as dashed line, solid line (bottom figure) - ideal case with A2 = 1.
Bessel function Jm2 (pφa ), with p = 5 in the SPS and p = 12
in LHC [9], is shown in Fig. 8. One can see that this Schottky line would give a very good measurement of a zeroamplitude synchrotron frequency, but has a very perturbed
(modulated) presentation of a synchrotron frequency distribution, at least for p  h, which is usually the case due
to the wish to have Schottky measurements at frequencies
significantly higher than bunch spectrum.
The calculated spectrum finally can be compared with
the measured PD Schottky spectrum, Fig. 9. For low intensity beam (top figure), the amplitude of the dipole and sextupole lines is always much smaller than of a quadrupole
line as should be expected for a small integration distance
Φ and parameter αφ . This distance is further reduced if the
finite reaction time of the fast diode is taken into account.
The shape of the quadrupole line is close to calculated and
the octupole line even has the double hump as functions
A4 in Fig. 4. The example of measurements done for high
intensity bunches is shown in Fig. 9 (bottom). The first
measurements of Schottky spectrum in LHC at 450 GeV
with σφ = π/7 can be found in ([8]).
The PD Schottky spectrum has been used as a powerful
beam diagnostic in many diﬀerent studies, such as measurements of the quadrupole frequency shift with intensity
(for evaluation of the low-frequency inductive impedance
of the SPS), beam dynamics in a double RF system and
beam loss studies. From example in Fig. 10 one is able
to see how an external excitation (at 790 Hz) can depopulate and even creates holes in certain areas of the bunch
Beam Dynamics in High-Intensity Circular Machines
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Figure 10: Measured PD Schottky spectrum in the SPS at
26 GeV/c for the nominal LHC batch (72 bunches) in the
ring, 17 min after the beginning of the store, at the head
(top) and the tail of the batch (bottom), f s0 = 257 Hz [2].
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(ω − phω0 )/Ω s0
Figure 8: Dipole sidebands (a.u.) in the traditional Schottky spectrum (cyan) for T a = ∞, p = 5 (top, SPS 1 GHz
system) and p = 12 (bottom, LHC 4.8 GHz system). In all
figures logarithmic scale (dB), 2Ω s0 /mF(ω/m) as dashed
line, σφ = π/4.

[2]. Removal of this source from the feedback electronics,
improved beam transmission. Lifetime of bunches at the
tail of the batch was less than at the head, the diﬀerence
in synchrotron frequency distribution is also visible from
Schottky spectrum.

SUMMARY
The quadrupole line of the PD Schottky spectrum represents the particle distribution in synchrotron frequency
modified by nonlinearity of the synchrotron frequency (factor Ω2 ) and experimental set-up (function A2 ). The deviation introduced by the latter is mainly defined by the distance (phase Φ) over which the bunch peak amplitude averaging is performed. The connection between Φ and bunch
parameters obtained allows the existing Schottky measurements to be understood and possible improvements to be
foreseen.
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SIMULATIONS IN SPACE-CHARGE AFFECTED COASTING ION BEAMS
S. Paret, V. Kornilov, O. Boine-Frankenheim, GSI, Darmstadt, Germany
T. Weiland, Technische Universität Darmstadt, Darmstadt, Germany

Abstract
A study of the transverse dynamics of coasting ion
beams with moderate space charge is presented. An analytic model based on the dispersion relation with a linear
space-charge force is used to describe the impact of space
charge on transverse beam transfer functions (BTFs) and
the stability limits of a beam. The dielectric function obtained in this way is employed to describe the transverse
Schottky spectrum with linear space charge as well. The
difference between space charge and impedance effects is
highlighted. An experiment performed in the heavy ion
synchrotron SIS-18 at GSI to detect space-charge effects
at different beam intensities is explicated. The measured
transverse Schottky spectra, BTFs and stability diagrams
are compared with the analytic model. The space-charge
parameters evaluated from the Schottky and BTF measurements are compared with estimations based on measured
beam parameters. Furthermore, particle tracking simulations demonstrating the impact of collective effects on the
Schottky and BTF diagnostics are presented. The simulation results are used to verify the space-charge model.

INTRODUCTION
GSI’s heavy ion synchrotron SIS-18 will serve as a
booster for the projected FAIR accelerators [1]. For this
purpose, the linear accelerator UNILAC and SIS-18 have
to accelerate beams of unprecedented intensity. The accompanying collective effects may degrade the beam quality and cause particle losses due to instabilities. Therefore
collective effects in ion beams are investigated at GSI.
In SIS-18, where the particle energy is low, space charge
is a major concern as it is known to inhibit Landau damping
of coherent beam instabilities [2, 3]. Furthermore the output of standard diagnostic tools for the accelerator operation, like Schottky diagnostics and beam transfer functions
(BTFs), has to be interpreted taking into account spacecharge effects. As shown in this report, an analytic model,
related to the well known model for impedances, can be
used to describe the impact of space charge on transverse
Schottky or BTF signals as long as the nonlinear components of the self-field can be neglected. It allows also to
retrieve the fractional part of the working point which cannot be read directly from the signals due to an intensity
dependent distortion. In the next section this model introduced. The following sections an experiment and computer
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simulations are described and their output is compared to
the space-charge model. A more detailed discussion of the
topics of this article can be found in Refs. [4, 5, 6].

LINEAR SPACE CHARGE AND BEAM
DIAGNOSTICS
The current fluctuation in a coasting ion beam produces
a longitudinal Spectrum, consisting of a series of bands at
integer multiples, m, of the revolution frequency f0 . Due to
the incoherent betatron motion of the particles a fluctuation
of the beam’s dipole moment arises and leads to the transverse Schottky spectrum. At low intensity the side bands
forming this spectrum are located at frequencies [7]
±
= f0 (m ± Qf ),
fm

(1)

where the + refers to the upper side band of the mth longitudinal band and the − to the corresponding lower side
band. Qf is the fractional part of the working point.
The Schottky bands of a beam devoid of collective effects reflect the momentum distribution of the beam. The
rms width of the longitudinal Schottky spectrum reads
σm = m|η|f0 σp ,

(2)

where we introduced the slip factor η and the relative momentum spread σp . The rms width of the side bands depends in addition on the full tune Q and the chromaticity ξ
by virtue of
±
= |m ± (Qf η − ξQ)|f0 σp .
σm,0

(3)

Exciting a Schottky side band with noise or a time harmonic signal and division of the response by the excitation
yields the transverse BTF [8]
 ∞
P0 (z̃)
dz̃
(4)
r0 (z) = ∓
−∞ z − z̃
±
±
where z = (fm,0
− f )/σm
is the normalized frequency,
P0 the Schottky side band under consideration and z the
particle momentum divided by σp . The BTF of a beam
with a Gaussian momentum distribution is the complex error function [9],
 


2
iz
π
(5)
r0 (z) = ∓i
1 − erf √
e−z /2 .
2
2
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A dipolar transverse impedance Z⊥ deforms the BTF according to [8]
r(z) =

r0 (z)
.
1 − (ΔU + iΔV )r0 (z)

ΔU + iΔV =

rp Z 2 N f0
± (Im(Z⊥ ) + iRe(Z⊥ )), (7)
2πZ0 AQγσm

where N is the particle number, Z the charge number, A
the mass number, Z0 the vacuum impedance and γ the
Lorentz factor. ΔU is linked to the coherent tune shift due
to Im(Z⊥ ) and ΔV to the growth rate of instability due to
Re(Z⊥ ). The same parameters can be used to describe the
Schottky side bands of a beam affected by an impedance.
Their shape then follows [7]
P (z) =

P0 (z)
.
|1 − (ΔU + iΔV )r0 (z)|2

(8)

The action of a dipolar impedance is coherent, i.e. representable by a force acting on the barycenter of the beam.
On the contrary the space charge as it is incoherent. Comparing the equation of motion of a particle in a constant
focusing channel that is perturbed either by an impedance
or space charge gives insight into the relation between the
two effects [9]. The dispersion relation Eq. 6 is found by
averaging of the equations of motion
ẍi +

2
ωβ,i
xi

= Kimp x

(9)

of all particles forming a beam. Kimp is the force acting on
the particle i due to the impedance. The angular brackets
stand for the average over all particles.
Under the influence of a linear space-charge force, the
equation of motion assumes the form
2
xi = Ksc (x − x)
ẍi + ωβ,i

(10)

from which follows
ẍi + (ωβ,i − Δωsc )2 xi = Ksc x

(11)

in first order. The frequency shift due to space charge is
given by Ksc /(2ωβ ). The resulting space-charge tune-shift
in the vertical plane in a coasting beam reads [10]
ΔQsc,y =

rp Z 2 N g

,
πβ 2 γ 3 A( y +
y x βx /βy )

and using the 2σ emittances. We define the space-charge
parameter for a given lower or upper side band as
ΔUsc =

(6)

Here we introduced the real parameters ΔU and ΔV which
express the action of the real and imaginary part of the
impedance. They are defined by

(12)

where βy is the mean vertical beta function, y the full vertical emittance. βx and x are the corresponding parameters in the horizontal plane. g is the form factor which
depends on the transverse particle distribution, being 1 for
a KV beam. Gaussian beams are approximated with g = 2
Beam Dynamics in High-Intensity Circular Machines
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ΔQsc f0
.
±
σm

(13)

Formally Eq. 11 differs from Eq. 9 only by the shift of
ωβ,i . It can be shown that this frequency shift translates
into a shift of the argument z towards [3, 4, 5]
zsc = z ∓ ΔUsc

(14)

on the right hand side of Eq. 6 and Eq. 8. Combining the
impact of an impedance and space charge results in
r0 (zsc )
1 − (ΔU + iΔV − ΔUsc )r0 (zsc )

(15)

P0 (zsc )
.
|1 − (ΔU + iΔV − ΔUsc )r0 (zsc )|2

(16)

r(z) =
and
P (z) =

These two equations indicate that ΔUsc causes a mirror
inverted distortion compared to ΔU given the same sign.
Only space charge shifts P0 and r0 — this is a qualitative
difference to impedance effects. Treating space charge like
an impedance (with opposite sign), which is often done, attributes the signal an incorrect position in frequency space.
Taking the inverse of Eq. 15,
1
r(z)

= U (zsc ) + iV (zsc )
=

1
+ ΔUsc − ΔU − iΔV,
r0 (zsc )

(17)
(18)

we obtain the stability diagram. As the stability diagram
is a parametric plot of U (zsc ) and V (zsc ) the distinct frequency shift due to space charge is not visible in this representation. What remains is a shift of the stability diagram
like the one caused by an imaginary impedance.

MEASUREMENT OF SPACE CHARGE
A dedicated experiment for the observation of spacecharge effects was accomplished in SIS-18. For this purpose a 40 Ar18+ beam was stored for several seconds at
the injection energy before acceleration. This time was
needed to improve the statistics of the Schottky measurements and to provide enough time for the frequency sweep
when BTFs were measured. The injection energy of SIS-18
is 11.4 MeV/u, corresponding to γ = 1.012 or β = 0.15.
The associated revolution frequency is f0 = 214 kHz. The
number of stored particles was varied from 2.5 × 108 to
1.1 × 1010 ions by adjusting the beam current in UNILAC.
A system for Schottky and BTF diagnostics, developed
for the experimental storage ring (ESR) at GSI, was replicated for SIS-18 [11]. For the BTF detection a strip-line
kicker transmits the exciting signal from a network analyzer to the beam. The signal of the beam is picked up
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by a plate capacitor and acquired by the network analyzer.
Schottky spectra are obtained connecting a spectrum analyzer to the pick-up. The sensitivity of the diagnostic hardware goes down at low frequencies. On the other hand, at
high frequencies the interaction parameters become small
±
increases. A frequency of about 10 MHz, correas σm
sponding to m = 50, was used as a compromise. The
measurements were done in the vertical plane where the
smaller gap between the detector plates promised a better
signal to noise ratio.
Longitudinal Schottky spectra were recorded to provide
a reference for σp and f0 . Though they are contained in
the transverse spectra and BTFs, in practice it is easier to
extract Qf and ΔQsc with the other parameters known. It
turned out that f0 and σp depend on the intensity. Collective effects in UNILAC and the transfer channel leading to
SIS-18 are held responsible for this behavior, but the investigation of this issue is ongoing.
In order to estimate the expected collective effects, the
beam current, providing N , was detected, as well, with a
transformer. Beam profiles were measured to determine
the emittance. For this purpose an ionization profile monitor [12] (IPM) was employed. From the measured profiles the transverse emittances were calculated using y =
4a2y /βy with βy computed with a beam optics code. In
the IPM an electrostatic field transversally accelerates rest
gas molecules that were ionized in collisions with beam
particles. These molecules hit the so called micro channel
plated which in turn emit a large number of electrons which
are collected on a wire array.
The measured profiles are approximately Gaussian
shaped. The resulting emittance did not change significantly during the experiment and amounted to y ≈
4.4 mm mrad and x ≈ 6.0 mm mrad. Due to the different mean beta functions in the two planes, Eq. 12 could be
approximated by
ΔQsc,y =

rp Z 2 N g
2πβ 2 γ 3 A y

(19)

with an error of a few percent.
With N , y and σp one can estimate ΔQsc and ΔUsc .
Table 1 lists these estimations with the measured beam parameters. Also ΔU and ΔV were estimated for a perfectly
conducting beam pipe and with the calculated impedances
of the extraction kickers and the resistive wall. Both parameters are negligible compared to ΔUsc and therefore
are not considered in the following discussion.
The lower Schottky side bands of m = 50 measured at
three intensities are displayed in Fig. 1. At low intensity
the band is symmetric and well described by a Gaussian
function. With increasing particle number the symmetry is
lost and the band becomes narrower, despite the increasing
momentum spread. Equation 16 was fitted to the data with
±
and ΔUsc . σp
three parameters of freedom: Amplitude, fm
was set to the value found in the longitudinal measurement.
A very good agreement with the data is observed up to the
maximal beam intensity.
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Table 1: Measured particle numbers and momentum
spreads together with the corresponding tune shift and
space-charge parameter.
N / 109
0.25
0.45
0.90
2.0
3.9
7.
10.
11.

δp/p / 10−4
2.5
2.8
4.2
5.6
6.7
7.6
7.8
7.8

ΔQsc,est
0.001
0.002
0.004
0.010
0.019
0.034
0.048
0.053

ΔUsc,est
0.09
0.15
0.19
0.32
0.53
0.84
1.2
1.3

N=4.5 × 1089
N=3.9 × 10
N=1.1 × 1010
Fit

8
6
P [a. u.]
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Figure 1: Measured lower Schottky bands at different beam
intensities with fitted model. The shift of f0 is compensated
in this figure.
The BTF data were analyzed fitting Eq. 15 by the amplitude and the phase. Both the data and the fit are shown in
Fig. 2. The corresponding stability diagrams are visualized
in Fig. 3. At low and moderate intensity the fitted curves
agree well with the data. At high intensity, however, only
a partial agreement can be stated. In particular the sharp
peak in the maximum is not well reproduced. The stability diagrams are evidently shifted and keep their shape, as
expected. With increasing beam intensity the noise on the
stability diagram grows.
The space-charge parameters from the estimation,
ΔUsc,est , and from the fit, ΔUsc,shape , are plotted in
Fig. 4. Taking advantage of the known low intensity tune,
Qf,0 , there is another way to determine the space-charge
parameter—as long as impedances are negligible. Using
Eq. 13 we find
ΔUsc,shif t =

Qf,0 − Qf
.
±
σm

(20)

ΔUsc,shif t and ΔUsc,shape coincide if the measurement is
consistent, which is confirmed by the experimental data.
The BTF data indicate slightly larger values, but due to the
better agreement between the Schottky data and the model,
the latter seem to be more reliable. A precise explanation
for this difference was not found. It is reasonable, though,
to assume that high intensity beams were close to a coher-
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Figure 2: BTFs measured with the same settings as the
Schottky bands in Fig. 1.
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Figure 4: Measured and estimated space-charge parameters.

-0.2

linear decrease of Qf with increasing intensity and the consistency with the constant Qf,0 are well confirmed by the
experimental data.

-0.4

SIMULATION RESULTS

-0.6

Particle tracking simulations were performed in a constant focusing channel with a code developed for this purpose. The fluctuation of the macro-particle density in a random distribution yields a fluctuating current dipole moment
whose Fourier transform is the transverse Schottky spectrum. In order to simulate a BTF, the side band is excited
with white noise.
KV and Gaussian particle distributions were simulated
up to ΔUsc = 2. Equation 16 and Eq. 15, respectively,
were fitted to the simulation output. An excellent agreement of the fit parameters with the simulation settings, as
well as between the data and the fitted curve, was found
for all settings. ΔUsc from the fit differed by maximal 4 %
from the expected values only. No significant deviations
between KV and Gaussian beams were found. In Fig. 5 the
simulation results with ΔUsc = 2 are shown.
The impact of an imaginary impedance was studied as
well by means of numerical simulations. Going beyond the
scope of the feasible in our experiments, the impact of an
imaginary impedance was compared to the one of space
charge by virtue of numerical simulations. One showcase
example can be seen in Fig. 6. These simulations were
done with ΔU = 2 and either ΔUsc = 0 or ΔUsc = 2, as
well. In the first case, the deformation is mirror inverted
with respect to the space-charge effect and the signal is
shifted considerably farther. In the second case, the deformations cancel each other and the signal is shifted only.
All predictions of the linear space-charge model are well
confirmed by the simulations.
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Figure 3: Measured stability diagrams. The color code is
the same as in the previous figures.
ent instability. In this case the response to the excitation
may become nonlinear so that a base assumption of the
BTF theory is violated.
ΔUsc,est , however, is significantly smaller. The discrepancy exceeds the estimated measuring uncertainty, which
is discussed in Ref. [6]. A possible error of the calculated
beta function at the location of the IPM is not included
in the error estimation, though. As the beta function was
not measured, a systematic deviation of the assumed emittances could occur and explain the observed deviation. It
was tried to model the impact of a nonlinear amplification
of the micro channel plates in the IPM, since their performance degrades with time. However, this approach did not
explain the observations, and was itself affected with large
uncertainties.
Employing Eq. ??, ΔUsc one can calculate ΔQsc . Even
the low intensity tune can be extracted from a high intensity
±
. The expected
measurement using Qf,0 = Qf + ΔUsc σm
Beam Dynamics in High-Intensity Circular Machines
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Figure 6: Simulated BTF amplitude with different ΔUsc
and ΔU settings. The dashes lines represent the fitted
model.

CONCLUSIONS
A linear space-charge model was discussed and employed to describe the transverse Schottky spectra and
BTFs of intense coasting beams. The data from experiments in SIS18 partially agree well with this model, but
some discrepancies were noticed. Using the model, Qf ,
ΔQsc and the ΔUsc were determined from the measured
data. Computer simulations were accomplished to study
the space charge and impedance effects. The simulation
results are very well described by the model. Within the
limits of the linear approximation the model proved to be
useful. For daily use the reliability of measurements needs
improvements. For tune measurements a higher frequency
with smaller ΔUsc is preferred.
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STUDIES OF THE EFFECT OF 2ND HARMONIC ON THE E-P
INSTABILITY AND RF CONTROL OF INSTABILITIES *
V. Danilov#, Z. Liu, ORNL, Oak Ridge, TN, U.S.A.
Abstract
The dependence of the electron–proton instability
threshold on the 2nd harmonic voltage and on the
longitudinal profile in general is observed in the
Spallation Neutron Source ring. Possible explanations of
this phenomenon are discussed in the paper. The most
optimal RF configuration to mitigate instabilities is
presented.

INTRODUCTION
The Spallation Neutron Source (SNS) Ring was
designed and optimized for very intense beams with the
number of protons above 1014 per pulse. Once this
intensity was reached, a few instabilities were observed
[1], with the electron-proton (e-p) instability being the
strongest. This instability depends on accumulation of
electrons in the vacuum chamber, which, in turn, depends
on the longitudinal beam distribution. There are many
papers on this subject (see, e.g. [2]), and the identified
mechanisms of accumulation for long proton bunches are
separated into two classes: single pass and multipass
accumulation (see, e.g. [2]). They are often interrelated,
but we believe the first one is the main source of electron
production in the SNS ring. In our paper we focus on the
single pass accumulation and its dependence on the
longitudinal beam distribution.

SINGLE PASS ELECTRON
ACCUMULATION AND ITS
DEPENDENCE ON THE BEAM
DISTRIBUTION
The main process leading to large density electron
accumulation is secondary emission of electrons from
charged particles accelerated in the electric field of the
proton beam. Predominantly, those particles are electrons
from residual gas in the vacuum chamber, electrons
scraped from the vacuum chamber by lost protons, etc.
The yield is measured and described in many papers.
Here we present a fit to the yield as a function of incident
electron energy from [3]. Figure 1 shows the dependence
of true secondary electron yield versus energy of the
incident electrons with zero incident angle on stainless
steel (SS) and titanium nitrate (TiN) coated SNS vacuum
chambers (most of the SNS vacuum chamber in the ring
is coated with TiN). The maximal yield is larger for the
stainless steel but in our regions of interest of energies
around 100 eV they almost coincide.
___________________________________________

*Research sponsored by Laboratory Directed Research and
Development Program of Oak Ridge National Laboratory, managed by
UT-Battelle, LLC, for the U. S. Department of Energy under Contract
No. DE-AC05-00OR22725.
#
danilovs@ornl.gov
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Figure 1: Secondary emission yields for stainless steel
(dashed line) and titanium nitrate SNS coating (solid line)
as a function of energy of incident electrons.
Most of the electrons due to secondary emission are
generated at the trailing edge of the proton beam. The
reason for this is simple – electrons near the walls of
vacuum chamber are attracted by the proton beam as it
passes by. Since the density of the beam is decreasing, the
electrons are accelerated more during their pass into the
beam than they are decelerated during their pass out of
the beam. The resulting effect is that they acquire a rather
large energy, and when they strike the opposite side of the
wall there is enough energy to produce more than 1
electron on average per one strike.
The SNS maximum intensity ring beam can be
approximated as a beam with N=1.4·1014 protons, a
longitudinal distribution represented by an equilateral
triangle with a trailing edge duration of 300 ns, and a
round transverse distribution with r.m.s. radius 1 cm. The
vacuum chamber radius is 10 cm. The incident electron
energies at the trailing edge for these beam parameters
range from 60 eV at the center of the beam, when the
trailing edge begins, to 220 eV at the end. For the SNS
chamber the yield for these energies ranges from 1 to
1.75.
More important is to find the average number of
electrons, produced by one electron at the center of the
beam, or the average trailing edge yield. We plot it as a
function of the trailing edge slope (in this paper we
always use linear longitudinal density of the trailing edge
to make our estimates). It can be made longer or shorter
by changing the 2nd harmonic RF in the SNS ring and for
the same intensity and triangular (but lopsided)
distribution it can vary from 0.5 to infinity in units of
length of the trailing edge for a symmetric triangular
distribution with the same total length.
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Figure 2 shows the integrated yield for the SNS
parameters as a function of trailing edge duration. In
order to be consistent with the measurements shown
below we have taken the intensity as 1.1·1014 protons per
pulse and have used a stainless steel chamber. The
parameter s here is the trailing edge steepness which we
define as 200 ns divided by the duration of the trailing
edge.

turns of beam with a duration of 1 microsecond for each
turn.

Figure 3: Integrated yield for aluminium as a function of
parameter s.

Figure 2: Stainless steel integrated yield as a function of
trailing edge steepness s
.
One can see that it has sharp maximum around 1 and
both short and long edges are good for cleaning up
electrons. We don’t show the same figure for TiN coated
chamber since we don’t see any substantial electron
signals from the electron detector at these locations. We
suspect that even the SS chambers don’t produce many
electrons (we have a few pieces of SS chamber). In
addition, we have a few places (especially near the
stripper foil) where the aluminium might be evaporated,
as well as ceramic breaks of the vacuum chamber,
bellows, etc., which may have larger secondary emission
coefficients. We believe these places are most responsible
for electron cloud generation. Figure 3 shows the
integrated yield for aluminium. One can see that the
integrated yield is an order of magnitude larger than that
of the SS chamber in Fig. 2, and it is shifted substantially
toward smaller s.

EXPERIMENTAL DATA
Now we are in a position to briefly analyze a collection
of data taken in the SNS ring in the summer of 2009. We
show here only the most representative data. The SNS
Ring RF system consists of 3 first harmonic cavities, and
one second harmonic cavity. By varying the phase of the
second harmonic and the first harmonic amplitudes we
were able to produce longitudinal distributions with
various shapes and trailing edge slopes. Figure 4 shows a
waterfall plot of the longitudinal distributions of beam
taken from a Beam Current Monitor. Each line shows 2
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The distributions are taken with increment 80 turns with
the lowest intensity starting from the bottom. The total
number of turns is around 1000. The RF 1st harmonic
voltage was around 10 kV for two RF stations (one of
them was off). Their phases were constant and equal to
zero, meaning zero voltage at the center of the bunch. The
2nd harmonic RF amplitude was constant and was equal to
around 15 kV, and its phase was -5 degrees. The
chromaticity was natural, and the total number of protons
per bunch was 1.1·1014. One can see that this setup led to
asymmetric distribution and a long trailing edge (the
steepness parameter s≈0.7) that corresponds to the worst
case of electron accumulation according to Fig. 3.

Figure 4: Progression of longitudinal distribution in the
SNS ring. Each plot from the bottom up shows the
distribution from the very beginning to the end with
increments of 80 turns.
Indeed, this setup produced very strong e-p instability
at the end of accumulation. Figure 5 displays a horizontal
Beam Position Monitor (BPM) signal. One can see that in
the last hundred 200 (the extraction of the beam in this
figure corresponds to 1300 turns) turns of accumulation
the signal grows rapidly 4 times above the noise level.
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The vertical signal, not presented here, shows the same
trend.

Figure 7: Progression of the flat longitudinal distribution
in the SNS ring (the units and notations are the same as in
Fig. 4).

Figure 5: Instability signal from horizontal BPM.
Figure 6 shows the spectrum of the signal from Fig. 5
for each turn from 200 to 980 turns. The instability
appears roughly 200 turns before the end of accumulation
and spans the range of frequencies from 20 to 80 MHz.

Figure 6: Power spectrum of the horizontal e-p instability.
The horizontal axis is the frequency in MHz, and the
vertical axis is time in units of 1 turn.
By reducing the 1st harmonic two cavities voltages to
5.5 kV and changing the phase of the 2nd harmonic RF
station to -15 degrees we managed to produce an almost
flat distribution with a steep trailing edge. Other
parameters were kept the same. Figure 7 shows the
longitudinal distributions during the process of beam
accumulation in the ring. One can see that it is
substantially different from Fig. 4.

Beam Dynamics in High-Intensity Circular Machines

The trailing edge steepness parameter was s≈1.4, and
one can see from Fig. 3 that the integrated electron yield
drops to almost zero at this value of s. Figure 8 shows the
horizontal BPM signal for this beam. One can see that the
signal barely appears from the noise and, as its analysis
shows, some growth of the signal during accumulation is
attributed to revolution harmonics rather than betatron
oscillations (they are always present in the signals due to
nonzero displacement of the beam at BPM locations).

Figure 8: Instability signal from horizontal BPM for the
flat beam.
Figure 9 shows the spectrum of the signal above. It
doesn’t show signs of e-p instability for the same intensity
as before. One can argue that the RF configuration
influences the energy spread of the beam, and this, in
turn, changes the Landau damping. Therefore it is
reasonable to separate these factors and measure them
separately. We can say here (in support of our view that
the secondary emission yield dependence on longitudinal
distribution is dominant) that the most stable case had
minimum RF voltage of the 1st harmonic, and,
consequently, had the minimum energy spread, because at
the end of SNS injection most of the spread is coming
from transfer of longitudinal coordinate into the energy in
the longitudinal phase space.
375

TUO1C06

Proceedings of HB2010, Morschach, Switzerland

Figure 9: Power spectrum of the Fig. 8 signal.

BEST RF CONFIGURATIONS TO
MITIGATE E-P INSTABILITY
Here we would like to elaborate on the nature of the
dependencies of the integrated SEM yield as a function of
the trailing edge steepness for the SNS parameters. Both
Figures 2 and 3 have the same trend in behaviour of this
parameter versus steepness s. Near its zero the integrated
yield is very small because electrons have a very small
acceleration and a small net energy gain after traversal of
the proton beam. Figure 1 shows that the SEM yield is
near zero for small energies. As the steepness increases,
the SEM yield becomes larger than 1 and the integrated
yield starts to grow until it reaches its maximum. The
maximum is determined by two factors, namely, how
many times the electrons strike the wall during one proton
beam passage, and their energies. The first factor starts to
drop rapidly with steepness grows, and the SEM yield
starts to decrease with the energy after 200 eV (see
Fig. 1). Therefore, the integrated yield starts to decline
after some steepness parameter s0, which is around 1 for
the SS chamber and 0.7 for the aluminium chamber for
the SNS case. According to the above observations, there
are two methods to reduce the electron production.
The first one is to decrease the steepness, but all we
can do is to reduce it by factor 2 roughly – we have to
make a very sharp leading edge of the beam and a long
trailing edge, the duration of which, for a triangular
distribution, can be only doubled. This factor 2 can
obviously help, but it is not known whether we can create
it in the SNS ring.
The other method to reduce the integrated yield is to
increase the steepness s. In our experiments we reached a
value of almost 1.5, and it helped to eliminate the
instability for number of particles N=1.1×1014. For larger
intensities, needed for the SNS Power Upgrade, we are
afraid this won’t be enough to cope with the instability.
Probably, the best way to reduce it is to increase the
steepness s by a factor 5. This is possible by introduction
of a barrier cavity. It was already proposed a few years
ago by one of the authors of this paper (V. D.). The SNS
Ring dynamics was simulated later [4] and showed
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promising results not only for the electron accumulation,
but also for a reduction in space charge effects. The SNS
second harmonic is already very helpful in mitigation of
e-p instability, and a natural evolution of this approach
leads us to a barrier cavity and a sharp edge distribution.
For the SNS Ring it is a perfect electron “killer” –
electrons accelerated at the trailing edge (“single pass”
electrons) acquire energy of the order of a few keV,
where the SEM yield is less than 1 and, in addition, they
die in the gap with only a small percentage survival rate.
Electrons in the gap, accelerated by sharp edge barrier
cavity distribution, again have a few keV energy, and are
rapidly (not adiabatically) exit the proton beam at the
trailing edge and are reduced significantly in density as
well as “single pass” electrons. Therefore, in either way,
electrons are subject to very rapid “cleaning” when
interacting with the “barrier cavity” distribution having
very sharp edges.

CONCLUSION
It is found experimentally that the e-p instability in the
SNS ring depends strongly on longitudinal beam
distribution. Possible explanations of the phenomenon are
presented in the paper. In addition, best RF configurations
to mitigate the instability, are discussed.
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SPALL
LATION NEUTRON
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AT
1 MW*
M
J. Galamboss, on behalf of the SNS team
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A
Abstract
The Spallaation Neutron
n Source (SN
NS) has been
operating at th
he MW level fo
or about one year. Experiencce
in beam loss control
c
and machine activatio
on at this poweer
level is pressented. Also experience with machin
ne
pprotection sysstems is review
wed, which is critical at thiis
ppower level. One of the most
m
challengiing operationaal
aspects of hig
gh power operaation has been
n attaining high
availability, wh
hich is also disscussed.

RAMP-UP
P HISTORY
Y
The power ramp-up histo
ory for the SN
NS is shown in
F
Fig. 1. Operatiion at the MW level has been
n routine for th
he
ppast year. Iniitially the pow
wer increased
d quite rapidly
y,
sometimes dou
ubling over sh
hort periods. Careful
C
residuaal
activation meeasurements were
w
performeed during thiis
rramp-up, both to understand the level of beeam loss and to
t
also provide a predictive baasis for anticipaating activation
during the ram
mpup. Generally
y the activation
n scales closely
w
with beam loss monitor resp
ponse. There were
w
some casees
of activation where
w
beam loss was not dettected, in which
case, loss mon
nitors were eith
her added or moved
m
closer to
t
tthe beam pipee to increase sensitivity to loss detection
n.

Throughoout the beam rramp-up historry to-date, thee beam
power hass not been limiited by excessiive beam loss.

ACTIVA
ATION HIST
TORY
Linac
Beam loss was not expected in tthe supercondducting
linac (SC
CL). Howeveer early in tthe power raampup,
activationn was detectedd, and subsequeent movement of the
loss monnitors close too the beam-pippe confirmed beam
loss. Oveer the first onee to two yearss the beam losss and
resultant activation incrreased roughlyy proportional to the
beam pow
wer.
In 20099, a running mode of reducedd transverse focusing
resulted iin lower beam
m loss per Couulomb of accellerated
beam andd the activationn levels have stabilized. Figure 2a
shows thiis progression of SCL activaation, overlaid on the
beam pow
wer history. T
The activation levels are meaasured
about oncce a month duuring scheduledd maintenancee days,
and are 330 cm from ccontact. There is variability in the
time from
m beam shutofff. Typically thhe measuremennts are
1-2 days after neutron production ennds, but beam study
periods att lower power levels typicallyy run until 1-22 hours
before thee measurementts.

Figure 1: The
T history of th
he SNS powerr ramp-up to daate.
__________________
__________________________

* ORNL/SN
NS is managed by UT-Battelle, LLC
C, for the U.S.
Departmentt of Energy under contract DE-AC05
5-00OR22725.
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a
levels are the average
a
of th
he
The SCL activation
m
maximum detected activattion in each of the warm
m
sections between SCL cryo
omodules (actiivation is verry
low by the cryomodules).
c
The activatio
on is typically
evenly distrib
buted along th
he SCL warm
m sections. Th
he
w
warm linac secctions show lo
ower levels of activation,
a
witth
a few hot spotss of up to ~50 mRem/hr.
m
Activatio
on in the transp
port lines and the majority of
o
tthe Ring is qu
uite low. Theree are localized
d hot spots of ~
50-80 mRem//hr in the Ring
R
and HEB
BT collimation
sections, and at
a the Ring exttraction septum
m, but these arre
expected areass of beam loss.. The primary area of residuaal
activation is in
n the Ring injeection, in particcular in the few
w
m
meters just dow
wnstream from
m the stripper foil.
f
The historry
of this activatiion is shown in
i Fig. 2b. It has
h increased in
rrough proporttion to the beeam power leevel. Also, th
he
activation leveels in this areea are close to
o the predicted
levels for beam
m loss from foiil scattering of ~10-4.

WOR
RKER DOS
SE
Workker dose is the ultimate meassure of the abiility to
perform hands on m
maintenance. F
Figure 3 shoows a
summary of the histoory of workerr exposure at SNS.
These daata include aall radiologicaal doses, inccluding
activities related to neuutron instrumennts and the Tarrget as
well as acccelerator worrk. There was aan initial increease in
the workeer dose with thhe beam poweer increase, buut over
the past tthree outages, the dose has sstabilized. The initial
decrease in the dose raate is a reflectiion of an increease in
the total nnumber of rad--worker hours worked, muchh being
in relativvely low actiivity areas. T
The highest aannual
individuaal dose has beeen 103 mRem this year. We expect
increases in the worker dose as plannned upgrades inn more
active areeas occurs.

a)

bb)
F
Figure 2: Resiidual activation
n at 30 cm folllowing beam runs
r
in a) the superconductiing linac and bb) the Ring injjection
area, over the power
p
rampup to 1 MW.
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seconds ((600 pulses), and is much less prone to noise.
Trip limitts of only a feew 10’s of perrcent higher thhan the
normal opperational leveels can be impllemented withoout the
nuisance ttrip problem oof an occasionaal noisy pulse.

F
Figure 3: Colleective worker dose
d
(blue), av
verage dose ratte
(red) and integ
grated beam po
ower history (grreen).

MA
ACHINE PROTECTIO
P
ON

a)

A key concern with high power machine operation is
i
m
machine proteection. There are
a several com
mponents of th
he
SNS Machine protection sysstem [2]. These include a fasst
pprotection system, a slower system that protects
p
againsst
excessive machine activation
n, and a third seet of controls to
t
ensure adequatte protection of the target.

F
Fast Protecttion
There are in
nputs for fast protection
p
beam
m shutoff from
m
bbeam loss mon
nitors, RF and magnet setting
gs and insertion
of intercepting
g devices und
der the wrong circumstancess.
F
For SNS this system is designed to turn
n the beam offf
w
within 20 μs from the deteection of an errrant condition
n.
This protectio
on layer is to prevent dirrect equipmen
nt
damage from the beam (parrticularly vulnerable at loweer
bbeam energiess). The beam loss monitorss [3-4] and RF
F
status are key
y components for this fast protection.
p
Thiis
system is hard
dware based, an
nd under carefu
ul configuration
control. The lo
oss monitor trip
p levels picked
d to be up to ten
ttimes higher th
han normal pro
oduction beam
m levels (normaal
loss correspon
nd to < 1 W/m
m). This large margin
m
between
tthe trip level and
a the typical operational level
l
minimizees
nnuisance trips while still maintaining a quite saffe
operational env
velope.
The components of the fast protection
n system werre
ttested during
g beam co
ommissioning period, bu
ut
subsequently filters
f
were ad
dded to reducee noise induced
false trips. Th
hese had the effect of slow
wing down th
he
overall shut-d
down time. Subsequent inttegrated testin
ng
showed quite large beam shutdown tim
mes. A carefu
ul
campaign to reemove the filteers has restored the beam trip
ttimes to less th
han 20 μs, as in
ndicated in Fig
g. 4.

SSlow Beam Loss
L
Limits
The beam loss trip limits for the fast proteection hardwarre
w
well to prevent direcct
system descriibed above works
m
machine damaage from the beam. Howeever, long term
m
operation with
h 3-10 times higher
h
than norrmal loss could
allow excessiv
ve machine acctivation. A slower softwarre
integration sysstem is used to
o control mach
hine activation
n.
This system provides an average
a
beam
m loss over 10
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b)
Figure 4. a) A normal ccurrent wavefoorm with an 8825 ms
beam widdth, b) zoom-iin on the centeer of an errantt pulse
which haad a sudden drop in currrent level causing
excessivee beam loss, whhich tripped the beam in < 200 μs.

Target P
Protection
A key facet of high power beam operation is ccareful
managem
ment of the beeam parameterrs at the Targget. At
SNS a considerable set of protecctive measurees are
employedd to ensure opeeration within the design envvelope
on the T
Target. Key cconcerns are keeping the beam
centered on the Targett, ensuring thee peak beam power
density reemains below a tolerable lim
mit, and ensuring the
beam sizee (and halo) reemains below specified limitts. The
state of tthese parameteers are measurred and docum
mented
during thhe tune-up prioor to each prooduction run. D
During
the subseequent operatiion, parameterrs are monitorred to
ensure thhe documentedd setup does not deviate bbeyond
acceptablle bounds [5].. All magnets affecting the beam
Ring, and focussing in the traansport
size (painnting in the R
leading too the Target) aare kept withinn specified toleerances
(exceedinng read-back nnoise fluctuations). Loss moonitors
along the transport line leading to Tarrget are kept w
within a
few 10s oof percent of th
the tune-up vallues. Thermocouples
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tthat intercept the
t outer edgees of beam halo
o just upstream
m
from the Targ
get are continu
uously monitorred to ensure a
symmetric distribution of th
he beam leadin
ng to the Targeet
(i.e. preventin
ng beam deviation from the Target center)).
F
Finally a Harp
p is continuou
usly inserted in
i the transporrt
line to monitor the beam disstribution and peak density. A
nnew direct pho
osphor imagin
ng system of th
he beam on th
he
Target is underr development [6-7].

AVAILA
ABILITY

SU
UMMARY
SNS i s completing the power iincrease to 1 MW
operationn. The beam loss and acctivation levells are
generally within expectted levels, exceept the SCL – where
no beam
m loss was prredicted. Worrkforce dose is not
excessivee and beam losss is not a limittation on operaational
power yeet. Operation at 1 MW poower levels reequires
careful viigilance for m
machine protecttion, with reduundant
and multii-level layers oof protection. Beam availabiility is
quite chaallenging and approaching 90% availabiility is
quite diffi
ficult.
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HIGH POWER OPERATIONAL EXPERIENCE AT ISIS
D J S Findlay, on behalf of all staff in the ISIS Accelerator and Target Divisions,
ISIS, Rutherford Appleton Laboratory, STFC, Oxfordshire OX11 0QX, UK
Abstract
Since 2008 ISIS has been running a second target
station (TS-2) optimised for cold neutron production
while continuing to run the original target station (TS-1)
which began operating in 1984. The ISIS 800 MeV
proton synchrotron cycling at 50 Hz produces a total
beam power of 0.2 MW which is split between TS-1 and
TS-2, 40 pps to TS-1 and 10 pps to TS-2. ISIS operations
are described, including the first years of the new twotarget-station operational régime.

of the overall TS-2 project. ISIS is also host to MICE [5],
the Muon Ionisation Cooling Experiment, an important
step on the road to a practical neutrino factory. A
schematic layout of ISIS is shown as Figure 1.

INTRODUCTION
Although J-PARC [1], PSI [2] and SNS [3] are
spallation neutron sources with higher power proton
beams, ISIS [4] may still be the world’s most productive
spallation neutron facility in terms of science delivery,
and since 2008 there have been two operational target
stations at ISIS. Currently each year on average ~750
experiments are carried out involving ~1500 visitors who
make a total of ~4500 visits (on average, very roughly,
each visitor visits ISIS three times a year). These
numbers include ~100 experiments and ~300 visits for the
ISIS muon facility on TS-1. This paper summarises the
experience at ISIS of running two target stations —
experience that may be of interest to other facilities
considering a second target station.
The ISIS First Target Station (TS-1) began operations
in 1984, and since then neutron scattering work carried
out on TS-1 has resulted in a total of ~9000 scientific
publications.
The ISIS Second Target Station (TS-2) began
operations in 2008. TS-2 was built to facilitate neutron
scattering measurements on soft matter, biological
samples, and advanced materials, and the target station is
optimised for the production of high peak fluxes of cold
neutrons in a way that was not possible on TS-1.
The key elements of the accelerator system at ISIS are
as follows: H– ion source at –35 kV, 665 keV 4-rod
202.5 MHz RFQ, 70 MeV 4-tank 202.5 MHz H– drift
tube linac, 52 m diameter 800 MeV proton synchrotron
with six 1.3–3.1 MHz fundamental RF ferrite-loaded
cavities and four 2.6–6.2 MHz second harmonic ferriteloaded cavities. The key elements of target systems are as
follows: a tantalum-coated tungsten plate primary target
with two water moderators, a ~100°K liquid methane
moderator and a 20°K liquid hydrogen moderator for
TS-1; and a tantalum-coated tungsten cylinder primary
target with a coupled hydrogen / solid methane moderator
and a decoupled solid methane moderator for TS-2.
There are twenty-six beam line instruments on TS-1 (both
neutron and muon instruments), and currently seven
neutron beam line instruments on TS-2; an additional six
or seven instruments for TS-2 are foreseen under Phase 2
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Figure 1: ISIS schematic layout.

AVAILABILITIES
Figure 2 (upper half) shows availabilities of the ISIS
accelerator and target system over the past twelve years.
(For each user cycle, ISIS machine availabilities are
defined as (total number of beam pulses actually
delivered to target) ÷ (total number of beam pulses
originally scheduled to be delivered to target); everything
that prevents beam from being delivered to target, e.g.
off-time for re-tuning, accelerator faults, target faults,
plant faults, and RAL site electricity supply faults, counts
towards machine non-availability.) The average of the set
of availabilities is 86%, and the standard deviation is 8%;
availability appears to have become gradually worse with
time. However, until and including 2003 there used to be
the opportunity to add “run-on” to cycles with poor
availabilities — whereby several “bad” days could be
replaced by additional “good” days added to the end of
the cycle — but this opportunity no longer exists. Adding
run-on could lead to noticeable improvements in
availabilities, as several days in a cycle several tens of
days long can represent a ~10% effect. In order to make a
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fair comparison of the availabilities over the twelve years
covered in this paper the run-on effect has been removed
(by adding the “bad” days to the duration of the cycle,
and assuming that the beam was off during the bad days).
The resultant data are also shown in Figure 2 (lower half).
The availabilities can now be seen to be essentially
constant between 1998 and 2006 inclusive, and then are

slightly lower from 2007 onwards. So the upper half of
Figure 2 probably gives an unhelpful impression; it
seems likely that on average availabilities did not change
until TS-2 plant and equipment was incorporated in ISIS
in 2007, whereupon there was simply more plant and
equipment to go wrong.

Cycle availabilities with "run-on effect"
100%
95%
90%
85%
80%
75%
70%
01-Jan-98

01-Jan-00

01-Jan-02

01-Jan-04

01-Jan-06

01-Jan-08

01-Jan-10

01-Jan-08

01-Jan-10

Cycle end date

Cycle availabilities with "run-on effect" removed
100%
95%
90%
85%
80%
75%
70%
01-Jan-98

01-Jan-00

01-Jan-02

01-Jan-04

01-Jan-06

Cycle end date

Figure 2: Availabilities of ISIS accelerator and target system since 1998, with and without run-on effect.

But how should the availabilities be best presented?
Probably as in the upper half of Figure 2, i.e. without
removal of the run-on effect, as that was how ISIS
actually ran at the time, but also including the comment
that the apparent worsening of performance is simply a
consequence of how the machine was scheduled, not a
consequence of how it ran. It is probably also true that it
is the availabilities in the upper half of Figure 2 that
should be compared with availabilities of other facilities,
especially as many of them operate run-on regimes (even
ILL, for example, in 2008 added five days of running to
compensate for “minor pre-start-up testing woes” and “a
cut in the mains electrical supply” [6]).
Figure 3 shows the frequency distribution of the cycle
availabilities — but plotted in terms of “non-availability”.
Also shown in the figure is a fit by the log-normal
distribution. The log-normal distribution is used to
represent the multiplicative product of many independent
random variables each of which is positive (in effect, the
distribution is a sort of “multiplicative equivalent” of the

382

central limit theorem for additive quantities), and the
consistency of the fit and the data tends to support the
idea that down-time is due not to any one particular cause
but to a large number of causes.
For the time distribution of “off-times”, see [7].
On ISIS machine down-time is divided into a great
many plant and equipment categories — too many for
immediate appreciation. But the periods of down-time
highlighted in the operations reports can be attributed to
twelve overall categories*, and an illustration of the
change in distribution of the “headline” faults† with time
is shown in Figure 4. Apart from the tall “Moderators”
column and the less tall “Vacuum” column in 2008 and
*

There is always a degree of arbitrariness about such representations.
For example, should the failure of an RF window in a linac tank be
categorised as an RF failure or as a vacuum failure?
†
The “headline” faults are the faults emphasised in the operations report
compiled after each cycle. There is a “chronic background” of faults
which together with the headline faults make up the total number of
faults.
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2009 respectively (which, it is defensibly hoped, are
simply anomalous), the number of tall columns does
decrease with time, suggesting that the most significant
issues are indeed being overcome.

Figure 3: Frequency distribution of availabilities
presented as “non-availabilities”. The error bars have
been taken as the usual square roots, and the χ² of the fit
per degree of freedom is 0.58.

OPERATIONS
The ISIS running pattern is roughly as follows.
Typically each year there are five sequences as follows:
maintenance and/or shutdown period; ~7–10 days for

TUO2C02

run-up and machine physics;
~35-day user cycle
(operating twenty-four hours a day, seven days a week);
~3-day machine physics period. Because of problems
encountered during shutdown/maintenance periods or as
equipment is brought back on again or because of
problems encountered during user cycles, roughly one in
every three machine physics periods has been lost.
Since TS-2 has become operational, the accelerators
have been run up and the beam optimised while
delivering beam to TS-1 alone. Machine physics has also
been carried out while running to TS-1 only. Once the
machine is running well to TS-1 it takes typically only an
hour or two to set up the proton beam line to TS-2.
The ~140-metre-long proton beam transport line to
TS-2 (EPB2) has proved to behave very reliably in
practice. The beam spot on the target is approximately
Gaussian with a diameter at one-hundredth maximum of
36 mm, and its position on the target is constrained by a
300-mm-long copper collimator with a tapered bore and
with its downstream end 1.05 m in front of the target.
The position of the beam spot on the target is monitored
by intercepting small fractions of the halo around the
beam and measuring the resultant temperature increases
using thermocouples. More details of the EPB2 proton
transport line are given in [8].
When TS-2 was fully incorporated into ISIS, the entire
ISIS machine interlock system was replaced and
upgraded. The extension of the scope of the interlock
system to accommodate TS-2 resulted in a surprisingly
large amount of extra complexity, largely as a result of the
need to be able to run to both target stations
simultaneously or to each of the two target stations on its
own. Again, more details are given in [8].

Figure 4: Distributions of lost hours in headline faults as a function of major fault category for the last twelve years.
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Beam Losses
At ISIS beam losses are measured and controlled
through two systems, beam intensity monitors (resonant
current transformers which measure the beam intensity to
an accuracy of ±3×1010 protons per pulse), and long
argon-filled coaxial ionisation chamber beam loss
monitors (typically several metres long, and with a
sensitivity (after amplification) of roughly 4×10–5 E2
femto-volt-seconds per proton of energy E lost (where E
is in MeV)).
The systems incorporate dedicated
microprocessors to measure pulse-by-pulse values of
beam loss and compare these values against preset
tolerance levels which are different for different parts of
the machine (e.g. the tolerance levels are highest near the
collector straight in the synchrotron where beam losses
are inevitably the highest). Both systems can issue trigger
signals to the beam inhibit system: the beam inhibit
system switches the beam off at the ion source for
1 second and then switches the beam back on again; but
if another trigger signal to the inhibit system is issued
from anywhere on the machine within the following
10 seconds then the beam inhibit system switches off the
beam, inserts the beam stop in the low energy beam
transport line before the RFQ, and calls for operator
intervention to re-establish the beam. The tolerance
levels were defined and set many years ago and have
never been changed since. Of course, the beam loss
triggering system can be overridden at low repetition rates
to allow the beam to be set up.
After every user cycle (which typically lasts ~35 days),
dose rates around the ISIS machine are measured.
Typically, after a few days’ cooling, the average dose rate
around the synchrotron (excluding the collimation straight
which is shielded locally) is 2 mSv/hour on contact and
0.2 mSv/hour at 0.5 metres (although there are large
point-to-point variations — the standard deviations of the
two sets of dose rates exceed the averages by ~20%). For
cooling times of at least 1 day, the average activity around
the synchrotron decays approximately as time–0.25.
While in general the legal annual limit for radiation
doses to people in the UK is 20 mSv, the formal
investigation level at the Rutherford Appleton Laboratory
(RAL) is 6 mSv, and a dose constraint of 3 mSv prevails
at ISIS. For the ~300 ISIS staff who wear radiation
badges annual collective radiation doses are typically
~50–100 mSv. Clearly it is very important to reduce
beam losses as much as reasonably possible in order to
minimise dose to maintenance workers, but it is also
equally important for engineering designers of hardware
to take into account radiation doses to people from the
outset — dose rates per se are much less important than
annual doses to people.

Two-Target-Station Experience
As far as machine operations are concerned, the
following ten points may be made as regards experience
at ISIS of running two target stations. Some of the points
are, of course, very obvious.
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If beam is not to be “stolen” from an existing target
station, the accelerator system has to be upgraded to
produce more beam current before operations begin on
the new target station. This was one of the reasons for
upgrading the ISIS synchrotron RF systems to dual
harmonic operation over the past few years [8].
Commissioning a new target station inevitably
interferes with the continuing user programme on the
existing target station. Although ISIS has independent
timing pulse trains for TS-1 and TS-2, for safety reasons
the beam to both target stations is immediately tripped if
any primary interlock is breached in the machine areas,
the neutron instruments, or the target systems on either
TS-1 or TS-2, and so problems on TS-2 reduce the
availability of TS-1. Of course, it is possible to change
the running mode so that beam is delivered to TS-1 only
instead of to TS-1 and TS-2, but the changeover is not
instantaneous, and neutron users have to be given
sufficient notice of the change.
ISIS can run to its target stations in three modes: to
TS-1 alone, to TS-2 alone, and to both TS-1 and TS-2
simultaneously (and, incidentally, also to a low-Z fullenergy beam dump in the synchrotron room). But,
especially during commissioning of the new target station,
it is important that the process for switching between
modes be as quick as possible. On ISIS there is a
comprehensive mode-switching system involving
mechanically interlocked keys, electrically interlocked
pulse train switching, magnet power supply isolation and
magnet earthing, but initially the mode-switching process
took a surprisingly long time.
In general, of course, the accelerators have to run
harder to produce more beam for an additional target
station; even though parts of the accelerator system may
have been upgraded (e.g. the synchrotron RF systems on
ISIS), other parts may not have been and may suffer
accordingly. On ISIS a decrease in the lifetime of ion
sources may be becoming perceptible, although
previously average lifetimes have been ~30 days and it
takes only ~3 hours to change an ion source.
The numbers of additional staff required to run an
additional target station should not be underestimated.
On ISIS staff numbers were increased to run TS-2 as well
as TS-1 (including an increase from three to four in each
of the five machine crew shifts), but the extra effort
required to accommodate the new ancillary plant for TS-2
was more than expected. Partly this was because
overheads of regulatory compliance had become more
onerous by the time TS-2 was being commissioned.
When ISIS is running to TS-1 at 40 pps, the neutron
users see an irregular series of neutron pulses from the
TS-1 target and moderators. However, there have been
few or no objections from the neutron users, and in fact
some users have taken advantage of the 40 ms gap
occurring every 100 ms to extend their data-taking to
lower neutron energies than would otherwise be possible.
Similarly, when ISIS is running to TS-1 at 40 pps but not
running to TS-2, the beam loading in the accelerators is
also irregular since the RF systems still run at 50 pps. But
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there seem to have been no obvious problems in the
accelerator systems caused by the irregular beam loading.
The advent of a substantial new addition to a large
facility can suddenly highlight the cumulative effect of
gradual advances in technology over the period of time
since the facility was originally built. Staff who construct
and commission a facility are well placed to continue to
operate the facility because of their intimate knowledge
gained throughout the construction and commissioning
phases. But it is desirable to keep technical knowledge up
to date through appropriate training so that no surprises
arise when the substantial addition to the facility is made.
Designing, constructing and commissioning a new
target station tends to expose the relentless onward march
of regulatory rigour. There is no reason to believe that in
the 1980s the original ISIS target station ran unsafely in
any way whatsoever, but over the quarter-century
separating TS-1 and TS-2 the rigours of regulatory
compliance have become ever more onerous. Of course,
the increased regulatory compliance for the new target
station encourages increased regulatory compliance for
the existing target station.
The increased rigours of regulatory compliance have
significant implications for staff training, and especially
for the five machine crew shifts running the machine. At
ISIS it has proved difficult, and continues to prove
difficult, to deliver training to the shift crews, as on
average only one-fifth of the total crew complement are
present during normal hours on Monday–Friday. In
addition, the crew shifts rotate every few days so that
there is an inevitable mismatch between the irregular
patterns of attendance of particular members of the crew
and the regular patterns in which training sessions are
usually most easily organised. In practice, training to
meet increased regulatory requirements can represent a
surprisingly heavy overhead.
Finally, of course, running a new target station
increases the cost of electricity consumed. When running
to TS-1 alone ISIS consumed ~10 MW of electricity, but
running TS-2 consumes an additional 2–3 MW, mostly for
the power supplies for the magnets in the proton beam
transport line to TS-2‡. At present the ISIS electricity bill
is ~12% of the total operating budget (including staff
costs).
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service delivery to users of the first target station, and
inevitably there was some worsening of the overall
machine availability during the commissioning process.
But, overall, the new TS-2 target station has proved to be
a very successful addition to ISIS, and the neutron beam
line instruments on TS-2 are delivering the excellent
performances expected of them.
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SUMMARY
ISIS is the first spallation neutron source to run to two
target stations. It proved challenging to construct and
commission a second target station without degrading the
‡

The advent of TS-2 on ISIS has coincided with the introduction of a
UK-Government-inspired “carbon reduction commitment” scheme
under which ISIS will suffer financially if it does not reduce its
consumption of electricity. A procedure has been put in place to ramp
down all the magnets in the proton beam lines to both target stations
after the beam has been off for presettable time, since altogether the
power supplies for the two proton beam lines consume ~3 MW.
Unfortunately, the additional ramping down and up seems to be putting
some of the older magnets at risk from earth-leakage problems, and the
procedure may have to be abandoned for the proton beam line to TS-1.
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RECENT OPERATIONAL EXPERIENCE AT THE LANSCE FACILITY*
L. Rybarcyk#, Los Alamos National Laboratory, Los Alamos, NM 87545, U.S.A.
Abstract
The Los Alamos Neutron Science Center (LANSCE)
consists of a pulsed 800-MeV room-temperature linear
accelerator and an 800-MeV accumulator ring. It
simultaneously provides H+ and H- beams to several user
facilities that have their own distinctive requirements, e.g.
intensity, chopping pattern, duty factor, etc.. This multibeam operation presents challenges both from the
standpoint of meeting the individual requirements but also
achieving good overall performance for the integrated
operation. Various aspects of more recent operations
including the some of these challenges will be discussed.

INTRODUCTION
LANSCE is a multi-user, multi-beam facility that
produces intense sources of pulsed, spallation neutron and
proton beams in support of US national security and
civilian research. It comprises a pulsed 800-MeV room
temperature linear accelerator and 800-MeV proton
storage ring and has been in operation for over 35 years. It
first achieved 800-MeV beam on June 9, 1972. The
facility, formerly known as LAMPF, routinely provided
an 800 kW beam for the meson physics program.
Presently, the LANSCE user facilities include:
• Proton Radiography (pRad) which provides high
resolution, time-sequenced radiographs of dynamics
phenomena,
• Weapons Neutron Research (WNR) that provides a
source of unmoderated neutrons in the keV to
multiple MeV range,
• Lujan which uses the proton storage ring (PSR) to
create an intense, time-compressed proton pulse
which is used to provide a source of moderated
neutrons (meV to keV range),
• Isotope Production (IPF) which is a source of
research and medical isotopes for the US, and
• Ultra-Cold Neutrons (UCN) which is a source of
sub-μeV neutrons for fundamental physics research.
The accelerator consists of separate H+ and HCockcroft-Walton based injectors that produce 750-keV
beams for injection into the 100-MeV drift tube linac
(DTL). Each low energy beam transport (LEBT) contains
magnetic quadrupoles for transverse focusing, a singlegap 201.25-MHz buncher cavity for initial bunching of
the beam, and a beam deflector for “gating” beam into the
linac. The H- LEBT also contains a 16.77-MHz buncher
for producing high-charge, individual micropulses and a
slow-wave beam chopper for intensity modulating the Hbeams. The H+ and H- beams are merged in a common
LEBT that contains a single 201.25-MHz buncher cavity,
____________________________________________

*Work supported by DOE under contract DE-AC52-06NA25396.
#
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aka main buncher (MB), which performs the majority of
the bunching for the standard linac beams and quadrupole
magnets to achieve the final match into the linac. The
DTL is an Alvarez style 201.25-MHz linac comprised of
four independently powered tanks. The tanks contain
magnetic quadrupoles in a FODO lattice. Following the
DTL is a 100-MeV beam transport, aka the Transition
Region (TR), which allows for independent matching,
steering and phasing of the H+ and H- beams into the next
linac. It also contains a kicker magnet for extracting 100MeV H+ beam for the IPF. Since there are currently no
users of 800-MeV H+ beam, this magnet is operated in
DC mode. Following the TR is the 805-MHz coupledcavity linac (CCL) which accelerates beams up to 800
MeV. It consists of 44 independently powered modules,
which have either two or four tanks. Each tank consists of
a large number of identical accelerating and side mounted
coupling cells. The magnetic quadrupole doublets, which
are located between tanks, are arrayed in a FDO lattice.
Beam steering magnets are located in the LEBT, TR and
post linac beam transports.
Following the linac is a beam switchyard that employs
DC magnets to separate the H+ and H- beams. Pulsed
kicker magnets are then used to direct H- beam during
some macropulses to the pRad or UCN facilities.
Unkicked H- beam pulses are directed toward the PSR or
WNR facilities.
The proton storage ring (PSR) is an 800-MeV
accumulator ring. It is a 10-sided FODO design with a
90.2 m circumference and employs a single ferrite loaded
RF cavity operated at h=1. Two ferrite-loaded inductive
inserts are employed to provide additional space-charge
compensation of the beam. Direct H- injection with
injection painting is used in combination with a hybridboron-carbon (HBC) stripper foil[1] to achieve low-loss
operation with better than 95% injection efficiency. The
HBC foil produces acceptable first-turn losses with very
good lifetime. Typically, the PSR operates at 20 Hz and
provides beam to the Lujan spallation neutron target with
one bunch containing >3.3x1013 protons.

RECENT OPERATIONS
The accelerator was designed to operate at 120 Hz.
However, for the last several years has operated at 60 Hz
due to limitations of the Burle 7835 power triode used in
high-power amplifiers in the DTL. Typical beam
macropulse length is 625 μs which at 60 Hz requires ~5%
linac RF duty factor. Peak beam currents are ~13 mA.
Table 1 contains a summary of the typical beams
parameters for the various user facilities presently in
operation.
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Table 1: Typical parameters for LANSCE linac beams.
Note: All beams are 800 MeV, H- except for IPF which is
100 MeV, H+.
Area

Rep
Rate
[Hz]

Pulse
Length
[μs]

Chopping
pattern

Iavg
[μA]

Pavg
[kw]

pRad

~1

625

60 ns bursts
every ~1 μs

<1

<1

WNR

40

625

1 μ−pulse
every ~ 1.8
μs

≤2

~ 1.6

Lujan

20

625

290ns/358ns

100125

80100

UCN

20

625

Lujan-like to
none

<5

<4

IPF

≤30 in
pulsed
mode

625

NA

250

25

(Tgt4)

Operating Schedule
The CY2010 schedule is representative of recent
operating years. This year began with a ~4 month long
extended maintenance period. During this time major
tasks are undertaken, e.g. the Lujan target-moderator
system was replaced during this most recent period.
Following the extended maintenance, the facility moves
into the annual start-up/turn-on phase. During this time
personnel safety and machine protection interlock checks
and beam tuning activities are performed that bring all
areas to production beam operations. This year the first
~19 days were spent bringing all systems up to 100-MeV
operation and IPF into production status. The next 24
days were used for dedicated IPF production and the
completion of turn-on for the 800-MeV beams. The next 6
months are scheduled for production beams in 5½ blocks
of time. Each full block lasting between 24 and 29 days,
which includes sole use time. Each cycle may contain 1-2
days of machine development time directed towards
specific beam and accelerator physics measurements that
are mostly incompatible with production operations.
Between production cycles, are shorter, i.e. few to several
day, maintenance periods and an H- source recycle. The
next extended maintenance period is scheduled to start on
December 21, 2010.

Beam Reliability
During production operation, beam reliability (hoursdelivered divided by hours-scheduled) is carefully tracked
for each user facility. A semi-automated logging system is
used to keep track of beam-off events and their durations,
with a resolution of 1 minute. Operations personnel
provide area and system assignments to those downtime
events. The data are then post-processed on a daily basis
using automated routines to produce the detailed summary
of beam and system downtimes.
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Presently, Lujan beam operation is the highest-power
and most complex operation at LANSCE. For this reason,
reliability information will be presented for this beam. For
the annual production periods between January 2008 and
August 2010 overall Lujan beam reliability is given in
Table 2.
Table 2: Recent Lujan beam reliability figures.
Lujan Beam

2008

2009

2010
through
Aug.

Schedule time
(hours)

3532

3330

1392 (3072)

Beam
Reliability (%)

77.6

85.3

78.3

Linac
Reliability (%)

83.9

93.4

84.2

One way of viewing beam trips at a high level is by the
frequency of beam trips versus the duration of the trip,
without regard to system. These results are shown in
Table 3. This can help illuminate whether overall trends
in the type of trips from nuisance to severe show
improvement or not.
Table 3: Recent Lujan beam trip rates versus duration.
Average number of
Lujan beam trips
per day for beam off
time …

2008

2009

2010
through
Aug.

from 1sec to 1 min

No data

No data

No data

from 1 min to 1 hr

1.0

1.0

1.6

from 1 hr to 3 hr

0.46

0.48

0.41

greater than 3 hr

0.35

0.24

0.31

Another approach is to divide the trips associated with
each accelerator system into two categories: “nuisance”
and “significant”. The nuisance trips are short duration
and can be quickly corrected by an operator or system
expert. I have defined nuisance trips to be those which last
10 minutes or less. In general, they don’t contribute much
to the total downtime. All other trips fall into the
significant category. These are trips whose duration is
long enough that a system expert is almost always
involved. Separation of trip events into these two
categories can help to trend system performance and
event severity associated with the different types of
events. A graph of the trip rates by calendar year for
significant events versus accelerator system is shown in
Fig. 1.

Beam Losses and Activation
For the high-power Lujan beam, losses at the LANSCE
facility appear in the linac and PSR to 1L-target areas.
The linac losses appear predominantly in tanks 1 & 2 of
the DTL, the TR transport between the DTL and CCL and
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Higher H- Beam Currents

Figure 1: Average trips per day by System for
‘Significant’ events.
a few locations in the CCL. Capture losses due to
incomplete bunch formation prior to beam entering the
linac produce the ~20% beam loss in the upstream portion
of the DTL. Beam losses in the TR and upstream end of
the CCL are associated with transverse and off-energy
tails in the beam and correspond to a fractional beam loss
<0.2%. The beam losses in the remainder of the CCL
occur mostly about one-forth of the way down the
structure where the transverse focusing period of the
lattice doubles. From modules 13-48 the fractional beam
loss is estimated to be <0.1%. Except for several locations
in the CCL where the activation levels can reach several
tens of mRem per hour (at 30 cm several hours after
cessation of production beam operation), most of the linac
components only shown activation levels of a few to
several mRem/hr following beam operation.
The PSR is quite a different matter. Because of the
small fraction of the 800-MeV beam that is not
completely stripped at the injection foil and the foil
scattering of the beam, there are significantly higher
levels of beam loss and activation in the PSR. Typically,
the fractional beam loss ranges from 0.15% to 0.4% with
historical values closer to the low end. This beam spill
results in locally high activation levels around 1500
mRem/hr @ 30 cm with a higher average in the injection
region of between a few tens to greater than a few
hundreds of mRem/hr. Outside of the injection region
where a ~25% of the total beam spilled is lost somewhat
uniformly around this other ~2/3 of the PSR
circumference, the activation levels can reach a few
hundred mRem/hr but are typically between ten and a
hundred mRem/hr at 30 cm following production beam
operation.

OPERATIONAL CHALLENGES
Challenges exist is many aspects of the accelerator
operation. In this section three operational challenges are
presented and work that is ongoing to address them.
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In general, there is a always desire to increase beam for
the user programs. Depending upon the user program, the
impact of higher beam currents can help to realize better
signal to noise or improved throughput. There are several
ways to increase beam, either by increasing operating
days, duty factor or peak current from the ion source. The
first two represent significant increases in operating cost
to the program. The cost increases are roughly
proportional to the beam increase. For the latter, however,
once implemented, has a much lower operating cost.
Presently, the AOT-ABS Injector team is working on a
multipronged approach to increasing the peak current
from the existing H- ion source, which would result in
more beam for the user programs. The H- beams are
created in a multi-cusp field, filament driver, cesiated
surface converter ion source. This source presently
operates at 60 Hz and ~5% duty factor with a H- peak
current ~16 mA , an electron/H- ratio ~4 and a normalized
rms emittance of 0.022 π cm-mr. Under these conditions
the tungsten filaments (Kamis Inc.) have a lifetime of ~35
days.
The first activity is aimed at increasing the operating
temperature of the plasma chamber walls. Experimental
evidence from tests performed on our ion source test stand
showed an increase in H- beam current of ~3 mA (with no
emittance increase) resulted when the temperature of the
chamber wall cooling loop was increased by 30°C. It is
believe that an elevated wall temperature increases the
cesium vapor pressure, thereby enhancing the sputtering
of H- ions from the converter surface.
The next activity will be to improve the temperature
uniformity of the converter. The present converter is
cooled with water that contacts only the central portion of
the backside of the converter, thereby allowing a large
thermal gradient to develop across its surface. A new
design has cooling channels that will provide cooling to
the perimeter of the converter and is expected to reduce
the thermal gradient by a factor of three. This reduction in
temperature gradient across the converter is expected to
result in more uniform hydrogen coverage, thereby
increasing the yield of H- ions.
The third activity will introduce a third filament into the
source. The expectation is that by increasing the emission
area of electrons, the discharge current and plasma density
would increase, thereby resulting in an increased
production of H- beam current.

Improving Performance Under Multi-beam
Operations
LANSCE employs both H+ and H- beams in normal
operations. One benefit of this approach is that, in
general, both species can be simultaneously accelerated
through the linac in the same macropulse, provided the rf
peak power is available. This is an efficient operating
mode since only the incremental beam power is required
in addition to what is already provided to accelerate the
first beam. However, because the beams must transit
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through a common LEBT upstream of the DTL, the
operation of this transport can compromise the
quality/intensity of one or both beams. This is the case for
the IPF (H+) and WNR (H-) beams, which utilize this
macropulse sharing mode, but are distinctively different.
The IPF beam is unchopped and operates at an average
current of 250 μA and requires a relative high gap voltage
(~12-15 kV) in the single-gap MB buncher located in the
common LEBT for optimal performance. In contrast, the
WNR beam is chopped to individual micropulses with 1.8
μs spacing and typically operates at a few microamps of
average current. Each WNR micropulse is formed from a
20-25 ns long stream of charge bunched by the 16.77
MHz cavity. Optimal performance for the WNR beam
requires the MB to operate at much lower gap voltage of
~2-7 kV. While the H+ ion source has plenty of peak
current capability, the H- does not, so any loss of H- beam
current cannot be made up through source adjustments.
Therefore a solution to improve the WNR performance
under suboptimal operation of the MB is sought.
A debuncher cavity located at the end of the H- LEBT
appears to be a good candidate for improving WNR and
IPF beam performance under shared macropulse
operation. Results from beam dynamics simulations of the
WNR micropulse beam indicate that this debuncher cavity
could offset the deleterious effects of the MB under share
macropulse mode and restore the WNR beam current to
over 90% of it’s optimal performance intensity.[3]
Because the effectiveness of the debuncher diminishes the
further away it is from the MB, it is critical that it be
located at the end of the H- LEBT. Unfortunately, this is
the location where the H+ and H- LEBT’s merge into the
common transport, where space is very limited. Although
our standard reentrant pillbox style cavity won’t fit, a
201.25 MHz quarter-wave cavity is very compact and
probably will. At this beam energy the gap to gap distance
is only ~3 cm and the length along the beam axis ~8 cm.
The cavity is somewhat less electrically efficient than the
TM010 cavity but has a better transit-time factor and is
small enough to fit in the desired location.
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demonstrated and has the potential to address this issue.
The technique uses the PSR to “stack” individual WNR
micropulses with the goal of accumulating charge into
narrow bunches for extraction with large pulse-to-pulse
separation of sequential beam pulses on target. For the
neutron energies of interest, the pulse spacing ranges from
microseconds to milliseconds. To effectively carry out
this type of program in an efficient manner would require
several upgrades. The first would be a higher harmonic rf
system for simultaneously producing multiple highcharge, circulating bunches and maintaining them with ns
pulse widths. The second would be a new solid-state
modulator for the fast extraction kicker that would
produce fast risetime operation and provide on-demand
bunch extraction to meet the range of pulse separations
under consideration. Finally, incorporating a new kicker
in the extraction transport line that would allow
simultaneous Lujan and WNR operation from the PSR.
As a proof-of-principle test, however, a demonstration
was performed with the existing hardware during a recent
accelerator development period. To increase the charge
per bunch delivered to the target a technique was used
where the WNR micropulses were injected into the
middle of the PSR rf bucket at a rate of one per turn. This
was done for a total of 80 pulses before injection was
suspended as the stored bunch began to spread. Eighty
pulses provided high charge while maintaining a narrow
circulating bunch. During the next ~½ synchrotron period
the bunch width grew then shrank as the stacked beam
bunch performed normal synchrotron motion. When the
beam width reached a minimum, the next batch of 80
micropulses was injected at a rate of one per turn. This
process was repeated one more time to achieve a total of
240 injected micropulses. Oscilloscope traces for the linac
micropulses and PSR circulating current obtained during
this demonstration are shown in Fig. 2. After the last
micropulse was injected, the bunch was immediately
extracted to the WNR neutron spallation target. The PSR
h=1 buncher was operated near maximum voltage to
decrease the synchrotron period and allow more total

Maintaining Performance for Micropulse
Operation at Large Pulse Spacing
Experimenter’s using flight paths at the WNR facility
employ time-of-flight techniques to measure energies of
neutrons produced in reactions under study. The spacing
(typically 1.8 μs) between arrival time of the proton
pulses on there neutron spallation target dictates the range
of neutron energies that can be observed. Recently, there
has been interest in performing measurements at lower
neutron energies, which implies larger separation between
arrival time of sequential proton pulses on target. The
usual way to implement this increased pulse spacing is to
remove one or more pulses from the sequence generated
at the low energy injector. Unfortunately, this reduces the
average beam current, which then increases the time it
takes to collect a specific amount of data. Large pulse
spacing reduces the current to impractically small levels.
A new technique call “pulse-stacking” was recently
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Figure 2: Beam gate (top trace), Linac micropulses
(middle trace) and PSR circulating current (bottom
trace) obtained during pulse-stacking demonstration.
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charge to be stored during a standard linac macropulse.
The average current at 40 Hz (25 ms pulse spacing!) was
~ 1μA, which was ~60% of the average beam current at
1.8 μs pulse spacing.

SUMMARY
LANSCE provides pulsed proton and neutron beams to
several user facilities whose missions include defense
applications, isotope production and research in basic and
applied science. Presently, the H- and H+ beams range in
power from power from <1 to ~100 kW with varying
pulse formats tailored to meet experiment requirements.
Present day operations include over 3000 hours per year
of scheduled beam to the various user programs with
recent beam reliability around 80%. Three operational
challenges presently receiving attention are increasing Hbeam current to the user facilities, optimizing dual species
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operation and improving performance for widely spaced
micropulse beam.
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MEASURING CORRELATIONS BETWEEN BEAM LOSS AND RESIDUAL
RADIATION IN THE FERMILAB MAIN INJECTOR∗
Bruce C. Brown, Guan Hong Wu, Fermilab, Batavia, IL 60510 , USA
Abstract

−800

In order to control beam loss for high intensity operation of the Fermilab Main Injector, electronics has been
implemented to provide detailed loss measurements using
gas-filled ionization monitors. Software to enhance routine operation and studies has been developed and losses
are logged for each acceleration cycle. A systematic study
of residual radiation at selected locations in the accelerator
tunnel have been carried out by logging residual radiation
at each of 142 bar-coded locations. We report on fits of
the residual radiation measurements to half-life weighted
sums of the beam loss data using a few characteristic lifetimes. The data are now available over a multi-year period
including residual radiation measurements repeated multiple times during three extended facility shutdown periods. Measurement intervals of a few weeks combined with
variable delays between beam off time and the residual
measurement permits sensitivity to lifetimes from hours to
years. The results allow planning for work in radiation areas to be based on calibrated analytic models.

cm

BASIC RELATIONSHIPS
The orbits used in Main Injector operation are quite stable. Most beam loss is at or near the injection energy of
8 GeV. Losses are dominated by the uncaptured beam loss
from slip stack injection, beam in kicker gaps and 8 GeV
beam lifetime issues. Variations are frequently due to small
changes in the Booster beam quality. As a result, we will
assume that the local geometry and energy of losses are always the same. Improvements in removal of beam from
kicker gaps by anti-damping and improved collimation is
responsible for the long term trends. With this assumption,
the relation between Beam Loss Monitor (BLM) readings
and residual radiation in the tunnel is fixed. We will explore our ability to correlate one BLM reading and residual
radiation at some nearby point.
We illustrate this argument using Fig. 1 where we see a
simulation of the residual radiation from beam loss in the
collimation region of the Main Injector. Lost beam which
was scattered by the primary collimator upstream is mostly
captured in the secondary collimators but beam is also lost
in other devices. The radiation fields for prompt radiation,
residual radiation and absorbed dose are very similar.
The basis for linearly relating loss and residual radiation
lies in the following arguments:
1. For a fixed loss pattern (as assumed), the prompt radiation field produced by losses will produce a distri∗ Operated by Fermi Research Alliance, LLC under Contract No. DEAC02-07CH11359 with the United States Department of Energy.
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Figure 1: MARS simulation of loss region near Main Injector secondary collimator.
bution of isotopes in the devices near the beam. The
number of radioactive nuclei will be proportional to
the beam lost.
2. This radiation field will also produce ionization in
nearby Beam Loss Monitors (BLM’s) and the ionization signal will also be proportional to the number of
lost protons.
3. The radioactive nuclei will emit radiation including
gamma rays which can be detected by the Geiger
counter used to monitor residual radiation. At each
monitor point, the efficiency with which the Geiger
counter records signals due to the spatial pattern of
isotopes and the spectra of the radioactive decays is
dependent only on the isotope being detected.

MEASUREMENTS
Residual Radiation Data
In preparation for higher intensity operation for the Main
Injector neutrino program (NuMI), residual radiation measurements were undertaken beginning in 2004 to identify loss issues. Locations of interest were identified. A
radiation meter was purchased with two internal Geiger
tubes (for measurements from 50 micro-Roentgen/hr to
100 Roentgen/hr), a bar code reader to identify monitoring
locations and memory to store results. Bar coded tags were
installed. Measurements with this system have been carried
out as access time permitted since 10 October 2005 [1]. For
some accesses, the delay between beam loss and residual
radiation measurement was a couple of hours. Intermediate
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cases involved delays of 12 to 36 hours. Maintenance and
upgrade shutdowns of the Fermilab facility have allowed
a series of measurement without addition loss of up to 90
days.

Beam Loss Monitor Data
Real time beam loss monitoring is accomplished in the
Main Injector using the argon gas ionization detector described in [2]. BLM’s are placed a bit above the beam line
height against the tunnel outer wall at the downstream end
of each quadrupole. Monitors are placed along the extraction channels more densely to monitor losses at the transfer points. A current, proportional to the ionization which
the beam loss creates, is delivered to the BLM electronics. The BLM electronics integrates the charge in 22 microsecond intervals and accumulates various sliding sums
to be reported or to be used for beam aborts. For this work
we employ the sums accumulated for and read out at the
end of each Main Injector acceleration cycle. Using the
well-documented calibration of these devices, the results
are stored and reported in Rads [3].

Residual Radiation at V309
Fitted to Loss at LI309

Measured
Fit
Shutdown

800

Residual Radiation (milliRad/hr)
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Figure 2: Residual radiation and results of fitting to
weighted loss rates for measurements at trim dipole V309,
downstream of the fourth secondary collimator. Loss rates
at LM309 are summed to provide LW . Half-lives of 312.3
days, 5.591 days and 2.58 hours are used in this fit.

RR(TM ) =



EI × LW (I, TM )

(3)

I

ANALYSIS FORMULAS
We wish to employ these tools to provide detailed predictions of radiation to be expected during access to locations near the monitor locations. For this purpose we will
devise decay curves based on a few isotopes. The data is
unable to constrain a richer model and for the modest precision required, representation by three or four dominant
isotopes is sufficient. The delays required for safe access
limit the interesting isotopes to ones with half-life greater
than many minutes.
To prepare for this analysis, we sum the BLM integral
for each Main Injector cycle into ‘quanta’, LI j .
tj +Ts

LIj =



LI(t)

(1)

t=tj

taking Ts = 600 sec. The loss rate is given by LR j =
LIj /Ts , where LIj is in Rads and LRj is in Rads/sec.
Using these ‘quanta’, we compute exponentially weighted
sums, LW , weighting by the half-life of interest. Rates will
be more convenient, thus we normalize appropriately.

LW (I, TM ) =


j

LIj ×

ln 2 −(TM −Tj )/τI
2
τI

RR(TM )

=



EI × LW (I, TM )

I

(2)

where TM is the residual radiation measurement time, T j
is the quanta time and τ I is the half-life for isotope I. With
times in seconds, LW is in units of Rads/sec.
With our assumptions above, the residual radiation
RR(TM ) at a monitor point is related to the weighted sum
of the losses at a nearby BLM, LW (I, T M ) using a single
coefficient EI for each isotope of interest
392

Note that all of the geometric factors for the loss distribution, the production of BLM ionization by the shower,
the production of isotopes, the geometric sensitivity and
energy response of the Geiger tube can all be multiplied
together into the single linear coefficient per isotope, E I .
This system of equations can be solved by matrix inversion
to provide values for E I .
In Fig. 2, we have applied this to data in the MI collimator region where we added bar code locations during the
collimator installation. Radiation in this region was low
before the collimator installation. At other locations, significant residual radiation was present prior to the commissioning of the BLM electronics. Long-lived residual radiation was important in these regions as the BLM monitoring
began. For this situation, we note that the time between
residual radiation monitoring tours is typically long compared to all but the longest isotope half-life. With that in
mind, we add a term to the above equation in which a fraction f of the observed measurement RR(T R ) is due to this
isotope.

+f × RR(TR )2−(TM −TR )/τL

(4)

We are still able to fit using matrix inversion to obtain f
in addition to the E I . In Fig. 3 we show fits with and without the inclusion of residual radiation data from the period
before the logging of BLM data. The data is at a monitoring point at the upstream end of the Lambertson magnet
used for extraction to the anti-proton target, the Tevatron
and external beams. The decay of long lived isotopes is
satisfactorily described by this fit.
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Figure 4: Residual radiation and results of fitting to
weighted loss rates for measurements at trim dipole V401,
downstream of the abort kicker. Loss rates at LM401A are
summed to provide LW . Half-lives of 312.3 days, 5.591
days, 15 hours and 2.58 hours are used in this fit.
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Figure 3: Fits of the measured residual radiation at a
location on the primary extraction Lambertson magnet,
LAM52A2 without (above) and with (below) the correction for radiation prior to the BLM data record.
In Table 1, we show half-lives used for fitting along with
an isotope of that half-life. Some may be the important
isotope produced whereas other may only represent a halflife in the appropriate range. In Table 2, we list the values
of EI from a fit to the residual radiation near the upstream
vacuum pump on the first extraction Lambertson at MI52.
Fits using matrix inversion are not constrained to provide
positive coefficients so we see unphysical values for some
table entries. However, we see in Fig. 3 that the curves are
quite similar for the various fits.

PREDICTING RADIATION: V401
The 2010 shutdown work included electrical work to
connect cables for kicker magnets which will direct beam
which slipped into the gap for the injection kickers (gap

Table 1: Isotopes in Fit for LAM521A1
label
A
B
C
D
E
F

Isotope
22

Na
Mn
52
Mn
24
Na
52
Fe
56
Mn
54

Half-life
2.6 years
312.3 days
5.591 days
15 hours
8.275 hours
2.58 hours
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Figure 5: Exponential weighted losses, LW , measured by
LM401A are shown for half-lives of 312 days and 5.5 days.
clearing kickers). This involved extensive time for work
between the kickers in MI400 and the abort Lambertson
magnets at MI402. Following the 2009 shutdown, monitoring of this area was a priority. When it was noted that residual radiation was higher than expected, collimator vertical
positions were modified to permit the anti-damping system
to drive the unwanted beam into the collimators rather than
the kicker apertures between MI400 and MI401. Fig. 4
shows the measured and fitted loss patterns. Weighted loss
data used in that fit are shown in Fig. 5. This study per-

Table 2: Fit coefficients, EI (×10, 000) for various isotope combinations used to fit data on residual radiation at
LAM52A1
A
B
C
D
E
F
-1.0585 0.3709 0.1210 0.2857 -0.3872 0.4640
0.2494 0.1446 0.3360 -0.4837 0.6708
0.2480 0.1948
0.3929
0.2523 0.1741
0.1053 0.1620
0.2528 0.1611 0.0779
0.2116
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mitted planning for the work while assuring low enough
radiation exposure to the workers.

Beam Intensity per Week (protons x 1E18)

Weekly Average Beam Intensity vs. Time
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Figure 6: Protons delivered by the Main Injector for production of anti-protons and neutrinos in the NuMI Era.
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LOSS AND RESIDUAL RADIATION
HISTORY
In Fig. 6 and Fig. 7 we document the progress achieved
in loss control in the Main Injector. In Fig. 6 we see that
following the commencement of the Neutrinos at the Main
Injector (NuMI) beam operation, fluxes of 6 × 10 18 were
achieved in a few months. Addition of 11-batch slip stacking injection allowed intensities for the anti-proton and
neutrino beam combined of more than 10 × 10 18 per week.
In Fig. 7 we show the results of seven of the more than 40
residual radiation measurement tours around the Main Injector tunnel. We see that the steady decrease in residual
radiation shown in Fig. 3 is repeated around much of the
ring. Additional tools are being applied to allow further
reduction in the number of points where losses are significant.

CONCLUSIONS AND ISSUES
The goal of providing residual radiation predictions for
planning work on the Main Injector has been met by this
simple analysis. Predicted radiation decay curves will be
adequate for exposure planning. We note, however, that the
fits are not ‘good fits’ as measured by χ 2 and the fit using
matrix inversion will produce unphysical (negative) coefficients for some data sets. Detailed decay measurements at
a few locations can provide constraints on the actual halflife components of interest. Simulations of the radiation
using MARS will be employed to try to match predicted
isotopes and observed half-life measurements.
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OPERATIONAL PERFORMANCE OF THE LHC COLLIMATION
S. Redaelli∗ , R.W. Assmann, R. Bruce, A. Rossi, D. Wollmann, CERN, Geneva, Switzerland
Abstract
The collimation system of the CERN Large Hadron Collider (LHC) is the most advanced cleaning system built for
accelerators. It consists of 98 two-sided and 2 one-sided
movable collimators of various designs and materials, for
a total of 396 degrees of freedom (2 motors per collimator
jaw), that provide a multi-stage cleaning of beam halo as
well as a crucial role for the LHC machine protection. Collimators can be moved with functions of time to guarantee the optimum settings during energy ramp and betatron
squeeze. The system has been commissioned with proton
beams for the 3.5 TeV LHC runs and has ensured a safe operation, providing a close to nominal cleaning performance
in the initial LHC operational phases. In this paper, the
system performance achieved in the early LHC commissioning in the 3 MJ stored energy regime is presented.

INTRODUCTION

Figure 1: LHC layout with collimator locations [2].

The collimation system of the Large Hadron Collider
(LHC) has been designed to fulfill the high energy challenge of 362 MJ stored beam energy. A complex and distributed system is needed to achieve the required cleaning
performance and to ensure the passive machine protection
[1]. The system saw the first exciting beam commissioning in 2009 and has become fully operational in 2010. In
this paper, the preliminary analysis of the collimator performance achieved with the operation in the 2–3 MJ regime is
presented. After a brief recapitulation of the system layout, the strategy for the collimator setting calculation is
presented and the concept of beam-based parameters is introduced. The cleaning performance achieved at 3.5 TeV is
then presented and some conclusions are drawn.

Table 1: List of Movable LHC Collimators
Functional type
Primary IR3
Secondary IR3
Absorbers IR3
Primary IR7
Secondary IR7
Absorbers IR7
Tertiary IR1/2/5/8
Physics debris absor.
Dump protection
Inj. prot. (lines)
Inj. prot. (ring)

Name
TCP
TCSG
TCLA
TCP
TCSG
TCLA
TCT
TCL
TCSG
TCDQ
TCDI
TDI
TCLI
TCDD

Plane
H
H
H,V
H,V,S
H,V,S
H,V
H,V
H
H
H
H,V
V
V
V

Num.
2
8
8
6
22
10
16
4
2
2
13
2
4
1

Material
CFC
CFC
W
CFC
CFC
W
W/Cu
Cu
CFC
C
CFC
C
CFC
CFC

LHC COLLIMATION SYSTEM LAYOUT
The LHC collimation system layout is given in a companion paper [1]. An illustrative scheme with the collimator locations around the ring, taken from [2], is given in
Fig. 1. Hundred movable collimators with different roles
are installed (Table 1). The back-bone of the system is provided by two warm interaction regions (IRs): the momentum (IR3) and betatron (IR7) cleaning IRs, with 28 collimators per beam. Robust primary (TCP) and secondary
(TCSG) collimators made of a Carbon fiber composite
(CFC) define the momentum and betatron cuts for the beam
halo. Additional high-Z material absorbers (TCLA) protect
the superconducting magnets downstream of the warm insertions. In the experiment interaction regions (IR1/2/5/8),
∗ Stefano.Redaelli@cern.ch

Commissioning, Operations and Performance

local protection is provided by 16 tertiary (TCT) collimators and by 4 physics debris absorbers (IR1 and IR5 only).
Injection and dump protection elements are installed in
IR2, IR8 and IR6. Various passive absorbers and masks
are also available for dedicated local protections (not discussed here).
The collimators are installed in a variety of azimuthal
orientations (see Fig. 2) and materials (CFC, Cu, W). Robust TCP and TCSG collimators sit at about 6 and 7 sigmas
from the circulating beams (minimum full gap at 3.5 TeV
is 3 mm, see the IR7 case in Fig. 3). Higher-Z collimators, more efficient to catch electromagnetic showers but
also more fragile against beam losses, have typical settings
above 10 sigmas.
395

Proceedings of HB2010, Morschach, Switzerland

TUO2C05
Top view

Front views
θ=0
yb

Left jaw

Right jaw

xb

xleft xright

θ›0
xb

sb
L-U

xb

R-U

θ

xleft

Collimator Setting Calculations
Collimator half-gap values, h, are expressed in units of
the local effective beam size in the collimation plane, σ coll :

σcoll = σx2 cos(θcoll )2 + σy2 sin(θcoll )2 ,

R-D

L-D

COLLIMATOR SETTINGS

yb

xright

Figure 2: Schematic layout of an LHC collimator. Each
jaw is moved with two independent stepping motors. Six
linear variable differential transformers (LVDTs) measure
the jaw corner positions and the collimator gaps at each
jaw extremity. Four resolvers monitor the motor steps for a
fully redundant position survey [3].


where σi = βi i /γ (i = x, y) are the beam sizes in the
horizontal and vertical planes ( i are the beam emittance
is both planes, βi are the beta functions, γ the relativistic
factor) and θ coll is the collimator angle (e.g., θ coll = π/2
for the vertical plane, see Fig. 2). The collimator half gaps
are calculated as h = nσ × σcoll . For example, in IR7
at 450 GeV, nσ = 5.7 for TCPs and nσ = 6.7 for TCSGs. The collimator jaw positions are typically set symmetrically around the beam position, x beam , as
jaw = xbeam ± nσ × σcoll .
These simple analytical expressions are not adequate to
optimize the collimator settings in all machine configurations. More generic expressions, based on linear scalings
of the parameters involved, have been implemented in various mathematical packages that generate motor settings as
a function of time for the collimator control system.
The half-gap function versus energy is expressed as
h(γ) = nσ (γ) × σcoll (γ),

Figure 3: Horizontal aperture, collimator jaw positions
(vertical bars) and 5.7 σ beam envelope at injection (top)
and 3.5 TeV (bottom) in the betatron cleaning (IR7) from
the LHC on-line model application [4].

With the exception of two one-sided TCDQ protection
elements, each collimator has two jaws that are moved by 4
independent stepping motors, for adjustments of jaw positions and angles. The performance of the collimator control
system is presented in [3, 5]. Note that a special feature of
the control system is that the stepping motors can be driven
through arbitrary functions of time. This is used to move
the collimators synchronously to other accelerator systems
like power converters and RF and to ensure optimum collimator settings during critical machine phases such as the
energy ramp and the betatron squeeze.
396

where γ = γ(t). During the energy ramp,
√ we assume for
simplicity that nσ and the beam size β scale linearly
with γ. We do not have stopping points at intermediate
energies and hence no beam-based setup is available. A
linear interpolation between the beam-based parameters at
injection and flat-top yields:


n −nσ,0
(γ
−
γ
)
×
h(γ) = nσ,0 + σ,1
0
γ1 −γ0
√

√
1 β1 − 0 β0
× √1γ
(γ − γ0 ) .
γ1 −γ0
The indexes “0” and “1” indicate injection and top-energy
parameters, or the parameters at the beginning and at the
end of the squeeze. The beam centre is also expressed as a
linear function of γ to give the jaw position as


xbeam,1 − xbeam,0
(γ − γ0 ) ±h(γ).
jaw(γ) = xbeam,0 +
γ1 − γ0
The same formalism is used to compute the limit functions
for each collimator motor axis (4) and gap (2) [5]. A total of 28 functions per collimators are generated for each
machine condition. More complex functional dependences
could easily be implemented but this first linear approach
proved to provide good performance.
Note that the beam size σcoll = σcoll (γ) is also a function of the optics and therefore it changes, for the tertiary
collimators in the experimental regions, during the betatron
Commissioning, Operations and Performance
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Figure 4: Settings generated for the TCT jaws in all IRs
during the squeeze, taking into account (1) the settings
of Table 2, (2) the beam-based orbit positions and (3) the
beam size variation during the change of optics.
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Figure 5: Operational cycle for a selected number of collimators. Measured magnet currents (top) and collimator
gaps (bottom) versus time are given for a typical LHC fill.

squeeze that is carried out at constant energy [6]. During
the squeeze, linear piece-wise functions are used to interpolate xbeam settings, following the different crossing angle and beam separation configurations (see next section).
An example of squeeze settings for the TCT collimators in
all IRs, which take into account variation of beam centre,
optics and nσ settings, is given in Fig. 4.

Optimized Collimator Settings
Nominal collimator settings for optimum performance
are established in detail [2] but impose tight tolerances on
the stability of machine parameters such as orbit and optics.
Following initial ideas in [7], a set of relaxed settings is
adopted, where increased collimator retractions at top energy allow operating the machine with larger operational
margins. The collimator settings for each LHC configuration are listed in Table 2 for all collimators types and for
each machine phase. Note in particular a 5 sigma margin
between the TCTs in all IRs and the dump protection elements (it would be below 1 sigma with the nominal settings). Relaxed settings are only possible with a reduced
β ∗ operation, hence the limit to 3.5 m adopted so far [6].
Operational sequences are provided to smoothly run
through the different setting sets. An example is given
in Fig. 5, where the gaps of a selected sample of collimator is shown as a function of time during one fill (bottom
graph). The current of the LHC dipoles and of a matching quadrupole indicate the different machine configurations (top). In this example,, tertiary collimators are moved
with discrete steps.

Establishment of Beam-based Parameters
The collimation cleaning performance and the passive
protection functionality rely on respecting hierarchy between collimators of different functional types, e.g. TCPs
must act all the time as first aperture bottleneck and high-Z
devices must remain in the shadow of robust collimators.
The best performance is achieved by using a set of beambased parameters for beam size and orbit position at each
collimator. This is mandatory in order (1) to compensate
Commissioning, Operations and Performance

Figure 6: Scheme of the collimator setup procedure [8].
unknown offsets of the collimator alignment with respect
to the nominal closed orbit, (2) to avoid systematics of the
readings of beam position monitors and also (3) to take into
account local errors of the beta functions.
The procedure for the determination of local beam size
and orbit (Fig. 6) has been established [8] based on the experience gained with prototype beam tests at the SPS [9].
The beam halo is shaped with a reference collimators (1),
typically a TCP, that is closed to a known half-gap of 3 to
5 sigmas. This reference halo is used to cross-align other
collimators by moving their jaws in small steps of 5 μm to
20 μm until the halo is touched, with symmetric beam loss
responses from left and right jaws (2). This gives the local
orbit position. The reference collimator is then closed further (3) until it touches the halo again: this allows one to
cross-calibrate the gaps of the two collimators. The average of initial and final gaps of the reference collimator in
units nσ gives the normalized gap of the other collimator.
Finally, the latter is opened to its nominal settings (4).
The experience at the LHC showed that, at injection
(larger gaps) the beam-based determination of σ coll provides consistent collimation hierarchy. With smaller gaps
at top energy, the procedure is more sensitive on gap measurement errors. As the LHC optics is well under control
and essentially within the specification from cleaning requirements [10], the top energy settings are actually relying
on the nominal beta functions and not on the beam-based
values. The beam-based orbit is instead used in all cases.
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Table 2: Main Beam Parameters and Collimator Settings for the Present LHC Run Configurations

Energy
β ∗ in IR1/5
β ∗ in IR2/8
Crossing angle IR1/5/8
Crossing angle IR2
Beam separation
Primary cut IR7
Secondary cut IR7
Quartiary cut IR7
Primary cut IR3
Secondary cut IR3
Quartiary cut IR3
Tertiary cut experiments
Physics debris collimators
Primary protection IR6
Secondary protection IR6

Unit

Plane

Type

[GeV]
[m]
[m]
[μrad]
[μrad]
[mm]
[σ]
[σ]
[σ]
[σ]
[σ]
[σ]
[σ]
[σ]
[σ]
[σ]

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
H,V,S
H,V,S
H,V
H
H
H,V
H,V
H
H
H

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
TCP
TCSG
TCLA
TCP
TCSG
TCLA
TCT
TCL
TCSG
TCDQ

Detailed comparison of the collimator beam-based parameters and of other beam measurements are ongoing.
As the collimator set-up procedure is time consuming
(15-30 minutes per collimator) the present modus of operation was based on fixed collimator settings that are kept
constant fill after fill. The machine is then corrected to the
same reference orbit used for the collimator alignments in
each machine configuration.

Set 1
Injection
450
11.0
10.0
170
170
2.0
5.7
6.7
10.0
8.0
9.3
10.0
13.0
out
7.0
8.0

Set 2
Top energy
3500
11.0
10.0
170
170
2.0
5.7
8.5
17.7
12.0
15.6
17.6
35.0
out
9.3
10.6

The fill-to-fill reproducibility of the collimator positions
is of a few microns. A typical example for one jaw of a TCP
collimator is given in Fig. 7. This result confirm the findings of the hardware commissioning [5] in the real LHC
accelerator environment with circulating beams and magnets powered. This is a key ingredient for the system performance because the collimator settings are kept the same
The collimator settings of each machine configuration
are validated with dedicated loss maps studies that are used
to determine the cleaning performance of the system and
the collimation hierarchy (see also [8]). Artificially high
loss rates are induced by driving transverse beam instabilities, e.g. by crossing the third-order resonance, or by
changing the RF frequency. In these conditions, it is verified that (1) the hierarchy is respected, by checking that the
relative loss rates at the different collimators are in agreement with the predictions or within tolerable levels and that
(2) the leakage of losses to the other machine equipment,
in particular the superconducting magnets, are as expected.
A vertical beam 1 loss map recorded at top energy with
squeezed, colliding beams is given in Fig. 8. This was obtained by moving the beam across the vertical third order
resonance. Beam losses recorded by about 4000 monitors
around the ring [11] are plotted as a function of the longitudinal coordinate for the collimators (black), for cold ele398

Set 4
Squeeze
3500
3.5
3.5
100
110
2.0
5.7
8.5
17.7
12.0
15.6
17.6
15.0
out
9.3
10.6

Set 5
Collision
3500
3.5
3.5
100
110
0.0
5.7
8.5
17.7
12.0
15.6
17.6
15.0
out
9.3
10.6

1.79

1.78

1.77

1.76

1.75

PERFORMANCE

Set 3
Crossing
3500
11.0
10.0
100
110
2.0
5.7
8.5
17.7
12.0
15.6
17.6
35.0
out
9.3
10.6

1.80
Collimator jaw position [ mm ]

Parameter

0

2

4
Time [ day ]

6

8

Figure 7: End-of-ramp settings for one TCP jaw as a function of time over 9 days. The fill-to-fill reproducibility with
all the LHC equipment active is of a few μm, confirming
the results of [5] in the real accelerator environment.
ments (blue) and for warm ones (red). Losses are normalized with the peak loss at the primary collimator in IR7.
It is clear that the primary loss location occurs at the TCP
collimators in IR7 (see also details of IR7 region in Fig. 9).
In this example, the maximum leakage to superconducting
magnets, defined as the ratio between highest loss spike in
a cold element and the TCP loss, is about 0.00018 for a
cleaning efficiency of 99.982 %. This calculation based on
the ratio of the beam loss monitor signals at the various
elements is a preliminary estimate of the cleaning performance of the system. More detailed calculations must take
into account the ratios of the deposited energy in different
elements (studies are ongoing). An error analysis is also
ongoing.
The cleaning achieved with loss maps in all planes and
beams for the same conditions (squeezed, colliding beams),
is summarized in Table 3. For betatron losses, the limiting
location is always found in the magnets of the cold dispersion suppressor downstream of IR7. This is a predicted
limitation of the collimation Phase I system that will be addressed by a system upgrade [1]. An example of hierarchy
Commissioning, Operations and Performance
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Figure 10: Momentum loss map for beam 1 at 3.5 TeV.

Figure 8: Vertical loss maps for beam 1 at 3.5 TeV with
squeezed, colliding beams (setting set 5 of Table 2).
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Figure 9: Zoom around IR7 of the loss map of Fig. 8.
and cleaning in IR3 during momentum losses is given in
Fig. 9. The efficiency of the momentum cleaning is typically a factor 100 worst than the betatron cleaning.

CONCLUSIONS
The LHC collimation system has been successfully commissioned for the LHC proton LHC runs. The preliminary operational performance was presented. A complex
handling of collimator settings is required to ensure optimum settings in each machine configuration. Tools have
been developed to cope with this complexity. The results

Table 3: Betatron Cleaning Efficiency at 3.5 TeV in Collision with all Interaction Points Squeezed to β ∗ = 3.5 m
Beam and plane
B1 – horizontal
B1 – vertical
B2 – horizontal
B2 – vertical

Leakage
2.37E-04
1.79E-04
3.86E-04
1.72E-04

Efficiency
99.976
99.982
99.961
99.983

Commissioning, Operations and Performance

of the first commissioning experience are very encouraging. Cleaning efficiencies above 99.98 % are achieved. No
beam-based quenches were experienced so far with total
stored beam energies up to 3 MJ. The leakage of halo particles is peaked at the dispersion suppressors downstream of
the betatron cleaning, in agreement with predictions, and
this will represent a future limitation of the system. Based
on these results achieved so far, the LHC is entering a new
operation phase that is expected to carry the machine to
stored energies of 25 MJ by the end of the 2010 run, with
an ambitious luminosity goal of 10 32 cm−2 s−1 . The LHC
collimation is ready for this challenge.
The authors would like to acknowledge the many people
that worked in the collimator project in the last years, the
LHC operation and commissioning teams, the BLM team,
the new students that have recently joint the collimation
team (F. Burkhardt, M. Cauchi and G. Valentino), and the
injection and dump team members.
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BEAM LOSS AND RESIDUAL DOSE AT 100 KW USER OPERATION IN
THE J-PARC ACCELERATOR
K. Yamamoto and J-PARC Beam Commissioning Team, J-PARC, Tokai-mura, Japan
Abstract
The accelerator facilities in J-PARC have been
commissioned since January 2007. According to the
progress of beam commissioning and construction of
accelerators and experimental facilities, operational beam
power becomes larger. The RCS produces 120 kW beam
to MLF and the MR provides 50 kW beam to Neutrino
target. In such high intensity operation, Linac ACS
section, RCS injection and arc section, and MR collimator
section become slightly higher residual dose area. We try
to improve these losses before it is too late.

INTRODUCTION
The Japan Proton Accelerator Research Complex
(JPARC) project is a joint project of Japan Atomic Energy
Agency (JAEA) and High Energy Accelerator Research
Organization (KEK). The accelerator complex consists of
a linac (an acceleration energy is 181 MeV so far and it
will upgrade to 400 MeV by installing Annular Coupled
Structure linac (ACS) in 2013), a 3 GeV Rapid-Cycling
Synchrotron (RCS), and a 50 GeV synchrotron Main Ring
(MR) [1]. The beam commissioning of accelerator
facilities started in January 2007. Construction of J-PARC
facilities and beam commissioning were continued, now
acceleration beams are provided to a materials and life
science experimental facility (MLF) for the neutron
experiments, a hadron experimental hall, and a neutrino
target which produces a neutrino beam to Kamiokande. In

this paper, we present the histories of operational beam
power and residual dose distributions after operation of
these three accelerators.

LINAC
The J-PARC linac commissioning started in January
2007. The beam power of linac was increased with the
advance of commissioning and construction of other
facilities. Figure 1 shows the history of linac output
power and residual dose rate since January 2007.
Residual dose values were chosen at some
representative points. During the beam commissioning
period from January 2007 to November 2008, we only
used low repetition beam for commissioning and there
were no significant residual dose. But when we started
high duty user operation at a repetition rate of 25 Hz,
more than 200 µSv/h dose rate was observed at the first
bending magnet of the Linac – 3GeV RCS Beam
Transport (L3BT) line (Blue plot in Fig. 1). We found that
the residual dose on the inside (a H- beam direction) of
the magnet was smaller than that on the outside (a proton
beam direction) of the magnet. From the distribution of
residual dose on the magnet, we considered that the
source of this dose distribution was caused by the loss of
proton beam. This proton beam was generated by the
scattering of H- beam and the residual gas in the transport
line between the ion source and Radio Frequency Quadru-

Figure 1:History of the linac operation and residual dose.

400

Commissioning, Operations and Performance

Proceedings of HB2010, Morschach, Switzerland

pole linac (RFQ), and accelerated by the RF of inverse
phase. Finally the proton beam was bent to the opposite
direction of H- beam and lost. In order to remove this
proton beam, we made a chicane orbit in the transport line
between the RFQ and Drift Tube Linac (DTL) by using
steering magnets. As a result, the loss at the L3BT first
bending magnet was reduced and the residual dose
becomes less than 100 µSv/h even if the beam power was
increased [2][3].
After taking that step, there were no significant losses
at the 20 kW user operation. But when we started 120kW
user operation, we observed that the significant losses
were distributed around the future ACS section (Black
and red plots in Fig. 1). Previous beam study indicated
that the pressure rise caused the stripping and loss [3].
However, SNS member discussed a possibility of intrabeam stripping [4]. We investigated the dependence of the
loss monitors on the peak current. The dependence of the
Beam Loss Monitor (BLM) near the debuncher 2 on the
peak current is shown in Fig. 2 and pressure in the beam
duct near the debuncher 2 is in Fig. 3. Figure 3 shows that
the pressure barely changed during this experiment. On
the one hand, if the loss was due to the stripping by the
residual gas, it linearly depends on the peak current. On
the other hand, if the loss was due to the intra-beam
stripping, it depends on the square of the peak current.
It seems that the BLM signal depends on the square of
the peak current in Fig. 2. This result indicates that there
is a possibility of the intra-beam stripping as source of the
beam loss. We will investigate more detail of loss
mechanism at the future operation.
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Figure 2: BLM signal of ACS section.

RCS
The RCS have been commissioned since October 2007
[5][6]. The RCS ring is designed to accelerate a proton
beam up to 3GeV and supplies it to the MR and the
neutron production target in the MLF. Beam supply for
MLF and MR commissioning begun in May 2008, and
user operation for MLF users started in December 2008.
RCS commissioning was continued, and as a result,
Operational beam power was increased to 120kW since
November 2009. Figure 4 shows the history of RCS
output power and residual dose rate since October 2007.
In the RCS, the first significant loss was observed at
the branch of H0 dump line (Black plot in Fig. 4). And
after the beginning of the user operation, the additional
loss was observed at the Beam Position Monitor (BPM)
put at the downstream of the H0 dump branch (Red plot
in Fig. 4). From the following beam study, we were
certain that these losses were caused by the scattering of
the injection and circulating beam at the charge exchange
injection foil. Figure 5 shows the BLM signal dependence
on the number of the foil hit at the H0 dump branch. It is
shown that there is a strong correlation between the BLM
response and the number of the foil hit. When we used the
painting injection, the number of the foil hit was reduced
and BLM signal became smaller. Our detailed beam study
confirmed that it is proportional to the number of the foil

Commissioning, Operations and Performance

Figure 3: Pressure of ACS section during the peak current
study.

hit [7][8]. Thus, now we use the painting injection and we
adjusted the foil position in order to minimize the number
of the foil hit.
In addition, another loss was observed between the
injection septum magnet 1 and 2 at 120kW operation. The
residual dose could be observed only at the opposite
direction of the injection (H-) beam orbit of the vacuum
chamber (Magenta plot in Fig. 4). Therefore, we consider
that the beam loss was probably caused by the charge
exchanged particles which was similar to the linac case.
We also investigated loss dependence on the peak current
and its result is shown in Fig. 6. In the linac case, the
BLM signal depends on the square of the peak current.
However, Fig. 6 indicates that the loss at the injection
septum depends linearly on the peak current. This result
was quite different from the linac case. The source of this
loss may differ from the linac loss of ACS section.
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Figure 4: History of the RCS operation and residual dose.

Figure 6: BLM signal between RCS injection septums.

Figure 5: BLM signal at the H0 dump branch. Upper
figure shows the BLM signal without painting. Middle
figure shows the BLM signal with 100πmm-mrad
painting. Lower figure shows the BLM signal with
150πmm-mrad painting.
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The missing-bend cells in the arc section also have
been activated to less than 100 µSv/h (blue plot in Fig. 4).
These losses were caused at the middle of the acceleration
period and sensitive for the tune variations and the
longitudinal painting pattern. We think that the tune shift
due to the chromatic effect brought about these losses. On
the one hand, since we have only DC power supply for
the sextupole magnet system, the chromaticity was
corrected only at the injection period. On the other hand,
our RF system makes large longitudinal acceptance and
some particles (that belong to the longitudinal tail) have
larger (or smaller) momentum than the synchronized
particles. Thus the particle, that had large longitudinal
amplitude, would cross the resonance and it was lost at
the missing-bend cells (the missing-bend cells have large
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dispersion function value and there are the narrowest
acceptance point except the collimator). In order to take
measures for the losses at arc sections, we installed an AC
sextupole magnet power supply system to achieve a full
chromatic correction during acceleration. We will check
its effect in the next beam commissioning period.
The current transformer indicated that the survival rate
is about 99% at 120kW operation. Most losses were
localized on the collimator and there was no high
activated area except above mentioned point. we were
able to access all of the accelerator tunnel [9].

MR
The beginning of the MR commissioning was May
2008. The MR has two extraction lines. One is the slow
extraction line to deliver proton beam to the hadron
experimental hall. The other is the fast extraction line to
deliver the beam to the neutrino target for the T2K
(Tokai-to-Kamioka) experiment. In January 2009, we
succeeded slow extraction for hadron beam line. And
neutrino beam line commissioning started in April 2009.
The regular T2K experiment started in January 2010 to
take physics data. So far, the maximum intensity of 70
kW has been delivered to the Neutrino target [10]. Figure
7 shows the history of MR output power and the residual
dose rate since May 2008.
In the early stage of MR commissioning, there are no
significant residual dose. But after starting user operation
for T2K experiment, the residual dose rate became higher
as MR beam power progressed. Especially the collimator
section (Red and Blue plots in Fig. 7) and the branch duct
of injection abort dump (Magenta plot in Fig. 7), that is a
downstream of the collimators, had higher dose rate. In
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order to establish higher beam operation, we took two
measures during the summer shutdown in 2010. The first
one is to install an additional shielding in the collimator
of the RCS to MR beam transport line. Since its capacity
became larger, it enabled to remove more beam halo
before MR injection. The second one is to replace the
branch duct of injection abort dump with a wider one
according to the suspension of injection dump. These two
measures, and the further beam studies will also achieve
higher output. Moreover, an additional shielding for MR
ring collimator is also planned.

CONCLUSION
J-PARC
accelerators
have
been
favourably
commissioned. So far the RCS produces 120kW beam to
MLF and the MR provides 50kW beam to Neutrino target.
From the experience of these high intensity operation, we
should improve the following issues.
Linac:
・Widely distributed loss along the ACS section.
RCS:
・Loss at the downstream of the injection point caused
by the foil scattering.
・Loss at the dispersion maximum points in the arc
section due to insufficient chromatic correction.
・Loss during the injection septums.
MR:
・Loss at the collimator section.

Figure 7: History of the MR operation and residual dose.
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Among these issues, we took measures for the loss at
the RCS arc and the MR collimator section by installing
an AC sextupole magnet power supply system for RCS,
the additional shielding of the collimator at the RCS to
MR beam transport line and branch duct with wider
aperture for MR. We also plan to install new collimator at
the downstream of the RCS injection foil and additional
shielding of MR ring collimator to reduce their residual
dose. As for the losses at Linac ACS section and RCS
injection septum, further investigation is needed to
improve these situations.
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LINAC4 COMMISSIONNING STRATEGY
J.B. Lallement, G. Bellodi, M. Eshraqi, M. Garcia Tudela, A.M. Lombardi, P. A. Posocco,
E. Sargsyan, J. Stovall, CERN, Geneva, Switzerland
Abstract
Linac4 is a 160 MeV H- ions accelerator, which will
replace the 50 MeV proton Linac (Linac2) as injector for
the CERN complex from 2016. The higher output energy
together with charge-exchange injection will allow
increasing beam intensity in the following machines.
Linac4 is about 100 m long, normal-conducting, and will
be housed in a tunnel, 12 m below ground, on the CERN
Meyrin site. The low energy front-end, consisting of a 45
keV source, a 3 m long RFQ and a 3 MeV chopper line,
will be commissioned starting next year in a temporary
location. It will then be moved to the tunnel at the end of
2012 and the commissioning in situ will be done
progressively with the installation of the accelerating
structures. The preparation of 4 commissioning stages
(12, 50, 100, and 160 MeV) is of key importance to meet
the goals of beam performance and reliability. An
extensive campaign of simulation is in progress to define
the necessary measurements and the required diagnostics
accuracy for a successful set-up of the transverse and
longitudinal parameters of the machine. This paper
presents the results of the simulations and the
measurement strategy.

INTRODUCTION
Linac4 is a normal conducting, 160 MeV H- ions
accelerator, presently under construction at CERN which
will upgrade the proton accelerator complex replacing the
50 MeV Linac2 and provide higher intensity beams [1].
The low energy front-end is composed of a 2 MHz rf
volume source, a two solenoids Low Energy Beam
Transport, a 3 MeV Radio Frequency Quadrupole
resonating at 352.2 MHz and a Medium Energy Beam
Transport, housing a beam chopper device. The
acceleration up to 160 MeV is provided by three Drift
Tube Linac tanks, a Cell Coupled Drift Tube Linac (21
tanks coupled in 3’s) and 12 Pi-Mode Structure tanks. The
first commissioning stage will start next year with the 3
MeV test stand. During this stage, the RFQ will be
commissioned as well as the chopper-line. A dedicated
detector, the Beam Shape and Halo Monitor, will
characterize the performance of the chopper. The high
energy part (from 3 to 160 MeV) will be commissioned in
2013, when the accelerating structures are installed in the
tunnel. In the following we give some highlights of the
simulation work done for the preparation of the
commissioning.

energies (12, 50, 100,160 MeV) and installations. The
different stages are detailed below:
• Stage1: 3 MeV test stand, commissioning of the
source, LEBT, RFQ and chopper line. This stage of
the commissioning, starting next year, will take place
in the PS south hall and will last until installation in
the tunnel will start at the end of 2012.
• Stage2: The LEBT, RFQ and chopper line will be recommissioned in the tunnel (2013).
• Stage3: The DTL tank1 (12 MeV) will be installed
and commissioned.
• Stage4: DTL tanks 2&3 are installed and
commissioned.
• Stage5: CCDTL is installed and commissioned.
• Stage6: PIMS is installed and commissioned.

AVAILABLE DIAGNOSTICS
Besides the permanent diagnostics (listed in table 1), a
movable diagnostic bench has been foreseen as part of the
Linac4 commissioning plan to characterize the H- beam
properties at the exit of the front end (RFQ and MEBT) at
3 MeV and of the first DTL tank at 12 MeV. The low
energy end is the most critical for beam quality control
(50% of the emittance growth happens before 3 MeV) and
also the most critical for housing diagnostics (free space
for non-active equipment is limited to a minimum in order
to avoid the effects of uncompensated space charge
forces). The bench will be composed of two sections: a
spectrometer and a straight line. The spectrometer line
will be used for longitudinal plane measurements of the
beam energy spread and average energy with the purpose
of cross-calibrating the Time Of Flight measurements and
to find the set point of the rf structures (buncher + DTL
tank) characterisation. The straight line will be used to
characterize the beam trajectory, its emittance with a slit
and grid system and transverse profile, the intensity and
the longitudinal shape. The layout of the bench is shown
in Figure 1.

COMMISSIONING STAGES
Linac4 will be commissioned in several stages, starting
from the low energy end (3 MeV test stand) and after
alternating phases of commissioning at intermediate
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Figure 1: Diagnostic bench layout.
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The permanent diagnostics which will be housed in the
Linac between the rf tanks is mainly composed of:
• Beam Current Transformers.
• Pick Ups with four quadrants striplines to measure
the beam centre position and the beam centre phase
with respect to a reference rf phase.
• WireScanners to measure the profile at strategic
locations.
• A Secondary EMission grid system to measure the
transverse profile of a single bunch.
• Beam Loss Monitors placed at each tank transition.
A list of the number and location of the diagnostics
permanently installed in the beam line is given in table 3.
Table 1: List of Permanent Diagnostics
LEBT
MEBT
DTL
CCDTL

PIMS

BCT PickUp WireSc SEMGrid BLM
1
/
/
1
/
2
/
2
/
/
1
3
/
3
1
1
1
7
2
2

1

6

3

1

1

3 cm from the beam axis. The motor minimum step is
0.2 mm with a position accuracy of 50 µm. For the grid,
the minimum wire spacing (especially for central wires) is
0.75 mm and the total travel range will cover the total
width of the vacuum chamber. Taking all the diagnostics
accuracy into account, the emittance measurements
resolution should be around 0.5 mm/ 0.5 mrad.

Beam Position / Phase Monitors
Beam position and phase monitors will be essential
instruments at the time of commissioning to measure:
• Absolute beam position.
• Relative beam intensity between pick-ups.
• Absolute beam intensity through calibration with
BCT.
• Absolute beam phase.
• Average beam energy (TOF).
The monitors are located at positions along the bench
where the beam is not completely debunched. Requested
resolutions for the different types of measurements are
given in table 2.
Table 2: BPMs Resolution

Some permanent diagnostics will also be installed in
the beam line between the exit of the PIMS and the Linac
dump (2 Pick-ups, 2 BCTs, 1 SEMGrid, 1BLM and 1
Feschenko monitor).
The test bench in its 3-12 MeV configuration (with the
spectrometer line) will also be a test for the Time Of
Flight measurements which will be the only tool for
setting the rf parameters in the high energy part of the
Linac. In fact, the DTL, CCDTL and PIMS tanks will be
commissioned in the tunnel where we will not be able to
have a spectrometer line. For the commissioning at 50
and 100 MeV, in the tunnel, the diagnostic bench will be
only composed of 3 beam profile measurement devices
and 2 pick-ups in a straight line section. In addition to the
measurement bench, permanent diagnostics are installed
in the beam line in the inter-tank and inter-structure areas.

Energy Spread Measurements

Beam Intensity and Transmission

Table 3: Beam Parameters
Measurements (5 rms Values)

Three Beam Current Transformers will be installed on
the diagnostic bench: two upstream and downstream of
the dipole magnet in the inline part and one in the
spectrometer line.

Beam Profile and Emittances
Transverse emittance measurements should be
performed as close as possible to the exit points of the
different structures to avoid effects of space charge.
Independently of the test bench configuration (RFQ,
MEBT, DTL tank1), the beam will have to be made
parallel at the slit. For the RFQ measurements, two
quadrupoles will be added between the cavity and the
bench in order to make the beam parallel. For the MEBT
and DTL tank1 measurements, we will use respectively
the first and the last EMQs of the MEBT. According to
simulations, the slit will be able to scan through the whole
beam width, with an expected range of movement of ±
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Beam position

0.1 mm

Beam intensity

1% of peak current
1 degree

Beam phase

1 per mille

Energy resolution

The energy spread measurements will be carried out in
the spectrometer line using a system dipole plus a screen
located 3 m from the centre of the magnet. A slit located
at the entrance of the bench, will reduce the space charge
effect and the beam beta function. The energy spread will
be derived from measurements of the beam size at the
screen and the knowledge of the local dispersion.

ΔE at Slit
[keV]
Δx at dump
[mm] (ΔE=0)
Δx at dump
[mm]
Resolution
[keV/mm]

for

Energy

Spread

RFQ

MEBT

Tank1

±41

±52

±72

±1.6

±2.7

±2

±7.7

±11

±4.5

±5.3

±4.7

±16

The line will also be used for beam average energy
measurements as complement to the TOF technique and
for the rf characterization of the MEBT bunchers. The
following figure illustrates the use of the spectrometer
line for setting up the first MEBT bunching cavity
settings. It represents the beam centre displacement at the

Beam Dynamics in High-Intensity Linacs

Proceedings of HB2010, Morschach, Switzerland

TUO1D01

SEMGrid as a function of buncher phase and amplitude
[2].

Figure 2: First MEBT buncher phase and amplitude
characterization.

Bunch Shape Measurements
A Feschenko monitor [3] will be installed in the bench
to measure the bunch profile giving useful information to
assess the longitudinal quality of the beam and of the
matching between the structures. The measurements will
be performed on a pulse to pulse basis. The phase
resolution is in the order of 1 degree.

PARAMETERS TO BE SET
Out of the 160 focusing elements in Linac4, 127 are
Permanent Magnet Quadrupoles. The number of circuits
to be set is therefore limited to 33. These include the
settings of the two LEBT solenoids, 2 DTL intertank
quadrupoles, 7 CCDTL quadrupoles and 11 PIMS
quadrupoles. In addition to the magnets, we will have to
set the rf parameters of the accelerating structures and
buncher cavites. The following table summarizes the
parameters to be optimized. Linac4 is equipped with 17
corrector magnets to steer the beam trajectory on axis and
to compensate for alignment errors.
Table 4: Number of Parameters to be set in the Linac
Magnets
2
Solenoids
LEBT
-RFQ
11 EMQs
MEBT
2 EMQs
DTL
7 EMQs
CCDTL

PIMS

11 EMQs

RF Phase
--3
3
7

12

RF Ampl Steerer
-2
1
-3
2
3
3
7
4
8
6

Magnets Setting

Figure 3: Transmission in the MEBT varying the 4 first
quadrupoles.
From figure 3 we can deduce that transmission
measurements are sufficient to find the optimized settings
of the first four MEBT quadrupoles. The remaining
quadrupoles instead act as well on the chopping
efficiency and on the matching to the DTL. Therefore
their optimized values can be found by looking at a more
complex parameter space, including chopping efficiency
(halo monitor) and matching through the DTL
(measurements of profile at 12 MeV).

RF Parameters Setting
For longitudinal parameters, we will use the methods of
the rf characteristics. In fact, varying cavities phase and
amplitude will have an impact on the beam average
energy, on its energy spread and transmission (mainly for
the RFQ). Simulations were run to get all the tank
characteristics. An example is given in the figure 4. It
represents the first PIMS module output energy as a
function of field amplitude and beam input phase. The
first stage for setting the cavity parameters will be to find
the two intersection points of the characteristic curve
corresponding to the -90 and +90° phases. Being
independent from the field amplitude, the beam energy is
not modified. Once these characteristics points found, it
will be straightforward to identify the 0° cavity phase and
adjust the field amplitude to the required one. For the first
PIMS module (close enough to the nominal amplitude)
5% of field offset lead to 300 keV beam output energy
difference. For this particular example, the beam average
energy will be measured with the TOF technique using
Pick-Ups, housed in every other PIMS intertank.

For setting the transverse parameters, we will use a
combination of transmission, beam size and emittances
estimates. The following figure shows the relative
transmission between the 2 beam current transformers
installed in the MEBT as a function of gradients of the
four first quadrupoles matching the beam from the RFQ
to the chopper section.

Figure 4: First PIMS module rf characteristics.
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Another example of rf cavity characteristic is shown in
figure 5. The plot represents the variation of the relative
transmission between LEBT and MEBT beam current
transformers as a function of the RFQ input power. In
order to set the klystron power to the design value, we
will vary the vane voltage in order to reproduce the
following curve. The curve is really representative, being
composed of two straight lines connected by a shoulder
located around the nominal vane voltage.

goals of this commissioning stage is to set and validate
the functioning of the chopper.

Beam Shape and Halo Monitor
The BSHM is a dedicated diagnostic developed to
characterize the functioning of the chopper-line [5]. It has
two objectives: 1) measure the transverse halo generated
in the RFQ and in the MEBT; 2) detect and measure the
partially chopped bunches. The layout of this detector is
shown in Figure 6.

Figure 5: RFQ transmission vs. input power.

Steerer Setting
The corrector magnets will compensate the beam and
machine alignment errors, reducing significantly the beam
losses by improving the transmission [4]. In order to
avoid any activation of the machine, the first stage of
correction will be done using a pencil beam.
Measurements from BLMs, profile and position beam
diagnostics, together with an online Linac model will be
used to correct the beam trajectory and recover the design
performances. The online model was successfully
validated during measurements on the Linac2 transfer line
in 2007. The following figure shows the beam centre
excursion the CCDTL (with beam and magnet alignment
errors) before and after correction.

Figure 6: Beam centre excursion in CCDTL, before and
after steering.

THE 3 MeV TEST STAND
The 3 MeV test stand is the first stage of the Linac4
commissioning. It is scheduled to start in mid 2011 at a
temporary location. During this first stage, the RFQ and
the chopper-line will be commissioned. One of the main
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Figure 7: BSHM layout.
By hitting the carbon foil, H- ions generate secondary
electrons which are further accelerated towards a
phosphore screen by an electric field applied between the
grids. The emitted light is collected by a CCD camera
through optic fibre. The BSHM has a spatial resolution of
1 mm and time resolution of 2 ns. Its dynamic range is in
the order of 105.

NEED FOR A PENCIL BEAM
A pencil beam (low transverse emittance and low
current) is needed mainly to avoid space charge effects
and reduce significantly the potential losses. It can be
generated for the Linac4 commissioning by placing an iris
in the LEBT [6]. This beam will be used in order to
characterize the different accelerating structures, the
chopper section and to proceed to beam based
measurements (alignment, acceptance scans). Thanks to
the beam current flexibility of the Linac [7] as well as the
transverse matching section we will be able to track the
pencil beam, and keep its pencil characteristics up to
160 MeV. Depending on the iris size, we can vary the
beam current and emittances. Currently, two different
pencil beams were studied with current reduction from 80
to 1 and 7 mA. The transverse emittances are respectively
reduced from 0.25 to 0.1 and 0.05 mm.mrad, reducing the
beam size in the Linac by a factor of 1.6 and 2.2. The
figure 8 represents the transverse and longitudinal
envelopes of the pencil beam from in the DTL, CCDTL
and PIMS.
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Figure 8: Pencil beam envelopes in DTL, CCDTL and
PIMS.

Chopper Set up and Validation
Thanks to the low emittance and current of the pencil
beam, we will be able to get a good transverse separation
of chopped and non-chopped beams. We expect to
observe the direct effect of the chopper field on the beam
at the dump location by replacing it with a beam profile
measurement device. The expected beam displacement
induced by the chopper field is represented in the
following figure.

Figure 9: Beam displacement at the dump location for
different effective voltage on chopper plates.
In addition to the direct effect of the chopper field, we
will be able to validate the beam dynamics in the MEBT
by observing the amplification of the chopper kick caused
by the defocusing effects due to the quadrupole and the
buncher cavity housed between the chopper and the
dump.

Acceptance Scans
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Figure 10: DTL tank1 X-X’ acceptance plot and pencil
beam.

CONCLUSION
With the permanent diagnostics and the temporary
measurement bench we are confident that we have
enough diagnostics elements to set the 33 magnets and the
47 rf parameters of the Linac. Starting next year, the
3 MeV test stand, will be the test bed for most of our
commissioning strategy and calibration of diagnostics.
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The pencil beam can also be used for other beam based
measurements. Acceptance scans can be done displacing
the pencil beam with steering magnets. Figure 10 shows
the superimposition of the first DTL tank horizontal
acceptance [8] and the 1 mA pencil beam from the MEBT
(on axis). Looking at the relative transmission of the tank
we could conclude if the pencil beam is or not inside the
acceptance.
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m
model [3]. A crucial part of the space charge in Landau
u
ddamping and instability
i
threshold of bunch
hed beams waas
ddemonstrated first in Ref. [4
4] for rather hiigh synchrotron
n
ffrequency. Laater the problem
ms were studieed in Ref. [5-7]],
tthe last presenting most detaiiled study of th
he role of space
ccharge impedaance in the bunched beams instabilities.
Space Charg
ge Impedance (SCI) is a paart of an entire
bbeam coupling
g impedance, which
w
takes intto account only
y
llocal electrom
magnetic field carried by a beam. It is a
ppurely imaginaary value not depending on frequency and
d
uunable to cause the beam insstability by itseelf. Real part of
o
tthe impedancee is just the on
ne directly resp
ponsible for the
iinstability. In principle, an
ny retarding (wake) field is
i
ccapable to gen
nerate such an addition. How
wever, SCI can
n
ddrastically affeect intra-bunch
h coherent oscillations (head
dttail modes) including theeir frequency
y, shape, and
d
pparticularly thrreshold of posssible instability
y. The effect is
i
eespecially imp
portant in protton synchrotro
ons where SCII,
ttypically, consstitutes a signiificant or even
n dominant parrt
oof the impedaance. Under these
t
assumptiions, the wake
ffield can be treeated as a smalll perturbation which controlls
m
mutual motion
n of the bunch
hes (collectivee beam modess)
iincluding the instability growth
g
rate. Just
J
from thiis
standpoint the problem is treeated in this work. Incoheren
nt
space charge tune shift is used
u
further as
a a convenien
nt
m
measure of thee SCI.

COASTIN
NG BEAM LANDAU
L
DAMPING
D
It is a well known
k
fact thatt, at dominant SCI, transverse
iinstability of a coasting beam
m is possible if space charge
ttune shift abou
ut exceeds the incoherent
i
tunee spread:
,
T
This

relation
n

#

balbekov@fnanll.gov
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1

1

has a sim
mple physicall explanation
n:

_____________________________________________

Self-sustaaining coherennt oscillationss of a beam
m are
impossiblle if their freequency falls within a rannge of
incoherennt betatron freqquencies.

Figure 1 iis provided to iillustrate the sttatement. Blue curve
present a bare tune ddistribution, reed one – the same
distributioon shifted by sppace charge foorce, and verticcal red
line depiccts the coherentt tune. Two cases are possiblle as it
is shown in the picture. At comparabbly low intensitty, the
coherent ttune could nott leave the inccoherent rangee (lefthand figuure). Then thhe attendant eelectric field w
would
excite coontra-phase ooscillations of particles, w
which
individuall tunes are loocated either llower or higheer the
coherent oone. That woulld result a quicck transfer of eenergy
from coheerent form to incoherent onne, that is the beam
heating annd decay of thhe coherence. T
This effect is kknown
as Landau
au Damping (L
LD). It does not arise at hhigher
intensity when the coherent freqquency leavess the
incoherennt range (rightt-hand figure). Then the cohherent
field exciites in-phase oscillations oof all the parrticles,
supportingg the coherennce and creatting conditionns for
instabilityy. As it is seenn from the piccture, correspoonding
instabilityy condition is
|

|

2

This relattion can be w
written down as Eq. (1) beecause
ΔQcoh « Δ
ΔQincoh in practtice. Coefficiennt C depends oon the
bunch shaape being abouut 1.2–1.1 for G
Gaussian distribbution
truncated on the level off (3-5)σ.

BUNC
CHED BEA
AM LANDA
AU DAMPIN
NG
There iss no doubt thatt above declarred principle iss valid
for bunchhed beams ass well. Howeever, very diffferent
physical pphenomena caan be responssible for incohherent
tune spreaad of coasting and bunched bbeams. In firstt case,
the main source is, usuaally, momentum
m spread multtiplied
by chromaaticity. Howevver, as it was shhown in Ref. [1] and
[2], the innstability thresshold of bunchhed beams doees not
depend oon chromaticitty at all (thoough the instaability
growth raate can drasticcally depend oon it). It meanns also
that averaaged in synchrrotron phase tuunes of the parrticles
and correesponding tunee spread only can affect cohherent
transversee motion of thee bunch.
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From this point
p
of view, essentially lo
ower instability
y
tthreshold cou
uld be expeccted in bunch
hed beams in
n
ccomparison with
w
coasting ones, at ab
bout the same
iintensity, emitttance, etc. Ho
owever, it wou
uld be a hasty
y
cconclusion beecause an addiitional source of the spread
d
aappears at thee bunching. It
I is space charge tune shifft
itself because it depends on
o a particle position
p
in the
bbunch or – after the aveeraging – on amplitude of
o
synchrotron osscillations [4]. It is clear thatt corresponding
g
ttune spread is proportional to SCI and beeam intensity –
tthe fact which
h creates ratheer specific con
nditions for the
L
Landau dampin
ng and the insttability thresho
old.
In principlee, tune spread
d caused by nonlinearity
n
of
o
bbetatron oscillations should be taken in the consideration
n
aas well. Howeever, nonlinearity of external magnetic field
d
iis relatively small
s
usually that is can be
b neglected in
n
ppractice. As for
f own beam
m field, its no
onlinearity and
d
ccorresponding tune spread do
d not affect coherent motion
n
aat all, as it is sh
hown in Ref. [8].
Taking into account all th
hese circumstaances, one can
n
w
write down Eq
q. (2) for a buncched beam in the
t form:
3
R
Right-hand parrt of this equattion is satisfied
d automatically
y,
so only two cases
c
could bee actually posssible. They are
sketched in Fig. 2, where both
b
coherent tune shift and
d
iincoherent tun
ne spread are presented. Laandau damping
g
aappears if thee shift is rath
her large (left-hand picture)).
B
Because all thee tune shifts arre proportional to the intensity
y
aand SCI, it co
ould be expectted that the bu
unch shape and
d
synchrotron frrequency are important for the instability
y
tthreshold as well.
w
Particularlly, long tail of the distribution
n
ccertainly shoulld increase chaances of the Laandau damping
g.
O
On the other hand, any bun
nch has a lot of eigenmodees
some of theem being pro
obably unstab
ble. Therefore
aadditional theo
oretical analyssis is needed to make more
ddistinctive con
nclusions.

F
Figure 2: Land
dau damping orrigin of buncheed beams. Leftthhand – stability
y, right-hand – instability.

EQUA
ATUIN OF BUNCHED
B
BEAM
COH
HERENT OSCILLATI
O
IONS
Let a bun
nch execute coherent osccillations with
h
hhorizontal dev
viation X(t,θ,p
p) in the point
p
(θ,p) of
o
llongitudinal ph
hase space and
d
,
in average. These
vvariables are co
oupled by the relation:
r

WEO1A01

F(θ,p) is longituudinal distribuution function of the
where F(
bunch, aand ρ(θ) is its linear ddensity. Designnating
horizontall electric fielld of the steaady-state bunnch as
E(θ,x,y) oone can write eequation of bettatron oscillatioons of
a single p article as
,

,

,

5

where revvolution frequeency Ω and barre tune Q depeend on
the particlle momentum. Note that incooherent space ccharge
tune shifft of the partticle depends on its ampllitude,
because E(θ,x,y) is nonlinear funnction of transsverse
coordinatees. Wake fieldd is hidden heere but actuallyy it is
negligiblee in first approxximation, by asssumption.
With stteady-state traansverse densiity ρt(x,y), cohherent
displacem
ment is:
, ,

, ,

6

While thee deviation is ssmall in compaarison with the beam
radius, it ssatisfies the linnear equation:
2

6

with effecctive tune shift which dependds only on θ:
∆

2

, ,

,

7

It proves the statementt which was aactually used aabove:
nonlinearrity of space chharge field andd related tune sspread
do not aff
ffect coherentt motion and ccannot contribbute to
the instabbility frequenccy and threshold. The efffective
tune shift ΔQ(θ) is proportional to the longitudinal ddensity
ρ(θ) andd depends onn transverse density ρt(x,yy). It
coincides with usual inccoherent tune sshift if the beaam has
elliptic crross section annd constant deensity. For Gauussian
beam, it iss a half shift off small betatronn oscillations [[8].
Becausee ΔQ « Q, Eqq. (6) can be reduced to thee first
order form
m:
8
This equuation describbes both coassting and buunched
beams. Thhe choice depeendence on the operator d/dt w
which
is global ttime derivativee including lonngitudinal motioon:
Coasting beam:

9

Bunched
d beam:

9

4

where Ωs and φ are syynchrotron freequency and pphase.
Thereforee, taking the explicit depeendence of all the
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vvariables on tim
me as exp(-iω
ωt), one can reepresent Eq. (8
8)
ffor a bunch in the form :
10
B
Because frequ
uency of betatrron oscillation
ns ΩQ depend
ds
oon momentum
m, chromaticity
y appears in thiis equation as a
pparameter. Ho
owever, it influ
uence only eig
genfunctions X
bbut not the eigenfrequencies ω. It can be sh
hown with help
p
oof transformatiion:
,

,

exp

/

,

/

11

N
New variable Y satisfies an equation
e
which
h looks like Eq
q.
((10) with cen
ntral frequency
y Ω0Q0 instead
d of Ω(p)Q(p)).
T
Therefore its solutions do not
n depend on
n chromaticity
y,
iincluding coheerent frequency
y ω which is th
he same in both
h
eequations. Thu
us, instability frequency
f
and
d threshold of a
bbunched beam
m do not depen
nd on chromaticity. Howeverr,
shape of the osscillations, wak
ke field, and co
onsequently the
iinstability grow
wth rate can deepend on it [1-2
2].
It is more convenient furtheer to use the paarameters:

Boxcar M
Model
One of the simplest aand widely useed assumptionss is so
called boxxcar model thaat is a bunch with constant linear
density. IIt is especiallyy productive in our case beecause
allows to get analytical solution of Eq. (13) at any value
of the parrameter μ in forrm of Legendree polynomials [3]:

Substitutinng it to Eq. (13) one can see that, at aany n,
there are n+1 differentt functions Ymnn(θ,p) satisfyinng the
conditionss. Each of them
m is polynomiial of power nn+1 in
space of variables (θ,pp). Correspondding equations for ν
are polynnomial of pow
wer n+1, andd all their soluutions
(eigentunees) are real nuumbers. Some of them are pplotted
against μ in Fig. 3. It is seen that all thhe curves take a start
either from
m point ν=0 (i)) or ν=-1 (ii) att μ=0. In usuall units
it means: either bare bbetatron frequeency ω=Ω0Q0 (i) or
ΔQ) (ii). If thhe parameter μ is
actual on e ω=Ω0(Q0-Δ
rather sm
mall, the cohereent oscillationss are almost linnearly
polarized:: either in θ-ddirection (i) orr in p-direction (ii).
However,, the polarizatioon becomes cirrcular at μ » 1:
,

,

,

12

B
Besides, we will
w normalize the distributiion function to
o
satisfy the con
ndition ρ(0)=1. Then total set of equation
ns
ffor the function
n Y is:

eexp

These eiggenmodes are known as mulltipoles of inddex m.
At any m there are a llot of radial m
modes Rmn(A) w
which
characteriize dependennce of the eigenfunctionns on
synchrotroon amplitude. All of them arre raised by diffferent
Legendre polynomials aand converge at the lines ν ≈ mμ
with m=00, ±1, etc.

13
,

,

13

IIt is easy to check
c
that all its
i eigenvaluess are real, both
h
w
with and witho
out Landau daamping (as long
g as wake field
d
iis not included). This statem
ment does nott contradict the
ppossibility of Landau
L
dampin
ng, but it mean
ns that decay of
o
aan initial pertu
urbation causeed by the LD is generally a
nnon-exponential process.

R
Rigid Mode
Eq. (13) has a universal solution which does
d
not depend
d
aat all on the diistribution funcction, space ch
harge tune shiftt,
aand synchrotro
on frequency:
,

1,

0

that iss

ω

IIt is known ass rigid mode because,
b
at zerro chromaticity
y,
tthe bunch osciillates as a solid without twiist and rotation
n.
W
With chromatiicity, traveling wave is superiimposed on the
bbunch oscillattions as it folllows from Eq
q. (9). In used
d
aapproximation
n, this mode is never pro
one to Landau
u
ddamping being
g potentially unstable
u
at an
ny intensity. Of
O
ccourse, the thrreshold exists in reality, at leeast because of
o
tthe lattice non
nlinearities, ho
owever, in practice it is very
y
llow in comparrison with simillar coasting beeam.
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Figure 3: Eigeentunes of boxxcar bunch.

INSTABILIITY THRE
ESHOLD
In norm
malized variablles, condition of Landau dam
mping
(3) could turn into
̅ 0
̅ 1 where
̅

cos

14

However,, it is necessaary to take innto account thhat, at
coherent frequency ω, spectrum of thhe force whichh acts
frequencies ω+mΩs with integger m.
on particlles can carry fr
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Corresponding
g normalized frequencies are ν+mμ, so the
C
dition should be
b used in the form:
f
iinstability cond
1

15

̅ 1

1 . All the multipolees presented in
n
((remind that ̅ 0
u
tthe eigenfuncttion Ymn have to be examineed, and Landau
ny of them sattisfies Eq. (15)).
ddamping will spring up if an
Actually, thee remaining multipoles at
a
→ ∞ are
A
o
For exaample, m = 0 is the only
y
““suspicious” ones.
d mode.
hharmonic inherent in the rigid
Transformed
d eigentunes off the boxcar bu
unch are plotted
d
c
Landau
u damping cann
not arise in thiis
iin Fig. 4. Of course,
herent spread. However, fo
or
ccase because of zero incoh
p
let us
u assume for a
bbetter understaanding of the problem,
moment that eigentunes off a real bunch
h have similaar
m
a incoherent tune spread
d
bbehavior but there is an
1
0.5. Then stability
y region existts
ccorresponding
which is mark
ked in Fig. 4 by
y darker colorss. It is seen thaat
w
oint Δν=μ=0 are potentially
y
tthe modes staarting from po
w μ but can beecome stable at
a higher μ. The
uunstable at low
modes starting
g from point μ = 0, Δν = -1
- demonstrate
m
vior and have small (maybe zero) chance to
o
oopposite behav
a more stable
rreach unstablee zones. Higherr eigenmodes are
L
dampin
ng) in any casee.
((prone to the Landau

WEO1A01

modes (Δ
Δν > -0.5) are seen at μ <~11, eigentune off each
almost cooinciding withh the boxcar oone. However,, only
three of tthem remain uunstable at μ > 0.5: lower radial
modes off multipoles m = 0, 1, 2. Innstability of thhese -and only these -- moddes is also connfirmed by μ » 1
approach.. In this regioon, the eigentuunes slightly eexceed
the boxcaar ones, as if tthey are pusheed out by incohherent
tunes from
m their room. A
All other eigennmodes are sinngular
at large μ,, forming contiinuous spectrum
m at Δν <−0.55.

Figure 5: Transformed eeigentunes andd stability regioon of
parabolic bunch.

Gaussiaan Bunch
Truncateed Gaussian ddistribution is considered inn this
subsectionn:
∝ eexp

T
eig
gentunes of bo
oxcar bunch.
Figure 4: Transformed
Unfortunatelly, for realistic distributions, the
t solutions of
o
E
Eq. (13) are achievable
a
(as a rule numerrically) only in
n
eextreme cases μ « 1 and μ » 1. These zo
ones are ratheer
aapproximately
y marked by green in Fig.. 4. Note thaat
L
Landau dampiing cannot bee seen at μ « 1 because of
o
nnature of thiss approximatio
on. Therefore, each solution
n
should be ex
xtrapolated frrom its origin
nal zone into
o
nneighboring “red”
“
one to completed thee picture. The
eexamples are given
g
below.

1

Results oof calculationns in low μ approximationn are
presentedd in Fig. 6 at σ =1/3 (3σ trunccation). In this case,
1
0
0.274.
Landau daamping shouldd arise at
Actually, a lot of unstaable modes exxist at μ <~0.66 (ΔQ
>~1.7 Qsyyn), but almost all of them goo down to the stable
zone at m
more μ (Fig. 6)). High μ appproach confirm
ms that
all these modes are prrone to Landaau damping, hhave a
singularityy, and form coontinuous specctrum at Δν<-00.274.
Rigid mo de is the only solution whicch is unstable aat any
conditionss (magenta linee in Fig. 6).

P
Parabolic Bunch
B
L
Linear density of a parabolic bunch is
1

,

1

/2.

L
Landau dampiing should appear at Δν < -0
0.5 in this casee.
T
The calculated
d eigentunes are
a shown in Fig.5 by solid
d
llines, both app
proaches μ « 1 and μ » 1 being plotted and
d
eextrapolated. For comparisson, boxcar tunes
t
are also
o
ppresented by dashed
d
curves. A lot of poten
ntially unstable
Beam Dynamics in High-Intensity Circular Machines

Figure 6: Transformed eeigentunes of G
Gaussian bunchh
truncated on 3σ level.
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Some eigenffunctions of th
he Gaussian bu
unch are plotted
d
iin Fig. 7. Low
w μ approximaation is used to
t plot the leftthhand graph, acctually at μ=1E
E-4 and at μ=1. It is seen thaat
tthe bunch edgees are more excited at higherr μ (lower space
ccharge) when coherent freq
quency comess nearer to the
iincoherent bo
oundary. How
wever, Landau
u damping is
i
eexcluded in th
his approximatiion, so the dev
viation remain
ns
ffinite. High μ approximation
n should be useed to make thiis
eeffect clearly visible.
v
Related results are presented
p
in the
rrigh-hand pictture where th
he bunch dipo
ole moment is
i
pplotted vs θ. Magenta currve presents the
t rigid mode
w
which coincid
des with the bunch
b
linear density
d
in thiis
fformat. Next modes demon
nstrate infinitee growth in the
bbunch tails wh
hat is certainly a sign of Landau damping.

Howeveer, the perturbaation method iss unsuitable foor very
low μ wheen all basic eiggentunes conveerge in the poinnt ν=0
as it obvvious from in Fig. 3-6. Thee same follows also
directly ffrom Eq. (13)) which can bbe satisfied byy any
function Y
Y(θ) at μ=ν=0.. Wake field shhould be includded in
considerat
ation from veryy beginning ondder these condiitions.
In the extrreme case μ = 0, correspondding equation iss:

with a w
wake field operrator in the riight-hand part. It is
somewhatt unexpectedlyy that the spacce charge dropps out
this equattion at all, thouugh the condittion μ ≈ 0 can mean
not only very low syncchrotron frequuency but extremely
large spacce charge tune shift as well.

SU
UMMARY

F
Figure 7: Eigen
nfunctions of Gaussian
G
bunch
h. Left/righ
ggraphs – low/h
high μ approxim
mations.

BUNCHED
D BEAM CO
OLLECTIV
VE MODES
S
If some intraa-bunch mode
is not prone
p
to Landau
u
ddamping, colleective bunch oscillations
o
aree possible with
h
llinear density of
o dipole mom
ment in the form
m:
,

Θ exp

w
where Cj and Nj are amplitud
de and intensity
y of j-th bunch
h,
Θj=θ−θj−Ω0t is current position of its cen
nter. Wake field
d
oof this beam should be fou
und and substiituted to initiaal
eequations as a small perturbaation. It will reesult in a set of
o
llinear equation
ns for coefficients Cj at eigeenfrequency ω.
ω
A
As a rule, it is
i a complex number
n
describ
bing growth or
o
ddecay rate of obtained colleective mode. Concrete
C
resullt
ddepends on specific
s
wake shape, but some
s
common
n
ffeatures can bee referred.
If the wake is short and does not reacch neighboring
g
bbunches, the formal
f
solution
n is Aj=δjJ, thatt is all bunchees
ooscillate separrately and independently. Another
A
known
n
ccase is symm
metric beam consisting off K alike and
d
eequidistant bu
unches. Then, independently
y on the wake
ffield nature, alll collective mo
odes are the waaves:
exp 2

,

1,2, … ,

In all the cases
c
the field
d rather strong
gly depends on
n
cchromaticity which
w
influences the instabillity growth rate
aand can transfo
form unstable collective
c
modees to stable one
((or vise versa). Usually it is used
u
to controll stability of the
rrigid based co
ollective modess. As it was sh
hown, LD is an
n
eeffective way to
t prevent instaability other rig
gid modes.
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Transveerse coherent iinstability of a bunched beeam is
considered in the paperr with space ccharge effects taken
into accouunt. The basic assumption is a domination of the
space chaarge impedancee in the entiree impedance buudget.
In such cconditions, SC
CI determines pparameters of intrabunch cooherent oscillaations includinng their frequuency,
shape, an d threshold off possible instaability. A wakee field
can be treeated as a smaall perturbation which deterrmines
parameterrs of collectivee modes incluuding relative bbunch
amplitudees and the instaability growth rrate.
It is shhown that SCII is crucially affects threshoold of
Landau ddamping deterrmining both coherent tunee and
incoherennt tune spread oof the bunch. As a result, L
Landau
damping suppresses alm
most all intra-bunch modes if the
space chaarge tune shift ddoes not exceeed about synchrrotron
tune. How
wever, several modes can bee unstable at hhigher
tune shift.. Furthermore, there is a rigidd mode which is not
sensitive to space chargge and synchrotron oscillatioons at
any distrribution, and therefore not vulnerable tto the
Landau daamping at all.
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HEAD-TAIL BUNCH DYNAMICS WITH SPACE CHARGE
Vladimir Kornilov and Oliver Boine-Frankenheim,
GSI, Planckstr. 1, 64291 Darmstadt, Germany

Abstract
Significant progress has been made recently in the understanding of the effects of direct space charge on the
transverse head-tail bunch dynamics. Different analytic
approaches for head-tail modes in bunches for different
space-charge parameter regimes have been suggested. Besides head-tail eigenmode characteristics, Landau damping in a bunch exclusively due to space charge has been
predicted. In this contribution we compare results of particle tracking simulations with theoretical predictions for
the eigenfrequencies and eigenfunctions of head-tail modes
in a Gaussian bunch. We demonstrate the space-charge
induced Landau damping in a bunch and quantify damping rates for different modes and space-charge tune shifts.
Under conditions below the mode coupling threshold we
study the head-tail instability with space charge. Our results show that the space-charge induced damping can suppress the instability for moderately strong space charge.
For strong space charge the instability growth rates asymptotically reach constant vales, in agreement with theoretical
predictions.

INTRODUCTION
The standard head-tail theory, i.e. the model of Sacherer
[2, 3], does not include the effect of an incoherent tune
spread on head-tail modes. A model for the head-tail instability with arbitrary space charge has been suggested
in Ref. [4], for a bunch in a square-well potential and an
airbag bunch distribution in the longitudinal phase space.
Only in recent works [5, 6] analytical treatments of headtail modes with space charge for realistic bunche distributions (as e.g. Gaussian) have been proposed. However, numerical simulations appear to be indispensable for a comprehensive stability analysis in different beam parameter
regimes and with various collective effects taken into account. Here, we present particle tracking simulations for
head-tail modes in a Gaussian bunch with space charge.
We use two different particle tracking codes, PATRIC [7]
and HEADTAIL [8], in order to compare different numerical implementations. As an exemplary instability driving
source, the resistive-wall impedance is considered. In this
work we consider the single-bunch head-tail instability for
the parameters well below the threshold for mode coupling.
An important phenomenon, discussed in Refs. [5, 6],
is Landau damping in a bunch exclusively due to space
charge. In a coasting beam space charge can not provide
Landau damping of its own, even if the coherent frequency

Beam Dynamics in High-Intensity Circular Machines

overlaps the tune spread induced by nonlinear space charge
[9]. In the case of a bunch, the synchrotron motion plays
an important role and the space-charge tune spread due
to the longitudinal density profile provides Landau damping. Here, we demonstrate this Landau damping in particle
tracking simulations and examine its role for the stability
of head-tail modes at moderate and stronger space charge.

BUNCH SPECTRUM WITH SPACE
CHARGE
There is no simple analytical answer for the spacecharge effect on head-tail modes in bunches with an arbitrary bunch profile λ(τ ). However, such a theory could
be very useful for code validation and for the interpretation of simulation results. An analytical solution for
head-tail modes in bunches with arbitrary space charge has
been derived in Ref. [4]. The model assumes an airbag
distribution in the longitudinal phase space and a squarewell (or barrier) potential and thus a constant line density, which means a constant ∆Qsc . The longitudinal momentum
distribution has
h
i two opposing flows of particles
δ(v0 −vb )+δ(v0 +vb ) , the synchrotron tune in this bunch
is Qs = vb /(2τb Rf0 ), where τb is the full bunch length
and f0 is the revolution frequency. The model considers
“rigid flows”, i.e. only dipole oscillations without variation
in the transverse distribution of the flows are included. It
also assumes that all betatron tune shifts are small compared to the bare tune |∆Q| ≪ Q0 . The resulting tune
shift due to space charge (without impedances) is given by
r
∆Qsc
∆Q2sc
∆Q = −
±
+ k 2 Q2s ,
(1)
2
4
where ”+” is for modes k ≥ 0.
In order to verify the space-charge implementation for
long-time simulations with a particle tracking code, we
have introduced the barrier-airbag bunch distribution in
both PATRIC and HEADTAIL codes. For the transverse
space charge force, the “frozen” electric field model was
used, i.e. a fixed potential configuration which follows the
mass center for each single slice. This approach is justified for the “rigid-slice” regime and can be considered as a
reasonable approach for moderate and strong space charge
[10, 5]. A round transverse cross-section and a homogeneous transverse beam profile were used in the simulations
in this work. An excellent agreement between the airbag
theory [Eq. (1)] and simulations has been achieved, a detailed description of the code validation was presented in
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Ref. [11].
For a realistic case, we consider a Gaussian bunch, i.e.
a Gaussian line density profile and a Gaussian momentum
distribution. Coherent oscillation spectra for bunches with
q = 5 and q = 20 are shown in Fig. 1, where we introduce
a space charge parameter q = ∆Qsc /Qs . The space charge
parameter q is calculated for the peak value of ∆Qsc in the
bunch center. Head-tail eigenfrequencies from the airbag
theory are given in Fig. 1 with red dashed lines. The differences in the tune shifts between the Gaussian bunch and
the airbag bunch are below ≈12% for q = 5, and below
≈5% in the case of q = 20. Especially for strong space
charge the airbag theory Eq. (1) gives a surprisingly good
prediction for the bunch eigenfrequencies, even in the case
of a Gaussian bunch, which can also be seen using results
of Refs. [5, 6].
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spread. Note that this is in opposite to a coasting beam,
where space charge can not produce Landau damping of its
own. A regular exponential decrease of the mode amplitude in time has been observed. Results of a space charge
scan for the modes k = 1 and k = 2 are presented in Fig. 2.
In order to characterize bunch Landau damping for different head-tail modes and bunch parameters we consider
an initial perturbation with an eigenmode. As a reasonable
approximation, we trigger a k–mode of the airbag bunch
[4] xk (τ ) = A0 exp(−iζτ ) cos(kπτ /τb ) and follow the
time evolution of the perturbation. Here ζ = ξQ0 /η is the
normalized chromaticity, ∆Qξ /Q = ξ∆p/p, η is the slip
factor. Using our simulations it is possible to demonstrate
that, on the one hand, the eigenmodes in a Gaussian bunch
are very close to the airbag modes, and on the other hand,
to compare these eigenmodes with the eigenfunctions obtained in Refs. [5]. For this, we start with the airbag xk (τ )
for k = 1 and k = 2 with q = 6, ξ = 0 and observe the
bunch dipole traces after approximately two damping times
of k = 2. A comparison of these numerical traces (red
lines) with the airbag eigenmodes (blue lines) and with the
eigenfunctions from [5] (green lines) is presented in Fig. 3.
For the airbag modes τb = 4σz /R was chosen, where σz is
the rms bunch length of the Gaussian bunch. Starting with
the airbag k = 1 mode, there is no contribution from k = 0
and k = 2 because it is an odd function. For k = 2, the
k = 1 mode is excluded because it is an even function, and
we exclude the k = 0 mode by making the integrated bunch
offset zero. Additionally we note that in the case of a large
difference between the true eigenmode and an approximation, this difference is given by modes of higher k, which
are Landau damped much faster than the mode considered.
Landau damping examples
are shown in Fig. 4, where
R
the momentum Mk = xcode cos(kπτ /τb )dτ is plotted
turn-by-turn for two cases; here xcode (τ ) is the simulation
output. Simulations for bunch truncations between 2σz and
3σz of the half-length did not provide significant differ-

10-17
0.2

1.0

Figure 1: Transverse bunch spectrum from simulations for
a Gaussian bunch with space charge: top plot q = 5, bottom plot q = 20. Red dashed lines are head-tail modes
for the airbag bunch, Eq. (1). To clarify the notation we
note that the eigenfrequencies without space charge are
(Q − Q0 )/Qs = 1 for k = 1, (Q − Q0 )/Qs = 2 for
k = 2, etc.

LANDAU DAMPING DUE TO SPACE
CHARGE
In simulations for a Gaussian bunch we have observed
Landau damping due to the effect of space charge. This
kind of damping is provided by the variation of the spacecharge tune shift along the bunch which causes a tune
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Figure 2: Damping decrement of the k = 1 and k = 2
modes obtained from simulations for a Gaussian bunch,
Qs = 0.01.
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Figure 3: Dipole moments from simulations for a Gaussian bunch (red lines), theory eigenfunctions for a Gaussian bunch from Refs. [5] (green lines) and dipole moments
with the beam offset for analytical eigenmodes of an airbag
bunch (blue lines).
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The lower boundary of the incoherent spectrum ∆Qmin ,
which is located well below the coherent line, corresponds
to the strongest space charge tune shift and is represented
by the particles with small synchrotron amplitudes. As we
demonstrate in Fig. 1, the airbag theory is a good approximation for the space-charge frequency shifts of head-tail
eigenmodes even for a Gaussian bunch. If we suggest that
transverse Landau damping due to space charge should be
active when the coherent head-tail mode lies within the
effective spectrum, we would expect the area of Landau
damping to be as illustrated in the bottom plot of Fig. 5.
Note that the dependencies of the damping rates on q in
Fig. 2 are qualitatively similar to the curves in the bottom
plot of Fig. 5.
From this interpretation of bunch Landau damping it is
easy to see that the resonant interaction between the coherent mode and individual particles should happen in the
bunch tails, as it is also discussed in [5]. Indeed, particles in the effective spectrum close to ∆Qmax have large
synchrotron amplitudes and this part of the effective spectrum is the closest to the coherent frequency, see Fig. 5.
In order to support this argumentations, we consider the
trasverse rms beam size along the bunch in a damping simulation. The energy transfer from the coherent motion to
the incoherent oscillations should lead to an increase of the
individual betatron amplitudes, which, in turn, can increase
the local rms beam size in bunch tails. Figure 6 shows the
rms beam size distribution along the bunch at the simulation start, as the eigenmode k = 2 has been excited, and

Figure 4: Simulations with a Gaussian bunch: examples for
Landau damping due to the space-charge effect in a bunch
for k = 1 (red line) and k = 2 (blue line), Qs = 0.004.

∆Qmax ≈ −0.23Qsq + kQs ,

(2)

see Fig. 5. This part of the incoherent spectrum is relevant for the resonant interaction with the coherent oscillation since it is close to the coherent frequency, see Fig. 5.
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∆Q / Qs

ences. For stronger space charge, the longitudinal bunch
tails above 2σ should be important for Landau damping.
The effect of Landau damping can be also observed on
the bunch spectra in Fig. 1. The modes k = 2 and k = 3
are strongly damped at q = 5 (the top plot), which is not
the case at q = 20 (see the bottom plot in Fig. 1).
We discuss now a physical interpretation of Landau
damping observed in the simulations. The explanation
is illustrated in Fig. 5. Due to the line density variation
along the bunch, particles with different synchrotron amplitudes have different space-charge tune shifts. Thus we consider the incoherent spectrum related to a chosen k-mode.
The upper boundary of the effective spectrum, which is
given by particles with large synchrotron amplitudes, can
be roughly estimated from the longitudinal average of the
space-charge intensity. Assuming ±2σz as the relevant
area for the efficient space-charge tune spread, and taking
into account the modulation by the synchrotron motion,
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Figure 5: Illustration for the active area of the bunch Landau damping with the betatron tune shifts as functions of
the space-charge parameter. The red lines correspond to
the k = 1 mode, the blue dashed lines show the k = 2
mode. The parameter ∆Qmax is the upper boundary of the
effective spectrum and ∆Qairbag is the eigenfrequency of
the head-tail modes from the airbag theory Eq. (1).
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Figure 6: Time developement of the trasverse rms beam
size along the bunch during Landau damping of the k = 2
mode at q = 3. Lines from bottom to top: N/NLD =
0, 0.5, 1.7 and 3; NLD is the inverse damping decrement
for this mode.
three curves during the damping phase. The rms beam size
increase in the bunch tails clearly indicates the resonant energy transfer.
An estimation for the Landau damping rate Im(∆Q) ∼
−k 4 Qs /q 3 has been obtained in Refs. [5] for strong space
charge, which was defined as q ≫ 2k. In this sense Landau
damping demonstrated in our simulations relates to moderate space charge. Nevertheless, it is still interesting to
compare some ultimate points of Fig. 2 with this estimation. This comparison shows a reasonable agreement for
the dependence of the damping rate on the mode number
and on the space charge parameter. However, the absolute
values for Im(∆Q) from our simulations are smaller by approximately an order of magnitude. Further simulations for
stronger space charge should shed more light on this issue.
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Figure 7: Growth rates of the most unstable head-tail
modes obtained in simulations for a Gaussian bunch for
three different head-tail phases χ = ζτb in a dependence
on the space-charge parameter. The mode index k is given
for each data point with the corresponding color.
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HEAD-TAIL INSTABILITY WITH SPACE
CHARGE
The code verification in the case of head-tail modes with
space charge has been done using the airbag theory [4] with
a short range wake, for details see Ref. [11].
Here, we consider a Gaussian bunch and with the wake
√
function of the thick resistive wall, Wrw (z) ∝ 1/ z.
The effect of the wake is taken into account in the singlebunch regime, multi-turn effects are not included. We consider a beam below transition, thus three exemplar negative chromaticities were considered. A synchrotron tune
of Qs = 0.01 was chosen. Figure 7 summarizes results of
our particle tracking simulations. Without space charge, at
q = 0, we obtain the head-tail modes k = 1, k = 2 and
k = 3 as the most unstable modes for the respective chromaticity, and examine the effect of increasing space charge
for a constant impedance. A simulation is started with a
non-disturbed bunch and the instability development is observed, thus this method provides only positive Im(∆Q),
the simulation points inside of the stable areas are not
shown for simplicity. The first important observations is
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Figure 8: Examples of bunch dipole traces of head-tail instabilities from Fig. 7 for the head-tail phase χ = 4.2. The
upper plot for q = 8 demonstrates the k = 2 mode, while
the lower plot for q = 16 shows the k = 3 mode.
that for moderate space charge Landau damping suppresses
all the head-tail modes, in agreement with the results of the
previous section. Secondly, for large ∆Qsc , above the tune
shift range for strong Landau damping, the growth rates do
not experience significant changes with increasing space
charge. At the same time, lowest-order modes (k = 1 and
k = 2) leave the role of the strongest head-tail instability
to higher-order modes. An example of the most prominent modes for different space charge strengths is shown in
Fig. 8.
The observation of the growth rate saturation for strong
space charge can be made in the analytic airbag theory [4]
for the short-range exponential wake. However, Landau
damping does not appear in this case due to a constant line
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density. On the other hand, the behavior of head-tail modes
Applying our results to experimental observations in exat strong space charge can be understood in terms of the isting machines and to future machines we discuss two incalculations in Refs. [5], where the author argues that treat- teresting examples. The head-tail instabilities observed in
ing a wake as a perturbation provides the related tune shift CERN PS correspond rather well to the Sacherer theory [2],
in the form of a diagonal element of the wake operator,
as reported in [13]. Indeed, the space charge parameter for
bunches in CERN PS is of order of q ≈ 150, which is far
Z zb Z zb
κ
∆Q =
dz
ds W (s − z)dk (s)d∗k (z) , (3) above the range of Landau damping for observed modes.
Nion λ0 R 0
z
On the other hand, at such a strong space charge the growth
R
rates of head-tail modes should be saturated and should not
where dk (s) = λ(s)xk (s), λ(s)ds = Nion , κ =
be very different from the no-space-charge estimation. An2
2
λ0 qion /(4πγmω0 Q0 ). In the case of the airbag bunch,
other example concerns the nominal parameters for urawhere the eigenfunctions do not depend on space charge,
nium bunches in SIS100 [1, 14]. Here the space charge
this means that space charge has no effect on ∆Q. Also
parameter lies in the range of q ≈ 20. Landau damping
for an arbitrary bunch profile, e.g. Gaussian, the spacemight then give a significant contribution to the stability of
charge induced deformation of the eigenfunctions is small
the head-tail modes.
at strong space charge [5, 6]. Hence, the tune shift should
saturate with increasing space charge and Eq. (3) should
ACKNOWLEDGEMENTS
give an estimation for the mode growth rate at saturation. Using this expression for the beam parameters in
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THE STUDY OF THE SPACE CHARGE EFFECTS FOR RCS/CSNS
S. –Y. Xu, S. –X. Fang, S. Wang#
Institute of High Energy Physics (IHEP), Beijing, 100049, China
Abstract
RCS is a key component of CSNS. In this kind of high
intensity RCS, the beam is space charge dominated, and
the space charge effects are the main source of beam loss.
Many simulation works were done for the study of space
charge effects for CSNS/RCS by using code ORBIT and
SIMPSONS.

INTRODUCTION
The China Spallation Neutron Source (CSNS) is an
accelerator-based facility. It operates at 25 Hz repetition
rate with an initial design beam power of 100 KW, and is
capable of upgrading to 500KW. CSNS consists of a
1.6 GeV Rapid Cycling Synchrotron (RCS) and a 80 MeV
linac, which can be upgraded to 250-MeV for beam
power upgrading to 500 KW. RCS accumulates 80 MeV
injection beam, and accelerates the beam to the design
energy of 1.6 GeV, and extracts the high energy beam to
the target. The lattice of the CSNS/RCS is a triplet based
four-fold structure. Table 1 shows the main parameters of
the lattice [1].
Due to the high beam density and high repetition rate,
the rate of beam loss must be controlled to a very low
level. In this kind of high power RCS, especially in the
low energy end, the beam is space charge dominated, and
the space charge effects can result in emittance growth
and halo formation, which may contribute to beam losses.
The space Charge effects are the most important issue of
CSNS/RCS, which limit the maximum beam intensity, as
well as the beam power. Many simulations works were
done to study the space charge effects of CSNS/RCS by
using the codes ORBIT and SIMPSONS. The simulation
results are the foundation of physics design and the choice
of design parameters.

SPACE CHARGE EFFECTS DURING
INJECTION
In order to decrease the longitudinal beam loss, the
longitudinal injection scenario with 50% chopping rate is
adopted. In the CSNS, anti-correlated painting is
employed to obtain a large transverse beam size which
can significantly reduce the space charge tune shift of the
accumulated beam. The emittance is painted from small
to large in horizontal direction, while from large to small
in vertical direction during 200-turn injection in 0.39 ms,
with peak linac beam current of 15 mA.
During injection, the kinetic linac beam is fixed, while
the kinetic energy of the synchronous particle in the
CSNS/RCS varies with the dipole field B of the RCS:

#

wangs@ihep.ac.cn
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EK = E0 ( 1 + 6.569B2 (T ) − 1)

(1)

where E0 is the rest energy of proton.
Table 1: Main Parameters of the Lattice
Circumference (m)

227.92

Superperiod

4

Number of dipoles

24

Number of long drift

12

Total Length of long drift (m)

75

Betatron tunes (h/v)

4.86/4.78

Chromaticity (h/v)

-4.3/-8.2

Momentum compaction

0.041

RF harmonics

2

RF Freq. (MHz)

1.0241~2.444

RF Voltage (kV)

165

Trans. acceptance (μπm.rad)

540

To obtain a uniform longitudinal distribution, to reduce
the transverse space charge effects, the starts of injection
should be carefully chosen. By comparing the
longitudinal distribution with different start time,
-0.14 ms was chosen, and the beam is injected from
-0.14 ms to 0.25 ms. The deviations of the kinetic energy
of the injected particle from that of the synchronous
particles in the RCS during injection are shown in Fig. 1
(a). Figure 1 (b) shows the beam distribution in the
longitudinal phase space at the end of injection.
In case of no space charge effects, to obtain a uniform
distribution in horizontal and vertical phase space, the
bump functions are given by:

x(t ) = x0

y (t ) = y0

t
tinj

, 0 ≤ t ≤ tinj

tinj − t
tinj

, 0 ≤ t ≤ tinj

(2)

(3)

where tinj is the injection time, and x0, y0 are the radiuses
of the normalized horizontal and vertical phase space.
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Figure 2 shows the painted beam distribution in vertical
direction by using bump functions of Eq. (2) and Eq. (3),
in which (a) is the painting without space charge effects,
and (b) shows the painted distribution with space charge
effects. It can be observed that with space charge effects,
the beam distribution deviates from the uniform
distribution obviously, and some halo particles are
generated.

y=

for

2

y0
+
2
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y0 2
2 ( tinj − t )3 2
2
32

ymax 2 −
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(
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Figure 1: (a): The deviations of the energy of the injected
particle from that of the synchronous particle in the RCS
during injection; (b): The beam distribution in
longitudinal phase space at the end of injection.

(a)

(5)

where ymax<y0, ymin>0 are the maximum and minimum
bumps during injection. Figure 4 shows 1-D density
profiles in vertical direction for different bump functions.
The distribution in the vertical phase space painted with
new bump functions is more uniform than the distribution
painted with bump described by Eq. (2), and (3).

(b)

Figure 2: Beam distributions in vertical phase space at the
end of injection with (b) and without (a) space charge
effects.
For anti-correlated painting, the beam distribution in the
real space is not uniform during the injection as shown in
Fig. 3 (a), which shows the distribution after 20 turns
injection without space charge effects. The Lorentz force
experienced by particles is shown in Fig. 3 (b). The
Lorentz force drives the particles move towards the inner
and outer region in the vertical phase space, and the beam
distribution is changed from the uniform distribution.

(a)

(b)

Figure 3: The distribution in the real space after 20 turns
injection without space charge effects, and the Lorentz
force experienced by particles considering space charge
effects.
In order to produce a much uniform transverse
distribution and reduce halo production, the bump
function is optimized by injecting less particles in the
inner and outer region of the emittance space. Then the
bump functions are given as:

Beam Dynamics in High-Intensity Circular Machines

Figure 4: 1-D density profile in vertical direction. X-axis:
beam size in mm; Y-axis: density in arbitrary units.

SPACE CHARGE EFFECTS DURING
ACCELERATION
To study the space charge effects during the
acceleration in a cycle, two initial transverse beam
distributions are employed, one is the KV distribution,
and the other is the real distribution obtained by
anti-correlated painting by using optimized bump
functions.
For the initial KV distribution with the unnormalized
rms emittances of 60 πmm.mrad in both horizontal and
vertical directions, Figure 5 shows the time evolution of
unnormalized rms emittances. There is strong transverse
coupling induced by space charge. Space charge may lead
to emittance exchange through space charge coupling in
high current synchrotrons. The space charge coupling is
an internal resonance driven by the self-consistent space
charge potential of coherent eigenmodes [5][6].
Figure 6 (b) shows the forth order model, which has the
space charge potential of x2y2, already developed by 200
turns [9]. The working point (4.86, 4.78) is close to the
resonance 2υx-2υy=0, which is driven by the fourth order
coupling term x2y2 in the Hamiltonian. The emittance
421
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exchange is probably caused by the resonance 2υx-2υy=0.
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Figure 5: The time evolution of unnormalized rms
emittances at the early stage.
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Figure 7: The time evolution of the unnormalized
emittances at the early stage. (a): rms emittance; (b): 99%
emittance.

Figure 8: The time evolution of the C-S invariant of
test-particle-A.

Figure: 6 Beam distributions in (x, y) real space. (a):
Distribution at the first turn; (b): Distribution at the 200th
turn.
The resonance 2υx-2υy=0 was first analyzed by
Montague [8]. This resonance can occur even for a linear
lattice without any perturbations since it requires only a
zero harmonic in the Fourier component of the density
perturbation. Due to the fact that this resonance is a
difference resonance, such coupling can lead to a
significant effect for a beam with unequal emittances
[8][10]. The unperturbed KV system has no coupling.
Some small density fluctuation in the numerically
generated initial KV distribution and different beam
parameters resulting from the rms matching procedure
may lead to exponential growth of the eigenmode with the
potential of x2y2, which is capable of exciting the
Montague resonance [5][7].
Figure7 shows the simulation results with initial real
distribution. Different from the results of using initial KV
distribution, there is no great rms emittance exchange, and
no high-order collective beam mode is observed. A
possible explanation might be that in the real beam a
finite spread of single particle frequencies leads to Landau
damping and suppression of instabilities for some modes
[5][6][7].
In the simulations with initial real distribution, diffusion
of particles among different parts in the phase space
occurs during acceleration. In order to study the
mechanisms, 30 test particles were set in the simulations
by SIMPSONS. The test particles were chosen so as to
cover the entire region of interest. The poincaré maps of
most of test particles are distorted during acceleration. For
test-particle-A, the time evolution of the C-S invariant is
shown in Fig. 8, and space charge coupling resonance
seems to be excited.
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Figure 9: The time evolution of the C-S invariant of
test-particle-C/D/E.
Figure 9 shows the time evolution of the C-S invariant
of test-particle-C/D/E. The resonance 3υx=14 is probably
excited. The dynamics feature of test-particle-F is
complicated, and the time evolution of the C-S invariant
is shown in Fig. 10. Figure 11 shows poincaré maps in
horizontal direction during 625-649 turns and in vertical
direction during 637-652 turns. The horizontal C-S
invariant growth of test-particle-F during 57-74 turns is
probably caused by the resonance 3υx=14, and during
625-649 turns by 5υx=23. During 637-652 turns the
resonance 2υy=9 is probably excited which
results in the vertical C-S invariant growth.
The simulation results show that, a resonance becomes
dominant during one time-period, and another resonance
may be driven during another time-period. The chaos
motion appears in this procedure, and some particles
move to the outside of the beam core and become halo
particles.
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SUMMARY
Space charge effects have been studied by simulations,
including the space charge effects in painting,
accelerating, and the dependence of space charge effects
on the bare tune. Some injection painting optimizations
were made to obtain a much uniform distribution.

Figure 10: The time evolution of the C-S invariant of
test-particle-F.
(a)
(b)
Figure 12: The dependence of coupling on tunes. （a）:
For fixed υx=4.86; （b）: For fixed υy=4.78.

Figure 11 (a): The poincaré map in horizontal direction
during 625-649 turns; (b): The poincaré map in vertical
direction during 637-652 turns.

SPACE CHARGE EFFECTS VS. TUNES
In the simulations to study the dependence of emittance
growth on tunes, also two kinds of initial transverse
distribution: KV distributions and the real distributions
obtained by anti-correlated painting are adopted. Tunes
around design values of 4.86/4.78 were compared. In
simulations with initial KV distribution, the normalized
rms emittance of 25πmm.mrad in both horizontal and
vertical directions is used. The strong coupling was
observed, and is dependent on the tunes. Figure 12 shows
the normalized rms emittance exchange depending on
tunes. For the KV distribution, the emittance exchange for
υx-υy>0.12 and υx=υy is absent. For the case υx-υy>0.12,
the Montague resonance is avoided by sufficient splitting
of the tunes. The working point of CSNS/RCS can be
adjusted to (5.82, 4.80), for which the Montague
resonance can be avoided. Due to the fact that the
Montague resonance is a difference resonance, such
coupling can lead to a significant effect for a
nonequipartitioned beam. In addition “free energy” is
required for driving the instability, which stems from the
energy anisotropy between different degrees of freedom
[7][10]. For the case of υx=υy, there is no emittance
exchange, because the beam is equipartitioned, and the
“free energy” is absent for driving the instability.
As discussed in the section of “space charge effects
during acceleration”, no high-order collective beam mode
and great rms emittance exchange are observed in the
simulations with initial real distribution generated by the
anti-correlated painting. It is completely different from
the results of initial KV distribution. But for the tunes
close to m(υx-υy)=0, there is large 99% emittance growth
in vertical direction, as shown in Fig. 13. For these tunes,
the resonance m(υx-υy)=0 may be excited for much
particles, and then results in the vertical C-S invariant
growth. As a result, the 99% emittance grows.
Beam Dynamics in High-Intensity Circular Machines

Figure 13: The time evolution of unnormalized 99%
emittances at the early stage of acceleration with different
tunes.
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SIMULATION OF SPACE CHARGE EFFECTS IN JPARC
K. Ohmi, S. Igarashi, Y. Sato, KEK, Tsukuba, Japan
Abstract
Nonlinear space charge interaction in high intensity
proton rings causes beam loss, which limits the
performance. Simulations based on the particle in cell
(PIC) method have been performed for JPARC-Rapid
Cycle Synchrotron (RCS) and Main Ring (MR). Whole
acceleration processes are 20 msec and 1 sec for RCS and
MR, respectively. Long-term simulation is necessary for
the processes. We show results of the long-term
simulation using ordinary method with step by step
potential calculation and frozen model.

INTRODUCTION
Increasing the intensity of JPARC gradually, space
charge effects are being crucial issue. The intensity is
achieved 300kW and 100kW for RCS and MR,
respectively, in Summer 2010. The target intensity of
JPARC is 1MW and 0.72 MW (30GeV) for RCS and
MR, respectively. The bunch population is Np=4.17x1013
at the target. The repetition rate is 25 Hz and 0.45 Hz. The
collimators are designed to be 4 kW and 450 W for RCS
and MR, respectively. That of the beam transport line
from RCS to MR is 2kW. Previous simulations [1,2,3]
showed the loss limit is to tight, especially in MR. The
collimators will be upgraded in the future to 2-4 kW in
MR. Hurdle toward the target intensity seems to be very
high even the update of the collimators. Close linking of
the both ring, RCS and MR, is necessary to achieve the
high performance. In this paper, we report the space
charge simulation of RCS and MR using a code
developed by one of the authors (K.O.) named SCTR [4].
The parameters of RCS and MR are summarized in Table
1.
Table 1 Parameter List of J-PARC RCS and MR
RCS
MR
Kinetic Energy (GeV)
0.4-3
3-30
Circumference (m)
349
1567
Bunch population, Np
4.17x1013
4.17x1013
Number of bunch (Harm.)
2 (2)
8 (9)
Repetition (Hz)
25
0.45
Beam power (MW)
1
0.72
Emittance (collimation)(m) ~324 x10-6
<65x10-6

SIMULATION CODE
The simulation code has been developed since 2007
[3]. The potential solver is based on FACR (Fourier
Analysis and Cyclic Reduction) algorithm. The boundary
is square perfect conducting wall. The potential is
normalized by
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N p rp
(z) (x, y : s)
 2 3

(1)

where  and  are relativistic factors. The potential is
assumed to be proportional to the line density of the
beam, (z), normalized by 1. The transverse potential  is
given by solving two-dimensional Poisson equation,

 =  ,

(2)

where  is the projected particle density in the transverse
plane normalized by 1.
The space charge force is calculated by the gradient of
the normalized potential and the dynamical variables are
transferred by difference equations as follows,

px

= ,
s
x

py

=
,
s
y

pz

=
s
z

(3)

The transformations of the lattice elements, drift space,
magnets and cavities are expressed by 6 dimensional
symplectic map. The azimuthally step s should be
shorter than the beta function. Since the beta function is in
the range of 2.5-20 m and 4-30 m for RCS and MR,
respectively, s is chosen ~1 m.
Two types of computers were used for the simulation.
One is PC with dual multi-core CPU’s; 2x8 and 2x6
cores. The other is Blue Gene L. Typically 1024 CPU’s
(Power PC 440) connected by a fast network. Two
simulation methods are used depending on the two types
of computers. One is ordinary method: i.e., the potential is
calculated every azimuthally steps. PC is used for the
simulation. In Blue Gene computer, the potential is
calculated every 50 turns element by element and is
frozen till next 50 turns.

BEAM LOSS SIMULATIONS FOR RCS
Proton LINAC delivers the beam with energy of 181
MeV to RCS in 2010. The target intensity of RCS and
MR is realized after energy upgrade of LINAC to 400
MeV in 2012. In this paper we perform beam loss
simulation for the beam injected at 400 MeV. Figure 1
shows the acceleration and cavity voltage in RCS [3]. The
turn number 15,000 corresponds to the acceleration time
25ms. The cavity voltage of the first and second
harmonics are expressed by

V (z) = V1 cos(2Hz /C +  ) + V2 cos(4 Hz /C)

(4)

where z=s-vt.
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Figure 1: Evolution of the beam energy (left) and cavity
voltage (right). Courtesy of H. Hotchi [5].
LINAC beam is injected using a painting orbit bump. It is
known that beam particles experience linear transverse
space charge force for KV distribution [6],

 (x, px , y, py ) =

J J

N
y
x

+
1
 2 x y   x  y

(5)

where Jx,y and x,y are Courant-Synder invariant (not half)
and full emittance, respectively. To realize the KV
distribution, injection amplitude is swept so that Jx=  t/tinj
and Jy =(1-t/tinj): that is, x= (x t/tinj)1/2 and y =(y
(1-t/tinj))1/2 for example, where = x =y and tinj is
injection time. Since LINAC beam has an emittance of 
 =0.28 μm (4 μm for 99 %), the delta function in Eq.(5)
is actually an Gaussian distribution with the emittance:
Jx+Jy spreads due to the emittance of the injection beam as

 1 J + J  2
x
y
 (x, px , y, py )  exp  
 .
2

 2

Figure 3 shows the beam power loss as a function of
the intensity in each case of the emittance. The loss for
the emittance of 200  μm exceeded the limit 4kW, while
it is safe for 100 and 150 μm.
Figures 4 and 5 show the particle distribution of the
extracted beam from RCS. The distribution for Jx+Jy in
Figure 4 should be the delta function, if the injected beam
is accelerated with keeping KV distribution. The
distributions for Jx and Jy in Figure 5 should be step
function. KV distribution is broken as shown in the
figures.

(6)

In this simulation pure KV distribution in Eq.(5) is used
in the transverse to know a space charge limit of J-PARC.
The spread is roughly 10 % of the whole emittance for
100 or 150  μm. The longitudinal profile is assumed
elliptic with z=0.28 m. The KV distribution is not
perfect one even in this simulation, because of the
longitudinal distribution, dispersion, chromaticity and
other parameters.
Macro-particles 200,000 are tracked with taking into
account of the space charge force. Particles with larger
amplitudes than the collimator aperture in Table 1 are
lost. Figure 2 shows the proton loss for several beam
intensity, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 times of the design
bunch population, Np=4.17x1013. Beam loss rate is plotted
for the emittance, =100 μm in the figure. The
simulations for =150, 200 μm are performed.
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Figure 2: Beam loss rate for the intensities, 0.5, 0.6, 0.7,
0.8, 0.9, 1.0 times of the design bunch population, Np
=4.17x1013 in RCS, where =x+y=100 μm.

Figure 3: Beam power loss as a function of intensity in
RCS. Limit is 4 kW.

Figure 4: Particle distribution of extracted beam from
RCS.
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Figure 7: Beam loss rate for the intensities, 0.5, 0.6, 0.7,
0.8, 0.9, 1.0 times of the design bunch population, Np
=4.17x1013 in MR, where =x+y=100 μm in RCS
injection.
Figure 5: Particle distribution of extracted beam from
RCS.

BEAM LOSS SIMULATIONS FOR MR
The beam extracted from RCS is injected to MR
through 3-50 BT line. RCS extracts 2 bunches in every 40
ms. It takes 40x3=120 ms to fill 8 bunch in MR. The first
injected bunch has to wait for other three pulses with
keeping the injection energy during 120 ms. Simulation is
performed for the first injected bunch as a pessimistic
case: the acceleration starts after 23,000 turns. Figure 6
shows the acceleration of MR beam. At the injection, first
and second harmonic cavities are excited to match to the
RCS beam. The second harmonic voltage is reduced, and
the first cavity voltage is increased and its phase is
changed in next 100 msec. Accelerating voltage is 390 kV
and the phase is 0.4 rad in this simulation. The whole
acceleration time to 30 GeV is 1.1 sec in this condition.
Figure 7 shows the loss rate as function of time
evolution for various beam intensity. Figure 8 shows the
beam power loss as function of the intensity. The loss in
Figure 8 includes that at BT. Limit of the total power loss
is 3-4kW for BT and MR. The loss increases severely for
higher intensity and is very high, 8kW, for the design
bunch population, Np. The maximum intensity is around
0.8xNp. The initial distribution is spread Gaussian
distribution for Jx+Jy. A significant number of particles
already exceed the aperture limit of BT and MR at the
initial stage.

Figure 8: Beam power loss as a function of intensity in
MR. The repetition is 0.45 Hz. The loss for =200 μm is
integrated only up to 4000 turns.
Figures 9 and 10 show particle distribution during the
injection and acceleration period. The initial distribution
is Gaussian for Jx+Jy at lower intensity and the
distribution is kept during the acceleration. The central
position and spread get small due to the adiabatic
damping. The initial distribution for Np with 100  μm is
not Gaussian for Jx+Jy. This means the characteristics of
KV distribution is lost in the high intensity.
One of our strategies toward 0.75MW is high repetition
of 1.3 Hz with lower bunch population 0.6xNp. We study
whole acceleration process for 0.6xNp case. Figure 11
shows particle distribution in the horizontal and vertical
plane after acceleration to 30 GeV for the bunch
population of 0.6xNp. The aperture of the extracted beam
is designed 6 μm. The numbers of particles, which
exceed the aperture limit, are 0.43% and 3.8% for 100 and
150 μm emittance at RCS injection, respectively. The
limit of the power is ~100W at the extraction line. The
aperture larger than 8 μm is necessary. It is safe, since
the aperture is designed 6-10 μm.

Figure 6: Early stage of acceleration in MR.
Figure 9: Beam particle distribution during MR injection
and acceleration. The initial distribution is given by RCS
simulation shown in Figures 4 and 5, where 100 μm in
RCS injection.
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Figure 10: Beam particle distribution during MR injection
and acceleration. The initial distribution is given by RCS
simulation shown in Figures 4 and 5, where 150 μm in
RCS injection.

Figure 12: Particle distribution in Jx-Jy plane. Upper and
lower lines of pictures are obtained for 25 and 37.5  μm.
Four pictures of each line are the distributions after
100,1000,10000 and 20000 turns.

SUMMARY

Figure 11: Particle distribution in the horizontal and
vertical plane after acceleration to 30 GeV for the bunch
population of 0.6xNp.
The beam loss in MR depends on the distribution of the
injection beam: i.e., the extracted beam from RCS.
Suppression of the power loss at BT and the injection
period 120 msec of MR is effective. The breaking of KV
distribution occurs the early stage of RCS injection. There
may be some rooms to avoid or to reduce the breaking.
We now assume to inject KV distribution of the beam
with the emittance of 25 or 37.5  μm into MR. The
emittances are 1/4 of those of RCS with considering 
ratio. Figure 12 shows the change of KV distribution up
to 20,000 turns (the starting time of acceleration) for the
two initial emittance cases. The beam loss rates are
0.001% and 0.23% (172W) for 25 and 37.5 μm
initialization, respectively. Numerical noise may affect
the spreading of Jx+Jy, since a simulation with a frozen
potential gives better results. Anyway the loss is very
small. This result indicates that it remains a little
possibility for 0.75MW in 0.45Hz repetition.

428

Space charge simulation has been performed for JPARC MR and RCS. The beam loss limit is very serious
for JPARC-MR. Close linking of the both ring, RCS and
MR, will be necessary to achieve high intensity in
operations and simulations. The whole acceleration
process of RCS and MR are surveyed using KV
initialized beam. The design parameter, 0.72MW at 0.45
Hz repetition, is hard for the large bunch population,
1xNp=4.17x1013. The population 0.6xNp=2.5x1013 relaxes
the beam loss. Faster repetition 0.7 Hz with the lower
population of the beam is a choice toward 0.72MW
operation. Improvement of magnet and RF system is
required for the faster repetition.
The study will be extended to a realistic painting
injection to study more detail. Fine-tuning at RCS
injection is indispensable. Choice of the tune operating
point and evaluation of error tolerance are also important.
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Abstract
We developed a secondary-electron-emission type
beam profile monitor with a thin graphite ribbon target
having a thickness of 1.6–2.0 μm. It clearly measured
high-intensity beams up to 1 × 1013 ppb at a beam energy
of 3 GeV with good linearity of the electron-emission
yield. The energy deposition in this intense case was
fairly small, 5.1 × 10-3 J/bunch/foil. The monitors were
installed at injection beam transport (3-50 BT) for main
ring (MR) primarily to measure the injection beam
profiles by a single pass. A standard-size target has 32channel ribbons 1.5–3 mm wide, with a length of 200 mm
or more. The charge signal produced on the target was
transmitted via a 34-channel coaxial cable assembly 400
m long to a signal processor without amplification. This
paper describes the characteristics of the graphite, the
target fabrication, and the results of beam measurements.

greater because of the larger beam size. More importantly,
uniform electron emission is required over such a large
area. In light of all these requirements, a specially
developed graphite was chosen as the target material
because of its low atomic number (6), high heat
endurance, and small minimum thickness (1.6 μm).

THIN GRAPHITE TARGET

INTRODUCTION
In designing for secondary-electron-emission target,
besides its material, target shape means wire or ribbon is
worthy of consideration. Thin wires are typically
employed [1, 2] because of they cause little beam loss.
When handling high-intensity beams of more than 1 ×
1013 particles per bunch (ppb) in GeV-class accelerators,
the profile of not only the beam’s core but also its tail
becomes more important because of beam loss concerns.
For high sensitive detection, a ribbon-type target [3, 4] is
more suitable than a wire type’s.
Although a ribbon’s larger surface, as compared to that
of a wire, can be advantageous for highly sensitive
measurement, beam loss increases in proportion to the
ribbon’s width. To reduce beam loss, a material of lower
atomic number is preferable, and target thickness should
be decreased. Generally, the higher the melting point of a
material, the more durable it is against heat load.
Resistance to heat fatigue is desirable. On the other hand,
the space charge effect on emitted dense electrons
becomes significantly greater than it is for of an ordinary
wire target, because the ribbon and electrode for electron
capture are constructed in parallel. To overcome this
effect, the potential applied to the electrode should be
increased. In a high-intensity accelerator such as J-PARC,
the
target area becomes as large as 200 × 200 mm2 or
___________________________________________
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Figure 1: Graphite having thickness of 1.6 μm.
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Figure 2: Detector configuration.

Graphite
The graphite was specially made by UBE Industries,
Ltd. It has remarkable characteristics of flexibility and
self-support, as shown in Fig. 1. These features are
attributed primarily to its toughness, which results from
the larger crystallites in its composition. Its firing
temperature was 2600 °C, and the maximum size
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manufactured was 160 × 320 mm2 with a thickness of
1.6–2 μm.

Detector Configuration
The detector consisted of three electrodes as a unit
(Fig. 2). Both outside electrodes were solid foils with
positive potential, used for electron collection, and the
middle electrode consisted of multiple ribbons; the charge
signals produced on the ribbons were integrated in a
circuit. Actually, to achieve both horizontal and vertical
detection in one detector, the detector had only three
solid-foil electrodes with a multi-ribbon electrode
between each pair of foil electrodes; one ribbon electrode
was for horizontal detection, and the other was for
vertical detection.

Beam Energy Loss
Parameters related to energy loss and energy deposition
for beam energy of 3 GeV are summarized in Tables 1
and 2, respectively. The beam is usually operated with
eight bunches in the 3-50 BT every 3.52 s. A sufficiently
small beam energy deposition of 4.1 × 10-2 J/cycle is
estimated for a designed bunch intensity of 4 × 1013 ppb.
Although temperature rise at the target depends on the
beam density, estimated value by the engineering analysis
system ANSYS© was less than 200 °C.
Table 1: Beam Energy Loss with 3-GeV Proton Beam
Parameter

Value

Atomic Number (z)
Material Energy Loss

6
2.0 [MeV·cm2/g/proton]

Target Thickness

2 [μm]
0.8 [keV/proton]

Total Energy Loss

Table 2: Energy Deposition by 3-50 BT Beam
Parameter

Alumina Frame
Alumina frames (Al2O3: 99.6%, made by Ariake
Materials Company Ltd.) of three sizes were used for the
3-50 BT’s targets: 200H × 200V, 250H × 250V, and 310H ×
190V mm2. All were 3 mm thick, and the unflatness was
made to be less than 100 μm because of the small focal
depth of the laser beam used for foil cutting, as described
below. On its surface, electrodes for contact with the
ribbon and a wiring pattern for signal readout were
printed using AgPt material by thick-film technology
(Minotos Engineering). The material adheres strongly to
alumina. Au material was also used to connect the
electrodes to read-out connectors on the cabling.

4 × 10 [ppb]
5.1 × 10-3 [J/bunch]

Epoxy + Ag Filler
Epoxy + Polyimide + Ag Filler
Epoxy + Polyimide + Radical Trap + Ag Filler

-2

4.1 × 10 [J/cycle]

Estimated Temperature Increase

Several 10s–200 [deg.]

6

To investigate the robustness of the foil against beam
impact, two types of beam tests were conducted. The
beam parameters are summarized in Table 3.
Table 3: Beam Parameters for Endurance Tests
Long-Run Test

High-Temp. Test

Beam Species
Beam Energy

Proton
500 [MeV]

Ne+
3.2 [MeV]

Beam Intensity

2 × 1012 [ppb]

3.0 [micro amp]

Repetition

20 [Hz]
H

2

45 × 15 [mm ]

4
3
2
1
0
-20

0

20

40

60

80

100

120

Dose [MGy]

Continuous
V

Strength [MPa]

5

Endurance Tests

8 [mm, dia.]

The first was a long-run test in which beams hit the
target foil during a net 11 months of running. The total
proton hit number amounted to more than 5 × 1020, but
430

TARGET FABRICATION

Electro-conducive Binder

Value

Energy Deposition by 8 bunch/foil

Beam Size

Figure 3: (a) After a long-run test, beam evidence was
clearly visible at the beam spot as a color pattern
resembling Newton’s rings, indicating decreased
thickness. (b) Heat loading test at 1400 °C.

13

Design Beam Intensity
Energy Deposition by bunch/foil

Parameter

the foil survived (Fig. 3[a]). The second was a high-heat
loading test in which the temperature was maintained at
1400 °C measured by a radiation thermometer with a
continuous beam (Fig. 3[b]). After 67 min, the foil was
broken at the beam spot. These results show that graphite
has high endurance under high beam impact and high heat
loading.

Figure 4: Pulling strength test on attached sample using
three types of electro-conductive binder after irradiation.
No major difference was found between them.
An electro-conductive binder developed by CITIZEN
ELECTRONICS Co., Ltd. was used to attach the foil to
the printed electrode on the frame. The binder has
heightened radiation resistance because it combines
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polyimide with its main component of halogen-free epoxy
with hybrid silver grains; moreover, it includes a radical
trap component. An irradiation test with gamma rays from
60
Co at up to 100 MGy in total dose was conducted. After
50 MGy of exposure, the pulling strength remained about
1 MPa, as shown in Fig. 4. In practice, this binder was
used in the long-run beam test of foil endurance
mentioned above, and it did not appear to cause problems.
An outgassing rate from the attached surface of 1 × 10-9
Pa·m3/s/cm2 was obtained after 100 h of evacuation.

Ribbon Fabrication by Laser Cutting
For accurate beam measurement, every ribbon must
have the same area. To achieve precise widths and
positions of the graphite ribbons on the frame, a laser
cutting method was adopted. First, graphite foil was
applied to the electrodes by using the electro-conductive
binder at an appropriate tension. The ray of an excimer
laser was employed for cutting because of the relatively
weak shock it imparted to the graphite. The spot size of
the ray was about 30 μm, and its focal depth was +/-50
μm. Since the graphite was hard but fragile under laser
power impact, cutting was done by using a powerattenuated ray and tracing the same line several times.
The positional accuracy of the laser spot was about 10
μm. The cut ribbons and the final target are shown in
Fig. 5(a) and (b), respectively.

WEO2A01

Radiological Science (NIRS) with a C6+ beam whose
energy was 6 MeV/n. In the test, a small target with a size
of 50 × 50 mm2 was used; ribbons were arrayed on it with
a 2 mm pitch and 1 mm width. Each ribbon consisted of a
different foil (Fig. 6[a]). The frame was swept in the
direction perpendicular to the beam to measure the beam
profile using each ribbon. Assuming a stable beam, the
profile cannot change during target sweeping. Fig. 6(b)
shows examples of the results for three different types of
graphite. One was fired at 3000 °C; the other two are
from two different parts of a graphite sample fired at 2600
°C. The measured profiles were suitably fit by a Gaussian.
When they were parameterized with a standard deviation
of σ, the fitting differences of each curve are within
0.02%. Finally, graphite fired at 2600 °C was used in
actual target. Several beam tests with different graphite
samples were conducted as described above during the
development period, and the difference in emission rate
was confirmed to be sufficiently-less than 1%.

(a)

Beam Spot

Sweeping
(target)
Firing temp 3000 degree C
Firing temp 2600 degree C (center)
Firing temp 2600 degree C (outside)

3.5

(b)

3

Signal / FC
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1

σ = 0.7763
σ = 0.7761

σ = 0.7762

0.5
0
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18
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24
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Figure 5: (a) Ribbon cut into 1 mm width as target for the
slow-extraction beam line. (b) Largest target for injection
point of the MR; frame inside area is 310H × 190V mm2.
Ribbon is 3 mm wide and is used in a 67-channel array.

ELECTRON-EMISSION UNIFORMITY
The electron emission rate should be uniform at every
point on the surface of the ribbon for accurate
measurement. To investigate the emission uniformity, a
beam test was conducted at the National Institute of

26

28
060126

Figure 6:(a) Test target for emission-rate uniformity, (b)
Sample test results.

EQUIPMENT AND MEASUREMENT
SYSTEM
Equipment
A photograph of the standard multi-ribbon profile
monitor (MRPM) equipment is shown in Fig. 7. The
motion system used a type of linear motion because
shocks during target movement could be avoided, and
cables situated inside the vacuum did not move at
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anytime, avoiding cable trouble. The MRPMs installed
around the MR are shown in Fig. 8. In the near future,
four and two monitors are scheduled for installation on
the 3-50 BT and the slow extraction line, respectively.
Quick
Quick Clamp
Clamp

Proton
Proton Beam
Beam

Feed
Signalthrough
Cable
Signal Cable
Linear
Linear Mover
Mover
Rail
Rail for
for Removing
Maintenance
(for Removing Mover)

MRPM
MRPM target
target

Stage
Stage Bed
Bed

Electronics
For signal processing, a module of 32-channel
CAMAC-MWPM charge ADC (Fig. 9) was employed. It
was in use at the KEK-NML beam line until 2004. For
signal input, a cascaded amplifier and integration circuit
(time constant 3–30 μs) in a hybrid package were used. Its
gain was 400, and its input impedance was 1 kΩ. A
background signal consisting of 33 channels of the
outermost ribbon’s signal was subtracted from each
integrated signal. Finally, the signal was processed with
analog-to-digital conversion with a bit depth of 10.
Hybrid IC (AMP+Integrator)×32 +1 ch
AMP ×40

１0 k
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Figure 7: MRPM equipment at the MR injection point.
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CH33 (Background)

MRPM-SLOW-#3

MRPM-MR-#INJ

BG Subtraction

Analog
OUT

+

ADC: 10 Bit

Cable
Inside a vacuum, a vacuum-tight twisted pair cable
covered with alumina fiber and glass fiber was used for
charge signal transmission. Its outgassing rate was 4 × 108
Pa·m3/s/m after 100 h of evacuation. In a standard
MRPM, although this cable was 1.1 m long and consisted
of 66 pairs, the actual vacuum pressure was on the order
of 10-6 Pa. In air, a 34-channel 1.5D coaxial cable
assembly developed by Fujikura Ltd. was used. Its
shielding was triple layered type for weak charge-signal
of 100 pC or less. It has three layered shields: two layers
of an electromagnetic shield made of 0.6-mm-thick iron,
and a corrugated electrostatic shield made of 0.7-mmthick aluminum positioned inside of iron shields. The
signal was transmitted via this cable assembly without
amplification for a length of ~400 m from the equipment
to the electronics situated at the MR local control room.
In the cable assembly, each coaxial cable has a shield
made of aluminized tape, and the cross talk was -60 dB or
less in the frequency range of DC to 100 kHz.
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10 Bit x 32WMemory

Figure 9: Circuit layout of 32-channel CAMAC module.

BEAM MEASUREMENT
High-intensity Βeam
Beams with an intensity of 1 × 1013 ppb that have been
injected to the MR for obtaining beam power of 100 kW
were successfully measured.
300
250
200

Yield [a.u.]

Figure 8: Installed MRPMs at beam transport line and
MR. Titanium foil 10-μm thick was employed as a target
for the beam abort line. Its ribbons were 50 mm wide and
750 mm long; they were arrayed with 15 channels for
both horizontal and vertical targets situated in a beam
pipe 850 mm in diameter.
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Figure 10: Profiles of beam intensity of 1 × 1013 ppb.
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Figure 10 shows a plot of the horizontal output of two
monitors, #2H and #9H, which were placed at upper
stream and its end, respectively, in the 3-50 BT. Both
were superimposed using data from five arbitrarily
selected other times and were fitted by a Gaussian. The
results show that the deviations were sufficiently small,
and both the measurements and the transported beams
have good reproducibility. During these measurements,
signals were attenuated by 1/2000.

Plateau
Plateau curves with various voltages applied to the
electron-collection electrodes were measured for beams
having intensities of 1 × 1013 and 4 × 1011 ppb with an
electrometer (Keithley 6517A).
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Linearity
The linearity was measured with the electrometer
(Fig. 12) when a voltage of 250 V was applied to one
electron-collection electrode. The beam bunch intensity
ranged between 2 × 1011 and 1.2 × 1013 ppb. The linearity
was good, and the applied voltage was sufficient to
overcome the space charge effect. The slope of the line
indicates the electron emissivity from both surfaces of the
graphite. Linear fitting yielded a result of 2.9055 × 10-12
nC/proton at 3 GeV, which can be converted to a value of
0.018 electrons/proton.

CONCLUSION
For a high-intensity beam such as J-PARC’s, a
secondary-electron-emission type beam-profile monitor
using graphite ribbons was developed. The length of the
ribbons was more than 200 mm, and the non-uniformity
of the rate of electron emission from its surface was
sufficiently-less than 1 %. It detected high-intensity
beams of up to 1 × 1013 ppb at a beam energy of 3 GeV
with good linearity of electron-emission yield. Since the
graphite in the ribbons is as thin as 1.6–2 μm, the beam
energy loss and energy deposition decreased to 0.8
keV/foil and 5.1 × 10-3 J/bunch/foil, respectively, at a
beam energy of 3 GeV and intensity of 4 × 1013 ppb,
which are the design values.

Figure 11: Plateau curves.
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A TIME-RESOLVED SEM MONITOR WITH LARGE DYNAMIC RANGE∗
M. Hori† , Max-Planck-Institut für Quantenoptik, Garching, Germany and
Department of Physics, University of Tokyo, Japan
K. Hanke, CERN, Geneva, Switzerland
Abstract
CERN’s Linac4 will provide 160-MeV H− beams of intensity N = 2 × 1014 ions s−1 . Before this beam can be injected into the existing CERN Proton Synchrotron Booster
(PSB), a beam chopper must be used to remove some sequences of 0.5-ns-long micro-bunches from it. We developed a monitor to measure the time structure and spatial profile of the chopped beam, with respective resolutions Δt ∼ 1 ns and Δx ∼ 2 mm. Its large active area
40 mm × 40 mm and dynamic range also allows investigations of beam halos. The beam was first allowed to strike a
carbon foil, and the resulting secondary electrons were accelerated by sets of parallel grid electrodes. The electrons
then struck a phosphor screen, and the scintillation light
was guided to a thermoelectrically cooled, charge-coupled
device camera. The sub-nanosecond time resolution was
attained by applying high-voltage pulses to the grids. The
monitor has been tested with 700-ps-long UV laser pulses,
and a 3-MeV proton beam provided by a tandem.

INTRODUCTION
In the planned design of Linac4 [1, 2, 3, 4], a H−
beam is accelerated to energy E = 3 MeV in a radiofrequency quadrupole (RFQ) which is excited at frequency
fe = 352.2 MHz. The beam emitted from the RFQ output thus consists of a train of 500-ps-long micro-bunches
that each contain 109 ions and are spaced by intervals of
fe−1 = 2.8 ns. A beam chopper [1, 5] positioned downstream of the RFQ is planned to remove 133 consecutive
micro-bunches out of every 352 in the beam. It is here
crucial to remove all the ions in the bunches, as the ions
would otherwise miss the longitudinal acceptance of the
PSB, strike its inner walls, and radioactivate the accelerator. In this paper, we describe a monitor [6] which characterizes and validates the time evolution of the spatial profile
of this chopped beam. More technical details can be found
in Ref. [6].
∗ Work supported by European Community-Research Infrastructure
Activity (CARE, RII3-CT-2003-506395), the Grant-in-Aid for Creative
Basic Research (10NP0101) of Monbukagakusho, the European Young
Investigator Awards (EURYI) of the European Science Foundation, and
the Munich Advanced Photonics Cluster of the Deutsche Forschungsgemeinschaft (DFG).
† Masaki.Hori@cern.ch
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MONITOR PRINCIPLE AND
CONSTRUCTION
In this monitor, the H− ions were first allowed to strike a
carbon foil of thickness td = 50 µg · cm−2 (Figure 1) which
was placed at a 45-degree angle with respect to the H−
beam. The secondary electrons emitted from the foil were
moved out of the path of the H− beam and collected on a
phosphor screen. The image of the scintillation light propagated along a fiber optic conduit, and was photographed
by a charge-coupled device (CCD) camera. CCD’s and
phosphor screens are normally used as integration devices
because of their slow (ms-scale) response times. In this
monitor, however, a resolution Δt ∼ 1 ns was attained by
applying high voltage (HV) pulses of sub-nanosecond rise
or fall times on a grid electrode and the phosphor screen,
which controlled the flow of secondary electrons from the
foil to the phosphor [7]. The monitor could be gated oﬀ
during the strong H− micro-bunches, and turned on within
∼ 500 ps to verify whether there were any residual particles in the chopped bunches. The CCD normally had a
dynamic range of ∼104 against single micro-bunches of the
beam. As we shall described below, this could be further
increased by many orders of magnitude by exposing the
CCD over several micro-bunches.
Initial acceleration of the electrons was provided by a
grid [8] which was positioned parallel to the carbon foil
at a distance l ∼ 7 mm from it, and in the path of the
H− beam. The grid consisted of 25 graphite filaments
of diameter d = 5 µm (manufactured by Toray Industries
K.K.). Calculations showed that the filaments would heat
up (T > 2000 °C) and break, if the full RFQ beam intensity of I = 70 mA were focused into a 1-mm-diameter
spot on their surface. The filaments would easily survive at
d ∼10 mm and reduced values of the duration Δtm ∼100 ns
and repetition rate fr ≤ 1 Hz of the RFQ macro-pulses. We
plan to validate the chopped beam at this reduced intensity,
once the RFQ is constructed.
Next the electrons traversed a series of grids, including
one with a specific structure which allowed 1-kV pulses
of sub-nanosecond fall time to be applied to it. The
grid surface of 50 mm × 50 mm was segmented into four
12.5 mm × 50 mm strips, parallel to the wires. The segments were connected to four gold striplines printed by
thick-film methods on the ceramic frame. The widths and
thicknesses of the segments were carefully adjusted to attain a characteristic impedance Z0 = 50 Ω. The grid potential could thus be driven with an avalanche diode switch
(Kentech Instruments HMP1/s/v), which simultaneously
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Carbon target foil

Retraction mechanism
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Permanent ring magnet
3-MeV H- ion beam
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Secondary electrons
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Acceleration grids B-E
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RF coaxial line 500 V
Fiber optic conduit G
RF coaxial line 5 kV

Type-HN coaxial feedthroughs
Thermoelectrically cooled CCD

Figure 1: Schematic layout of the beam profile monitor. Incident H− ions of energy E = 3 MeV struck a carbon target foil.
Secondary electrons emitted from the foil were accelerated by grids A–E, and struck a phosphor screen. The fluorescence
image was transported by fiber optic conduits F and G to a CCD.
generated HV pulses of amplitude V = −500 V and fall
time tr ∼200 ps on the four lines without impedance mismatch.
The phosphor screen was manufactured by first depositing a layer of indium tin oxide on the surface of a
50 mm × 50 mm fiber optic plate. The plate consisted of 6µm-diameter optical fibers which were bundled together. A
layer of 1-µm-diameter grains of gadolinium oxysulphide
doped with terbium (Gd2 O2 S : Tb, P43), followed by a
40-nm-thick aluminium layer was deposited on the plate.
The aluminium layer served three purposes, i): only electrons accelerated to energy E > 3 keV could penetrate the
layer and produce scintillation light, whereas lower-energy
electrons were stopped by it. The detector could thus be
quickly turned on or oﬀ by adjusting the incident energy
of the secondary electrons, ii): it prevented stray light, or
the glow from the carbon foil heated by the H− beam, from
entering the fiber optic bundle and producing spurious images, iii): it increased the collection eﬃciency of the fluorescence light from the screen.
The screen was mounted on a ceramic frame, and four
gold striplines of impedance Z0 = 50 Ω were printed on
the ceramic and connected to the aluminium surface of the
screen. This allowed a voltage pulse of amplitude 6–7
kV and rise-time tr ∼ 500 ps to be applied on the phosphor screen, by driving the four lines simultaneously using another switch (Kentech Instruments PBG3/s/v). The

pulses propagated along four parallel coaxial cables of
length l = 2 m, and arrived simultaneously at the phosphor
screen. As the screen presented an open circuit at the end
of the coaxial lines, it reflected the voltage pulses, which
then returned to the switch. At the position of the phosphor
screen, the leading edge of the reflected pulse overlapped
with the counterpropagating trailing edge [9], and this collision caused the potential on the phosphor screen to double
its amplitude, to V ∼6 kV needed for the gating.

MEASUREMENTS WITH UV LASER
BEAM
We generated UV laser pulses of energy E ∼5 mJ, wavelength λ = 266 nm, and pulse length Δt ∼ 700 ps to simulate the time structure of the micro-bunches expected in
Linac4. This was accomplished by using a stimulated Brillouin scattering (SBS) cell [6, 10, 11] to temporally compress the output of a Q-switch Nd:YAG laser. We replaced
the carbon target foil with a gold photocathode foil, and
irradiated it with the UV laser beam of energy E = 10–
200 µJ to generate Nγ = 2 × 107 − 4 × 108 photoelectrons per incident laser pulse. This simulated the monitor
response against the secondary electrons produced by the
Linac4 beam.
In Fig. 2 (a)–(f), the spatial profiles corresponding to the
time profiles between t = −2 ns and 3 ns are shown. These
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Figure 2: Sequence of CCD exposures taken of the UV laser pulses which simulate the expected intensities of the Linac4
beam . Profiles (a)–(f) were measured at a photoelectron intensity Ne = 4 × 108 , whereas (g)–(l) were measured at
Ne = 2 × 107 .
are analogous to stop-motion photographs of the beam with
a 1-ns-scale resolution. Although the laser beam on the
photocathode was adjusted to vertical and horizontal diameters dv ∼ 8 mm and dh ∼ 3 mm, the CCD images were
much larger (d ∼ 15 mm). This blow-up is due to spacecharge eﬀects in the photoelectron beam during transport
from the photocathode to the phosphor screen. Several vertical and horizontal bands are seen in Fig. 2 (c)–(d), which
were presumably caused by the deflection of the photoelectron trajectories near the grid filaments during the above
blow-up. The photoelectrons were multiplied when they
struck the acceleration grids, and this could also contribute
to this band structure.
To avoid these space-charge eﬀects, we used a lower intensity in the UV laser. This corresponds to a much lower
number Ne = 2 × 107 of photoelectrons emitted from the
photocathode per laser pulse. The spatial profiles measured
at these conditions are shown in Fig. 2 (g)–(k). The band
structure and blow-up have now been reduced. The relative amplitude of the spurious afterpulses are much smaller
(typically ∼0.5% of the main pulse).

MEASUREMENTS WITH PROTON BEAM
We carried out an experiment using the Tandem facility of the Institut de Physique Nucléaire, Orsay, to study
the response of the monitor against a 3-MeV proton beam.
This facility provided 5-ns-long micro-bunches containing
N p = 5 × 104 protons, which arrived with a repetition rate
f = 10 MHz. The spatial resolution for cases wherein the
436

secondary electrons were accelerated between the foil and
phosphor with an energy E = 8 keV was Δx < 2 mm.
Space-charge eﬀects at the low beam intensities induced
negligible blow-up in the CCD image, which is in good
agreement with the results of particle-tracking simulations.
We studied the dynamic range and sensitivity of the
monitor, by measuring its response against a 10-mmdiameter proton beam of various intensities, between N p =
10 and 6×104 protons per micro-bunch. Figure 4 shows the
integrated signal on the CCD, as a function of the number
of protons arriving at the foil as calibrated using a Faraday cup. A linear response was observed over the four orders of magnitude in beam intensity that was accessible by
the tandem, within the systematic error of the Faraday cup
readings. Clear signals were observed at the lowest proton
intensities N p ∼ 10. In conclusion, this monitor is now
adequate to validate the chopped beam of the Linac4 RFQ
at the intensities and time structures expected for PSB injection. The device must however be further improved if
it is to be used in future facilities with even higher beam
intensities. The largest problem when using this monitor
was the space-charge eﬀect [12] at high currents of the secondary electrons, and the high amplitudes of spurious prepulses and afterpulses that this induces. One possibility for
reducing these spurious pulses may be to add more switching electrodes to the monitor. We had previously studied
the afterpulses that occur in gated photomultipliers [7]. By
switching the potentials of the photocathode and four dynodes simultaneously, we suppressed the intensity of the
afterpulses to 5 × 10−4 relative to the main pulse. How-
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Figure 3: Time profile of the UV laser pulse measured by the monitor, at an intensity corresponding to Ne = 4 × 108
(a) and Ne = 2 × 107 (b) photoelectrons. Note that the signal intensity of (a) is greater than that of (b) by an order of
magnitude, whereas we here plot the normalized intensities.
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the beam with a target foil or filament. This would result in
a smaller number of signal electrons reaching the phosphor
screen.
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Abstract
Two electro
on scanners, on
ne for each pllane, have been
installed in thee SNS (Spallattion Neutron Source)
S
Ring to
t
m
measure the prrofile of the hig
gh intensity proton beam. Th
he
SNS Ring acccumulates 0.6 µs
µ long proton
n bunches up to
t
1.6e14 proton
ns, with a typiical peak current of over 50
A
Amp during a 1 ms cyclee. The measurrement is non
ndestructive and
d can be done during producction. Electron
guns with diipoles, deflecttors, and quaadrupoles scaan
ppulsed electron
ns through thee proton beam. The EM field
of the proton
ns changes th
he electrons' trajectory an
nd
pprojection on a fluorescent screen. Cameeras acquire th
he
pprojected curv
ve and analysis software determines th
he
actual profile of
o the bunch. Each
E
scan lastss only 20 nsecss,
w
which is much
h shorter than the proton bu
unch. Thereforre
tthe longitudin
nal profile off the proton bunch can be
b
rreconstructed from a series of scans mad
de with varyin
ng
delays. This talk
t
will descrribe the theory
y, hardware an
nd
software of thee electron scan
nner, as well ass the results an
nd
pprogress madee in improving the measuremeents.

must anaalyze the density distributioon of the eleectrons
along thee vertical scan to derive the profile, see alsso [1].
Figure 2 shows simulaated examples of both approoaches.
The figurre shows the change in prrojection due to the
deflectionn of the electrrons for differeent beam widtths “s”
as well ass the distributioon density if thhe electron scaan was
verticallyy projected.

INTROD
DUCTION
The electron
n scanner is a non-destructiv
ve alternative to
t
a profile meaasurement insstrument such
h as the wireescanner. As such
s
the electtron scanner can run withou
ut
rrestriction in regards
r
to the beam
b
intensity during neutron
pproduction. Ellectrons are acccelerated up to 75 keV an
nd
scanned throug
gh the proton beam
b
at a 45 degree
d
angle, as
a
shown in Fig. 1.
Figure 2: Simulation oof the deflectedd electrons. Thhe top
figure shoows the curve w
when scanned at 45 degrees,, while
the bottoom figure show
ws the densitty distribution for a
vertical sccan.
By tiltingg the electron bbeam, the transsverse profile ccan be
derived fr
from the angle of deflection oof the electronn beam
passing bby or through tthe proton beaam. The derivaation is
shown in [2] and assum
mes that the patth of the electrrons is
approxim
mately straight, the net eneergy change tto the
electrons by the protonn beam is cloose to zero, annd the
effect of the proton maagnetic field caan be neglectedd. The
equation iis as follows:
Figure 1: The deflecction of the electrons.
The electron
n beam does not
n have to be tilted to deriv
ve
tthe profile. Ho
owever, the tiltting makes thee analysis easieer
and more accu
urate. For a veertical beam, th
he electrons arre
m
mostly deflectted back on thee same verticaal trace and on
ne
____________________________
________________

* ORNL/SNS is managed
m
by UT-Baattelle, LLC, for th
he U.S.
Department of En
nergy under contract DE-AC05-00OR
R22725
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dθ
=
dx

e

∫ mvv
L

2

⋅

δ (x, y)
dyy
ε0

where e iss the electron ccharge, m is thhe electron masss, ν is
the velociity, δ(x,y) is thhe proton beam
m density distribbution,
and θ is the electron beam deflectiion angle. Thuus the
profile iss reconstructedd by taking thhe derivative of the
curve.
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Figure 3: The
T layout of th
he Electron Scaanner with the waveforms forr the acceleratiing and deflecttor scan voltagges.

ELECTR
RON SCAN
NNER HAR
RDWARE
The electro
on scanner, bu
uilt by Budk
ker Institute of
o
N
Nuclear Physiics (BINP) forr SNS, is depicted in Fig. 3.
3
The cathode iss pulsed for ab
bout 1 µsec to about -65kV to
t
accelerate thee electrons. A deflector, oriented
o
at 45
degrees, ramp
ps in about 20 nsec to generate a diagonaal
scan. Two quaadrupoles are used
u
to increasee the size of th
he
scan and to produce
p
a parrallel path forr the electron
ns
w
within the scaan. A horizonttal and verticaal corrector caan
adjust the position of the sccan so it crossees the center of
o
tthe fluorescentt screen. Two markers
m
slice a small part ou
ut
of each side of the projected
d electron curv
ve. The distancce
bbetween the marker
m
cutouts of the projection is the sam
me
as the distancee between the actual markerss if the electron
scan was paraallel and if th
here is no pro
oton beam, seee
F
Fig. 4. The qu
uads are adjustted until the diistances are th
he
same.

Figure 5: The horizonntally mountedd electron scannner.

A
ANALYSIS
mage of a typiccal scan for thhe horizontal pprofile
The im
with protoon beam preseent is shown inn Fig. 6. To callculate
the profille from this cuurve, the derivaative, dy/dx, m
must be
taken.

Figure 6:: Electron proojection for thhe horizontal pprofile
affected bby the proton bbeam.
Figure 4: Pro
ojection of elecctrons with maarker cut-outs.
Two scanneers are installed
d in the Ring tunnel, one fo
or
tthe horizontal profile and on
ne for the vertical profile. Th
he
hhorizontally mounted
m
electrron scanner, which
w
producees
tthe vertical pro
oton beam pro
ofile, is shown in Fig. 5. Each
scanner has a GigE Vision CMOS camerra acquiring th
he
images from the fluoresccent screen. A PXI-based
nning LabVIE
EW controls the magnetss,
computer run
cameras, pow
wer supplies fo
or the electron
n gun, and th
he
deflectors.

First, thhe locations, a set of (x, y) points, of the cuurve is
determineed by findingg the location, y, of the peak
intensity iin each column
mn, x, of the im
mage. This is doone by
either seleecting the pixeel in each coluumn with the hhighest
intensity or by fitting a Gaussian shhape to the column
intensity ppixels and usinng the fitted ceentroid as the ccurve’s
location ffor that colum
mn. The later m
method is slow
wer but
produces better locationns. The numeriical derivative can be
taken direectly from thee obtained loccations, but thiis will
give a veery noisy proffile. To reducce noise, a splline is
fitted to thhe locations annd then the derrivative is takenn from
the fitted spline locationns.
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RESU
ULTS
An examplee of a fitted sp
pline is shown
n in Fig. 7. Th
he
spline can also
o pass over th
he marker cut-outs, extendin
ng
tthe range of the profile to
o beyond the markers. Thiis
ppartially comp
pensates for th
he too small aperture
a
of th
he
electron scanner for a typicall production beeam in the ring
g.

Figure 9: Composite ploot of the horizontal profiles iin turn
10,20,30,440,50, and 55.

F
Figure 7: Overrlay of the fitteed spline (bluee trace) with th
he
image.
Because thee scan duration of 20 nsec is short compared
tto the bunch length
l
of 600n
nsec, the electrron scanner caan
m
make multiplee scans, offset by tens of nssecs, within th
he
same bunch, seee Fig. 8.

Figure 100: Composite pplot of the verrtical profiles iin turn
10, 20, 300, 40, 50, and 555.

IMPR
ROVEMEN
NTS

F
Figure 8: Horiizontal profiless from multiplee scans through
tthe proton bun
nch in the samee turn.
The multiplle profiles of the same buncch can then be
b
uused to generaate a compositee image of a bu
unch that show
ws
tthe longitudin
nal profile. Fig
gure 9 shows the compositte
bbunch shapes of the 10th, 20
2 th, 30th, 40th, 50th, and 55th
tturn. Turns in
n between are left out of thee plot to betteer
show the accumulation of the beam in the Ring. Note thaat
tthe projection of the bunch shape
s
to the tim
me axis equals a
or profile. The time scale increment
i
is in
current monito
225nsec steps. The width iss in pixels witth approximatte
scale of 0.3 mm
m per pixel. Figure
F
10 show
ws a similar plo
ot
for the verticaal profiles of the bunch fo
or the differen
nt
tturns. It also shows
s
that the vertical range of the electron
scanner is no
ot sufficient so
o that part off the profile is
i
m
missing. Whille the verticaal proton beam
m size can be
b
adjusted by vaarying the vertiical injection kicker,
k
a smalleer
vvertical size is not a typical production
p
run setting.

Severall improvementts have been m
made to the ellectron
scanner siince its commiissioning. Alreeady discussedd in [3]
are improovements to thee timing system
m and cameras.
Anotheer issue was thhat the magnet stray fields afffected
the setup of the electronn scanner and was also thouught to
distort thhe trajectory oof the electronns other than just a
linear trannslation. The main contribuutor was foundd to be
the bus baar current for tthe Ring dipolees. For each diffferent
dipole cuurrent the electtron scanner hhad to be retunned to
position tthe trace withhin the fluoresscent screen aand to
avoid eleectrons that ddo not fall wiithin the scann from
hitting thee screen, see F
Fig. 11. After iinstalling the m
magnet
shielding,, the jump in the proojection dimiinishes
significanntly, no longerr requiring anyy adjustments to the
setup to correct for dipole or othher magnet ccurrent
changes.

Figure 111: Effect of thee ring dipole cuurrent on the ellectron
scanner pprojection beforre and after shiielding.
440
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For certain
n setups, mostly
m
lower proton beam
m
intensities, a slope becamee apparent in the calculated
pprofile, see Fiig. 12. This sllope in the pro
ofile makes th
he
R
RMS calculatiion less accuraate. Initially, it was thought to
t
bbe mostly du
ue to the strray external magnet fieldss.
H
However, afteer shielding the electron scaanner, the slop
pe
did not disaappear from the profiles.. Our curren
nt
assumption is that this slope is due to the ellectron scan no
ot
going through the diagonal center
c
of the qu
uads and due to
t
ppossible non-linearities in the quad fields. An initiaal
calculation don
ne by D. Maly
yutin from BIN
NP showed thaat
nnot going throu
ugh the center of the quad co
ould cause such
a curvature. We
W are further investing this possibility, an
nd
in the meantim
me, modified th
he analysis to account
a
for thiis
curvature. Thiss curvature sho
ows up as a quaadratic function
in the trace on the image and
d as a slope in the
t profile.

WEO2A03

each coluumn. The darkk blue trace (sppline) is the result of
taking thee derivative off the spline fittted to the peaaks for
each coluumn. This is cclearly much lless noisy. Thee light
blue tracee (fit) is the ddouble super-G
Gaussian with offset
fitted to tthe spline. Thee green trace sshows the fitteed data
with the sslope removedd. Other analysiis methods aree being
investigatted such as dirrectly fitting thhe integral verssion of
the doublle super-Gaussiian to the curve in the image..

Figure 1 3: The removaal of the slope ffrom the fitted data.

COM
MPARISON
N

Figure 12: A visible slope in the calculated profile.
To adjust fo
or the slope in the profile, thee analysis fits a
m
model of the expected beam
m profile plus the slope. Th
he
fitted function is then re-plottted with the slo
ope removed.
The transveerse beam proffile in the SN
NS Ring differrs
significantly from
f
the typicaal Gaussian fu
unction. Due to
t
tthe injection scheme of beeam into the ring
r
and spacce
charge effectss, the profile often
o
has a do
ouble peak. To
m
model the dou
uble peak, two
o Gaussian fu
unctions can be
b
uused with on
ne of the fun
nctions havin
ng an oppositte
amplitude and
d smaller sigm
ma. This, how
wever, does no
ot
quite account for the steepn
ness of the slopes and, in th
he
case of a singlle peak, the flaatness of the peeak. A better fit
fi
function, see [4] and [5], is the sum of two superrh the same cen
ntroid:
Gaussians with

mpare the resullts of the electtron scanner w
with an
To com
existing pprofile monitorr, the RTBT (R
Ring to Target Beam
Transfer lline) harp, thee harp profile w
was mapped bback to
the electrron scanner location. The reesult agreed in terms
of shape bbut disagreed bby a factor of aabout 1.6 in terrms of
profile wiidth. The beta functions usedd for this calcuulation
are not w
well known andd this could exxplain the diffeerence.
Efforts arre underway too more accuraately define thhe beta
functions .
A seconnd study bumpped the proton beam at the ellectron
scanner llocation to coompare the BP
PM (Beam Poosition
Monitor) measuremennts with thee electron sccanner
measurem
ments. Figure 14 is a suuperposition oof the
horizontaal images of thhe electron proojections of thee orbit
bumps annd clearly refllects the moveement of the pproton
beam.

⎛ ⎛
n ⎞
x − μ ⎞ 1⎟
f DSG ( x) = a1 ⋅ exp
e ⎜ −⎜
+
⎟
⎜ ⎝ σ1 ⎠ ⎟
⎝
⎠
⎛ ⎛
n ⎞
x − μ ⎞ 2⎟
a 2 ⋅ exp
e ⎜ −⎜
+ sl * x + o
⎟
⎜ ⎝ σ2 ⎠ ⎟
⎝
⎠

w
where a1 and a2 are the amp
plitudes, µ is the
t centroid, n1
and n1 are thee orders and σ1 and σ2 are th
he sigmas, sl is
i
tthe slope, and o is the offsett. By varying the
t order of th
he
expression in the exponent, the flatness an
nd steepness of
o
tthe slope are adjusted,
a
thus providing
p
a bettter fit.
Figure 13 shows
s
an exam
mple of the an
nalysis processs.
The trace of reed dots (raw) shows
s
the, verry noisy, profille
as calculated from
f
taking th
he derivative of
o the peaks fo
or

Figure 144: The superpoosition of three traces taken while
bumping the orbit of thee proton beam..
The anaalysis results ffor both planes are shown in Tables
1 and 2. These tables show the stanndard orbit annd two
bumps, oone positive aand one negattive, as well as the
corresponnding jumps iin measuremeent position bby the
electron scanner. The last row shows the sum of the
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bumps and includes the estimated accuracies of the bump,
±0.5mm and the electron scanner measurement, ±0.5mm.
It shows that the electron scanner is, at worst, off by about
15% horizontal and 10% vertical. The tables also show
that for both planes the electron scanner must negate its
direction to match with the BPM measurements.

Bump
(mm)

ELS Pos
(mm)

Difference
(mm)

Error

- 7.0
0.0
+ 3.4
Total Move
(mm)
10.4±0.5

66.7
59.4
55.6
ELS Pos
(mm)

+7.3
0.0
-3.8
Difference
(mm)
11.1±0.5

4%
NA
10%
Error

To fully integrate the electron scanner into the
accelerator operations, the setup and analysis must be
fully automated. With the improvements made, we are
now in the position to do just that. Work is in progress to
automatically populate the initial estimates for the fitting
routines. A table for all electron scanner magnet settings
and accelerating voltage versus the proton beam charge
will be created to automate the setup.
We plan to investigate the electron scanner’s position
jitter of 1mm peak-to-peak as well as install a lower jitter
timing card to provide very repeatable measurements. In
the long term we are looking to modify the vacuum
chamber to widen the aperture and are investigating to use
of electron scanners for tomography of the proton beam.

6±9 %

ACKNOWLEDGEMENTS

Table 1: Results of Bumps in the Horizontal Orbit

Table 2: Results of Bumps in the Vertical Orbit
Bump
(mm)

ELS Pos
(mm)

Difference
(mm)

Error

- 5.0

68.2

+5.2

4%

0.0
+ 8.0
Total Move
(mm)
13.0±0.5

63.4
55.3
ELS Pos
(mm)

0.0
-8.1
Difference
(mm)
13.3±0.5

NA
2%
Error
2±8%

SUMMARY
Additional improvements have been made to the
operation of the electron scanner. Magnetic shielding has
improved the ease of the setup. The analysis can now
recover the profile despite the fact that the scan is not a
straight line. The comparison with profiles in the RTBT
and the comparison with the ring BPMs show that the
electron scanner profiles obtained are reasonable. Further
studies of the ring beta-functions are needed to confirm
the correctness of the electron scanner profiles.
The capability to measure profiles of individual 20 nsec
slices of beam anywhere along the 1 msec accumulation
cycle is unique among the SNS diagnostic
instrumentation.
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FUTURE

The author would like to acknowledge some of the
many people who have worked on the electron scanner or
helped taking data: S. Cousineau has done the comparison
of the electron scanner profiles with the RTBT Harp
profiles. T. Pelaia has setup the different orbits to perform
the bump study. Without the work of S. Aleksandrov, D.
Malyutin and S. Starostenko, the electron scanner
wouldn’t have been built.
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CURRENT AND TRANSMISSION MEASUREMENT CHALLENGES FOR
HIGH INTENSITY BEAMS
P.-A. Duperrex*, M. Gandel, D. Kiselev, Y. Lee, U. Müller, PSI, Villigen, Switzerland
Abstract
Current measurements for high intensity beams present
some challenges for monitors located behind a target due
to the heat load from the scattered particles. The resulting
resonance drifts make accurate current and transmission
measurements very difficult. These problems will become
more severe with higher intensity beam operation (3mA,
1.8MW) in the PSI cyclotron. This paper presents the
techniques that have been developed to overcome this
problem. The present solution is based on an innovative
scheme to measure on-line the resonator gain and to
correct the estimate of the current.

INTRODUCTION
Beam current measurements are one of most
fundamental measurements for the cyclotron. They are
used to measure the transmission at different parts of the
beam lines, in particular the transmission at a 4 cm thick
graphite target (the so-called target E) for muon and pion
production. Transmission measurements at this point are
very important. If a portion of the beam were to bypass
the target E, the beam footprint on the next target (the
SIN-Q spallation neutron source target) could be reduced.
This would lead to an overheating of the SIN-Q target
surface. Thus, to avoid such possible damage, the
transmission at this point must be carefully monitored.
One of the current monitors used for the target E
transmission measurement is placed in vacuum behind the
graphite target. This monitor, called MHC5, is subject to
heavy heat load due to the energy deposition of the
scattered particles. The temperature could reach 200°C
due to poor heat conduction and low emissivity of the
monitor. The resulting mechanical thermal expansion
induces a drift of the resonance frequency. The
amplification factor of the resonator is then modified
leading to a calibration drift. Because of the dynamic
nature of this effect, it was not possible to solve this
problem by calibrating the monitor at different beam
intensities.
Based on these observations, a new current monitor
with improved cooling was designed and built. It has an
active water cooling system, its surface was blackened to
increase the radiation cooling and its mechanical structure
was improved for better heat conduction. Temperature
sensors were also installed to monitor the cooling
efficiency. Simulations and laboratory tests were also
performed so that temperature variations would not affect
the resonance characteristics of the monitor.
Even with these improved cooling features, the monitor
___________________________________________

*pierre-andre.duperrex@psi.ch

exhibited some anomalous gain drifts up to 30% during
operation at high current (>1mA). This problem will be
more severe for future high intensity beam operation
(3 mA). For this reason, it was necessary to implement a
drift compensation that could deal with these dynamic
changes.

RESONATOR AND HEAT LOAD
Measurement Principle
The current monitor consists of a re-entrant resonator ,
symmetric around proton beam pipe. The open-end gap in
the beam pipe couples some of the wall current into the
resonator. This gap acts also as a capacitor and determines
the resonance frequency. The resonance frequency is set
to 101.26 MHz, the 2nd harmonic of the proton beam
bunch frequency. This harmonic is used because of the
better signal-to-noise ratio, the RF noise components
from the generator being mainly at the odd harmonics. No
significant shape dependency of the 2nd harmonic
amplitude for relatively short beam pulses is expected [1].
The oscillating magnetic field in the resonator is
measured using a magnetic pick-up loop, the signal being
proportional to the beam current. Advantages of such
resonator are that its construction is simple and it is
rugged with respect to radiation. Disadvantages are that it
is sensitive to temperature and it is not an absolute
measurement; the signal has to be calibrated using
another current monitor.

Figure 1: Current monitor ready for installation with the
water cooling circuitry at the beam entry side (left). The
cavity structure is shown in a half-cut drawing (right).

Mechanical Design
The monitor is made of aluminium (Anticorodal 110),
with a 10μm coating layer of silver to improve the
electrical conductivity. The inner diameter is 225mm, the
outer diameter 420mm, its height 224mm. The capacitor
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gap is 4mm wide and small movable plates are used for
the fine tuning of the resonance. It has an active water
cooling system (maximum water speed: 2m/s).
The monitor itself is in vacuum and the external
surfaces were chemically blackened to increase the
emissivity for additional cooling. Some tests have been
performed to measure the emissivity of various coatings.
Without blackening the emissivity is smaller than 5%.
The emissivity is between 30% and 60% for either
sulphur treated silver or oxidized copper coated
aluminium plates. It depends not only on the sort of
coating but also on the quality and on the thickness of the
coating itself.

Resonance Condition
The resonance condition is derived as followed. The
monitor can be considered as a coaxial transmission line
with a shorted load.
The characteristic impedance of a coaxial line is:
μ
ln(b a )
Lcoax
1
μ ε ln(b a ) ≅ 60.ln(b a )
Zo =
= 2π
=
2πε
Ccoax
2π
ln(b a )
where b is the inner radius of the outer conductor, a is the
outer radius of the inner conductor, ε the dielectric
constant and μ the magnetic permeability.
The impedance Zi as seen at the entrance of the
resonator will then be given by:
⎛ 2π L ⎞
Z i = j Z o tan ⎜
⎟
⎝ λm ⎠
where L is the resonator length, Zo the characteristic
impedance of the transmission line, and λm the resonant
wavelength. For resonator length smaller than λm/4 the
impedance is inductive. As for a parallel tuned circuit
where the reactance is zero at the resonance:
1
j ωm Linduct . = −
j ωm C
the resonance is obtained at the frequency for which the
shunt capacitor Cshunt compensates Z i :

Zi = −

Figure 2: The “universal tuning curve” for re-entrant
coaxial resonators establishes the relation between the
resonator length (y-axis) and the required C value (x-axis).
The red line corresponds to MHC5 conditions.

Heat Load Effects
The predicted heat load on the MHC5 due to the
shower particles is about 230W for a 2mA beam [2].
Without water cooling, the monitor would easily reach
200o C.
Bench tests of the water cooling system have been
performed before the installation of the monitor on the
beam line. External resonant circuits have been added to
compensate the temperature drifts. Gain drifts smaller
than 0.3dB were measured for the expected temperature
variations during beam operation (30 to 70 oC), as shown
in Fig.3.

λm
1
=−
j ωm Cshunt
j 2π c Cshunt

with ωm the resonance angular frequency and c the speed
of light.
The resonance condition can then be expressed as:

⎛ 2π L ⎞
λm
tan ⎜
⎟=
⎝ λm ⎠ 2π c Cshunt Z o

Figure 3: Transfer function of the MHC5 measured at
different temperatures. The gain variation at 101.26MHz
is smaller than 0.3 dB in laboratory conditions.

The previous equation may be rewritten as:

2π L

λm

⎛
⎞
λm
= arct ⎜
⎟
⎝ 2π c Cshunt Z o ⎠

The right side of the last equation is known as the
“universal tuning curve” (see Fig.2).
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However, the observed gain drifts during operation are
larger than those measured on the test bench. These larger
than expected drifts are induced by the non-uniform
temperature distribution, deforming the resonator (see
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Fig.4), shifting the resonance frequency and modifying
the gain around the resonance frequency [3].

Figure 4: Calculated temperature (left) and horizontal
deformation (right) of MHC5 at 1.32 mA.
It was thus necessary to implement a drift
compensation method that could account for these
dynamic changes during beam operation.

WEO2A04

ON-LINE DRIFT COMPENSATION
Compensation Principle
The principle of this new scheme is to use two pilot
signals whose frequency is close enough to the RF 2nd
harmonic (101.26MHz) to get an estimate of the resonator
gain at the RF 2nd harmonic.
The two pilot signals are feed into the resonator and
measured using a second magnetic pick-up loop identical
to the one used for the current measurement. The
comparison of the pilot signal amplitude at the receiver
side with the one at the emitter side is a measure of the
resonator gain at the pilot frequency. The results obtained
at the two different pilot frequencies can then be averaged
and give that way an estimate of the resonator gain at the
RF frequency.
The frequency difference between the pilot signals and
the beam signal has to be large enough to avoid
interference with the standard current monitor electronics
but small enough so that the average of the two pilot
signals can provide a good estimate of the gain.
An earlier drift compensation scheme using a single
pilot signal 600 kHz off the resonator frequency was
successfully tested to investigate the potential of such a
method [2].

Figure 5: Schematic of signal measurements for the on-line drift compensation. A 52 kHz baseband signal is mixed with
the second RF harmonic and feed into the current monitor resonator. The signals are then measured using double image
rejection mixers. The ratio Pilot/Reference provides an estimate of the resonator gain.

Electronics and Signal Processing

Figure 6: Details of the double image rejection scheme.
The Q demodulated component is phase shifted and the
resulting signals are recombined with the in-phase signal.

A 52 kHz baseband signal is mixed with the second RF
harmonic to generate two pilot signals 52kHz off the
101.26MHz frequency. The resulting signal is feed into
the current monitor resonator (Fig.5). These pilot signals
are then measured using as sensor a pick-up coil identical
to the one used for the current measurements. To
separately measure the amplitude of both pilot signals, a
double image rejection mixer, shown in Fig.6, has been
used. It is a I/Q demodulator followed by a couple of 90
deg. phase shifting before a recombination of the
demodulated signals.
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The results can be derived analytically as follows. The
measured pick-up signal Sm contains the two pilot signals
as well as the beam signal:
S m = P10 .cos(ω1.t + φ1 ) + P20 .cos(ω2 .t + φ2 ) + Sbeam .cos(ω0 .t )
Where ωo the angular frequency of the RF 2nd
ω1=ωo-Δω and ω2=ωo+Δω the angular
harmonic,
frequency of the pilot signals, with Δω/2π=52 kHz,
P10 (resp. P20 ) the amplitude of the first (resp. second)
pilot signal and Sbeam the amplitude of the beam signal.
After mixing down the signals with the image rejection,
a band-pass filter centered at the original pilot frequency
eliminates the undesired high frequency components and
as well as the beam signal contribution (DC component).
The resulting base-band in-phase (I) and quadrature
phase (Q) signals are then:
1
1
S I (t ) = P10 .cos ( Δω.t − φ1 ) + P20 .cos ( Δω.t + φ2 )
2
2
1
1
SQ (t ) = P10 .sin ( Δω.t − φ1 ) − P20 .sin ( Δω.t + φ2 )
2
2
By introducing 90deg. phase shifts on the Q output:
1
1
SQ +90deg (t ) = P10 .cos ( Δω.t − φ1 ) − P20 .cos ( Δω.t + φ2 )
2
2
1
1
SQ −90deg (t ) = − P10 .cos ( Δω.t − φ1 ) + P20 .cos ( Δω.t + φ2 )
2
2
The two pilot signals can then be extracted:
S I (t ) + SQ +90deg (t ) = P10 .cos ( Δω.t − φ1 )
S I (t ) + SQ −90deg (t ) = P20 .cos ( Δω.t + φ2 )
That way, the pilot signals are separated and their
amplitude independently measured. An average is then
performed to estimate the level of a pilot signal at
101.26MHz.
After digitization of the averaged pilot and reference
signals the Reference/Pilot ratio is then calculated and
used as additional scaling factor for the MHC5 current
signal:
MHC 5calibrated = K .

S Reference
S Pilot

.MHC 5raw

K being a constant calibration factor that is determined
once for all at the beginning of the measurements.

RESULTS
Off-line Analysis
Before implementing the on-line drift compensation
scheme in the accelerator control system, some off-line
analysis was performed.
In Fig.7, the calibration factor calculated with the pilot
drift compensation scheme is compared with the, one that
can be deduced using the signal from the MHC6 current
monitor located further down the beamline. The MHC6
current monitor is not subject to such heat load and is
found to be stable. By assuming that MHC5 and MHC6
are measuring the same current (the beam losses between
them are considered to be small enough to be neglected),
the MHC5 scale factor can be compared. After 2.5days of
operation, the MHC5 cooling system was switched off,
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the MHC5 temperature rose from 40 to 90oC and the
calibration factor changed by 30%..

Figure 7: Off-line calibration. Even for a 30% variation,
the calibration factor deduced from the pilot signals (red
line) matches the one using MHC6, a second current
monitor (blue line) further down the beam line.

On-line Results
Figure 8 shows the performance as the new drift
compensation scheme was switched on. The MHC5
measurements remain similar to the MHC6 measurements
(see the plotted MH5/MHC6 ratio). This shows that the
new calibration is working correctly. Changes in the
calibration parameter values for the MHC5 can be
observed. These are due to cooling effects after a beam
loss or smaller beam currents. The comparison between
MHC5 and MHC6 measurements confirm that even for
these condition changes the current measurement shows
improved stability.
The ion source was changed during the 2010
maintenance period and the new one presented wider
noise spectra. As a result, the original pilot signals had to
be moved from 52kHz to 80kHz off the RF frequency to
avoid interference.
Figure 9 presents the performance of the present system
with a 80kHz pilot frequency. The excellent agreement
between MHC5 and MHC6 indicates that the accuracy is
better than 1%, except for beam current smaller than
0.3mA. In this lower beam current range the electronics
introduces a 1 to 2% distortion.

CONCLUSION
Heavy heat load on the MHC5 resonant transmission
line monitor was a challenge for beam current and
transmission measurements. The new drift compensation
scheme using two pilot signals close to the resonant
frequency of the monitor provides accurate beam current
measurements for transient beam load conditions that lead
to thermal changes in the resonator gain.
This innovative scheme may have wider applications
where resonant systems are subject to uncontrolled drifts.
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Figure 8: Transient behaviour of the new drift
compensation scheme. At t=0.4day the on-line calibration
is switched on.

Figure 9: Present performance of the drift compensation
system with a 80kHz pilot frequency. The MHC5/MHC6
beam current ratio is indicative of the calibration accuracy
that can be achieved by this system.
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STUDIES OF INDUCED RADIOACTIVITY AND RESIDUAL DOSE RATES
AROUND BEAM ABSORBERS OF DIFFERENT MATERIALS
M. Brugger, D. Forkel-Wirth, S. Roesler*, J. Vollaire, CERN, Geneva, Switzerland
Abstract
The FLUKA particle interaction and transport code is
capable to calculate in one and the same simulation
interactions at LHC energies as well as the associated
hadronic and electromagnetic particle showers from TeV
energies down to energies of thermal neutrons.
Sophisticated models for nuclear interactions predict the
production of radio-nuclides of which the built-up and
decay, along with the associated electromagnetic cascade,
can also be calculated in the same simulation. The paper
summarizes applications of FLUKA to assess activation
around LHC beam absorbers, such as the beam dumps,
and presents results of measurements performed during
LHC operation.

and with dose rate instruments at different cooling times.
Furthermore, the irradiation as well as the radioactive
build-up and decay were simulated with FLUKA and
results compared to the experimental data [3,4]. The
benchmark showed that FLUKA predicts specific
activities of individual nuclides within 20-30% in many
cases and is also able to reproduce residual dose
equivalent rates. An example for the latter is given in
Fig. 1 [4].

INTRODUCTION
Modern particle interaction and transport codes such as
FLUKA [1,2] allow one to predict radioactivity and associated residual dose rates caused by high energy beam
losses in accelerator components in great detail.
Phenomenological models of high energy hadronic interactions linked to sophisticated generalized cascade, preequilibrium and fragmentation models are able to describe
the production of individual radioactive nuclides with
good accuracy (often within less than 20%), as comprehensive benchmark studies have demonstrated. The calculation of induced radioactivity has thus become an integral part of design studies for high energy beam absorbers. Results provide valuable information on material
choices, handling constraints and waste disposal and
allow an early optimization of components in order to increase the efficiency of the later operation of the facility
while keeping doses to personnel as low as reasonably
achievable. The present paper gives examples of both
generic studies with FLUKA for different absorber materials as well as studies for collimators and absorbers of
the Large Hadron Collider (LHC).

BENCHMARK STUDY
The unique features of FLUKA for the computation of
induced radioactivity and residual dose rates were
extensively benchmarked at the CERF facility. At this
facility a positively charged hadron beam of 120 GeV
interacts in a copper target creating a stray radiation field
which can be used for a large variety of studies, among
others the activation of material samples. Different
materials commonly used for accelerator components and
shielding (copper, iron, aluminum, etc.) were irradiated
and their activation measured by gamma spectrometry
____________________________________________
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Figure 1: Residual dose equivalent rates as function of
cooling time on contact to an iron sample and at three
different distances as measured and as calculated with
FLUKA [4].

GENERIC ACTIVATION STUDY
Calculations with a generic collimator allowed the
assessment of different jaw materials on the activation
properties of the entire assembly and the associated
residual dose rates [5]. The geometry consists of two
rectangular, vertical jaws of a length of 120 cm made of
carbon, copper or tungsten. The cooling system is
approximated by two copper plates with an artificially
reduced density, in order to account for its actual design
based on water-cooled pipes, fixed to the jaws with
stainless steel clamps. The entire assembly is finally
placed into a stainless steel tank. Figure 2 shows a cross
sectional view through the geometry. While the jaws and
copper plates are pure materials, the following elemental
composition is used for all stainless steel components
(given in percent by mass): Cr (15.0%), Ni (14.0%), Mn
(2.0%), Mo (3.0%), Si (1.0%), P (0.045%), C (0.03%), S
(0.03%), Fe (remaining fraction). The geometry also
includes a tunnel wall which, however, is of minor
importance due to its small contribution to the dose rate
close to the absorber as well as to low-energy neutron
activation of the absorber.

Beam Material Interaction
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only a few nuclides dominate. This makes dose rate
results obtained with Monte Carlo codes for long cooling
times very sensitive to how the particular nuclides are
predicted by the implemented models.
Table 1: Contributions in percent of different radionuclides to the total residual dose rate above an absorber
with tungsten jaws after 12hours, one week and four
months of cooling. The last line gives the contribution to
the total dose rates by the jaws.

y in cm
Figure 2: Cross sectional view of the absorber geometry.
The beam impact point is indicated with a white cross.
For the calculations, a pencil beam of either protons
(450 GeV and 7 TeV ) or lead ions (2.6 TeV/nucleon)
was assumed to hit one of the jaws at a distance of 4mm
to its edge (see Fig. 2). While the simulation of the
prompt radiation considered only hadronic cascades
(activation by photo-production can be neglected at
hadron accelerators) electrons/positrons and photons from
radioactive decays were followed down to 100keV and
10keV, respectively.
Residual dose rates were calculated for a single LHC
operational period of 180 days and nine cooling times
between one hour and 10 years. Residual dose rates were
calculated by folding fluence with ambient dose
equivalent conversion coefficients in a one-dimensional,
longitudinal binning (i.e., in beam-direction) at 2cm
above the absorber. As an example the results for a
generic collimator with tungsten jaws is shown in Fig. 3.

LHC BEAM DUMPS
The two LHC beam dumps (one for each counterrotating beam) consist of air-cooled graphite cores which
are surrounded by iron shielding. For the latter, old
magnet yokes filled with concrete were used. Should a
core degrade it has to be replaced which is evidently a
delicate intervention as the interior of the shielding is
strongly activated.
Figure 3: Residual dose rates close to the upper surface of
the absorber for different cooling times and tungsten jaws.
Furthermore, the contributions of individual nuclides
were also obtained which allowed for more detailed
analyses of the results. Table 1 lists the contributions of
different radio-nuclides to the total residual dose rate
above a collimator with tungsten jaws (see Fig. 3, bin
with maximum dose rate value). Only those nuclides are
given that make up about 90% of the dose rates. Nuclides
marked with “*” originate mainly from the activated jaws.
In general, at short cooling times (up to a few days) many
different nuclides contribute while at long cooling times

Beam Material Interaction

Figure 4: FLUKA geometry of a LHC beam dump. For
clarity of the representation the walls of the cavern are not
shown [6,7].
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Thus, the core exchange has been studied during the
design phase with FLUKA simulations [6,7]. The
geometry included a very realistic representation of the
dump structures in which the magnet yokes, as well as the
air gaps in between them, were modelled in great detail.
Figure 4 shows a three dimensional view of this
geometry.

high-energy hadron fluence (static RAM), 1-MeV
equivalent neutron fluence (PIN diode) and total ionizing
dose (Radfet), respectively. Among other locations,
RadMon detectors are installed downstream of the
injection line beam absorbers (TED) used to setup the
beam transport before injecting into the LHC.
The monitor readings served as benchmark of FLUKA
calculations which were based on a detailed modelling of
the TED absorber. Distributions of high-energy (E>20
MeV) hadron fluence, 1-MeV equivalent neutron fluence
and absorbed dose around the absorber hit by a 450 GeV
proton beam are shown in Fig. 6.

Figure 5: Spatial distributions of ambient dose equivalent
rate after one year of operation and one month of cooling
with the top shielding in place (top) and removed
(bottom). Results are shown (in units of μSv/h) for a
vertical section through the centre of the dump core [6,7].
For the estimation of doses received by personnel
during the core replacement maps of residual ambient
dose equivalent rate were computed assuming one year of
operation and several cooling periods after the last beam
dump. The exchange consists of several steps, such as
disconnecting the core from the upstream beam pipe,
removing the top-layer of the shielding with the overhead
crane and lifting of the broken core assembly. During the
work personnel is exposed to residual radiation also
directly from the core and from the inside of the
shielding. Thus, residual dose rates were calculated for
different configurations, among others, with closed and
open shielding. Figure 5 presents results for one month of
cooling time [6,7]. The dose rate maps then served as
basis for the estimation of job doses.

TED ABSORBER BENCHMARK
So-called RadMon detectors monitor the radiation
fields around beam loss points and sensitive electronics at
the LHC [8]. They consist of three units, which measure
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Figure 6: High energy hadron fluence (top), 1-MeV
equivalent neutron fluence (center) and absorbed dose
(bottom) around an LHC beam absorber. The beam hits
the absorber from the right hand side.
The contour plots show horizontal sections through the
TED at beam height, with the beam hitting the absorber
from the right-hand-side and the RadMon response scored
at (y,z)=(-401 cm, 33719 cm). Table 2 compares FLUKA
predictions of the three, above mentioned quantities with
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the RadMon data. The last column demonstrates that
FLUKA reproduces the radiation fields, including their
particle type composition, within 20%.
Table 2: Comparison of measured values and FLUKA
results for high-energy hadron fluence, 1-MeV equivalent
neutron fluence and absorbed dose downstream of the
TED absorber. The last column gives the ratio of
measured and simulated values.
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collimation region is shown in Fig. 7. The spikes indicate
the prompt doses while the level of increasing residual
dose rates during beam-off periods is indicated with a
solid green line. At present, residual dose rates have
reached about 30μSv/h after one day of cooling.
Assuming that losses in the collimation region scale
with beam intensity and extrapolating the value to losses
at nominal operational parameters yields about 1-2mSv/h,
in agreement with the prediction by FLUKA for that
location [10]. The latter is presented in Fig. 8, giving the
dose rates around the absorber (center) and adjacent
magnet (shown on the right) in a horizontal section at the
height of the two beam-pipes.

MEASUREMENTS IN THE LHC TUNNEL
The evolution of induced radioactivity around the LHC
accelerator and experiments is monitored with air-filled
plastic ionization chambers (so-called PMI monitors).
These detectors are installed in locations where beam
losses and, thus, considerable activation are expected in
order to provide remote measurements of residual dose
rates. They are connected to the general radiation
protection monitoring system, called RASMES [9], which
also includes other instruments monitoring, e.g., dose
equivalent in accessible areas and releases of radioactivity
into the environment.

Figure 7: Reading of a PMI ionization chamber as
function of time, installed downstream of a passive
absorber in the LHC collimation region. The dashed
horizontal line indicates 10μSv/h, the solid line shows the
increasing residual dose rates (reading during beam-off
periods).
Although the PMI chambers are designed to measure
residual dose rates during beam-off periods, they take
data continuously, i.e., also during operation with beam.
Of course, saturation effects may not be negligible in the
latter case. As an example, the reading of the monitor
installed close to a passive absorber in the LHC

Beam Material Interaction

Figure 8: Ambient dose equivalent distribution around a
passive absorber (in μSv/h) for losses at nominal LHC
intensity. The location of the PMI monitor is indicated
with a black circle [10].

SUMMARY
The paper summarizes applications of FLUKA to
assess activation around LHC beam absorbers, such as the
beam dumps, collimators and injection line absorbers.
FLUKA is especially suitable for this type of application
due to the fact that, among others, it allows a reliable
simulation up to LHC energies and includes sophisticated
nuclear models predicting the production of radionuclides at any energy. Beside these physics capabilities,
radioactive decays as well as the electromagnetic shower
associated with it can be simulated simultaneously with
the high-energy cascade which is very convenient and
user-friendly.
Throughout the design particular emphasis has been put
on benchmarking results with measurements, both from
dedicated activation studies as well as from radiation
monitors installed around the LHC accelerator. In most
cases, the results confirmed the reliability of the FLUKA
calculations, the latter being capable of reproducing the
measured data of specific activities and residual dose
rates to within 20%.
With increasing power of the LHC beams and
luminosity in the experiments activation of components
will increase and provide further valuable benchmark data
at energies which have never been reached before.
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RECEN
NT MARS1
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LOPMEN
NTS: NUC
CLIDE INV
VENTOR
RY, DPA A
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GAS PRO
ODUCTIO
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A
Abstract
Recent dev
velopments in
n the MARS
S15 code are
ddescribed for the critical mo
odules related to demands of
o
hhadron and leepton colliderss and Megaw
watt proton and
d
hheavy-ion beam
m facilities. Deetails of advan
nced models fo
or
pparticle produ
uction and nucclide distributiions in nucleaar
iinteractions att low and meedium energiess, energy losss,
aatomic displaccements and gas
g production
n are presented
d
aalong with ben
nchmarking agaainst data.

PHYSIC
CS MODEL
L DEVELO
OPMENTS
The focus off recent develo
opments to the MARS15 code
[1] was on paarticle productiion in nuclear interactions at
a
llow and medium energiees crucial forr an accurate
ddescription off radiation effeects in numero
ous application
ns
aat particle collliders and hig
gh-power beam
m facilities [2]].
Substantial im
mprovements haave been donee to the MARS
S
ccode event generator
g
LAQ
QGSM [3], th
he quark-gluon
n
string model. These include low-energy projectiles (p, γ,
γ
aand heavy ion
ns), near-thresshold kaon prroduction, low
weenergy pions for precision experiments and
a
a neutrino
o
ffactory, inversse reactions, crross-sections of
o light nucleaar
pprojectiles, lig
ght target nucleei (hydrogen, deuterium, and
d
ttritium), mach
hine-independeent form, and thorough testts
oon various platforms. An exaample of bench
hmarking [4] is
i
shown in Fig
g. 1 for a quite
q
difficult case of kaon
n
pproduction in the near-thresshold region on deuterium in
n
ccomparison to
o the ANKE spectrometer
s
data
d
at COSY
YJJulich [5]. Thee agreement is amazingly
a
goo
od.

Electrom
magnetic show
wer (EMS) m
module – cruccial in
energy deposition ccalculations ppractically inn all
applicatioons – has beeen substantiaally extended.. The
exclusive and hybrid m
modelling optioons have been added
for all EM
MS processes aand all photo- and electro-nuuclear
hadron aand muon pproduction reaactions with usercontrolledd material-deppendent swittches betweenn the
exclusive,, inclusive andd hybrid moddes. The approopriate
choice off these parametters substantially reduces varriance
and improoves a computaational efficienncy.
Electrom
magnetic interractions of heavvy-ion beams, recoil
nuclei annd fragments ggenerated in nnuclear interaactions
are, in m
many cases, thhe most important contribuutor to
radiation effects. In MARS15, knock-on eleectron
productionn above thhe material/pprojectile-depeendent
thresholdss is accurattely modelledd, with remaaining
(restrictedd) energy losss treated contiinuously downn to 1
keV. Thee ionization ennergy loss moodel for an arbbitrary
projectile has been furtther updated [[6] with a moodified
Thomas-F
Fermi expressiion for ion efffective charge based
on that bby Pierce andd Blann, and ttaking into acccount
available information oon probabilities of differennt ion
charge staates for few-ellectron heavy ions at interm
mediate
energies. Fig. 2 show
ws calculated dE/dx vs datta for
various paarticles in silicon at energy 1 keV/A to 1 GeeV/A.

Figure 2 : Ionization eenergy loss oof projectiles from
protons too uranium in siilicon.

F
Figure 1: Dou
uble differentiaal cross section
ns of produced
d
K+ mesons in interactions
i
of protons with deuterium.
d
____________________________
_________________
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Other ddevelopments tto MARS15 innclude a new fluux-todose convversion modulee based on reccent publications [710]; userr-defined irraadiation and cooling timees for
residual ddose; extendedd Graphical-Usser Interface ((GUI);
extended geometry moddule for a highher accuracy inn very
complex configurationns in a pressence of arbbitrary
RF) fields; exttended lists off builtmagnetic and electric (R
in materiaals and nuclidee distributions; adjustments tto run
the code iin a machine-inndependent fasshion on 32- annd 64bit platforrms.
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NUCLIDE
N
INVENTOR
I
RY
Nuclide treaatment in MA
ARS15 is donee in two stepss:
ggeneration of nuclide A/Z distributions
d
in
n the specified
d
m
materials/regio
ons followed by
b decay and trransmutation of
o
ggenerated nucclides. Modelliing of nuclidee production is
i
ddone automatiically at each inelastic nucllear interaction
n
vvertex. The co
ode event gen
nerator, based in this part on
n
C
CEM and LA
AQGSM models [3], proviides a reliable
ddescription heere. An examp
ple of benchm
marking of the
8
m
mass yield in 86
Kr + 9Be inteeractions at 1 GeV/A
G
is shown
n
iin Fig. 3. Hydrrogen and helium gas producction tables and
d
hhistograms arre also a partt of the MAR
RS15 standard
d
ooutput.
Figure 4: Calculated acctivity (a.u.) oof the Main Innjector
steel colliimator. For lighht nuclides, thee activity is lesss than
2 a.u.

D
DISPLACE
EMENTS PE
ER ATOM

F
Figure 3: Calcu
ulated mass yield in 86Kr + 9Be
B reaction at 1
G
GeV/A in com
mparison with GSI
G data [11].
The second step is done using the DeeTra code [12]].
D
DeTra solvess analytically
y the Batem
man equation
ns
ggoverning thee decay, builld-up and traansmutation of
o
rradionuclides. The complex
xity of the chains
c
and the
nnumber of nuclides
n
are not limited. The nuclide
pproduction term
ms considered
d include transm
mutation of the
nnuclides insidee the chain, extternal production, and fission
n.
T
Time-dependent calculationss are possible since all of the
pproduction terrms can be re-defined for each
e
irradiation
n
step. The num
mber of irradiattion steps and output times is
i
uunlimited. DeTra is thus ab
ble to solve any
a
decay and
d
ttransmutation problem as lo
ong as the nu
uclear data, i.ee.
ddecay data an
nd production rates, or crosss sections, are
kknown.
An examplee of nuclide inv
ventory is show
wn in Fig. 4. It
I
w
was generated
d for the Fermiilab Main Injeector collimato
or
aafter 1-year irrradiation by an
n 8-GeV proto
on beam and 1dday cooling.
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Radiatioon damage is the displacem
ment of atoms from
their equiilibrium positiion in a crystaalline lattice ddue to
irradiationn with formaation of inteerstitial atomss and
vacanciess in the latttice. Resultinng deterioratioon of
material ((critical) propeerties is meassured – in the most
universal way – as a fuunction of displlacements per target
atom (DP
PA). DPA is a strong functioon of projectilee type,
energy annd charge as weell as material properties inclluding
its temperrature. The phhenomenon beecomes very serious
for high-in
intensity beamss especially foor high-charge heavy
ions (~z2 ), being identtified, for exaample at FRIB
B and
FAIR, as one of the crittical issues, lim
miting the lifetiime of
targets to as low as a few
w weeks.
DPA m
modelling in thhe MARS15 ccode is done ffor an
arbitrary pprojectile of eenergy rangingg from 1 keV to 10
TeV as deescribed in Reef. [13]. A prim
mary knock-onn atom
(PKA) crreated in nucclear collisionns can generrate a
cascade oof atomic dissplacements. This is takenn into
account vvia a damage fu
function ν(T). D
DPA is expressed in
terms of a damage crosss section σ d :

σ d (E ) =

Tmax

∫

Td

dσ ( E , T )
ν (T )dT ,
dT

where E is kinetic enerrgy of the proojectile, T is kkinetic
energy ttransferred too the recoil atom, Td iss the
displacem
ment energy, annd Tmax is the hhighest recoil eenergy
accordingg to kinematiccs. In a modiified Kinchin--Pease
model, ν((T) is zero at T<Td, unity aat Td <T<2.5T
Td, and
k(T)Ed/2T
Td at 2.5Td <T
T, where Ed is “damage” eenergy
available to generate atomic displaacements by eelastic
collisions . Td is an irreegular functionn of atomic nuumber
(~40 eV).. The displaceement efficienccy, k(T) dropss from
1.4 to 0.33 once the PKA
A energy is inncreased from 0.1 to
100 keV,, and exhibitss a weak deppendence on target
material aand temperatuure. The Rutheerford cross-seections
with Mott
tt corrections aand nuclear foorm-factors aree used
for electrromagnetic ellastic (Coulom
mb) scattering. The
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ddisplacement cross-sections are calculateed in the code
uusing an imp
proved, compaared to [13], algorithm and
d
shown in Figs.. 5 and 6.
.
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mparison of thee MARS15 D
DPA model to other
A comp
DPA-capaable codes shoowed a reasonaable agreemennt with
SRIM inn a dE/dx-dom
minated case, a factor of three
differencees with DPA
A calculated w
with MCNPX
X and
PHITS ffor a nuclearr-dominated ccase and a larger
disagreem
ment for the cases where thhe other codess have
incomplette description of the electrom
magnetic compponent
of DPA [113]. Obviously,, more work is needed in thiss area.

BL
LIP BEAM T
TEST FOR NEUTRIN
NO
PRODUC
CTION TAR
RGETS

F
Figure 5: Diisplacement cross-section
c
in
i carbon fo
or
vvarious projecttiles.

The maajority of dataa on radiation damage is avaailable
for reactoor neutrons. Sttudies with huundred MeV prrotons
have reveealed that a threeshold of abouut 0.2 DPA exissts for
carbon coomposites andd graphite [14]. MARS15 sstudies
helped reealize that thee BLIP beam tests at BNL
L with
0.165-GeV
V protons cann emulate the neutrino produuction
target situuation for a 1220-GeV protonn beam at Ferrmilab
[13]. It tuurns out that ddespite a substtantial differennce in
the beam energies in theese cases, nucllear interactionns and
Coulomb scattering conntribute about the same wayy (4550% eachh) to the peak D
DPA in graphite targets irradiated
at these ttwo facilities. Fig. 7 showss 2D distributiion of
DPA prodduced in the test module w
with low-Z saamples
after 9 weeeks of irradiattion with a 1655-MeV proton beam
of 94 mA
A current with σx = 8.92 mm
m and σy = 6.799 mm.
One can ssee that the 0.22 DPA level caan be achievedd after
such irraddiation. The caalculated hydroogen gas produuction
rate is aboout 2×1012 cm-33 s-1.

Figure 7: Calculated DP
PA isocontours in the BLIP m
module
with eleveen low-Z sampples.

S
SUMMARY
Y

F
Figure 6: Diisplacement cross-section
c
in silicon fo
or
vvarious projecttiles.
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Recent developmentss in the MARS
S15 physics m
models,
such as nnuclide producttion, decay and transmutatioon and
all-compoonent DPA moodelling for arbbitrary projectiiles in
the 1 keV
V to 10 TeV eneergy range, addd new capabilities to
the code crucial in nuumerous appliications with highintensity hhigh-power beeams. Some diiscrepancies inn DPA
rate prediictions by sevveral codes, reelation of DPA
A and
H/He prooduction rates to changes in material properties,
as well ass correspondinng experimentaal studies at ennergies
above a hhundred of MeeV are the areeas requiring ffurther
efforts.
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STUDIES OF MATERIAL PROPERTIES UNDER IRRADIATION AT BNL
LINEAR ISOTOPE PRODUCER (BLIP)*
N. Simos#, H. Kirk, H. Ludewig, BNL, Upton, NY 11973, USA
N. Mokhov, P. Hurh, J. Hylen, J. Misek, FNAL, Batavia, IL 60510, USA
Abstract
Effects of proton beams irradiating materials considered
for targets in high-power accelerator experiments have
been under study using the Brookhaven National
Laboratory’s (BNL) 200 MeV Linac. The primary
objectives of the study are to (a) observe changes in
physio-mechanical properties (b) identify possible limits
of proton fluence above which materials seize to maintain
integrity, (c) study the role of operating temperatures in
inducing radiation damage reversal, and (d) correlate
radiation damage effects between different irradiating
species on materials by utilizing reactor and particle
accelerator experience data. These objectives being
addressed in the latest material irradiation study linked to
the Long Baseline Neutrino Experiment (LBNE).
Observations on materials considered for high-power
targets
and
collimators,
including
preliminary
observations of the LBNE study are presented.

INTRODUCTION
High-performance targets under consideration to
intercept multi-MW proton beams of a number of new
particle accelerator initiatives depend almost entirely on
the ability of the selected materials to withstand both the
induced thermo-mechanical shock and simultaneously
resist accumulated dose-induced damage which manifests
itself as changes in material physio-mechanical properties.
The increased demand imposed on the targets of highpower accelerators, which amounts to an order of
magnitude over the experience from accelerator
experiments to-date, combined with the physical
limitations characterizing most common materials have
led to an extensive search and experimentation with a
number of new alloys and composites. In addition this
search included renewed focus and interest on materials
such as graphite which has been used extensively in both
particle accelerators as target material and in nuclear
reactors as a moderator. Driving the renewed interest in
graphite is the variety of its lattice structure which may
have a significant influence on its ability to operate safely
at the increased demand levels of beam-induced shock
and irradiation flux.
Proton irradiation effects on a wide array of materials
considered to support high power experiments have been
studied extensively using the BNL 200 MeV proton beam
of the Linac and utilizing the target station of the Linear
Isotope Producer (BLIP).
*Work supported by the U.S. Department of Energy.
simos@bnl.gov
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Based on the Linac/BLIP parameters, and depending on
the mode of operations in conjunction to the BNL
accelerator complex, 20-24 kW of proton beam power
(~95-100 μA current) are effectively used to irradiate
target materials under consideration. The objectives of
the material irradiation studies include:
(a) the identification and quantification of potentially
present fluence and/or flux thresholds which may limit
certain materials from operating for extended periods
under MW-level operating conditions. Specifically, focus
in the identification of such threshold was prompted by
observations made on materials such as graphite and
carbon-carbon composite which, based on reactor
experience data, should have been able to maintain
integrity at much higher integrated dose but appeared to
be limited by a proton fluence threshold,
(b) the potential role that target operating temperature
may play in inducing the reversal or “healing” of radiation
damage that the material undergoes due to the beam
exposure. Experimental results of studies to-date using the
BNL Linac beam to irradiate special alloys and
composites revealed that certain lattice structures are
capable of undergoing a reversal of the induced damage
that is prompted by a threshold temperature which is
capable of mobilizing the radiation-induced defects in the
material and thus enabling the restoration of the original
physical properties and
(c) the correlation of damage different irradiating species,
such as energetic protons or neutrons, induce on materials
as well as the energy dependence of irradiation damage.
Nuclear reactor experience data on materials such as
graphite exposed to primarily thermal neutrons when
compared with experience data from accelerator targets
where energetic protons are interacting with the same
materials reveal differences in the damage rate which
could be attributed to the irradiating species, the particle
energy or both. Recent experimental results on graphite
and carbon-carbon composites irradiated using the 200
MeV protons at BNL BLIP indicated that a threshold
fluence appears to exist at ~ 0.5x1021 protons/cm2 beyond
which these materials, which have survived much greater
fluences in nuclear reactor environments, experience
serious structural degradation.
Prompted by the BNL experimental data on graphite
and carbon-composites and by the observed NuMI
graphite target neutron yield reduction which has been
attributed to progressive target radiation damage, the
interest in understanding the behavior of these materials
under proton irradiation and quantifying the fluence
limitations that appear to play a role has been renewed.
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Directly connected with the study is the Long Baseline
Neutrino Experiment (LBNE) where low-Z material such
as graphite, carbon-carbon composite, beryllium or its
alloy AlBeMet are being considered as potential targets
for the MW-level accelerator where 120 GeV protons will
be intercepted. Establishing the rate of damage of the
potential candidate materials of the LBNE is paramount
and correlating the anticipated higher damage at the 200
MeV energies to the 120 GeV of the LBNE is the means

to deducing target operating lifetime.
In the following sections results from material irradiation
studies at BNL BLIP that are relevant to the high power
targets and in particular to the LBNE initiative are
presented and discussed. Further, details of the ongoing
study directly linked to the LBNE effort, including some
preliminary findings, are presented

EXPERIMENTAL STUDIES AT BNL BLIP
Over the last decade and in an effort to identify suitable
target materials for various initiatives such as muon
collider/neutrino factory and the Neutrino Superbeam
(currently Long Baseline Neutrino Experiment) studies
using the accelerator complex at BNL have been
undertaken [1]. These have in the process been augmented
with studies focusing on candidate materials for the LHC
collimating system as well as other accelerator
components ranging from LHC calorimeter detectors, to
CZT crystals and rare earth magnets for synchrotron
insertion devices. With the main thrust of the effort linked
to high-power accelerator targets, beam-induced shock
and radiation damage have been the primary focus. The
effect of intense proton pulses and the ensuing thermomechanical shock on the target material has been
addressed with an early BNL study utilizing the 24 GeV
AGS beam [2], [3]. In the effort to identify materials that
can withstand thermal shock, attention was paid on the
key physical property of thermal expansion which, along
with other physical parameters, controls the level of
resulting stresses in the target. Therefore, the ability of
materials to exhibit low thermal expansion and, most
importantly, to be able to maintain it after extensive beam
exposure and irradiation damage of the lattice structure is
very significant towards target longevity. Results of
studies exploring materials throughout the atomic number
range (from low-Z such as graphite to high-Z such as
tungsten) are presented in this section while focusing
primarily on the thermal expansion and the effects of
radiation. It should be noted that thermal expansion can
also very clearly reveal phase transformations in materials
which may provide important clues regarding the onset of
changes in the material as well as help establish operating
temperatures. The effect of prolonged beam exposure on
thermal expansion and the “shifting” of phase
transformation onset are of primary interest. In the
following, irradiation effects on materials representing the
three regimes (low, mid and high-Z) are shown and
discussed.
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Low-Z Materials Damage Studies
In addition to graphite in its variety of grades which
have been used extensively as primary targets interest has
been focused on carbon-carbon composites and the low-Z
alloy of Beryllium with aluminum AlBeMet as an
alternative to pure Beryllium. Carbon-carbon composites,
in particular, which appear in two- and three-dimensional
weave structure (designated as 2D and 3D hereafter)
exhibit very low thermal expansion along the carbon fiber
orientation and are much stronger than graphite. These
two attributes directly influencing shock absorbing
capabilities led to their consideration for higher power
targets than what graphite have served to-date and for
beam intercept elements in the LHC collimators. BNL
studies using the 24 GeV AGS beam with a tightly
focused proton pulse (0.3mm x 0.9mm rms and 4 x 1012
24 GeV protons) confirmed the superiority of carbon
composite structures in mitigating thermal shock.
However, the ability of the fiber-reinforced carbon to
resist radiation damage was widely untested which led to
the radiation damage experiments at BNL BLIP along
with a variety of graphite grades. Included in the matrix of
low-Z materials the AlBeMet alloy (62% Be and 38% Al)
was also considered and evaluated against pure
Beryllium. Figure 1 depicts post-irradiation measurements
of the coefficient of thermal expansion (CTE) for
AlBeMet and Be at 550oC as a function of proton fluence.

Figure 1: Thermal expansion coefficients of irradiated
AlBeMet and Beryllium at elevated temperatures (550oC).
Shown in Figure 2 is the effect of proton irradiation to
0.1 dpa (displacements-per-atom) on the thermal
expansion of the two materials as a function of
temperature. At this irradiation level the CTE of the two
materials is generally unaffected.

Figure 2: Comparison of the effects of proton radiation on
the thermal expansion of AlBeMet and Beryllium.
To better understand the damage “annealing” properties
of fiber reinforced carbon composites detailed studies
where conducted comparing 2D and 3D composite
structures. As shown in Figure 3 thermal cycling to a
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given peak temperature appears to restore part of the
damage which manifests itself in the form of a dramatic
change in the material thermal expansion. As shown, up
to the irradiating temperature (~130oC) for this
experiment) the carbon composite material is unaffected
in that damage reversal takes place while the material is
being irradiated. Figure 3 also shows a comparison of the
thermal expansion parallel the fiber plane of irradiated 2D
and 3D carbon composites irradiated to a fluence of
~0.8x1021 protons/cm2 following progressive thermal
cycling and damage reversal at lower temperatures. The
unique behavior of these carbon structures which was
observed in all the irradiation phases which led to
different peak fluences was considered as a primary drive
to design long-lasting high-power targets operating at
temperatures where self-annealing can take place.

Figure 3: Progressive damage reversal via thermal cycling
shown by 2D (along the fiber plane) carbon composite.
The irradiation studies which led to peak fluences >
0.5x1021 protons/cm2 also revealed that both carbon fiber
structures and graphite are experiencing an accelerated
structural degradation. Especially for graphite which
survived in nuclear reactor core environments receiving
much higher doses, this was an unexpected finding.
Repeated BNL BLIP experiments under the same
conditions (water-cooled target materials irradiated in the
range of 120-180 MeV protons) with fluences that crossed
the 0.5x1021 protons/cm2 threshold confirmed the original
observations. Shown in Figure 4 are irradiated graphite
specimens (IG-43) which experienced serious structural
damage. Figure 4a depicts a special specimen where
fusion bonding of graphite is achieved with titanium alloy
Ti6Al4V. The special interface shown in the SEM graph
prior to irradiation has been lost due to graphite
disintegration following irradiation (insert).

Mid-Z Range Materials Damage Studies
Materials in this mid-Z range explored for either high
power targets or beam collimating elements include
super-Invar, the gum super-alloy (Ti-12Ta-9Nb-3V-6ZrO), the titanium alloy Ti-6Al-4V, inconel-718, Cu, and
Glidcop (Cu alloyed with 0.15% AlO3). Target studies in
this range were prompted by the extremely low thermal
expansion coefficient of super-Invar up to 150oC in order
to help mitigate thermal shock. Following irradiation at
BNL BLIP to ~0.20 dpa, it was revealed, as shown in
Figure 5a that it undergoes significant change. However,
and following post-irradiation annealing the threshold
temperature which is required to fully restore the material
was established (Tanneal ≥ 600oC). Subsequent irradiation
Beam Material Interaction
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cycles to even higher fluences revealed that while the
material undergoes degradation in terms of its thermal
expansion behavior, annealing above the established
threshold leads to full restoration as shown in Figure 5b.

Figure 4: Observed graphite (IG-43) damage in following
irradiation at BLIP.
Irradiation studies on the gum super-alloy [3], which
possesses invar properties at even greater range (up to ~
400oC) and exhibits non-elasticity with low Young’s
modulus and super-plastic behavior, revealed that the
alloy is greatly affected by temperatures that exceed the
phase transformation regime of 450-500oC and irradiation
which removes its super-plastic behavior. Figure 6a
depicts the thermal expansion of gum metal through the
phase transformation temperature regime and shows that
the transition, while unaffected by radiation, is controlled
by temperature. Figure 6b shows the dramatic loss of
ductility in this alloy following modest irradiation levels
and compared with the response of the Ti6Al4V alloy.

Figure 5: Super-Invar post-irradiation damage reversal.
Radiation damage studies on Inconel-718 alloy, Cu and
Glidcop considered for LHC Phase II collimating
elements revealed that the effects on thermal expansion
which is primary consideration for the intended function
are very small. Assessment on thermal conductivity and
stress-strain behavior is in progress.

High-Z Materials Damage Studies
In evaluating high-Z materials for use as high-power
accelerator targets, tungsten and tantalum were irradiated
at BNL BLIP to ~1.5 dpa. Combined with the radiation
effects was the temperature and operating environment
influence on these two materials. As shown in Figure 7
tantalum undergoes a phase transition at ~ 600oC which is
moderately affected by radiation in that the transition
temperature is lowered. A subtle phase transition (which
has also been observed by other researchers in unirradiated tungsten) at ~350oC is shown in Figure 8. The
CTE of tungsten is shown to be largely unaffected by
irradiation.
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pions towards the decay tunnel where they decay into
muons and eventually neutrinos. By implementing the
same basic NuMI target design while increasing the
power by approximately an order of magnitude, serious
consideration to the choice of target material (currently
ZXF-5Q amorphous graphite) is given.

LBNE IRRADIATION DAMAGE STUDIES
Figure 6: Irradiation effects on gum metal.

Figure 7: Irradiation effects on tantalum CTE.

Figure 8: Irradiation effects on tungsten CTE.
What is significant, however, is the loss of material due
to surface oxidation of tantalum. Shown in Figure 9 is the
disintegration of tantalum above 1100oC in air. The BNL
study, following confirmation of the rate of oxidation
observed in previous studies [4] for un-irradiated
tantalum, revealed that irradiation accelerates the process.

The Long Baseline Neutrino Experiment is aiming to
achieve a power of 2 MW where a tightly focused beam
of 120 GeV protons from the Fermilab Main Injector will
be intercepted by a target configuration that resembles the
currently operating, but much lower power, NuMI target
shown in Figure 10. The NuMI target design consists of
an encapsulated and segmented rod inserted into the
magnetic horn which catches and guides the liberated
pions towards the decay tunnel where they decay into
muons and eventually neutrinos. By implementing the
same basic NuMI target design while increasing the
power by approximately an order of magnitude, serious
consideration to the choice of target material (currently
ZXF-5Q amorphous graphite) is given. The evaluation of
a number of candidate target materials in the low-Z
regime that is desired for optimizing the neutrino spectra
was instigated by (a) the need to identify a material that
will operate at the 2 MW level with acceptable lifetime,
(b) the observed degradation of yield from the NuMI
target seen in Figure 11 and attributed to radiation damage
in the ZXF-5Q graphite due the accumulated dose, and (c)
the experimental observations at BNL on damage in
graphite and carbon composites.

Figure 10: Operating NuMI target schematic and baseline
for LBNE target concept.

Figure 9: Oxidation of irradiated Ta at 1100oC.

LBNE IRRADIATION DAMAGE STUDIES
The Long Baseline Neutrino Experiment is aiming to
achieve a power of 2 MW where a tightly focused beam
of 120 GeV protons from the Fermilab Main Injector will
be intercepted by a target configuration that resembles the
currently operating, but much lower power, NuMI target
shown in Figure 16. The NuMI target design consists of
an encapsulated and segmented rod inserted into the
magnetic horn which captures and guides the liberated
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Figure 11: Observed NuMI graphite target yield
degradation attributed to radiation damage.
In order to qualify and quantify the feasibility of low-Z
materials as target candidates for LBNE, a new
experiment was conceived where the accelerated damage
anticipated using the BNL BLIP facility operating to
levels up to 200 MeV (as compared to the 120 GeV
LBNE beam) will be utilized to evaluate a selected array.
The primary goals where (a) to qualitatively assess and
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compare the different materials and their resilience
against irradiation damage (degradation of key physiomechanical properties) and (b) to assess the effect of
operating target ambient (water-cooling vs. vacuum or
inert gas) on structural integrity degradation observed in
water-cooled graphite and carbon composites at BNL and
a number of other accelerator experiments [5, 6].
In designing the LBNE BLIP irradiation experiment the
correlation of radiation damage between the 120 GeV
LBNE proton beam and the 180 MeV BNL Linac beam
was sought [7]. Using the capabilities of the tracking code
MARS15 [8] along with the beam operating parameters
(beam spot, current, etc) the duration of the BNL BLIP
experiment that is required to reveal potential damage in
~1 year of LBNE operation was established. It should be
noted that radiation damage is expected to be higher in the
lower energies where BLIP operates than in either the
NuMI or LBNE operating with 120 GeV beam. Figures
12a and 12b show the layout of the NuMI target
configuration and the baseline material matrix that was
being considered for BLIP beam irradiation. The baseline
array consists of several graphite grades such as ZXF-5Q
POCO, Toyo-Tanso IG-430, R7650 and 2020 graphite, 3D
Carbon-Carbon composite, Beryllium, AlBeMet and
hexagonal Boron-Nitride.

WEO1B03

isotope yield cross-sections can be optimized, the BNL
Linac operated at its 181 MeV mode. To balance the
beam energy consumption through the LBNE targets
while reducing the water volume in the cooling gaps such
the short-lived isotopes released to the atmosphere remain
below site limits, the arrangement shown in Figure 13a
was finally adopted. Removed from the matrix, both for
energy balance and water volume minimization are
beryllium and AlBeMet and replaced with a vacuum
degrader. In the configuration the upstream two layers are
cooled with water to emulate the conditions of recent
BLIP irradiations while the remaining six targets layers
are encapsulated in a hermetically sealed argon
Figure 13 depicts the encapsulated
environment.
arrangement of target specimens which were expected to
operate at higher temperatures than the water-cooled
counterparts. Detailed beam energy deposition and heat
transfer studies have been performed in an effort to
estimate the operating temperatures. The LBNE BLIP
irradiation study was initiated in March of 2010 and was
completed in early June achieving the goal of 9-week
irradiation period.

Figure 13: Specimen arrangement of encapsulated
specimens in argon atmosphere.

Preliminary Results - LBNE BLIP Experiment
Figure 12: MARS15 comparative dpa analysis for NuMI
and LBNE-BLIP target configurations .
The MARS15 analysis revealed that for the
NuMI/LBNE experiment operating at 120 GeV with beam
σ = 1.1mm and 4.0e20 protons/year the expected peak
damage in graphite will be 0.45 dpa while for the BLIP
configuration with a beam energy of 165 MeV and σ =
4.23mm and 1.124e22 protons on target/year the expected
damage will be 1.5 dpa. Based on these analytical results
for carbon materials of interest the effect or damage of 0.7
MW LBNE operations can be achieved in ~7-8 weeks at
BLIP.
To enable the isotope production at BLIP to continue
uninterrupted while the LBNE targets are being irradiated
modifications to the baseline matrix were made. Given
that the isotope production targets which were to operate
downstream of the LBNE target arrangement require a
specific incoming beam energy of 112.6 MeV so the
Beam Material Interaction

Upon completion of the 9-week irradiation at BLIP
with estimated 120 mA-hrs of beam on the LBNE targets
(integrated current quoted is expected to rise by as much
as 10% upon introduction of beam monitoring system
correction factors) and of the “cool-down” period that
allowed for sample transport to the hot cell laboratories,
preliminary assessments were made on the irradiated
targets.
One of the primary goals during the LBNE irradiation
experiment was by exposing carbon-based materials to a
fluence that exceeds the observed threshold of 0.5x1021
protons/cm2, which triggered serious structural damage in
water-cooled graphite and carbon composites, assess the
influence of the ambient environment (water vs. vacuum
or inert gas) on the radiation-induced damage. Figure 21
depict the condition of the water-cooled 3D carbon
composite following the 9-week irradiation. As clearly
shown, structural degradation has appeared as expected
given the preliminary estimates are that the threshold
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fluence has been exceeded during the experiment. Shown
also in Figure 14 are individual 3D CC specimens. The
damaged specimen in the middle of the pack is watercooled irradiated specimen while the one at the top is one
exposed to the same level but within the encapsulated
argon environment and with no apparent structural
damage. For reference also shown is an un-irradiated 3D
CC (bottom) which appears to be in same physical
condition as the argon-encapsulated irradiated specimen.
This is a significant finding because it demonstrates the
significant role cooling water in contact with the carbon
composite surface plays in damage acceleration.

Figure 14: Irradiation damage in water-cooled 3D carbon
composite LBNE targets irradiated at BLIP.
To assess how irradiation, in combination with the
environment, affect the physical properties of carbon
composite, the thermal expansion at temperatures up to
310oC were studied and compared. As shown in Figure
15, the behavior of the 3D-CC in both environments
(water and argon gas) is remarkably similar to what has
been observed in previous studies and the material
exhibits damage reversal following thermal cycling with
peak temperature greater than the irradiated temperature.
Important to note in Figure 15 is the confirmation that the
argon environment 3D CC specimen was operating at a
higher temperature during irradiation. Following thermal
cycling to 310oC (temperature range is limited to avoid
oxidation) both specimens reclaim the un-irradiated CTE
for the regime up to 310oC. Comprehensive postirradiation analysis is under way and its findings will be
published in due time.

SUMMARY
Presented in this paper are results of an extensive
irradiation study using the BNL Linear Isotope Produce
facility and utilizing the 200 MeV Linac protons to
irradiate a wide range of materials. Special attention has
been paid to low-Z materials and in particular carbonbased (graphite and fiber reinforced carbon composites)
because of (a) the numerous accelerator initiatives
considering such materials for targets and beam halo
intercepts, and (b) the lower-than-expected damage
threshold observed when such materials are in direct
contact with cooling water. Of interest also has been the
assessment of irradiation-induced changes in physical
properties and in particular thermal expansion of materials
across the atomic number range (from low to high-Z).
Experimental results and implications have been
presented and discussed.
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Figure 15: Thermal expansion of irradiated 3D carbon
composite following irradiation and thermal cycling.
The paper discussed the most recent irradiation study at
BNL linked to the LBNE targets including the objectives,
and some of the preliminary results. The most important
finding to-date is that lower-than-expected damage
threshold in carbon-carbon composite is the direct result
of the beam-water combination and not the proton beam
alone. This was assessed on the basis of direct comparison
of exposed carbon material under same beam parameters
but different ambient conditions. This implies that by
removing the environmental factor the lifetime of this
material which has been also demonstrated to be superior
in absorbing beam-induced shock can be extended beyond
the previously thought fluence threshold.

REFERENCES
[1] N. Simos, et al., “Target Material Irradiation Studies
for High-Intensity Accelerator Beams,” Nucl. Phys.
B (Proceedings Suppl.), 149, 259-261, 2005.
[2] N. Simos, et al., “Solid Target Studies for Muon
Colliders and Neutrino Beams,” Nucl. Phys. B
(Proceedings Suppl.), 155, 288-290, 2006.
[3] T. Saito, et al., Multifunctional Alloys Obtained via a
Dislocation-Free Plastic Deformation Mechanism,
Science, 300 (2003) 464.
[4] J. Stinger, “Oxidation of Tantalum in OxygenNitrogen and Oxygen-Inert Gas Mixtures”, Oxidation
of Metals, Vol. 11, No.5, 1977.
[5] G. Heidereich, “Carbon and Beryllium Targets at
PSI,” ICFA Workshop, Proc. AIP 642 122, 2002.
[6] E.W. Blackmore, et al., “Operating Experience with
Meson Production Targets at TRIUMF,” PAC 2005
Proceedings, pp. 1919-1921, 2005.
[7] N. Mokhov et al., "Sumulation and Verification of
DPA in Materials", Proc.of the Workshop on
Applications of High Intensity Proton Accelerators,
Ed. R. Raja and S. Mishra, Fermilab, October 2009,
World Scientific, p. 128 (2010).
[8] N.V. Mokhov, “The Mars Code System User's
Guide”, Fermilab-FN-628 (1995); N.V. Mokhov, S.I.
Striganov, “MARS15 Overview”, in Proc. Of
Hadronic Shower Simulation Workshop, Fermilab,
September 2006, AIP Conf. Proc. 896, pp. 50-60
(2007); http://www-ap.fnal.gov/MARS/.

Beam Material Interaction

Proceedings of HB2010, Morschach, Switzerland

WEO1B04

BEAM-LOSS CRITERIA FOR HEAVY-ION ACCELERATORS AND
ACTIVATION OF DIFFERENT MATERIALS*
I. Strašík#†, V. Chetvertkova†, GSI Helmholtzzentrum für Schwerionenforschung,
Darmstadt, Germany
E. Mustafin, GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany
M. Pavlovič, Slovak University of Technology, Bratislava, Slovakia
Abstract
Assessment of the radiation hazards from activated
accelerator components due to beam-losses is a serious
issue for high-energy hadron facilities. Important
radiation-safety principle ALARA (As Low As
Reasonably Achievable) calls for minimizing exposure to
people. That is why the uncontrolled beam-losses must be
kept on the reasonable low level. The beam-losses below
1 W/m are considered as a tolerable for “hands-on”
maintenance on proton accelerators. The activation of the
heavy-ion accelerators is in general lower than the
activation of the proton machines. In our previous work,
we estimated the "hands-on" maintenance criteria for
heavy ions up to uranium in stainless steel and copper by
scaling the existing criterion for protons. It was found out
that the inventory of the isotopes and their relative
activities do not depend on the primary-ion mass but
depend on the target material. For this reason in the
present work the activation of other important accelerator
construction materials like carbon, aluminium and
tantalum was studied using the FLUKA code.

INTRODUCTION
Activation of accelerators due to uncontrolled beam
losses during normal operation is an important issue
especially for high-energy hadron accelerators [1-4]. The
residual activity induced by lost beam particles is a
dominant source of exposure to personnel and one of the
main access restrictions for ‘‘hands-on’’ maintenance [1].
Quantification of the residual activity provides
fundamental information that can be used in several ways:
(1) to specify the tolerable beam losses in the machine,
(2) to optimize the choice of construction materials, or (3)
to estimate the necessary ‘‘cooling’’ time after turning off
the beam. All these three measures are important with
respect to the reduction of personnel exposure.
The well known available information is that activation
caused by uncontrolled beam losses uniformly distributed
along the beam line on the level of 1 W/m can be
accepted for high-energy proton accelerators as tolerable
to ensure the “hands-on” maintenance [5]. The effectivedose rate in the vicinity of the activated accelerator
components then should not significantly exceed 1 mSv/h
for a typical operating period of an accelerator followed
by a reasonable “cooling down” time before the “handson” maintenance (100 days irradiation / 4 hours cooling /
___________________________________________
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30 cm distance) [6-8]. The beam-loss criteria for
heavy-ion accelerators were specified by scaling the
1 W/m criterion for protons [8-10].
In the frame of the FAIR project (Facility for
Antiproton and Ion Research) [11] extensive experimental
studies [12-14] and Monte Carlo simulations [8-10] of the
residual activity induced by high-energy heavy ions in
copper and stainless steel were performed at GSI
Darmstadt. The simulations were performed by FLUKA
[15, 16] and SHIELD [17, 18] codes. It was shown that
the induced residual activity decreases with increasing
primary-ion mass and with decreasing energy [8-10].
Besides that it was found out that the isotope inventory
and their relative activities depend on the target material.
The results presented in this paper follow the previous
studies [8-10] and give information about the residual
activity induced in other materials: carbon, aluminium
and tantalum. These materials are important for the
construction of collimators [19, 20] and in addition
aluminium also for the construction of beam pipes [21].

BEAM-LOSS CRITERIA FOR HEAVY-ION
ACCELERATORS
FLUKA and SHIELD codes were used for simulation
of the residual activity induced by various projectiles in
two target configurations representing: (1) a beam pipe of
an accelerator and (2) a bulky accelerator structure like a
magnet yoke, a magnet coil or a collimator. The purpose
of the simulations was to compare heavy ions with
protons [8-10]. The target materials were stainless steel
(beam pipe and bulky target) and copper (bulky target)
representing the most common construction materials
used for basic accelerator components. The assumed
stainless-steel composition was C (0.07%), Mn (2.0%), Si
(1.0%), Cr (18%), Ni (9.5%), and S (0.03%) in addition to
iron (stainless steel 304). The simulations were performed
for 1H, 4He, 12C, 20Ne, 40Ar, 84Kr, 132Xe, 197Au and 238U at
energies from 200 MeV/u up to 1 GeV/u. The residual
activity and the effective-dose rate at the distance of 30
cm from the beam-pipe outer surface were calculated at
different time points [8]. The activity was scored by both
codes whereas the dose rate only by FLUKA.

Beam-Loss Criteria for Beam Pipes
The assumed beam-pipe geometry was a 10 m long
tube made of stainless steel, 10 cm inner diameter, 2 mm
wall thickness. The glancing angle between the incident
beam particles and the inner surface of the beam pipe was
1 mrad. The irradiation time was 100 days. The beam
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pipe was irradiated by 1 W/m of beam particles. The
beam particles were distributed uniformly along the beam
line as shown in Fig. 1.

Figure 1: A model of the beam-pipe irradiation.
It was found that the inventory of isotopes with a
dominating contribution to the total activity as well as
their relative activities (with respect to the total activity)
do not depend on the projectile species [8]. This can be
explained by the fact that the isotopes are produced
mostly by secondary particles rather than by the primary
projectiles, as confirmed also experimentally [12-14].
Since the inventory of the isotopes and their relative
activities are very similar for all projectiles, the time
evolution of the activity during and after irradiation can
be described by means of a generic curve that is
independent from the projectile mass [8].
The residual activity was calculated at several time
points after the end of irradiation. It was found out that
the activity induced by 1 W/m of beam particles is
decreasing with increasing ion mass. It is also decreasing
with decreasing energy [8-10]. The same trend was
observed for the effective-dose rate.
Such decrease of the activity can be explained by the
fact that the heavy ions at lower energies are stopped
mostly by Coulomb interaction with the target electrons
and only a minor part of them interacts with the target
nuclei. In other words, the Coulomb stopping range of
these particles is shorter compared to their mean-free path
of nuclear interaction. In contrary, protons and light ions
have their ranges longer than the mean-free path [8, 22].
So far, it was found out that: (1) inventory of the
isotopes induced in the stainless-steel beam pipe does not
depend on the projectile species, (2) time evolution of the
induced activity correlates to the generic curve, and (3)
the activity induced by 1 W/m of beam particles is
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decreasing with increasing ion mass and with decreasing
energy. These facts allow us to introduce a scaling law for
heavy-ion beam-loss tolerances based on the accepted
criterion of 1 W/m for protons. For this purpose, we
define the normalized activity as the activity induced by
unit beam power of 1 W at given time representing the
lost beam particles hitting the accelerator structures. In
the case of the beam-pipe geometry, these lost beam
particles are assumed to be distributed uniformly along
the beam pipe. The scaling factor is then obtained as the
ratio of the normalized activity induced by 1 GeV proton
taken as a reference in order to get a universal criterion, to
the normalized activity induced by the beam of interest.
Simulations of the beam-pipe activation showed that
normalized activity induced by uranium ions is about
12 times lower at 1 GeV/u, 23 times lower at 500 MeV/u,
and almost 75 times lower at 200 MeV/u compared to
1 GeV protons. Therefore the tolerable beam losses for
uranium beam could be 12 W/m at 1 GeV/u, 23 W/m at
500 MeV/u, and 75 W/m at 200 MeV/u. Other particles
were treated in the same manner and results are plotted in
Fig. 2. The same results are valid also for the
effective-dose rates.
The FLUKA simulations were cross-checked with
simulations performed by the independent Monte Carlo
code SHIELD. The main purposes of this comparison
were code/code benchmarking and investigation of a
possible influence of the 100 MeV/u threshold for heavyion inelastic interactions in the FLUKA code: the heavy
ions below this value are excluded from the simulation of
the activation process. The results of the SHIELD
simulations are presented also in Fig. 2. It can be seen that
except for the beam energy of 200 MeV/u, the results are
very similar. In case of the 200 MeV/u beam energy, the
beam-loss criterion calculated by FLUKA is less strict
than those calculated by SHIELD. This discrepancy is
very likely caused by the 100 MeV/u threshold for heavyion interactions in FLUKA, since the discrepancy at
higher beam-energies is smaller [8].
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Figure 2: Scaling factor for the beam-loss criteria in the beam pipe as a function of primary ion mass. The scaling factor
is represented by the ratio of the normalized activity induced by 1 GeV proton beam, Ap(1GeV), to the normalized
activity induced by the beam of interest at given energy, Ai(E). The activities were calculated by FLUKA (left) and
SHIELD (right) 4 hours after the end of irradiation.
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Beam-Loss Criteria for Bulky Structures
Besides the beam pipe, accelerators contain also bulky
structures. For this reason, FLUKA and SHIELD
simulations of the activity induced by various projectiles
were done also for a bulky target. The target materials
were stainless steel and copper. The simulations were
performed for the same projectiles as for the beam pipe.
The assumed geometry of the bulky target was a fullmaterial cylinder of 20 cm in diameter, 60 cm long. In this
case the beam particles were impacted to the basement of
the cylinder perpendicularly to its surface (see Fig. 3).

Figure 3: A model of the bulky-target irradiation.
Similarly to the beam pipe, the inventory of the
isotopes induced in the bulky target and their relative
activities do not depend on the projectile species.
However, a well-pronounced dependence on the target
material was observed (see Fig. 4).
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DEPENDENCE OF THE RESIDUAL
ACTIVITY ON THE TARGET MATERIAL
Comparison of the Stainless Steel with Copper
It was shown in Fig. 4 that the isotope inventory and
their relative activities strongly depend on the target
material. In case of stainless steel and copper this fact
does not have an influence to the beam loss criteria which
are almost the same for both materials. Even the absolute
values of the normalized activities induced in the stainless
steel and copper targets are similar. For example, ratio of
the normalized activity induced in stainless steel to the
normalized activity induced in copper by 1 GeV/u
projectiles, vary from factor 0.6 to 2.0 at different time
points after irradiation: immediately, 4 hours, 1 day,
1 week and 2 months (see Table 1). Note that 4 hours
after irradiation the activities induced in stainless steel
and copper target are very close to each other.
Table 1: Stainless steel to copper ratio of the normalized
activities induced by 1 GeV/u projectiles at different time
points after irradiation.

Mn

The normalized activity induced in the bulky target is
again decreasing with increasing ion mass but
significantly less than in case of the beam pipe. The
beam-loss criteria for heavy ions in case of the bulky
accelerator structures are then more strict than in case of
the beam pipes. For example, the tolerable beam-losses
for uranium beam could be 5 W/m at 1 GeV/u, 12 W/m at
500 MeV/u and 60 W/m at 200 MeV/u. In general, the
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scaling factor for the criteria depends on the target
thickness [8]. The thin-wall beam-pipe exhibits
significant leakage of the heavy-ion projectiles break-up
nucleons [23] from the wall at small angles, which
decreases the induced activity. Their contribution to the
beam-pipe activation is missing and the activity is lower
than in case of the bulky target [8].
On the contrary to the beam pipe, there is no such
discrepancy between FLUKA and SHIELD at 200 MeV/u
in the bulky target. The reason can be that the activity
induced by primary particles compared with the activity
induced by secondary particles is higher in case of the
beam pipe than in case of the bulky target [8].
Although the inventory of induced isotopes and their
relative activities in stainless steel and copper bulky target
are different (see Fig. 4), the ratio of the normalized
activity induced by protons to the normalized activity
induced by heavy ions is almost the same in both
materials [8]. This is due to the fact that normalized
activities change similarly with the change of the target
material, hence keeping the ratio almost constant.

52 52Mn

Figure 4: Isotope inventory and their relative activities
1 day after the end of irradiation induced by 1 GeV/u
projectiles from proton up to uranium in stainless steel
and copper bulky target calculated by FLUKA.
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However this is not likely to be the case for some other
materials. The isotope inventory especially the target
activation products induced in materials with low atomic
mass-number is considerably smaller than in stainless
steel or copper [24]. The normalized activity induced in
such materials is then expected to be lower than for
stainless steel and copper. In contrary, there is large
variety of isotopes induced in materials with the high
atomic mass-number [24]. Consequently, the normalized
activity should be higher than in stainless steel or copper.

29 at 1 GeV/u, 58 at 500 MeV/u, and 230 at 200 MeV/u.
The results for aluminium are similar to the results for
carbon. The ratio is equal to 33 at 1 GeV/u, 70 at
500 MeV/u, and 233 at 200 MeV/u. The ratio for
tantalum is significantly lower than in case of carbon or
aluminium and is only 1 at 1 GeV/u, 2 at 500 MeV/u and
10 at 200 MeV/u (see Fig. 5).
Carbon
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FLUKA simulations of the residual activity induced in
the bulky target were performed for other common
accelerator-construction materials: carbon, aluminium
(low mass-number) and tantalum (high mass-number).
The assumed geometry of the bulky target was again
a cylinder of 20 cm in diameter, 60 cm long. The target
was irradiated with the same nine projectiles and the
residual activities were calculated at the same time points
after irradiation as for stainless steel and copper.
It was found out that for the examined materials the
inventory of the isotopes induced in the targets and their
relative activities again do not depend on the projectile
species. The decreasing of the normalized activity with
increasing ion mass and decreasing energy was observed.
As expected, the dependence of the isotope inventory on
the target material was confirmed.
Stainless steel and copper are dominating materials of
the accelerator structure and only a few components in the
accelerator lattice are made of carbon, aluminium or
tantalum. For this reason an introduction of the beam-loss
criteria in terms of "W/m" for these materials is not
reasonable any more. Instead of that we simply compare
the normalized activities (induced by unit beam power of
1 W) in different materials. The comparison is expressed
as the ratio of the normalized activity induced by 1 GeV
proton beam in stainless steel, Ap→ss(1GeV), to the
normalized activity induced by the beam with the energy
of interest in given material, Ai→m(E). The normalized
activities were calculated 4 hours after irradiation.
The normalized activity induced in the stainless-steel
target by 1 GeV protons was taken as a reference value.
Stainless steel was chosen because it is the most common
construction material of accelerators and 4 h are agreed in
the accelerator community as a reasonable ‘‘cooling
down’’ time before the ‘‘hands-on’’ maintenance [6-8].
Although the stainless-steel composition might have an
influence to the induced activity, this factor affects
significantly only the activity of the low-energy neutron
products [8]. However, in the case of activation induced
by high-energy projectiles (over 100 MeV/u) the activity
of the low-energy neutron products is much lower than
the activity of the products of other nuclear-reactions
(spallation, fragmentation, etc.). That is why the total
activity is not affected significantly by the composition of
the stainless-steel material [8].
Simulation showed that for the carbon target irradiated
by uranium ions the ratio Ap→ss(1GeV)/Ai→m(E) is equal to
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Figure 5: Ratio of the normalized activity induced by
1 GeV proton beam in stainless steel, Ap→ss(1GeV) to the
normalized activity induced by the beam with the energy
of interest in given material: carbon (top), aluminium
(middle) and tantalum (bottom), Ai→m(E). The normalized
activities were calculated 4 h after irradiation.
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Besides that it was found out that the ratio of the
normalized activities for carbon, aluminium and tantalum
strongly depends on the ‘‘cooling down’’ time (see
Table 2). This is due to different isotope inventory and
their relative activities compared to the stainless steel.
Consequently, the time evolution of the activity in carbon,
aluminium and tantalum significantly differ from the
stainless steel or copper which results in different ratio of
the normalized activities for different time-points.
Table 2: Ratio of the normalized activities induced by
1 GeV proton beam in stainless steel (reference) to the
normalized activity induced by the uranium beam in
carbon, aluminium and tantalum. The ratio of the
normalized activity was calculated at different time points
after the end of irradiation.
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CONCLUSIONS
The beam-loss criteria for high-energy heavy-ion
accelerators were specified for the beam-pipe geometry
and the bulky-target geometry. Simulations showed that in
the most common accelerator construction materials
(stainless steel and copper), the inventory of the induced
isotopes and their relative activities do not depend on the
projectile species and energy but strongly depend on the
target material. For this reason, a study of the activation
of other accelerator construction-materials (carbon,
aluminium and tantalum) was performed using FLUKA
code. It was found out that the ratio of the normalized
activity induced by 1 GeV proton beam in the stainless
steel target (reference) to the normalized activity induced
by the uranium beam in carbon and aluminium target is
similar: 29 and 33 at 1 GeV/u, 58 and 70 at 500 MeV/u,
and 230 and 233 at 200 MeV/u, respectively. The ratio of
the normalized activities in tantalum bulky target is much
lower: 1 at 1 GeV/u, 2 at 500 MeV/u and 10 at 200
MeV/u. The ratio was calculated for the normalized
activities 4 hours after irradiation. Significant dependence
of the ratio on the ‘‘cooling down’’ time was observed for
all three materials.
Beam Material Interaction

WEO1B04

REFERENCES
[1] A.H. Sullivan, "A Guide to Radiation and
Radioactivity Levels Near High Energy Particle
Accelerators", Nuclear Technology Publishing,
Ashford, Kent, United Kingdom, 1992.
[2] E. Mauro and M. Silari, Nucl. Instr. and Meth. in
Phys. Res. A 605 (2009) 249.
[3] L. Ulrici et al., Nucl. Instr. and Meth. in Phys. Res. A
562 (2006) 596.
[4] M. Brugger, Nucl. Tech, 168 (2009) 665.
[5] N.V. Mokhov and W. Chou (Eds.), “Beam Halo and
Scraping”, 7th ICFA Mini-Workshop on High
Intensity High Brightness Hadron Beams, Lake
Como, Wisconsin, USA, Sep 1999, p. 3 (1999).
[6] J. Alonso, “Beam Loss Working Group Report”, 7th
ICFA Mini-Workshop on High Intensity High
Brightness Hadron Beams, Lake Como, Wisconsin,
USA, Sep 1999, p. 51 (1999).
[7] R.M. Ronningen et al., Nucl. Tech. 168 (2009) 670.
[8] I. Strašík et al., Phys. Rev. ST AB 13 (2010) 071004.
[9] I. Strašík et al., Nucl. Tech. 168 (2009) 643.
[10] I. Strašík et al., "Residual Activity Induced by Highenergy Heavy Ions in Stainless Steel and Copper",
EPAC'08, Genoa, Italy, June 2008, THPP082,
p. 3551 (2008).
[11] O. Boine-Frankenheim, "The FAIR Accelerators:
Highlights and Challenges", IPAC'10, Kyoto, Japan,
May 2010, WEYRA01, p. 2430 (2010).
[12] A. Fertman et al., Nucl. Instr. and Meth. in Phys. Res.
B 260 (2007) 579.
[13] I. Strašík et al., Nucl. Instr. and Meth. in Phys. Res. B
266 (2008) 3443.
[14] I. Strašík et al., Nucl. Instr. and Meth. in Phys. Res. B
268 (2010) 573.
[15] G. Battistoni et al., in Proceedings of the Hadronic
Shower Simulation Workshop, Fermilab, USA,
Sep 2006, p. 31 (2006).
[16] A. Fasso et al., CERN-2005-10, INFN/TC_05/11,
SLAC-R-773 (2005).
[17] A.V. Dementyev and N.M. Sobolevsky, Rad. Meas.
30 (1999) 553.
[18] http://www.inr.ru/shield/
[19] R.J. Barlow, "Simulations of the LHC Colimation
System", IPAC'10, Kyoto, Japan, May 2010,
TUPD061, p. 2066 (2010).
[20] M. Tomizawa, " Design of Dynamic Collimator for JPARC Main Ring", PAC'07, Albuquerque, New
Mexico, USA, June 2007, TUPAN051, p. 1505
(2007).
[21] Y. Suetsugu, "Application of Stainless-Steel, Copper
and Aluminium-Alloy MO-Type Flanges to
Accelerator Beam Pipes", IPAC'10, Kyoto, Japan,
May 2010, THPEA080, p. 3855 (2010).
[22] E. Mustafin et al., Nucl. Instr. and Meth. in Phys.
Res. A 501 (2003) 553.
[23] M. Maiti et al., Nucl. Instr. and Meth. in Phys. A 556
(2006) 577.
[24] NCRP Report No. 144 (2003).

467

WEO1B05

Proceedings of HB2010, Morschach, Switzerland

EXPERIENCE WITH MOVING FROM DPA TO CHANGES IN MATERIAL
PROPERTIES*
Meimei LI#, Argonne National Laboratory, Argonne, IL 60439, U.S.A.
Abstract
Atomic displacements by high energy particles induce
formation of point defects and defect clusters of vacancies
and interstitial atoms in a crystalline solid. The damaged
microstructure results in significant changes in materials
physical and mechanical properties. Besides displacement
damage, nuclear transmutation reactions occur, producing
He and H gas atoms that can have pronounced effect on
materials performance. Radiation effects in materials have
been studied using various irradiation sources, e.g.
fission, fusion and spallation neutron sources, highenergy ions and electron beams, etc. With different types
of bombarding particles, radiation damage correlation is
essential so that radiation effects produced by different
irradiation sources can be compared and data can be
transferred or extrapolated. The parameter commonly
used to correlate displacement damage is the total number
of displacements per atom (dpa). Irradiation-induced
changes of material properties are measured as a function
of dpa. Considering that several aspects of radiation
exposure can give rise to property changes, the extent of
radiation damage cannot be fully characterized by a single
parameter. This paper will discuss damage correlation
under various irradiation environments, key irradiation
parameters and their effects on irradiation-induced
property changes.

INTRODUCTION
Radiation damage is produced by energetic particles,
such as neutrons, ions, protons, or electrons, interacting
with a crystalline solid. An energetic particle transfers
recoil energy to a lattice atom, so-called primary knockon atom (PKA), and the PKA displaces neighbouring
atoms, resulting in an atomic displacement cascade. The
displacement threshold is typically about a few tens of
electron volts [1]. Atomic displacements by high energy
particles induce the formation of point defects and defect
clusters of vacancies and interstitial atoms. The
displacement cascade event occurs within picoseconds.
With time, diffusion processes take place and irradiationinduced defects recombine or cluster to form more stable
damage structures, e.g. dislocation loops, dislocation
networks, voids, helium bubbles, precipitates, etc. The
damaged microstructure results in significant changes in
physical and mechanical properties of a material. In
addition to the displacement damage, nuclear
transmutation reactions occur, producing helium and
hydrogen gas atoms and solid impurities. The production

of helium and hydrogen can have pronounced effect on
materials performance even at low concentrations [2,3].
Radiation damage has been studied using various
irradiation sources, e.g. fission neutrons in nuclear
reactors (e.g. liquid metal fast reactors, gas-cooled and
water-cooled mixed-spectrum reactors), fusion neutrons
in a D-T fusion neutron source, spallation neutron
sources, ion irradiation with accelerators, and high-energy
electron beams, etc. Nuclear fission reactors are by far the
most commonly-used irradiation facilities. A number of
simulation irradiation techniques have been developed for
materials research, particularly when there is lack of
prototypic irradiation facilities. For instance, material
development for fusion reactors, which currently are still
in the development stage, has been made primarily in
thermal or fast fission reactors. Fusion reactors have
significantly higher neutron energy (14.1 MeV) than
fission reactors (< 2 MeV). Radiation effects expected to
be produced by intense 14.1 MeV neutrons from a fusion
reactor have been simulated with low-energy fission
neutrons in existing reactors [4]. Another way to obtain
radiation effect information in materials is through the use
of accelerators. High energy proton accelerators have
been used for irradiation studies of fusion reactor
materials [5]. Energetic ions are used to simulate neutron
irradiation damage for various other reasons, such as
minimization of high residual radioactivity, low-cost,
better-controlled irradiation conditions, and declined
availability of neutron irradiation sources.
High energy protons produce spallation reactions in the
target, leading to high-level radiation damage, a large
amount of deposited energy, and production of H and He
and other transmutation products. This extremely
aggressive irradiation environment poses a significant
challenge for the target design of high-energy
accelerators. Graphite is a candidate material in a number
of target designs [6]. The structural behaviour of graphite,
e.g. strength and ductility, dimensional stability,
susceptibility to cracking, is a complex function of the
source material, manufacturing process, chemical
environment, temperature, and irradiation conditions.
Although extensive knowledge exists on the irradiation
effects in graphite, the assessment of the radiation
resistance of the high energy proton beam target (e.g. the
Neutrinos at the Main Injector (NuMI) target) is however,
difficult, as most of the information available on radiation
effects in materials is based on nuclear fission reactor
irradiations, while the irradiation conditions in the NuMI
facility is considerably different from nuclear reactor
irradiations. The potential impact of radiation damage on

--------------------------*Work supported by the U.S. Department of Energy, Office of Nuclear Energy under Contract DE-AC02-06CH11357.
# mli@anl.gov
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the target material by the high energy proton beam must
be properly assessed in the target design, and extreme
caution must be taken in transferring nuclear reactor
irradiation data to the accelerator target irradiation
conditions.

DAMAGE CORRELATION
Displacements Per Atom (DPA)
With various types of bombarding particles, radiation
damage correlation is essential so that radiation effects
produced by different irradiation sources can be compared
and irradiation data can be transferred or extrapolated.
The parameter commonly used to correlate the
displacement damage in a material is the total number of
displacements per atom (dpa). Irradiation-induced
changes of material properties are measured as a function
of dpa. Dpa is a calculated irradiation exposure unit. The
calculation of the dpa values takes into account the
irradiation particle type, energy spectrum, irradiation
time, etc. It is also a function of the irradiated material.
Dpa as a damage-based exposure unit represents the
number of primary and second atoms displaced from their
normal lattice sites as a result of energetic particle
bombardment. It can be calculated using the following
equation [7,8]:
tr

∞

0

0

dpa = ∫ φtot (t ) ∫ σ d ( E )ϕ ( E , t )dEdt (1)
where σd(E) is the displacement cross section for an
incident particle at an energy E, t is the irradiation time,
ϕ(E,t) is the fluence rate spectrum, and φtot(t) is the timedependent fluence rate intensity. In calculating the
displacement damage in a material, the primary recoil
energy spectrum must be determined. Different
bombarding particles result in significantly different
recoil spectra. If the primary recoil spectra in two
irradiation environments are substantially different, the
effects of radiation per dpa can vary significantly. For
instance, low-energy recoils are more efficient at
producing point defects (e.g. electron irradiation), while
high-energy recoils produce cascade damage and defect
clusters (e.g. heavy ion irradiation, neutron irradiation).
These differences in primary damage states have
significant implications in long-term microstructural
evolution and radiation-induced property changes [9].
Though dpa neglects the cascade structure of damage, it
gives equivalent dose values for different types of
irradiation, and it is regarded as the most appropriate
correlation parameter for atomic displacement-induced
property changes under irradiation [7,8].
Considering that several aspects of radiation exposure
can give rise to the property changes, e.g. atomic
displacement, nuclear transmutation, ionization, or their
combined effects, the extent of the radiation damage
cannot be fully characterized by a single parameter. To
correlate radiation damage under various irradiation
environments, several irradiation parameters must be
Beam Material Interaction
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considered, including (1) type and energy of irradiation
particles and thus recoil spectrum. (2) fluence or dose,
e.g. dpa (3) flux or dose rate, e.g. dpa/s, (4) irradiation
temperature history, and (5) transmutation rates such as
helium and hydrogen (He/dpa, H/dpa) and other solid
impurities by nuclear reactions [10]. With regard to the
high energy proton beam target design, focus will be on
the effects of displacement dose rate, transmutation
production rates, and pulsed irradiation.

Effect of Displacement Rate
The dose rate for high energy proton irradiations can
be 2-3 orders of magnitude higher than neutron
irradiation. In typical thermal (or mixed spectrum)
neutron reactors, the dose rate is about 10-7 dpa/s, and in a
fast fission reactor the dose rate is in the order of 10-6
dpa/s. Irradiations in accelerators and electron facilities
can provide a wide range of dose rates with differences of
several orders in magnitudes up to 10-3 dpa/s (see Fig. 1).
While the wide range of dose rates obtained in different
irradiation facilities provide an excellent tool for the
accelerated irradiation experiments, the effect of dose rate
on microstructural evolution and physical and mechanical
properties is a significant issue. It is well recognized that
the dose rate plays a critical role in irradiation-induced
swelling, irradiation creep, and solute segregation [11].
As shown in Fig. 2, the peak swelling temperature in
nickel and 18Cr10NiTi steel shifted to a higher
temperature as the dose rate increased [12,13].

Effect of Transmutation Rate
Helium and hydrogen gas atoms are produced as
transmutation products in materials during particle
irradiations. Transmutation production rate (e.g. He/dpa,
H/dpa) under various types of irradiation environments
can be calculated using theoretical models and computer
codes and verified by experiments [14,15]. The
production rates of helium and hydrogen can be
exceptionally high under high energy proton irradiations
compared to those under fission neutron irradiations. For
instance, the He/dpa ratios for stainless steel are 0.5, 15,
and 200 ppm/dpa for fast fission, fusion and spallation
neutron irradiations, respectively; the production rate for
hydrogen is even higher: the H/dpa ratio for stainless steel
for spallation is about 3000 ppm/dpa [16]. Figure 3
compares the helium production as a function of dpa in
different irradiation sources in iron, except one case for
W (high energy proton beams) [15-17].
Helium and hydrogen gas atoms have a negative impact
on mechanical properties. Helium is essentially immobile
in structural metals at typical temperatures of nuclear
interest, while hydrogen has limited temperaturedependent mobility. Helium is known to assist void
nucleation. It also causes high-temperature embrittlement
in irradiated materials by forming helium bubbles at grain
boundaries. Low-temperature embrittlement caused by
helium has also been observed in some irradiated metallic
materials [18]. The effect of hydrogen occurs at relatively
low temperatures when its diffusivity is limited. In water-
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cooled spallation components operating at low
temperatures, high concentration of hydrogen can be
accumulated in materials causing ductility loss by
hydrogen bubble formation, or formation of hydrides
[19].
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Figure 1: Damage rates of mixed spectrum fission
neutrons, fast fission neutrons and charged particles.
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Pulsed Irradiation vs. Continuous Irradiation
Under most irradiation conditions of fission neutrons
and charged particles, irradiation occurs in a continuous
manner at a given dose rate and temperature. In the
proposed NuMI facility, however, irradiation occurs by a
pulsed proton beam. Due to the pulsed nature of
irradiation, the interplay of irradiation flux, temperature
and pulse frequency can change the kinetics of irradiation
damage accumulation compared to a steady-state
continuous irradiation. The instantaneous displacement
and transmutation rates can be extremely high in pulsed
high energy proton irradiations. Very high dose rate in a
pulse may severely limit the recombination of defects,
resulting in much greater damage accumulation. On the
other hand, annealing between pulses may significantly
reduce the damage accumulation rate if the pulse
frequency is sufficiently low and defect immigration is
significant at the temperature.
Kmetyk et al. [20] studied the radiation effects in Al
and Mo under cyclic pulsed irradiation. It was found that
the pulse nature of irradiation is important when the
characteristic pulse times are comparable to or greater
than the vacancy and interstitial reaction times. If the
pulsing is much more rapid than the reaction time, the
system will not see any new effects. Radiation-induced
temperature pulses increases void growth rate when the
ambient temperature is below the peak swelling
temperature, and conversely decreases void growth rate if
the ambient temperature is above the peak swelling
temperature. When radiation-produced temperature pulses
are suppressed and the material remains at a constant
ambient temperature, the void growth rate is not affected
by pulse structure of radiation. However, these
conclusions are not applicable for high ambient
temperatures and very short intense radiation pulses.
Caturla et al [21] studied damage accumulation in Cu
and Fe under continuous neutron irradiation and pulsed
14 MeV neutron irradiation of frequencies of 1, 10, and
100 Hz by combined molecular dynamics (MD) and
kinetic Monte Carlo (kMC) simulations. The dose rate in
the pulse was about 1.4 dpa/s in Fe and 2.2 dpa/s in Cu,
and the pulse length was 1 μs. The simulation temperature
was 300-340 K. The simulation data showed that damage
accumulation in Cu under high-frequency pulsed
irradiation (≥10 Hz) was similar to that under continuous
irradiation at a dose rate of 10-4 dpa/s. The evolution of
vacancy cluster density in Cu was not affected by pulse
frequency at high frequencies, while the damage
accumulation rate was significantly reduced at 1 Hz,
which implies that defect annealing between pulses at low
frequencies can be significant in Cu at this temperature.
The damage accumulation behavior in bcc Fe was
different from Cu due to different crystalline structure and
high interstitial impurity concentrations in Fe. In contrast
to fcc Cu, irradiation damage under pulsed irradiation at 1
Hz in Fe was similar to the damage under continuous
irradiation at a dose rate of 10-4 dpa/s. As frequencies
increased, the damage difference between pulsed
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irradiation and continuous irradiation increased, with
higher damage accumulation at higher-frequencies.

RADIATION EFFECTS IN GRAPHITE
Experimental data of graphite irradiated under the
NuMI-relevant irradiation conditions are extremely
limited. The expected property changes in graphite must
be inferred from nuclear fission and fusion materials
research. It is therefore necessary to calculate the
radiation damage not only in dpa, but also the dose rate
(dpa/s) and helium and hydrogen production rate under
the NuMI irradiation conditions. With the quantitative
differences in displacement damage and He and H
concentrations, property changes caused by high energy
protons may be inferred from neutron irradiation data by
incorporating the effects of damage correlation
parameters such as dpa, dpa/s, He/dpa, H/dpa,
temperature history, pulse character, etc. Depending on
the property of interest, different damage correlation
methods may be required.
It should be mentioned that the radiation effect studies
in graphite have primarily focused on displacement
damage rather than helium generation. Due to low
production rates of helium and hydrogen in nuclear
fission reactors, the effects of helium and hydrogen have
received limited attention in fission reactor materials
research. Only limited information on helium effects in
irradiated graphite can be found in the literature [22-24].
Data on the dose rate effect and under pulsed irradiations
are scarce. A thorough analysis on other types of nuclear
reactor materials must be made to develop a better
understanding of the effects of damage correlation
parameters in graphite. The prediction of the production
of helium and hydrogen in the target material and their
effects on target performance also requires a welldeveloped understanding of microstructural evolution and
their correlation with materials physical and mechanical
properties.

SUMMARY
High energy protons cause displacement cascades and
transmutation production of helium and hydrogen and
solid impurities. Both displacement damage and
production of helium and hydrogen must be considered in
correlating damage between neutron and high energy
proton irradiations and in evaluating the lifetime of the
target. The pulsed nature of high energy proton
irradiations in the NuMI environment should also be
considered. High energy proton irradiations have higher
recoil energies, and the production rates of helium and
hydrogen and other foreign elements are also much more
significant than under fission reactor irradiations. The
pulsed proton beam generates extremely high
instantaneous displacement rates that can potentially
affect the kinetics of irradiation-induced defect
production and accumulation behavior. These unique
features of pulsed, high-energy proton irradiations may
shift the temperature ranges of various radiation effects,
change the incubation dose thresholds and rates of
Beam Material Interaction
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irradiation-induced swelling and creep rates. In particular,
the effects of transmutation products such as helium and
hydrogen can have profound effects on materials
performance not expected under typical fission neutron
irradiations.
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INJECTION AND EXTRACTION FOR THE EMMA NS-FFAG
K. Marinov, S. I. Tzenov and B. D. Muratori,
STFC Daresbury Laboratory and Cockcroft Institute, UK
Abstract
EMMA (Electron Machine with Many Applications) is
a prototype non-scaling electron FFAG being
commissioned at Daresbury Laboratory. Ns-FFAGs have
great potential for a range of new applications in many
areas of science, technology, manufacturing and medical
applications including the next generation high energy
proton and heavy ion accelerators for accurate and
effective particle beams cancer therapy, muon
accelerators for the study of the physics and chemistry of
advanced materials and accelerator driven subcritical
reactors (ADSRs). This paper summarizes the design of
the extraction and injection transfer lines of EMMA as
well as the associated septa and kickers. The ALICE
energy recovery linac prototype is used as the injector to
EMMA, with energy range from 10 to 20 MeV. Because
this is the first non-scaling FFAG constructed, it is crucial
to study as many of the electron beam properties as
feasible, both at injection and after acceleration in an
extraction line. To do this, a complex injection line was
designed consisting of a dogleg to extract the beam from
ALICE, a matching section, a tomography section and
some additional dipoles and quadrupoles to transport the
beam to the entrance of EMMA. Similarly the design of
the extraction line and its diagnostics are described.

the injection septum [7]. After the dogleg, the beam is
matched into a tomography diagnostic via four
quadrupoles. The purpose of this section is twofold:
Firstly, to provide a quick and precise measurement of the
Twiss parameters, and secondly to make emittance and
transverse profile measurements. This creates a ‘fixed
point’ in the line after which, if the tomography section is
matched correctly, the Twiss parameters at all energies
should be the same. This is useful because of the
requirement to inject at a range of energies, which gives
different Twiss parameters depending on the amount of
RF focusing from the ALICE linac cavities and how far
off-crest they are. The rest of the line after the
tomography section can then be used to optimise the
slightly different, energy dependent, injection parameters.
Wall current monitor
YAG screen

YAG screen

YAG/OTR screens x 3
BPM at dipole
entrance

YAG screen &
vertical slit

EMMA

ALICE
Vertical Steering
Magnet x 2

BPM at dipole entrance

Last dispersive section

Faraday cup
Beam dump

Combined horizontal and vertical steering magnets x 4

Tomography section

Dogleg

INTRODUCTION

Figure 1: ALICE to EMMA injection line.

EMMA is currently being commissioned at Daresbury
Laboratory, UK, to demonstrate the world’s first operation
of a new concept in accelerator design called non-scaling
FFAG, (ns-FFAG) [1,2]. Ns-FFAGs were first designed to
provide very rapid acceleration for muon beams and have
since been further developed for a wide range of potential
applications. These range from the next generation high
energy proton and heavy ion accelerators for accurate and
effective particle beam cancer therapy (PAMELA [3]), an
accelerator for a muon facility for the study of the physics
and chemistry of advanced materials, to accelerator
driven subcritical reactors (ADSRs). In ADSRs, fission is
enabled by high energy proton beams spallating neutrons
from a target embedded in a thorium fuelled reactor [4].
Ns-FFAGs have also been adopted as the baseline design
for an international neutrino factory [5]. First, the “proof
of principle” accelerator EMMA must be demonstrated,
this is summarised in [6].

In order to improve the study of the physics of nsFFAGs, it is important to minimise the energy spread of
the beam at the start of the injection line. By carefully
choosing the phases of the two ALICE linac cavities, it
was possible to achieve an energy spread less than 0.05 %
(5 keV at 15 MeV). This has not yet been repeated at all
other energies but there is no reason to think it will not be
possible to achieve the same as all that is done is a simple
elimination of the correlated energy spread and the uncorrelated one remains constant.

INJECTION LINE
The ALICE to EMMA injection line, shown in Figure
1, consists of a dogleg to extract the beam from the
ALICE accelerator, a tomography section and finally a
short dispersive section consisting of two dipoles, prior to
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MODELLING
The results reported in this section are from the
tracking code FFEMMAG developed S. Tzenov at
Daresbury Laboratory and described in [8]. Other studies
of injection and extraction into the EMMA ring [9,10]
using different codes give broadly similar results.

Single Turn Injection
The basic elements of the injection system are a septum
magnet and two kicker magnets, located in two successive
long straight sections immediately after the long straight
section where the septum is inserted. The extraction
system is simply a mirror image of the injection one.
Accelerator System Design, Injection, Extraction
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Since after injection the beam passes through the kicker
many times, it is desirable that there is no residual kicker
field acting on the beam during the successive passes. The
initial kicker design assumed such a perfect scheme,
where the magnetic field vanishes after one turn, which is
approximately within 55 nanoseconds.
In the ideal case of one-turn injection, the magnetic
field of the two kickers drops to zero within 55
nanoseconds. The injection simulation is performed by
tracking the injection orbit of a reference particle
backwards from a point on the reference trajectory after
the second kicker to the septum magnet. An example of
one-turn injection at 10 MeV is shown on Figure 2 below.

WEO2B01

about 10% of the peak value during the second pass of the
beam through the kicker, an order of magnitude greater
than the tolerance required for single turn injection. The
measured kicker field as a function of time is shown in
Figure 4.

Figure 4: Magnetic field vs. time for two different
excitation voltages (20 KV and 26 KV). Closed orbit of
first turn with ringing ±1% limits shown in black.

Figure 2: Ideal injection trajectory at 10 MeV. Kicker
field acts only during the first turn.
If the kicker field during the second turn drops to less
than one percent of the peak field, then there is practically
no difference between the corresponding injection
trajectory and the ideal one. This is shown in Figure 3.

Thus it is now necessary to adopt a multi-turn injection
in a ns-FFAG. A clear way to realize such a scheme is to
abandon the principle that the beam should be placed on
the reference trajectory after the first pass through both
kickers. It turns out that after the first pass particles could
be injected on an orbit sufficiently close to the reference
trajectory that the residual kicker magnetic field places
the particles on the true equilibrium orbit during the
second turn. The primary restriction on this scheme is the
requirement that any trajectory excursion should remain
well within the physical aperture of the machine.
Modelling of multi-turn injection involves two passes
of the beam through the kicker fields. During the first
pass they are set to their nominal value and are fired at the
right time, while during the second pass their amplitude
and polarity is determined by the characteristics of the
kicker and power supply. For modelling purposes, the
field is assumed to have reduced to 10% of peak with
reversed polarity for the second turn. Figure 5 shows the
results of the simulation for 10 MeV with 10% ringing.

Figure 3: Trajectory at 10 MeV with a kicker field of one
percent of the peak field during the second turn.

Multi-turn Injection
The technical challenge of building a kicker and power
supply that give a maximum field of less than one percent
of the peak magnetic field for subsequent turns (that is
after 55 nanoseconds) has so far not been achieved. The
field falls exponentially in time after the peak, but is still
Accelerator System Design, Injection, Extraction

Figure 5: Two turn injection trajectory at 10 MeV with
10% kicker ringing.
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During the first turn the beam moves along a trajectory
that is not the correct periodic reference orbit
corresponding to its energy. Therefore, as one should
expect, the amplitude of the beam oscillations are larger
than the ones associated with the equilibrium orbit.
Figures 6 and 7 show the minimum and the maximum
deviations of the trajectory with respect to the polygon
centre line (approximately equivalent to the 15 MeV
orbit) as a function of energy.

to 20 MeV) as shown in Figure 8.

Figure 8: Septum design with actuators for translation and
rotation.

Figure 6: Minimum deviation of the trajectory versus
energy due to kicker field ringing of 10%.

Figure 9: EMMA injection septum. (a) Concept. The
vacuum vessel is shown in black, eddy-current screen –
blue, magnetic steel – purple, magnetizing coil – red. The
blue dot is the pivot point. (b) CAD model (c)
Determining the effective length of the magnet (d) The
assembled magnet before installation.

Figure 7: Maximum deviation of the trajectory versus
energy due to kicker field ringing of 10%.

EMMA PULSED MAGNETS
Both the EMMA injection and the extraction systems
consist of a septum and two kickers. Apart from the
kicker’s power supply units (PSUs), these devices are
designed, manufactured and tested at Daresbury
Laboratory.

Septa
The EMMA septa are eddy-current type, in-vacuum
magnets that provide the necessarily large bending angles
(65° for injection and 70° for extraction) within less than
10 cm of physical magnet length. These are two identical,
movable magnets, capable of radial translation and
rotation around their centre in order to enable injection
and extraction over the entire energy range of interest (10
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In order to ensure that the available space is used
efficiently the geometry of the problem was studied in
detail by creating a MATLAB model of the magnet and
its vacuum vessel, Figure 9 (a). This allowed the optimum
pole area, radius of curvature and magnet position to be
determined to ensure the necessary clearance between the
magnet, the beam and the vacuum vessel. In addition the
location of the rotation centre and the necessary ranges of
rotation and translation were also assessed, based on a
large number of injection and extraction scenarios. This
was followed by an extensive three-dimensional (3D)
ELEKTRA modelling, with the purpose of determining
the field quality and particularly in decreasing the stray
field strength. Various configurations were considered and
their performance was judged against the feasibility of the
design.
The magnets have been assembled from a stack of
wire-eroded, 0.1 mm thick laminations constructed of
Cogent Surahammars Bruks No. 10 grade electrical steel
(http://www.sura.se) A filling factor of the order of 96%
to 97% has been achieved and a two-turn magnetizing
Accelerator System Design, Injection, Extraction
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coil has been implemented in order to reduce the required
current. A number of tests were performed on the
assembled septa before installation. A detailed 3D map of
the magnetic field was measured. Stray field strength has
been reduced as much as possible by improving the
electrical contact between the various components of the
eddy-current screen. This has been achieved by both
using the (experimentally determined) optimum amount
of torque on the screws that hold the eddy-current screen
in place and by adding additional copper plates at
appropriate positions. Overall, this procedure resulted in a
three-fold reduction of the integrated stray field strength,
compared to the value that was measured immediately
after the unit was assembled for the first time.
In the very early stages of the EMMA commissioning
work the performance of the installed injection septum
magnet was tested by measuring the dependence of the
beam angle immediately after the septum α(BN) on the
nominal septum field strength BN.
Indeed, it can be shown that the angle of incidence β is
given as:
⎡
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Where leff = ∫∞-∞ B(y)dy/BN is the effective length of the
magnet, φ is the angle of magnet rotation, E is electron
beam energy, E0 is the rest energy of the electron and e
and c are the electron charge and the speed of light
respectively. Clearly, since β is fixed, substitution of the
experimentally determined function α(BN) (and the correct
value of leff) in (1) should result in the same value of β for
every value of BN in the entire range of magnetic field
strength values covered experimentally. Therefore by
treating leff in (1) as a parameter a simple fitting procedure
can be implemented to determine the value of the
effective magnetic length. Indeed, the variation
Δβ(leff)=βmax-βmin resulting from (1) versus the
corresponding value of the parameter leff can be easily
obtained. Then the value of leff at which Δβ reaches a
minimum is the effective length of the magnet. As Fig.
1(c) shows the resulting value is leff=90.9 mm. On the
other hand using the definition leff and the measured field
distribution B(y) results in leff=91.4 mm. The good
agreement between the two procedures shows that the
septum performs as designed.

Kickers
The EMMA kickers are inductive, in-vacuum devices
required to reach peak integrated field strength of 0.007
Tm with field rise/fall time less than the EMMA
revolution time of ~55 ns for extraction/injection. The
magnet consists of a C-shaped, CMD5005-type ferrite
core held in place by a system of springs and magnetized
by a single-turn conductor, Figure 10. The ability to
conduct magnetic tests in air prior to installation was a
design requirement and in order to achieve this a
minimum distance of 15 mm between any two metal parts
Accelerator System Design, Injection, Extraction
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not in direct electric contact with each other was
implemented. A detailed 3D ELEKTRA model was
created to determine the field quality and the effective
magnetic length. Particular attention has been paid to
minimizing the ratio between stray and magnet
inductance. The magnets are fitted with in-situ field
probes (single-turn wire loops) in order to monitor and
adjust the temporal field profile during operation. The
magnets were subjected to extensive testing and
measurement process before installation.

Figure 10: EMMA kicker (a) ELEKRA model. Green –
CMD5005-type ferrite, blue – copper screen, red –
magnetizing coil. The gap height is 25 mm and the
magnet length is 100 mm. (b) The assembled magnet. 1 –
co-axial vacuum feed-through, 2 – magnetizing coil, 3 –
ferrite core, 4 – copper screen. (c) The in-situ field probe.

PULSED MAGNETS COMMISSIONING
The operation of the pulsed magnets has gone quite
well so far. The position and angle of the injected bunch
were measured after the exit of the septum and hence the
orbit was reconstructed. The required strength of two
kickers to take the beam on to the design orbit was then
calculated and is shown in Figure 11. The calculated
kicker strength is not exactly the same as the measured
values but is similar.

Figure 11: Injection region orbit, two normal cells
(courtesy D. Kelliher).

EXTRACTION LINE
The primary purpose of the EMMA extraction line is to
make diagnostic measurements that cannot be made
within the ring. It is therefore, necessary for this line to be
able to transport any energy from 10 to 20 MeV, with the
beam coming from the full acceptance of the ring. It
consists of an extraction septum with the dispersion
closed by quadrupole magnets and an additional dipole
forming an irregular dogleg arrangement, as shown in
Figure 12.
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Figure 12: EMMA extraction line.
As part of this irregular dogleg, there is an YAG screen
whose function it is to measure the energy, together with
an additional screen in the following dispersion-free
straight. In the straight following the dogleg are
quadrupole magnets to match the beam either directly into
a tomography section or into a proposed transverse
deflecting cavity. The tomography section is identical to
that in the injection line, thus allowing the effect EMMA
has on the projected transverse emittance and the
transverse profiles to be determined. The transverse
deflecting cavity can be used to measure bunch length and
projected transverse slice emittance to determine the
longitudinal profile of the bunch. After the tomography
section there is a spectrometer dipole to measure the
energy of the beam. If the bunch is “streaked” using the
deflecting cavity, then it will also be possible to measure
the longitudinal energy spread of the beam. Between the
tomography section and the spectrometer dipole, there
will be an Electro Optic (EO) diagnostic to measure the
bunch length and longitudinal profile [11].

FUTURE COMMISSIONING PLANS
The current commissioning shifts are dedicated to
accelerator physics and RF studies; a recent detailed
summary may be found in [12].
The beam from ALICE is kept at a fixed energy and an
equivalent lattice is created in the EMMA ring by scaling
the magnet fields. This means, strictly equivalent settings
can be used in the injection line set-up and this need only
be done once at a specific energy between 10 and 20
MeV. Eventually, of course, the complete set-up needs to
be done, at 1 or 0.5 MeV steps. We intend to measure the
time of flight (ToF) for each equivalent lattice in order to
map out the predicted parabolic behaviour of this with
energy. The LLRF system for EMMA also needs to be
commissioned with specific care given to the cavity
tuning to ensure phase and amplitude stability over the
required range of frequencies (1.3 GHz + 1.5 /- 4.0 MHz).
Having achieved this, we hope to have a verification of
successful acceleration, evidence of energy gain from
acceleration inside and then outside of the bucket, soon
after.
Finally, everything described above shall be repeated at
the real (as opposed to equivalent) energies from 10 to 20
MeV and the bunch will be extracted down the extraction
line, in order to be able to diagnose in detail the effects
476

EMMA has had on the beam.

EMMA is the world’s first ns-FFAG and injection and
extraction are two of the most challenging aspects. The
most challenging of all is the construction and operation
of the pulsed magnets, all of which were designed and
constructed locally at Daresbury Laboratory. A brief
overview of the approach to both injection and extraction
was given and the major problems encountered
highlighted.
After a brief description of the prerequisites and basic
reasons to adopt a multi-turn injection scheme, some
tracking results concerning the beam dynamics for
injection matching have been shown. These results
indicate that the latter is feasible within reasonable
aperture and strength specifications of the septum and
kicker magnets.
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DESIGN STATUS OF THE PEFP RCS*
J. H. Jang#, H. J. Kwon, H. S. Kim, Y. S. Cho, PEFP/KAERI, Daejeon, Korea
Y. Y. Lee, BNL, Upton, New York 11973, U.S.A.
Abstract
The 100-MeV proton linac of the proton engineering
frontier project (PEFP) can be used as an injector of a
rapid cycling synchrotron (RCS). The design study of the
RCS is in process. The main purpose of the RCS is a
spallation neutron source. The initial beam power is 60
kW where the injection and extraction energies are 100
MeV and 1 GeV, respectively. It will be extended to 500
kW through the upgrades of the injection energy to 200
MeV, the extraction energy to 2-GeV, and the repetition
rate from 15 Hz to 30 Hz. The slow extraction option is
also included in the design for basic and applied science
researches. This work summarized the present design
status of the PEFP RCS. In the introduction, the present
status of the PEFP project is briefly summarized.

Figure 1: Schematic plot of the PEFP linac and beam
lines.
Table 1: Basic Parameters of PEFP Linac

INTRODUCTION
Proton Engineering Frontier Project (PEFP) is the 100MeV proton linac development project which was
launched at 2002 and will be finished at 2012 [1]. As an
extension plan of the linac, we are considering a rapid
cycling synchrotron (RCS). The main purpose of the RCS
is a spallation neutron source which can be used in the
fields of the material science, bio technology, chemistry,
etc.
The PEFP proton linear accelerator consists of two
parts. The low energy part includes an ion source, a low
energy beam transport (LEBT), a 3-MeV radio frequency
quadrupole (RFQ), and a 20-MeV drift tube linac (DTL)
[1]. The high energy part consists of seven DTL tanks
which accelerator proton beams from 20 MeV to 100
MeV. The 20-MeV linac system has been successfully
installed and tested at the KAERI site. The fabrication of
the remaining DTL tanks will be finished in this year and
the test of the DTL tanks is in progress. A medium energy
beam transport (MEBT) system will be installed after the
20-MeV DTL. It includes a 45-degree bending magnet in
order to extract 20-MeV proton beams. 100-MeV proton
beams will be guided into beam lines by another 45degree dipole magnet which is located after the last DTL
tank. The 20-MeV or 100-MeV proton beams are
distributed respectively into 5 target rooms. The main
characteristics of PEFP beam lines is using AC magnets
to distribute proton beams into 3 target rooms in both 20MeV and 100-MeV beam lines. The schematic plot of the
PEFP linac and beam lines is given in Figure 1. The basic
parameters of the linac are summarized in Table 1.
___________________________________________

*This work was supported by Ministry of Education, Science and
Technology of the Korean government
#
jangjh@kaeri.re.kr
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Parameter
Particle
Beam Energy
Operation Mode
Max. Peak Current
Pulse Width
Max. Beam Duty

Value
Proton
100 MeV
Pulsed
20 mA
<1.33 ms (< 2.0 ms up to 20 MeV)
8% (24% up to 20 MeV)

Gyeongju city which is located in the south-eastern part
of Korea hosted the project in January 2006. The
geological surveys of the site and the site-dependent plan
such as the facility layout and access road have been
completed for the civil construction. The general
arrangement of the accelerator and beam utilization
buildings and conventional buildings are also completed.
Figure 2 shows the bird’s eye view of the PEFP
accelerator research center. Now the construction of each
building is in progress.

Figure 2: PEFP accelerator research center.
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For future extension plans of PEFP, we are studying
two options: a superconducting linac (SCL) and a rapid
cycling synchrotron (RCS). The main purpose of the
extension is a spallation neutron source. An SCL should
be an optimal solution for extending the linac energy. We
are now studying an elliptical cavity with the design beta
of 0.42 [2]. It can be used to accelerate proton beams
from 100 MeV to 200 MeV. The cavities with βg=0.61
and 0.81 will be used for 1-GeV linac. The prototype of
the Nb cavity has been successfully fabricated and tested
as shown in Figure 3 [3]. The 100-MeV proton linac can
be an injector of an RCS whose extraction energy is 1-2
GeV [4]. The main purpose is a spallation neutron source
with a fast extraction system. The RCS includes a slow
extraction option which is used for radioisotope
production, medical application, and basic science. The
RCS design is the main part of this paper.

Figure 3: PEFP low beta superconducting cavity.

PEFP RCS DESIGN
As described in a physics design of the RCS [4,5,6], the
basic design concepts of the PEFP RCS are as follows,
z
z
z
z

z

The 100-MeV linac is the injector of the RCS.
At the initial stage, the extraction energy is 1GeV
and the beam power is 60 kW.
The RCS should be upgradable in an injection energy,
an extraction energy, and a repetition rate.
The beam extraction methods includes both a fast
extraction for the spallation neutron source and a
slow extraction for the other purposes including
medical research and RI production.
The uncontrolled beam loss should be less than 1
W/m for hands-on maintenance.

The upgrade path of the RCS is summarized in Table 2
The beam power of the RCS is 60 kW in the initial stage
and finally becomes 500 kW through the three-step
upgrade. In the final stage, the injection energy is 200MeV and the extraction energy is 2 GeV. This work
summarized the lattice design and the beam dynamics
study on the PEFP RCS. Table 3 summarizes the basic
parameters of the RCS for this design study.
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Table 2: Upgrade Plan of PEFP RCS
Stage

Injection
Energy

Extraction
Energy

Repetition
Rate

Beam
Power

Initial

100 MeV

1 GeV

15 Hz

60 kW

1

100 MeV

1 GeV

30 Hz

120 kW

2

100 MeV

2 GeV

30 Hz

250 kW

3

200 MeV

2 GeV

30 Hz

500 kW

Table 3: Design Parameters PEFP RCS in the Initial Stage
Injected Particle

H-

Lattice Structure

FODO

Super-period

4

Number of Cell

20

Number of Dipoles

32

Machine Tune [Qx /Qy ]

4.39 / 4.29

Transition γ

4.4

Circumference [m]

224.16

RF Harmonic

2

RF Voltage

75 kV

The PEFP RCS has a four-fold symmetry in order to
reduce the lower order resonance. The basic lattice is a
regular FODO structure and one super-period includes
five FODO cells. The lattice structure of the RCS was
given in Figure 4. The four dispersion-free straight
sections are reserved for injection and extraction, RF
cavities and beam collimation. The arc straight sections
can be used for the momentum collimation and slow
extraction. The lattice functions are given in Figure 5 [4].

Figure 4: PEFP RCS lattice.
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given in Figure 9 which shows the parabolic distribution
as expected in a uniform painting in the transverse phase
space [5]. The emittance variations are given in Figure 10
as a function of injection turns in the horizontal and
vertical directions [5]. The figures include 90%, 95%,
99%, and 99.9% emittance values. The 99.9% emittance
becomes about 300 π mm-mrad.

Figure 5: Beta functions and dispersion function in a
super-period of the PEFP RCS.
The RF harmonic is two in this RCS and there are two
bunches in a synchrotron pulse [6,7]. The linac beam has
to be chopped in order to reduce beam losses in the
capture and acceleration process. In the 15-Hz operation,
one macro-pulse of linac beams includes 400 mid-pulses
with the pulse width of 500 ns. It corresponds to the
chopping factor of 57%. In the RCS, there are two
bunches in a pulse. After a injection period, 200 linac
pulses are injected into each RF bucket. The proton
number in a synchrotron pulse is 2.5 × 1013 . The time
structure of the linac and RCS beams is given in Figure 6.

Figure 7: Layout of the injection system for PEFP RCS.

Figure 8: Particle distribution after injection with
correlated painting in (a)x-y space, (b) x-x’ space, and (c)
y-y’ space.

Figure 6: Time structure of (a) mid-pulses in a macropulse of linac beams and (b) bunches in a pulse of the
RCS beams.
The injection of the PEFP RCS is based on H- charge
exchange injection with a transverse painting method [6,
8]. The injection system consists of a chicane magnet
which deforms the horizontal DC orbit up to 105 mm and
the four ferrite cored magnets which are used for the fast
change of the painting bump in the horizontal and vertical
directions. The overall scheme of RCS injection is
illustrated in Figure 7 [5]. The particle distributions in x-y,
x-x' and y-y' spaces after finishing injection with a
correlated painting are given in Figure 8. In this
simulation we used ORBIT code [9] with 40,000 macro
particles [5]. The particle distributions in x- and y-axis are

Accelerator System Design, Injection, Extraction

Figure 9: Particle distribution in (a) horizontal and (b)
vertical directions.

Figure 10: Emittances as a function of injection turns in
(a) horizontal and (b) vertical directions.
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In order to cure the distorted orbit which is generated
by the manufacturing and installation errors of the
magnets, we considered 40 corrector magnets which are
located just after the quadrupole magnets. The 40 beam
position monitors (BPM) are installed near the entrance
region of the quadrupole magnets. We assumed that the
deviation of field strength less than 0.1% and the
displacement and rotation errors are less than 300 m and 1
mrad, respectively. Figure 11 shows the closed orbit
distortion and the corrected orbit in the horizontal and
vertical direction.

Figure 11: Closed orbit distortion before and after
correction (a) in the horizontal direction and (b) in the
vertical direction.
The natural chromaticity of the PEFP RCS is
ΔQx/(Δp/p)= -4.3 and ΔQy/(Δp/p)= -4.6. Assuming a
momentum spread of ±1.0%, the tune spread due to the
natural chromaticity become ±0.043 in the horizontal
plane and ±0.046 in the vertical plane. We note that the
tune shift by the chromaticity is very small. In order to
correct the chromaticity we studied three schemes of the
sextupole combinations: 2-family, 4-family, 6-family
scheme as shown in Figure 12. In order to obtain the
sextupole strength, we used the HARMON routines in
MAD8 programs [10]. Figure 13 shows the tune shifts in
with and without chromaticity corrections in the
horizontal and vertical directions.

Figure 13: Schematic plot of (a) 2-family, (b) 4-family,
and (c) 6-family schemes for the chromaticity corrections.
We also studied the dynamic aperture of the PEFP RCS
in the initial operation [11]. The main focuses are the
effects of the fractional momentum spread, magnet
misalignment, magnet amplitude errors and magnet multipole components of dipole magnets. For the simulation,
we used the DYNAP routine in MAD8 [10]. Because the
maximum value of the fractional momentum deviation is
0.7 % in the injection and acceleration simulation [11],
we studied its effects on the dynamic aperture by varying
from 0.0% to ±0.7%. Figure 14 shows the dynamics
aperture depending on the fractional momentum deviation.
The blue curve describes the stable beam region which is
given by 2βε + η δp + cod where β and ε represent the
π
p
beta function and beam emittance. The parameter η is the
dispersion function of the ring. The cod represents the
closed orbit distortion which is less than 1 mm after the
orbit correction. This closed orbit distortion effects on the
dynamic aperture is given in Figure 15. We assumed that
the displacement and rotation errors of the magnets are
less than 300 μm and 1 mrad, respectively, and the
magnet field errors are less than 10-4. Each quadrupole
magnet has a corrector magnet. We found the dynamic
aperture moves to outside (red line) of the stable region
after the orbit correction even though it is inside (black
line) before correction. Finally we studied the dynamic
aperture variation by the multi-pole components of the
bending magnet. The errors include quadrupole, sextupole,
and octupoles which are assumed to be less than 10-4 of
the dipole amplitude. We found that the effects can be
negligible.

Figure 12: Schematic plot of (a) 2-family, (b) 4-family,
and (c) 6-family schemes for the chromaticity corrections.

Figure 14: Fractional momentum deviation and dynamic
aperture in the LIE algebra tracking method:
(a) 0 ~
-0.7 %, (b) 0 ~ 0.7%.
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Figure 15: Orbit distortion and dynamic aperture: black
line before correction and red line after correction.
Next we performed the acceleration simulation in order
to study the magnet and RF ramping for the large capture
rate [6,7]. In this study we used a sinusoidal ramping of
the magnetic field (Figure 16 (a)). The RF voltage
program and the corresponding synchronous phase
variation are given in Figure 8(b) and 8(c), respectively.
The initial RF voltage is 18.7 kV and the maximum
voltage is 75.0 kV. The synchronous phase increases up
to about 35 degrees. We used the RAMA program to get
the initial ramping of the RF voltage [12]. Figure 17(a)
shows the particle distribution in the longitudinal phase
space just after injection. We found that there is no beam
loss up to 200 injection turns. The particle distribution is
given in Figure 17(b) for 1GeV beams. The final energy
and capture rate are 1.003 GeV and 99.91%, respectively.
The most beam loss happens in the initial ramping stage
[6,7].

Figure 16: Ramping of (a) magnetic field, (b) RF voltage
and (c) the synchronous phase.
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Figure 17: Particle distribution in the RF bucket: (a) just
after injection and (b) after full acceleration for 1 GeV.

CONCLUSION
This work summarized the results on the lattice design
and the beam dynamics study of the PEFP RCS in the
initial stage where the beam power is 60 kW with a 15–
Hz operation. The injection and extraction energies are
100 MeV and 1 GeV, respectively.
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NON-SCALING FFAG AND THEIR APPLICATIONS∗
D. Trbojevic,† Brookhaven National Laboratory, Upton, New York, USA
Abstract
Examples of the Non-Scaling Fixed Field Alternating
Gradient (NS-FFAG) in applications are shown. NS-FFAG
designs, with beam passing either once of just a few turns,
are shown: the medical gantries in the cancer therapy, Recirculating Linac Accelerators (RLA) with droplets or race
track, and a muon accelerating ring with distributed RF
cavities. A small permanent magnet proton cancer therapy machine and one GeV racetrack with superconducting magnets are presented as examples of NS-FFAG with
larger numbers of turns. Consideration of the possible use
of the NS-FFAG for storage rings for protons or pions for
longitudinal manipulations is assessed.

INTRODUCTION
This report describes possible applications of the NonScaling Fixed Field Alternating Gradient (NS-FFAG) accelerators. In recent years there has been a clear revival
of the previous concept of the FFAG’s, developed mostly
in the 1950’s [1, 2, 3] mostly with a Midwestern Universities Research Association (MURA). More recent information about Scaling FFAG (S-FFAG) concept can be
found elsewhere [4]. In the second chapter, a concept of
the NS-FFAG is described. It includes a description of
the linear properties of the structures, explains the rationale
of the large momentum acceptance and small aperture requirements. In the basic concept description of the tune,
time of ﬂight, dispersion and amplitude functions variations with a momentum are shown. Applications of NSFFAG’s are divided into two categories: where a beam
passes through the structure one or a few times, or where
the beam has multiple - hundreds of turns. This distinction
comes as a consequence of the tune variations with momentum. Although the NS-FFAG is a linear machine with a
large dynamical aperture and large momentum acceptance
the integer crossings of the tunes represents a problem.
This comes from misalignment of more than 20-40 μm or
from the magnetic ﬁeld error larger than δB/B > 10−3 .
The following chapter describes NS-FFAG examples with
a single or a few beam passes: the carbon/proton medical gantries for the cancer therapy, the RLA either racetrack or droplets, an RLA for electron ion collider acceleration, thirteen turns NS-FFAG muon accelerator made of
triplet combined function magnets, and ﬁnally a storage
ring to capture muons from pion decays, which is fully described in the program Phase Rotated Intense Slow Muon
∗ Work performed under a Contract Number DE-AC02-98CH10886
with the auspices of the US Department of Energy.
† dejan@bnl.gov
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(PRISM ) beam in Japan [5]. The higher momentum pions, of few hundred MeV/c (idea of C. Ankenbrandt -Muon
Inc.), could be stored in the same fashion as in the PRISM
and from a decay of relativistic pions obtain muons with a
smaller momentum spread. The spectrum that ranges from
about 100% to about 50% of the pion momentum. So a NSFFAG ring with a momentum acceptance of 50% and a high
RF voltage would capture most of the decay muons from an
injected pion beam in no more than 6 turns. The third chapter describes NS-FFAG for non-relativistic beams where a
larger number of turns is assumed. A proton accelerator
for the cancer therapy made of NS-FFAG made with permanent Halbach magnets, and a 1 GeV superconducting
race track are described. Additional heavy-ion acceleration
replacing long and very expensive superconducting linac
was just noted (more information is available in the previous publication [6]). From the particle tracking of all
the examples at the central momentum, where usually the
momentum compaction is equal to zero becomes a clear
possibility for using NS-FFAG as a storage ring for longitudinal beam manipulations as the momentum aperture is
δp/p = ±50%.

BASIC CONCEPT OF THE NS-FFAG
In S-FFAGs the tunes νx and νy are constant with a zero
chromaticity for all particle energies as the orbits radii scale
with energy but with the ﬁeld index |n| ∼ 500. This necessarily makes the ﬁeld nonlinear. The beneﬁt of the NSFFAGs is due to the relationship Δx = Dx Δp/p, where
Δx is the radial beam offset, Dx is the lattice dispersion
function and Δp/p is the fractional momentum deviation.
The value for Δx may be kept less than ±50 mm for a
Δp/p = ± 60 %, if the Dx is <0.08 m. The dispersion
function or the dispersion action H is well controlled, similar to the request for the minimum of the H in the light
source lattice. The NS-FFAG has a very strong focusing
structure to obtain small values of D and β, and hence
small magnet sizes. Linear magnetic ﬁeld dependence with
respect to the radial axis B ∝ r is an additional simpliﬁcation. The strongest focusing, smallest dispersion, and best
circumference is achieved by the combined function magnets in the triplet FDF where in the middle is a larger defocusing main bending element surrounded by two smaller
focusing combined function magnets with opposite bend
[8], as shown in Fig. 1.
In the non-scaling case the magnetic ﬁelds are linear
even though they lead to a substantial range of tunes; that is
acceptable in an accelerator for muons because the acceleration has to take place very rapidly, and therefore betatron
resonances are traversed so fast that they have very little
Accelerator System Design, Injection, Extraction
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function magnets, to allow carbon and proton ion transport
and delivery, and the second one with separated functions
permanent Halbach magnets. The gantry, made of the NSFFAG cells, accepts and propagates different energy ions
with very small variation of the orbit in a kinetic energy
range 149.7-400 MeV/u or in momentum -25 % ≤ δp/p ≤
30 % (as shown in Fig. 2). The dispersion function and
the slope are set to zero at the beginning of the gantry in
the middle of the required momentum range. The largest
orbit offsets are at the focusing quadrupoles, and have similar values at the lowest and highest momentum-energy by
optimization of the bending angles. Carbon/proton ions of
different energies reach the end of the gantry within ±6
mm. The ion position at the patient is adjusted with the
scanning and triplet focusing magnets for each energy separately.
Figure 1: Basic half cell. The cell is symmetric with
respect to s = 0. The total length of the cell equals
Lcell = Lcavity + 2 ∗ LQF + LQD + 2 ∗ Ldf . There are two
types of magnets, QD (normal bend, ﬁeld 4.95 T) and QF
(negative bend, ﬁeld -2.29T). Each has constant focusing
strength, Kf and Kd .
effect. The ﬁrst NS-FFAG: Electron Model for Many Applications - EMMA [7] has been built and presently is being
commissioned in Daresbury Laboratory, England. This is
a proof of principle of the NS-FFAG concept for the ﬁxed
frequency acceleration of relativistic electrons, muons, and
other ions.

NS-FFAG WITH A FEW BEAM PASSES
The NS-FFAG concept arose during a study of future
Muon Collider or Neutrino Factory [9]. The NS-FFAG reduced the cost by using more circulating turns than in the
re-circulating linacs they replaced the high linac cost by
using the same linac with multiple turns. A simplest NSFFAG application due to the large momentum acceptance
is a use of it as the beam line for example for the isocentric
gantries as shown in the next.

Medical Carbon/Proton Gantries
The highest cost in the proton or carbon facilities is that
of the delivery. A present world-class facility for the carbon
and other ion cancer therapy at Heidelberg is already operating with the 630 tons isocentric gantry where the transport elements weight is 135 tons [10]. The NS-FFAG concept provides a reduction of the transport elements for the
carbon ions to about 1.5 tons. In addition to the reduction in
size, the magnetic ﬁeld is ﬁxed for all energies required for
treatment, additional simpliﬁcation for the operation. Ions
pass through the gantry oscillating around the central orbit
with very small orbit offsets.
Two examples of NS-FFAG isocentric gantry designs are
presented [11]; one with the superconducting combined
Accelerator System Design, Injection, Extraction

Figure 2: The carbon/proton isocentric gantry with superconducting magnets.
For the proton cancer facilities a permanent Halbach
separate function magnet design is presented in Fig. 3.
The maximum magnetic ﬁeld in the center of the Halbach
dipole magnet is Bg = Br ln(OD/ID), where Br is the material permanent magnetic ﬁeld value, while OD and ID are
outside and inside diameters of the material modules. The
range of proton energies under the ﬁxed magnetic ﬁeld is
between 68-250 MeV. Magnets are made of NeodymiumIron-Boron compounds (Nd-Fe-B) assuming the maximum
operating temperature of 70o C and with the magnetic ﬁeld
of Br =1.35 T. The NS-FFAG isocentric gantries provide
simple solutions: they are easy to operate as the ﬁeld is
ﬁxed for all treatment energies, the cost is reduced, they
are made of light elements (a weight of the whole gantry
is ∼500 kg), and there is small power consumption. The
scanning and focusing system is above the patient at a distance of ∼3 m.

RLA with Racetrack or Droplets
A combination of the Recirculating Linear Accelerators
(RLA) with NS-FFAG represent a very competitive way
to achieve the rapid acceleration of short-lived muons to
multi-GeV energies, required for Neutrino Factories and
TeV energies required for Muon Colliders. The competitiveness is due to better ”compaction” with respect the NS483
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Figure 3: Proton isocentric gantry designed with the permanent Halbach magnets [12].

FFAG rings. The ”droplet” is constructed by a 60o outward bend, a 300o inward bend and another 60o outward
bend so that the net bend is 180o . This arc has the advantage that if the outward and inward bends are made up of
the same kind of cells, the geometry automatically closes
without the need for any additional straight sections, thus
making it simpler. An additional advantage is a possibility
to transport different energy muons of both charges μ+ and
μ− through the same arc structure. Difﬁculties arise from
dependence on momentum: of the orbit offsets (they need
to be removed before arriving to linac), of the time of ﬂight
through the arcs and of the beam size and amplitude functions. Two types of designs the racetrack and the ”droplet”
are shown. The racetrack layout with betatron function and
dispersion at the central energy is shown in Fig. 4 . The
muon orbits at momentum in a range of δp/p = ±60%,
are shown in Fig. 5. Two linacs are placed opposite to each
other.
The second ”droplet” solution, shown in Fig. 6 without
linac and matching cells, allows use of both charges μ+ and
μ− .

Figure 4: Matching at central muon energy of 6.8 GeV and
maximum energy of 10 GeV for Δp/p = ± 60 % with
minimum energy of 2.5 GeV, the βx -(blue color) and dispersion (green color) are shown with magniﬁcations of 5
and 15 respectively.

Figure 5: Orbits magniﬁed 100 times at Δp/p = ± 60 %
with βx and dispersion.

RLA for Electron Ion-Colliders
The future relativistic electron hadron collider requires
acceleration of electrons with multiple passes through the
linac. The same principle is used in the Jefferson Laboratory accelerator. There the multiplearcs are connected to
the linacs in the racetrack. For the electron ion colliders in
Relativistic Heavy Ion Collider (eRHIC) the linacs could be
placed in the two RHIC tunnel straight sections, while arcs
could follow the existing RHIC superconducting heavy ion
accelerator. Multiple arcs can be replaced with a two NSFFAG arcs allowing momentum range of Δp/p = ±60%
or energy range 7.5-30 GeV and 1.875 - 7.5 GeV. More
details of this design were presented elsewhere [15].
484

Figure 6: Betatron functions magniﬁed 10 times at -40% ≤
δp/p ≤60 % with βx and dispersion. Total length of 612.5
m, maximum energy of 10 GeV.
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60 Hz compared to the 1 kHz. Novel methods for very fast
acceleration are necessary. Few solutions have been found
like phase jump [16] or the harmonic jump method [17] but
research in this ﬁeld is still necessary.

NS-FFAG for the Proton Cancer Treatment

Figure 7: Orbits magniﬁed 100 times at -40%
δp/p ≤60%.

≤

Muon Acceleration with Triplet NS-FFAG
The basic cell of the muon accelerating ring is shown in
Fig. 1. The acceleration in thirteen turns has been simulated
and previously presented [8].

Pion Storage Rings for the Phase Rotation
A recent modiﬁcation of the project PRISM is a racetrack solution with the S-FFAG [13]. The same problem
could be solved with the NS-FFAG [14]. A very large
aperture for the magnets is required and the time of pions
spending during the phase rotation is very limited ∼2 μs.
The longer straight section is required for extraction and
injection and this is the main reason to apply the racetrack
solution like the one shown Fig. 4. The dispersion function is much larger than in examples shown above as the
periodic cell number is much smaller.

The proton cancer treatment facilities today typically use
cyclotrons as they are compact and reasonable priced. The
application of the NS-FFAG for the 250 MeV proton acceleration with a single turn extraction for the required energy could provide many advantages with respect to the
cyclotrons or synchrotrons. The cyclotrons have a ﬁxed
proton energy requiring to use degraders to obtain the required energy for a treatment. This produces radiation and
unavoidable emittance blow up of the beam. Both synchrotrons and NS-FFAG have advantage with respect to the
cyclotrons as the ﬁnal energy is adjustable. The NS-FFAG
would have an advantage with respect to the fast cycling
synchrotron due to a higher repetition rate of 1 kHz as the
magnetic ﬁeld is ﬁxed. Two examples for the proton cancer therapy machine are presented: one with a combined
function magnets with 26.88 meter circumference [18] and
the other with permanent Halbach separated function magnets. The acceleration is assumed to be with the phase jump
and ﬁxed frequency 374 MHz. The ring with accelerating
cavities (12 green lines), injection and extraction kickers
(red boxes), and doublet combined function magnets (blue
trapezoids) is shown in Fig. 8.

NS-FFAG WITH A LARGE NUMBER OF
BEAM PASSES
Other possible applications of the NS-FFAG is accelerating of the non-relativistic ions: proton/carbon cancer therapy accelerators, a proton driver for muon production or
an Accelerator Driven Subcritical nuclear Reactor (ADSR),
and acceleration of radioactive heavy ions [6]. Tune and
chromaticity variation with energy present a very serious
problem as hundreds of turns are required due to the limits
of how fast the RF frequency or phase can change during a
short time. The non- relativistic acceleration of the proton
or light ions with the NS-FFAG has to be fast enough to
avoid emittance or beam amplitude blowup due to crossing
integer resonances. The amplitude growth during the resonance crossings depends on errors in the magnetic ﬁeld and
on the speed of the resonance crossing. For the magnetic
ﬁeld and alignment errors smaller than dB/B ≤ 10−3 or
for a ring of a circumference 26 m Δx, y ≤ 20 − 40μm
amplitude growth [16] is tolerable. It is very clear that the
fast acceleration is a must, not only to avoid the emittance
growth due to resonance crossings, but also to make faster
repetition rate producing more particles for the same time.
This is especially important for the ADSR application as it
would be a major advantage with respect to synchrotrons
where presently maximum repetition rate is of the order of
Accelerator System Design, Injection, Extraction

Figure 8: NS-FFAG for proton cancer therapy.
The second example is a racetrack NS-FFAG made of
Halbach magnets. There are sixty cells in each arc. The
large number of cells produces very strong focusing and
reduces the maximum orbit offset to 16.8 mm. This allows
use of very small magnets [12]. The racetrack is shown in
Fig. 9.
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celerator Science And Technology, World Scientiﬁc, Editors: A. Chao and W. Chou, Volume 1(2008), page: 65-97.
[5] A. Sato, M. Aoki, Y. Arimoto, Y. Kuno, M. Yoshida, S.
Machida, Y. Mori, C. Ohmori, T. Yokoi, K. Yoshimura,
Y. Iwashita, S. Ninomiya, “ FFAG As Phase Rotator for
the PRISM Project” , Proceedings of EPAC 2004, Lucerne,
Switzerland, MOPLT070, pp713-715.
[6] A.G. Ruggiero, J. Alessi, E. Beebe, A. Pikin, T. Roser, and
D. Trbojevic, “ Heavy Ion Driver with Non-Scaling FFAG” ,
Proceedings of PAC07, Albuquerque, New Mexico, USA,
TUPAS104, pp. 1880-1882.
[7] J. Scott Berg, “ The EMMA main ring lattice” , Nucl. Instr.
and Meth. in Physics Research A596 (2008) 276284.
[8] D. Trbojevic, E. D. Courant, and M. Blaskiewicz, “ Design
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Phys. Rev. ST AB 8, 050101 (2005).

Figure 9: NS-FFAG racetrack made of Halbach separated
function magnets. The radius of each arc is 2.85 m, the
length with the two straight sections is 26.8 m.

NS-FFAG for 1 GeV Proton Acceleration
A principle of proton therapy accelerator described in the
previous chapter is applied for the 1 Gev NS-FFAG accelerator but using combine function superconducting magnets
with both magnets bending in the same direction for the
central momentum. The defocusing magnet is Ld =16 cm
long with the bending ﬁeld of Bd = 2.4 T and gradient of
Gd =130 T/m. The maximum orbit offsets at the middle of
the defocusing magnet are 25 mm. The focusing magnet is
18 cm long with a bending ﬁeld of Bd = 0.85 T and a focusing gradient of Gf =120 T/m. A radius of the arc is 3 m
while a length of the racetrack is 26 m.

SUMMARY
Applications of the NS-FFAG are divided in two categories: ﬁrst where only one or few passes are needed and
the second where few hundred turns are necessary mostly
for the case of accelerating non-relativistic particles. Examples from the ﬁrst category like the carbon/proton cancer therapy gantries, the racetrack and droplet solutions for
muon acceleration with RLA’s are shown. In the second
category the ring and racetrack examples of the NS-FFAG
for the proton cancer therapy are shown. Other examples
are just brieﬂy discussed due to a limited space.
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C. Roderick, M. Sapinski, C. Zamantzas, CERN, Geneva, Switzerland
V. Grishin, IHEP, Protvino, Russia and CERN
Abstract
Due to rapid progress with the LHC commissioning in
2010, set-up beam intensities were soon surpassed and
damage potential was reached. One of the key systems
for machine protection is the beam loss monitoring (BLM)
system. Around 4000 monitors are installed at likely or
critical loss locations. Each monitor has 384 associated
beam abort thresholds (12 integrated loss durations from
40 µs to 84 s for 32 energy intervals). A single integrated
loss over threshold on a single monitor aborts the beam.
Simulations of deposited energy, critical energy deposition
for damage or quench and BLM signal response backedup by control measurements determined the initial threshold settings. The commissioning and optimization of the
BLM system is presented. Test procedures were used to
verify the machine protection functionalities. Accidental
magnet quenches were used to fine-tune threshold settings.
The most significant changes to the BLM system during
the 2010 run concern the injection, the collimation and the
beam dump region, where hardware changes and threshold
increases became necessary to accommodate for increasing
beam intensity.

lies. ICs which are not used for beam interlock are installed
in the dump lines, for future upgrade elements or redundant
monitors with RC signal delay. The BLM system is extensively used for operation verification and machine tuning.
The following data sets are available: Logging (one value
every second for nearly all integration times); post mortem
(online 80 ms and offline 1.72 s of 40 µs integrals); collimation buffer (80 ms of 2.6 ms); capture data (80 ms of 40 µs
or 5.2 s of 2.6 ms) and extraction validation or XPOC buffer
(80 ms of 40 µs). Logging data is also used for online display.
Table 1: Monitors and Families
Monitors Purpose
IC
SEM

interlock (97%)
observation (3%)
observation

# Monitors # Families
3592

122

289

22

COMMISSIONING AND SYSTEM
VALIDATION TESTS

INTRODUCTION TO THE LHC BLM
SYSTEM
The main function of the LHC BLM system [1] is damage protection. Additionally, quenches of superconducting magnets have to be avoided. The BLM system’s response is critical for short and intense particle losses, while
at medium and longer loss durations it is assisted by the
quench protection system and the cryogenic system. The
system changes its beam abort thresholds automatically,
corresponding to the beam energy, and allows to follow the
loss duration dependent quench levels of the superconducting magnets (signal integration times from 40 µs to 84 s).
The detectors are ionization chambers (IC) and secondary
emission monitors (SEM), which are 70000 times less sensitive. In order to give operations a threshold tuning possibility, the ‘applied thresholds’ are derived from pre-set
‘master thresholds’ by multiplication with a ‘monitor factor’ (MF). MF ≤ 1 is enforced. Typically, MF = 0.1 on cold
magnets. Master thresholds are always set safely below
damage level (at least a factor 10 for losses up to 100 ms),
typically to three times the quench level. ‘Families’ of
monitors have the same master thresholds. They protect
same elements with same monitor locations from similar
loss scenarios. Table 1 summarizes the monitors and fami-

Figure 1: Overview of the most important BLM testing
procedures. The colored bars show which part of the system is tested at which frequency.
Commissioning of the BLM system (2008, 2009 and beginning of 2010) was advancing in parallel with the beam
commissioning of the LHC [2]. The machine protection
functionalities of the BLM system had been phased in. This
way, they provided the required protection level for each
stage of the commissioning, without compromising the machine availability. The input to BIS (Beam Interlock System) from individual monitors was switched from ‘masked’
to ‘unmasked’ in stages. At the end of the 2009 run the
LHC was operating with most of the channels unmasked.
The continuous (during beam operation) acquisition system
self tests became operational during the 2009 run.The reg-
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ular (between beam operations) BLM system tests became
operational before the 2010 run.
The system validation test procedures are described
in [3] and [4]. They have been defined to achieve the
required reliability and availability of the system. The
functionality of all components was tested before installation. Thereafter, there are three different inspection frequencies: tests after installation and during yearly maintenance, tests before (each) fill and tests which take place
continuously (also during beam operation). Figure 1 lists
the most important tests and their frequency. Additional
machine protection tests [5] (mostly verification tests of the
above system tests) have been executed during the commissioning phase. Before start-up and before a new release the firmware is tested extensively for all operational
(protection relevant and other) aspects. A dedicated test
is included for each issue found in the past on a previous
firmware version. The ‘vertical slice’ test is executed on
a test system located at the LHC point IP2. The complete
hardware chain from the ionization chamber to the beam
interlock output is verified. A specific part of the test uses
a front-end emulator of the analogue part of the electronics. It allows for exhaustive threshold triggering tests, optical link reception and status tests and verification of the
response to predefined input signal patterns (linearity tests,
etc.). Performance tests with beam include beam aborts
with defined injection losses (on a closed collimator) and
measurements of the reaction time of the BLM (from injection to breaking of beam permit loop by BLM). The validation tests between fills are enforced by the BLM system to
be executed at least once in 24 hours (else the next injection
into the LHC is inhibited). The tests are executed and analyzed in BLM surface electronics FPGAs (combiner cards)
and take about 7 minutes to execute. Three tests are executed on each monitor: A comparison of system parameters (including thresholds) between data base and surface
electronics; an internal (VME crate) beam permit line test
and a connectivity check (by modulation of chamber high
voltage). A similar approach (rigorous testing of protection
relevant functions) will have to be applied to the software
for generating and changing abort thresholds including regular and/or automated threshold tests.

OPERATIONAL EXPERIENCE
Table 2 summarizes the beam aborts requested by the
BLM system February to August 2010 for energies above
450 GeV. Out of a total of 220 beam aborts, 24 were requested by the BLM system due to losses above threshold.
Three were due to BLM system hardware failures (system
unavailability). No safety related issues have been detected
on any of the system components (hardware, firmware,
software or system parameters). BLM system failure rate
and availability have been evaluated [3] using the Safety
Integrity Level (SIL) approach with downtime cost evaluation as input. The required probability of not detecting
a dangerous beam loss, with the consequence of damag-
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Table 2: Statistics of beam aborts requested by BLM system for energies above 450 GeV (after the start of the ramp)
from February to August 2010 [6].
Losses above threshold
24
Fast (ms) loss events
7
Collimator adjustment
7
Losses on resonance, during scraping, 7
octupole studies and wire scans
Changes of beam parameters and
3
feedback problems
BLM system failure
Optical link
VME64x crate CPU

3
2
1

ing a magnet, is below 10−3 per year (SIL3). The system
design was adapted to satisfy the SIL3 requirement, assuming 100 dangerous losses per year, which can only be detected with one BLM. Experience has shown a redundancy
in the BLMs to measure losses and request beam aborts.
This has the potential to decrease the damage risk considerably. False beam aborts decrease the availability of the
LHC. The required probability was calculated to below 20
false dumps per year (corresponding to SIL2). From the experience of February to August 2010, 7 to 14 false dumps
can be extrapolated for one year of standard LHC operation (Table 3). This is consistent with the predictions and
satisfies the requirements.
Table 3: Damage risk and false dumps for one year required
and predicted by simulation and extrapolated from 2010
experience.
Requirement

Simulation

Estimate
based on 2010
Feb. - Aug.

Damage risk

< 10−3

5 · 10−4

–

False dumps

< 20

10 - 17

7 - 14

per year

Hardware
Each individual of the 3600 BLM channels connected
to the beam interlock system (BIS) requests a beam abort
if one of the 12 integration windows gives a loss above
threshold. It equally requests a beam abort (or inhibits
beam injection) if one of its internal system checks fails.
In order to allow operation of the LHC in the presence
of noisy or broken channels, a procedure to disable single monitors was established [7]. On the database and on
the application levels it is enforced that no critical monitor
(and only one monitor out of a group of redundant monitors) can be disabled. Until September 2010, not a single
monitor needed to be disabled, showing a remarkable availability of the system. Table 4 summarizes the hardware interventions of February to August 2010. Most of the interventions were prompted by the onset of system degradation
detected by regular offline checks. Hence, the component
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Monitors

was replaced before malfunctioning. Some interventions
became necessary because a failure was detected by one
of the automatic internal system tests, preventing beam injection. Interventions mostly took place during scheduled
technical stops or in the shadow of other interventions. The
availability of the LHC was not seriously compromised by
BLM system failures and repairs. Figure 2 shows the noise
levels and the applied threshold values for all monitors for
40 µs integration time and 3.5 TeV. A safety margin of 10
is aimed for between the threshold and the noise. Abort
thresholds decrease with increasing beam energy. Hence,
solutions to decrease the noise levels will have to be implemented for 7 TeV operation, in order to ensure this safety
margin.

E = 3.5 GeV, t=40μ s
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Figure 2: Noise levels and the applied threshold values for
all monitors for 40 µs integration time and 3.5 TeV.
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Figure 3: Second quench GEANT4 simulations compared
to measurements.
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Initial beam abort thresholds have been established by
simulations and test measurements. Faced with uncertainties, a conservative approach has been taken. Hence, a
certain number of threshold increases were necessary (see
below) at BLM locations with significant non-local losses.
Mostly, the initial thresholds appeared appropriate for the
2010 run. Neither damage nor a single avoidable quench
occurred (the BLM system cannot protect against quenches
by injected beam). Most of the monitors were not causing undesired beam aborts, none triggered on noise. In
case of exceptionally high losses (see Table 2) beam aborts
were requested. No event was detected where the system
failed to trigger. Five beam induced magnet quenches occurred, two in 2008, two in 2009 (see Fig. 4) and one in
2010. In all of them injected beam was lost at cold aperture and MB (main bending) magnets quenched. The 2008
quenches were analyzed in detail, as enough information
about the proton impact distribution and the BLM response
was available. The BLM signal could be reproduced by
GEANT4 simulations to within a factor of 1.5 (see Fig. 3).
Consequently, in 2009 the thresholds on all cold magnets
were raised by approximately 50% [8]. The most likely
loss locations with circulating beams are the quadrupole
magnets. Most of the monitors are installed there. The
proton impact distribution on the aperture influences significantly (up to a factor of 6 in [8]) the quench levels as
measured by the BLM. As it varies between the losses, it
is an inherent uncertainty. First measurements (wire scanner losses, fast losses, first magnet quench tests) indicate
that the quadrupole thresholds could be too conservative.
Beam tests are planned using injection losses (transient),
creating orbit bumps with circulating beam (steady state)
and creating losses with the wire scanner (ms time range).
A dedicated QPS (quench protection system) diagnostics
allows to measure the onset of a quench and to avoid an
actual magnet quench during the test. A more elaborate
magnet model will be used to establish new quench levels
by the end of 2010. A certain number of human threshold manipulation errors have occurred. Database and software checks have been introduced (or will be introduced)
to avoid (or reduce) manipulation errors in the future.

Unexplained Fast Losses
Seven beam dumps due to fast (ms scale) beam losses
(< 1% of beam intensity) of yet unidentified origin have
been observed. The losses are always detected by more
than six local monitors, at least three of them getting close
to (or above) the abort threshold (in the 2.5 ms integration
window), confirming the redundancy in the system. Furthermore, the losses from these events are seen at all aperture limits (collimation regions). Figure 5 shows the local
longitudinal pattern of one of these events and the signal
in the different integration times for the monitor with the
highest loss compared to the applied thresholds. Additional
BLMs at aperture limits with a bunch-to-bunch resolution
are planned. At the moment three test set-ups are installed
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Element

Details

IC
tunnel electronics
tunnel electronics
tunnel electronics
surface electronics
surface electronics
VME64x Crate
VME64x Crate

bad soldering
noisy analogue component (CFC)
bad soldering
low power optical transmitter (GOH)
weak optical receiver
failed SRAM
failed CPU RIO3
failed power supply
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Figure 4: Beam induced quenches 2008 and 2009. The first and second quench occurred at an MB which was equipped
with BLMs (for the first quench only the opposite beam side was equipped). During the third quench the IC with the
highest signal saturated. The fourth quench happened at an MB after the MQ, which is not equipped with monitors.
20100807-231047_RS05

SYSTEM CHANGES
System changes became necessary for two reasons
(see [9] for documentation of all system changes and [7]
for the procedures): increasing of the upper end of the dynamic range and adaptation for particle showers from nonlocal losses. Very high losses (above 23 Gy/s) measured
with an IC surpass the operational range of the electronics, while they are still below the noise level on short integration times for most of the SEMs. Therefore, a few
(redundant or additional) ICs in the injection, extraction
and cleaning regions were equipped with RC readout delay
filters (reducing the peak signal by approximately a factor of 180). They are only used for measurements. The
BLM system currently employs a local protection strategy.
Each machine element deemed to require protection, is protected by locally installed monitor(s). Large particle showers reaching a monitor from a distant loss location compromise this approach. Losses from the injection line collimators and from over-injection (pilot bunch dumped on the
ring element TDI) are visible on injection region ring mon-
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at the betatron collimators in IP7 using diamond detectors and ACEMs (Aluminum Cathode Electron Multiplier).
They are expected to help identifying the origin of the fast
loss events. A recent search (using BLM logging data) for
similar events which did not trigger a beam abort (spanning
230 hours of stable beam for physics), found 0.06 of such
events per hour for fills with 24 bunches per beam, while
for fills with 48 bunches per beam the frequency increased
to 0.13 events/hour. The magnitude of the loss signals increased as well with the number of bunches in the machine.

Signal (Gy/s)

BLM signal RS01 [Gy/s]

Table 4: Hardware Interventions Due to Channel Degradation or Failure Since February 2010
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Figure 5: Longitudinal pattern of a fast loss event and signal in the different integration times for the monitor with
the highest loss. The beam abort was triggered on the
2.5 ms integration time.
itors. There, smaller RC readout delay filters (reducing the
peak signal by approximately a factor of 10) were installed.
Short integration time thresholds at injection energy had to
be increased. Thresholds at all other energies were reduced
to counteract the effect of the RC filter. See Fig. 6 for an
example of threshold change. At the same time a lower
limit for thresholds of 0.1 Gy/s was introduced, in order
to safely stay above the noise. As a consequence, quench
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Applied thresholds [Gy/s]

of eight cold magnets (24 BLMs) at injection energy cannot be excluded by local BLM, while damage protection
rests ensured. Shielding blocks were installed recently and
the installation of more shielding is planned. The possibility to ‘blind’ the BLM system at injection is investigated.
Similarly, in the collimation regions losses from upstream
collimators can be larger than signals from local proton impact. In a deviation from the local protection scheme, damage to four TCLSs in IP7 and possibly eight TCLAs in IP3
cannot be excluded by local BLMs. There, protection is
based on collimator hierarchy, position interlocks, temperature interlocks and on BLMs further downstream. Table 5
summarizes the requested system changes since Feb. 2010.
THRI.DS.B1.1_MQM_RC
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injection new, mf = 0.20
injection old, mf = 0.10
3.5 TeV new, mf = 0.20
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Table 5: Changes Requested Since February 2010
# Monitors # Families
HW changes
RC delay filter installation
New monitors

67
64
3

Threshold changes

97

New Families
RC signal delay filters
Over-injection losses
Injection losses (no RC filter)

73
64
7
2
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Figure 6: Threshold changes on a cold magnet in the injection region after installation of a RC delay filter. The
injection energy threshold was increase to allow for injection losses. All other energies were decrease to counteract
the effect of the filter. Finally, a minimum threshold of 0.1
Gy/s was enforced to avoid dumping on noise.

SUMMARY
Until today the machine protection by the BLM system
has been fully reliable. No avoidable quench occurred.
There is no evidence of a single beam loss event having
been missed. Hardware issues never caused a degradation
of the reliability. The number of false beam aborts due
to hardware failures are as expected and within requirements. Noise events never caused beam aborts. Not a
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single monitor needed to be disabled. The initial thresholds (even though set conservatively) proved mostly adequate 2010 operation. No big deviation has been detected
between the protection thresholds and the magnet quench
levels. Further beam test will help to establish new threshold values. Losses were always seen by several local monitors and at the aperture limits, showing a certain protection redundancy. Open issues and future upgrades include
shielding of injection losses and a redefinition of the injection region and collimation region protection approach.
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STATUS REPORT OF THE RAL PHOTO–DETACHMENT BEAM
PROFILE MONITOR∗
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Abstract
The Rutherford Appleton Laboratory (RAL) is developing a front end suitable for High Power Proton Applications
HPPA. The main components are an H− ion source with up
to 60 mA current at 65 keV, a transport section to match the
beam to an RFQ with 3 MeV output energy and a LEBT
comprising a chopper system with several buncher cavities. Photo detachment can be used as a non-destructive
diagnostics method. The paper reports on progress with
a beam profile monitor that is placed in a pumping vessel right after the ion source at the intersection to the Low
Energy Beam Transport (LEBT). This diagnostics tool consists of mirrors inside the vacuum to scan the laser beam
through the beam, the actual detector to measure photo detached electrons, laser and optics outside the vacuum and
electronics to amplify and read out the signal. The paper
summarizes the experimental set-up and status, discusses
problems and presents recent measurements.

RFQ
Magnetic LEBT

ou

-

H

PD beam profile

LEBT
Laser
Figure 2: Recent set-up of ion source, diﬀerential pumping
vessel which hosts also the beam profile monitor.

INTRODUCTION
High Power Proton Particle Accelerators in the megawatt
range have many applications including drivers for spallation neutron sources, neutrino factories, transmuters (for
transmuting long-lived nuclear waste products), and energy
amplifiers[2, 3]. FETS is RALs contribute to the development of HPPAs but also to prepare the way for an upgrade
to the Isis accelerator and to contribute to the U.K. design
eﬀort on neutrino factories.
The Front End Test Stand FETS project[1], located at
RAL, is to demonstrate that chopped low energy beams
of high quality can be produced. FETS (see Fig. 1) consists of a 60 mA Penning Surface Plasma Ion Source, a

MEBT and chopper

s
ion

Ion Source

rce
Laser
profile
monitor

Faraday cup, charge integration

Figure 1: Overview of the FETS set up. The main elements
are a Penning type ion source, 3 solenoid LEBT, RFQ and
the MEBT consisting of quadrupoles, four buncher cavities and a combined slow/ fast chopper. It is intended to use
photo–detachment as a non–destructive diagnostics method
applying to a beam profile monitor and an emittance scanner at 3 MeV beam energy.
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Figure 3: Basic principle of photo detachment ion beam
diagnostics The H− ions get neutralized by laser light. The
diagnostics is in general a three stage process: detachment,
charge separation and detection.
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Figure 4: Schematics of the detector with simulations of
the electrostatic suppression ring.
three solenoid low energy beam transport, a 3 MeV fourvane radio frequency quadrupole RFQ, a combined a fast/
slow electrostatic chopper, and a comprehensive suite of
diagnostics. This paper details the status of the beam profile monitor and reports some of the first measurements to
proof photo–detachment experiments on the FETS beamline.
At the time of writing the ion source, LEBT and a diagnostics vessel with pepperpot and two slit–slit scanners
are operational. Design of the chopper and RFQ are well
progressed and the RF system for the RFQ has been commissioned to 1 MW. The latest status and overview can be
found in [4].
Photo–Detachment is a common way to replace traditional, destructive beam diagnostics, having the advantage
not to penetrate the beam with any mechanical part. Motivations can be either of technical (avoiding heat load on
slits, wires, etc.) or physical nature (reducing beam perturbation to a minimum). This as motivation Imperial College
launched with a Ph.D. activities on that field with the aim of
a 2D beam profile monitor applying a tomographic method
and an emittance instrument [5]. Whereas the “proof or
principle” for the emittance scanner has been demonstrated
[6] and developed further to a 4D emittance scanner ([7, 8]
a concept and technical design of a 2D scanner has been
worked out and built [9], supervised by Imperial College.
In the more recent past RAL/ RHUL took care about all
changes and measurements presented here, that includes
especially an improved version of the electronics and laser
(optics) related issues.

Photo–Detachment Beam Diagnostics
Photo–Detachment means that the energy of photons is
suﬃcient that a (weakly) bonded electron of negative ions
can be dissociated. For H− the binding energy of the 2nd is
about 0.75 eV thus photons beyond this threshold are able
to neutralize ions H− + γ −→ Ho + e− and a maximum of
σ = 4.0 × 10−17 cm2 can be found [10].
The basic principle of utilizing photo–detachment for

Figure 5: Photograph of the electron detector, view from
the back. The opening for the ion beam is 50 mm in diameter.
beam diagnostics is illustrated in Fig. 3. Compared to
more common devices like a (wire) profile monitor or an
emittance scanner the laser neutralizes only a small portion of the beam without interfering with the beam elsewhere. The charge separation can be carried out either electrostatic or magnetically in a way that most of the beam
should be transported through the instrument without influence. The actual diagnostics is then carried out with the
detached electrons done with a Faraday cup and suitable
electronics1 .

EXPERIMENTAL DESIGN
The detector is installed in the diﬀerential pumping tank
between ion source and LEBT (see Fig. 1). It is extensively
described in David Lee thesis [11] and more recent changes
relevant for the measurements here are discussed in [12].
The actual particle detector is shown in Fig. 4 and 5
and uses a small dipole I to separate the detached electrons
from the rest of the beam.
Since the energy of the detached electrons is not more
that 40 eV it was thought that a post acceleration (“jacket”
J) up to a level of 2 keV is necessary. A suppression ring
S is placed at the entrance of the dipole creating a potential wall for negative particles produced due to residual gas
stripping further upstream. The detachment region is where
the two superimposed potentials of opposite polarity S and
J create a dip. Further parameters are the biased voltage B
of the Faraday cup and the grid G in front of the cup hole
acting as a secondary suppression. Comprehensive simulations performed by D. Lee have shown best electron acceptance with I =1 A, S =-500 V, J =2000 V, G =250. . . 400 V
and B =500 V.
Paying tribute to the space restrictions given by the position between ion source and first solenoid the design had to
be very compact consequently, the clearance for the beam
is of not more that 50 mm across the opening.
1 other
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Figure 6: Triggering of the electronics and integration cycles of the ADC. Between the rising edge of the trigger and
the start of the integration is a delay of 6.3µs. The lower
scope trace shows a typical background signal (∝ voltage
drop on 50Ω).
Since the laser originally bought for the diagnostics is
not powerful enough and the time jitter is far to high RAL
appreciates the Institute of Applied Physics IAP, Goethe–
University Frankfurt, made kindly a more suitable laser
available. This is a cw laser and boosts the power from
500 mW up to a maximum of 10 W, the optics was adopted
to λ = 1030 nm and keeps the laser on a fixed, central position.

MEASURED RESULTS
Charge Integrator The electronics is capable to run
with up to 25 Hz, the actual measurement range is determined with 7 diﬀerent capacitors between 50. . . 350 pC.
This range is then digitized with a resolution of 20 bit. The
ADC has two integration cycle A and B each 103 µs long
(see Fig. 6, in between is a negligible gap to switch from
one to the other cycle. The whole integration period can
be moved throughout the whole signal by varying a trigger
pulse, also shown in Fig. 6. Since there is always more
ringing at the beginning of the pulse the integrations covers
only the last 200 µs. Shape and height of the signal depend strongly of all detector settings and the signal would
exceed drastically digestible charge of the ADC for nominal design values ([12]. Therefore the background should
always close to zero and should be checked for every measurement and settings.
Reason for this behaviour is the change in compensation
level, hence beam expanding follows and this leads in combination with the small opening to high beam losses of up
to 50% [13].
The only way to operate the detector with amplifier is to
find experimentally settings for J, S , G, B, I with reasonable small background on the one hand and on the other
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Figure 7: A typical distribution of measured charge, here
shown as background (no laser, I = .335 A, B = 89 V, G =
155 V, total measurement time t = 203 sec,“B–cycle”).
hand just enough “guidance” for the detached electrons
to be trapped with the FDC without interfering with the
H− beam to much.
Noise A typical distribution is shown in Fig. 7 which
has taken just the background PDbck without laser. The distribution consists of about 5000 measurements, the broken
symmetry is down to the capacitance of 150 pC. The width
of the bell curve represents the noise of the detector FDC
and is rather large. Qualitatively, several reasons can be
identified:
• rise time of the extraction power supply changes
plasma meniscus and hence current and emittance
• plasma instabilities produce a source noise which is
expressed by current fluctuations of ≈10 %
• high–voltage breakdowns happen regularly; recovery
takes a few pulses
• beam loss causes secondary particles by interacting
with the surfaces and amplifies the noise already existing
• it is possible that the power supplies used for the
detector electrodes add another layer of noise but is
hardly possible to quantify
• over longer periods (e.g. minutes & hours) and from
day to day and from source to source the level (mean)
of the background PDbck can vary a lot
It should be noted that the noise discussed here is not necessarily the H− ion beam noise because of the secondary
eﬀects produced by the beam loss.
Sparking Despite beam loss and a signal well beyond the ADC’s measurement range Fig. 8 shows the
most strongest argument to move away from nominal design settings. It is shown voltage which builds up if the
jacket J or the suppression ring S exceed a voltage of about
J ≥ 80 V and S > 110 V. The high voltage pulse is measured with a probe 1000:1 on a scope between the FDC
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Table 1: Summary of Some Measurements. Shown the
diﬀerence Δ =PDbck −PDlaser and some numbers computed
with descriptive statistics. Due to high voltage sparking J
and S were not in use if the amplifier was connected.
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Figure 8: High voltage pulse, measured with a 1000:1
probe between BNC vacuum feed through coming from the
FDC and ground outside the vessel.
output and ground. The HV–pulse varies depending on J
and S but it is repeatable within roughly a few seconds
and will destroy in any way the amplifier. The time dependence may imply a charge eﬀect. It should be mentioned that no burn marks can be encountered and without
beam the whole system can hold far higher voltages, e.g.
J > 2500 V, S > 800 V, G > 600 V.
Photo–Detachment Results If you compare the
background measurements PDbck with the number theoretical possible photo–detached electrons you would need
20. . . 30 W laser power minimum to produce ≈20 pC. Since
the starting distribution of the electrons is not known and
their birth potential is only 40 eV it is very diﬃcult to make
predictions about the number of collected electrons in practice.
In Table 1 the PDbck is subtracted from the laser measurements PDlaser and the diﬀerence Δmean and its standard deviation error SDEmean are compared. Advantage
here is reasonable high number of observations to keep
the SDEmean small. But the diﬀerent measurements (1 +
2 and 3 . . . 5 at diﬀerent days but with same source settings) show also the problem of not constant background
and (non–linear) behaviour of the detector (1 + 2 vs. 3 + 4).
Especially the combination of bias and grid show a significant influence. It might be counter-intuitive to measure
more charge than with a 6 W laser actually is possible but
some electrode/ detector settings work apparently in a way
that additional secondary particles will contribute to the
signal. This has to be chosen very careful otherwise the
accumulated charge may cause problems with the ADC.

SUMMARY & OUTLOOK
The paper presents the experimental status of the tomographic beam profile monitor. The primary focus was on
measuring photo–detached electrons with the existing detector design (“proof–of–principle”). A small but repeat-

Range /pC
Plaser /W
Δmean
Dipole I /A
Grid G /V
Bias B /V

No. 1

No. 2

No. 3

No. 4

No. 5

150
6.62
1.84
0.62
109
0

100
6.62
2.17
0.62
109
0

350
6.4
46.0
0.41
159
89

150
6.5
56.9
0.34
155
94

150
3.55
16.88
0.34
155
94

able eﬀect between PDbck and PDlaser can be verified but
all measurements suﬀer heavily under large (moving) background and not neglectable standard deviation.
There might be a few more possibilities like improving the statistics and testing more detector settings but it
is believed that just a more powerful laser is not a sustainable path because its actual the detector which is driven
to its limits. It has been turned out that the idea of post–
acceleration in combination with a rather limited acceptance for the H− beam is very challenging to run reasonable. If the aim is to build non–destructive beam diagnostics then significant beam losses are not acceptable, and
therefore a redesign is necessary.
The present campaign will come to an end shortly because of the termination of the laser loan. The remaining
time will be used to carry on with measurements varying
diﬀerent parameters (laser, detector, beam) to improve the
statistics.
In future it looks advisable to appreciate the experience
and move the diagnostics to a more convenient place with
less geometric restrictions. It is also wishful to develop
new design of the detector to reduce the influence onto the
beam. Ideally, the new detector should cover the full energy
range of the FETS beamline from 70 keV till 3 MeV.
Regarding the original aim of having a beam profile
monitor a more powerful laser (pulsed) would also help to
overcome the background problems.
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BEAM INDUCED FLUORESCENCE PROFILE MONITOR
DEVELOPMENTS
P. Forck∗ , C. Andre, F. Becker, R. Haseitl, and B. Walasek-Höhne
GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany
Abstract
As conventional intercepting diagnostics will not withstand high intensity ion beams, the non-destructive Beam
Induced Fluorescence (BIF) method for transverse profile
monitoring was extensively developed during the last years
at the GSI heavy ion facility. Tests with various ions in the
energy range from 1.4 MeV/u to 750 MeV/u were done.
An overview of the general performance and the technical
realization is given. Fluorescence spectra of nitrogen and
rare gases were recorded, using an imaging spectrograph
and wavelength selected beam profiles were obtained. The
recorded transverse profiles coincides for all working gases
with the exception of He. The background contribution by
beam induced neutrons and γs was investigated.

BIF METHOD OVERVIEW
Non-destructive transverse profile measurements are
preferred not only for single-pass diagnostics at diﬀerent
locations in a transfer line, but also to enable time resolved observations of a stored beam within a synchrotron.
The essential reason for non-destructive diagnostics is the
large beam power available at modern hadron accelerators,
which excludes the usage of traditional intercepting methods like scintillation screens, SEM-grids or wire scanners
due to the high risk of material damage during irradiation
by the total beam intensity.
As an alternative to these traditional devices a Beam
Induced Fluorescence (BIF) Monitor was realized and its
properties were investigated in detail during the last years.
A BIF Monitor is schematically depicted in Fig. 1. Due
to the electronic stopping power the residual gas is ionized and left in an excited state with a certain probability. Optical photons emitted due to de-excitation can be
used for transverse profile determination. But only those
photons emitted towards the camera are detected, resulting
in a solid angle Ω  10−4 and single photon technologies
have to be applied. The spatial resolution is adapted to the
beam parameters over a wide range by choosing an appropriate optical magnification ratio. An important boundary
condition is the depth of field, which has to cover the entire beam diameter. The BIF method was investigated by
diﬀerent authors for profile measurements at cw-LINACs
[1, 2, 3], pulsed LINACs [4, 5], cyclotron facilities and has
been tested at synchrotrons as well [6, 7, 8].
∗
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Figure 1: Scheme of a BIF Monitor for horizontal beam
profile determination as installed at GSI.

TECHNICAL REALIZATION
In order to detect single photons an image intensified
camera has to be used. One technical principle is the MCPbased image intensifier. In these devices the photon are
converted to an electron at a photo-cathode and accelerated to a Multi-Channel-Plate (MCP). This might be either a single MCP having an ∼ 103 -fold amplification of
photo-electrons or a double MCP stack with ∼ 106 -fold
amplification, the latter one is suited for single photon detection. The electron avalanche hits a phosphor screen to
create photons again which are finally observed by a standard CCD camera. The installations at GSI Ion LINAC
comprises of either a tri-alkali photo-cathode S20 or bialkali photo-cathode in front of a double MCP stack of
25 mm diameter [9]. A standard lens system (in most
cases Pentax C1614ER with focal length f = 16 mm) provides a reproduction scale of typically 250 µm per pixel
[4]. For some of the experiments other lens system are
used, e.g. with enhanced UV transmission (LINOS inspec.x with f = 50 mm). The spatial resolution is about
100µm (with respect to the beam location), mainly determined by the internal resolution of the double MCP intensifier arrangement. The resolution on the photo-cathode
acting as the image plane is about 30 line-pairs per mm
(lp/mm). CCD cameras with a digital interface (FireWire
of GigE) are used to provide a loss-less data transport and
adequate trigger possibilities [10].
As an alternative to MCP-based image intensifiers segmented photo-multipliers are used by other authors [6, 11].
As a third possibility a modern electron-multiplying CCD
camera (emCCD) was considered [12, 13]: The amplification of the photo-electrons is realized by a chain of
avalanche diodes between the CCD matrix and the ADC.
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viewport size

beam

aver. pixel int.

Figure 2: Two dimensional fluorescence image (left) of a
Ar10+ beam at 4.7 MeV/u and Ibeam = 2.5 mA recorded
during one 250 µs long macro-pulse in 10−5 mbar N2 and
the projection for the vertical beam profile (right) [4].

Figure 3: The beam width variation during a macro-pulse
of 8 mA Ar10+ at 11 MeV/u is shown on top, the exposure
time is 20µs . The lower graph compares the fluorescence
yield (in arbitrary units) with the beam current [4].

RESULTS OBTAINED AT THE GSI-LINAC
At the pulsed GSI Ion LINAC BIF Monitors are installed
at several locations and used for standard operation of high
current beams [10]. An example is depicted in Fig.2 using
a double MCP image intensifier capable of single photon
detection. Each spot on the raw image corresponds to one
photon. The projection shows suﬃcient statistical accuracy, which can be improved by smoothing algorithms due
to the large reproduction scale of 300 µm per pixel. Beam
profiles can be determined within one single macro-pulse
of typically 100 µs length as used for the injection into the
proceeding synchrotron SIS. The correspondence to SEMGrid based measurements is good, e.g. the evaluated width,
as characterized by the standard deviation, coincides better
than 10 %.
An advanced application is the determination of a possible and in most cases unwanted variation of the beam profile during the macro-pulse, as shown in Fig. 3. Within a
rise time of τrise = 100 ns the voltage between the photocathode and the MCP can be switched from blocking mode
to photo-electron transmission toward the MCP. This can
be used to restrict the exposure time during the profile measurement. In the case of Fig. 3 one image of 20 µs exposure time is recorded and these short term measurements
are repeated with 10 diﬀerent trigger delays. This type of
498

Figure 4: Optical beam induced spectra recorded with a
beam of S6+ ions at 5.2 MeV/u in various gases of 10−3
mbar N2 -equivalent pressure [14]. The total eﬃciency of
the optics and the image intensifier are are shown in the upper plot, the wavelength dependency is mainly determined
by the S20 tri-alkali photo-cathode.
time-resolved profile determination is not possible with an
intersecting SEM-grid for the full macro-pulse length.

SPECTROSCOPIC INVESTIGATIONS
The driving mechanism for BIF is an eﬀective conversion of the ion’s energy loss to fluorescence photons in the
optical wavelength range via an excited state of the residual gas. The fluorescence yield and the wavelength spectra of rare gases and N2 are extensively investigated using
an imaging spectrograph [14]. An example for a beam of
medium heavy S 6+ ions 5.2 MeV/u is depicted in Fig. 4.
Separated lines are detected for N2 as working gas within
the relatively compact wavelength interval 392 nm < λ <
460 nm. The prominent lines (number 1 to 5 in the displayed spectrum) correspond to a transition band to the N+2
electronic ground state (N+2 : B2 Σ+u (v ) → X 2 Σ+g (v ) + γ,
for vibrational levels v). The lifetime of N+2 excited states
were obtained by other authors to be τ = 58.0(3) ns, which
coincides for 25 GeV [6, 7] and 100 keV [16] proton impact. For the case of He separated lines in the blue wavelength range are detected, originated by transition within
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Table 1: Florescence yield Y of rare gases relative to N2 and
the yield normalized to the target electron density YdE/dx =
Y/Z for S6+ ions at 5.2 MeV/u using the data of Fig. 4 [14].
Gas
Y [%]
YdE/dx [%]

Xe
86
22

Kr
63
25

Ar
38
30

He
4
26

N2
100
100

the neutral He atom. For heavy rare gases broader spectra with overlapping lines were observed which are caused
by transitions of the ionized atoms. Most lines were identified and are compiled in [15]. Comparable spectra were
recorded for protons, Argon, Calcium, Tantalum and Uranium ions in the energy range from 4.33 MeV/u to 11.4
MeV/u [14, 15].
The wavelength integrated fluorescence yields Y of different working gases for impact of 5.2 MeV/u S 6+ normalized to N2 are compared in Table 1. For all gases an N2 equivalent pressure of 10−3 mbar was used as determined
by an Penning vacuum gauge. To overcome gas specific
variations a cross calibration to a temperature corrected capacitance gauge was performed for each working gas, leading to an error of the actual pressure below 6 %. The related
working gas density is suﬃciently low to prevent second
order excitations of the gas molecules via electron excitation like N2 +e− → N2∗ +e− → N2 +γ +e− [16], as the mean
free path of electrons is much larger than the beam size of
typically 10 mm. To include the energy loss dE/dx of the
beam ions in the gas, the fluorescence yield YdE/dx is normalized to the electron density represented by the atomic
number of the working gas Z or 2Z for N2 . It has to be emphasized that the fluorescence yield per unit of energy loss
of all rare gases is nearly similar but a factor of  4 lower
compared to N2 [14]. The absolute fluorescence yield was
estimated for N2 to be one optical photon per 3 keV of energy loss. Comparable results for N2 and Xe working gas
were obtained for proton impact in the energy range from
1.4 to 25 GeV at CERN [6].
Using an imaging spectrograph the beam profile of each
individual spectral line can be obtained. For N2 as the
working gas all lines result in the same profile reading as
displayed in Fig. 5 (middle). Slight variations are caused
by the up-scaling of the noise due to normalization to the
same maximum value. With exception of He the profile
reading for all other investigated gases is independent of
the selected spectral lines (for diﬀerent wavelength intervals in the case of heavy rare gases). In Fig. 5 (top) the
wavelength integrated profile readings are compared proving the stability of the profile determination independent of
the working gas. However, in the case of He each spectral
line (originated by the neutral atom) shows a significant but
individual broadening of the beam image, see Fig. 5 (bottom). This behavior is independent of the ion beam species
as confirmed for several ions from proton to Uranium at
energies of around 5 MeV/u. Because the location of the
photon emission does not represent the transverse profile

Figure 5: Gas specific beam profiles (upper plot) and transition specific beam profiles of nitrogen (middle) and helium
(bottom), numbers as indicated in Fig. 4 [14].

He is excluded as a working gas.
Due to the high fluorescence yield and the spectral concentration in the blue wavelength range, N2 oﬀers the best
performance and is well suited from a vacuum engineering
point-of-view. Furthermore, the fluorescence yield of N2
in the range 10−6 to 10−1 mbar is proportional to the pressure and the recorded profile width is independent of the
pressure [5]. The only drawback is related to the relatively
long lifetime τ = 58 ns of the excited state of the ionic
molecule N+2 . For high intensity hadron beams with submm width the N+2 ions might be displaced significantly by
the beam’s space charge prior to the photon emission. The
eﬀective image broadening depends strongly on the transverse beam density and pulse duration but is not significant
for the achievable beam parameters at the present GSI facility. For the planned FAIR facility however, higher beam
currents in connection with stronger focusing, in particular
at the p and RIB production targets will lead to an intolerable image deformation. Using Xe as the working gas this
image deformation can be significantly reduced. The lifetime of most Xe+ transitions is only τ = 6.0(1) ns [6] and in
connection with its large mass the acceleration within the
beam’s space charge is significantly smaller.
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ergy, as presented in Fig. 6 (middle). The independence
on the iris opening and vacuum pressure judges that the
background is not caused by optical photons. The main
background contribution is generated at the photo-cathode
but neither at the MCP nor the CCD chip. Charged particles can be excluded, due to their limited range in the
surrounding material of the image intensifier. The background is therefore comprised of neutron and γ’s with energies above several 100 keV. The neutron production Yn
per incident ion for energies Ekin > 10 MeV/u scales ap2
proximately with Yn ∝ Ekin
, see e.g. [18]. Simulations of
neutron and γ spectra for an 200 Mev/u Xe ions with PHITS
and FLUKA were performed to evaluate the shielding concept for a monitor installation close to a beam dump, for
more details see [12].

BACKGROUND SUPPRESSION

Figure 6: The signal amplitude (top), background level
(middle) and signal-to-background ratio (bottom) as a
function of energy for the investigated ions extracted from
the GSI SIS18 synchrotron. The signal amplitudes for Xe
and Ta were normalized by their charge and mass with respect to U. The background was normalized with respect to
the mass only [5, 12].

SIGNAL AND BACKGROUND SCALING
For ion beams with energies up to GeV/u the BIF method
was successfully tested at GSI with beams delivered from
the GSI Heavy Ion Synchrotron SIS18. To investigate a
possible installation close to a RIB or p production target, the monitor was installed at the end of the transport
line about 2 m upstream of a massive iron beam dump.
For diﬀerent ion beams, the integrated fluorescence yield
in N2 working gas for the energy range 60 MeV/u < Ekin <
750 MeV/u is depicted in Fig. 6 (top). Since the energy loss
in matter is described by the Bethe-Bloch formula, the signal strength of the investigated ions were fitted to this functional dependence, as additionally shown in Fig. 6 (top).
The agreement to measured signal is quite good, proving
the proportionality between energy loss and fluorescence
yield for ions on a large energy scale. Comparable measurements were performed with protons in the energy range
50 MeV < Ekin < 450 GeV at CERN [6, 7] for N2 and Xe
as working gas.
The most critical issue of the BIF method is the background contribution caused by neutron and γ radiation inducing photo-electron emission from the photo-cathode of
the image intensifier. The background is uniformly distributed on the image and increases as a function of en500

In order to use a BIF Monitor close to a target for high
energetic beams an eﬀective neutron and γ shielding is required. For typical beam parameters of energies around
1 GeV/u, as extracted from the GSI synchrotron SIS18,
FLUKA simulations were performed [20]. The geometry
was modeled according to the experimental conditions with
the BIF monitor 2 m apart from the beam dump. The radiation level of the unshielded case was compared to the
placement of the BIF-Monitor in the center of a 1 × 1 × 1
m3 concrete block. For an Ar18+ beam at 900 MeV/u the
simulation predicts a reduction of the γ flux by 96 % and
the neutron flux by 94 %, respectively.
For the arrangement of a shielded BIF Monitor, the fluorescence photons have to be transported to the sensor either
by a telescope arrangement or by a fiber image bundle [12].
A flexible 1.2 m long fiber image bundle from company
Schott [21] was used. It consists of about 106 fibers with
Ø10 µm. It is mounted between the lens system and the image intensifier. The resolution of the fiber image bundle is
about 45 lp/mm, which is superior to the image intensifier
resolution of 35 lp/mm. The functionality of this arrangement was successfully tested with a low energetic beam
of 11.4 MeV/u Ni13+ : The measured images and related
profiles do not show any significant diﬀerence in terms of
image quality and resolution.
Any type of γ, neutron or charged particle radiation passing the image bundle might causes scintillation light, which
cannot be easily distinguished from the residual gas fluorescence. To estimate this eﬀect, a BIF arrangement with
and without an unshielded image bundle was installed at
the same location and tested with an Ar18+ beam with 300
MeV/u: The increase of background due to scintillation of
the image bundle arrangement was only about 30 %. From
this finding we expect that for an image bundle enclosed in
a concrete shielding the additional background from scintillation can be neglected. This will be experimentally investigated in near future. Other fiber bundle arrangements
are proposed or tested in [3, 17].
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Figure 7: Beam profiles for a 60 µA Ni 13+ beam with 11.4
MeV/u and 1.2 ms pulse duration in 10−4 mbar N2 recorded
with image intensifier CCD (8-bit) and emCCD (16-bit)
camera. To compensate the higher spatial resolution of the
emCCD, profile was binned by a factor 5.

ELECTRON MULTIPLYING CCD
A competing technique for single-photon detection is the
Electron Multiplying CCD (emCCD). Its CCD chip has up
to  10-fold higher quantum eﬃciency (depending on the
chip properties) compared to the photo-cathode of an image
intensifier. This camera type is equipped with an additional
amplification stage, based on avalanche diodes between the
CCD shift register and output amplifier. The tested Hamamatsu C-910013 camera has a back illuminated sensor and
is Peltier-cooled down to -80o C. This system was compared
to the image intensifier as depicted in Fig. 7. In general,
the emCCD has a higher noise contribution due to the thermal noise of the electronics amplification chain. This background is avoided by a MCP-based system due to the amplification by secondary electrons. Especially under single
photon counting conditions at GSI, this is a important issue.
However, the emCCD camera has a  5-fold higher spatial
resolution, because of constantly small single photon spots,
even at the highest gain level. In contrary, the MCP-based
system shows increasing spots sizes for increasing gain levels. The higher quantum eﬃciency of an emCCD is an advantage but has to be weighted with the noise contribution.

CONCLUSION
The BIF method for beams from 1.4 to 750 MeV/u
was carefully investigated during the last years and a standard realization is now available for accelerator operation
at GSI. Due to the single photon detection eﬃciency and
the possibility of gating, MCP-based image intensifiers are
well suited for measurements with an exposure time down
to 100 ns to match the exposure time to the beam delivery or to visualize possible fast beam variations. Modern
emCCD cameras might be an alternative with a higher spatial resolution. The signal strength is proportional to the
stopping power. By changing the working gas pressure up
to 1 mbar the photon rate can be adjusted without significant image distortions. Diﬀerent working gases were investigated with the result that N2 provides the highest light

WEO1C03

yield in a compact wavelength interval. Moreover, it is well
suited from a vacuum technology point-of-view. The only
disadvantage is the relatively long lifetime of the excited
states. For intense beams, a distorted profile reading due
to the N+2 movement prior to the light emission is possible
and have to be estimated with appropriate particle tracking
calculations. Using Xe as a working gas this contribution
can be reduced significantly due to 10-fold shorter lifetime and 5-fold higher mass. For all observed cases He is
excluded as a working gas.
The image sensor is sensitive to neutron and γ radiation. For higher beam energies and close to a beam dump,
a shielding is mandatory. Photon guidance in a fiber image
bundle was successfully demonstrated. This allows installations of BIF-Monitors even in the vicinity of a production
target.
For the profile measurement of beams circulating in a
synchrotron, the applicability of the BIF method has to be
checked carefully: Due to the lower vacuum pressure the
photon rate might be too low for the anticipated time resolution. For this application Ionization Profile Monitors
(IPM) [22] might be better suited due to their ’4π detection
scheme’ of residual gas ions or electrons. But IPMs require
a lot more mechanical and electronic eﬀorts compared to a
BIF installation.
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Abstract
In the frame of the IFMIF-EVEDA [1] accelerator
project (a 125 mA, 9 MeV, 175 MHz (CW) deuteron
accelerator) CIEMAT has designed and tested two types
of non-interceptive optical monitors based on gas
fluorescence. This beam diagnostic technique offers a
non-invasive beam profile characterization for medium to
high current hadron beams. Both monitors have been
tested at CNA cyclotron [2] using 9 MeV deuterons up to
40 μA and 18 MeV protons up to 10 μA. Profile
measurements were carried out under high radiation
background because the target and profilers were close to
each other in the experimental setup.
In this paper, a brief description of fluorescence profile
monitors (FPMs) together with the first beam
measurements including systematic scans on beam
current and pressure are presented.

INTRODUCTION
A high power beam (e.g. 1.125 MW for IFMIFEVEDA) is potentially harmful for any interceptive
diagnostic even though operated at low duty cycle.
Hence, non-interceptive diagnostics needs development to
be used during nominal operation of the accelerator.
A beam profiler based on the fluorescence of the
residual gas in one of the best candidates due to its
intrinsically high versatility. As a consequence of the
beam particles passing through the vacuum pipe, the
residual gas particles are excited. Photons are produced
due to the de-excitation of the gas molecules or atoms of
this residual or injected gas. The light emitted can be
collected and used for the determination of the beam
profiles without intercepting the beam. This technique has
already been tested at high-energy proton and heavy ion
accelerators [3-5].
Two fluorescence profile monitors prototypes have
been designed and developed at CIEMAT and tested with
beam for the first time at Centro Nacional de
Aceleradores (CNA) in Sevilla. Both monitors are
designed to be used under low level light environments
being the image optical properties easily changed by
means of a simple lens change.
Although the beam current during experiments was
lower than IFMIF-EVEDA, the rest of parameters like
energy, cross sections, branching ratios of transitions or
efficiencies among others will be the same, with the
___________________________________________
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exception of vacuum pressure. Since the number of
photons produced during the beam-gas interaction
increases linearly proportional with the beam current and
pressure, an extrapolation to high current scenarios will
be straightforward without having uncertainties in other
parameters.
The objective of these tests is to demonstrate the
capability of measuring deuteron profiles with closest
conditions available to IFMIF-EVEDA ones.

FPM PROTOTYPE DESIGNS
Prototype FPMs developed are based on a custom
intensified Charge Injection Device (CID) camera and on
a Photo Multiplier Tube (PMT) linear array. A brief
description of both prototypes can be found in next
subsections.

Custom ICID Based Profiler
As standard commercial intensified cameras do not
satisfy the detector requirements (like sensor reliability
under radiation environments) a custom intensified
camera has been developed. A Proxitronic image
intensifier was coupled to a radiation hard CID camera
model 8726DX6. The Proxitronic intensifier unit selected
has a bialkali photocathode and a P46 phosphor screen
with a quartz input window. The whole system is called
intensified CID (ICID).

PMT Based Profiler
The second prototype is based on a linear multianode
PMT coupled to a lens. The 32 channel PMT H7260 from
Hamamatsu Photonics with a Bialkali photocathode and
quartz input windows was selected. For the charge
integrator and data acquisition a PhotoniQ IQSP482 from
Vertilon Corp. was chosen. The PMT array is mounted in
an interface board together with the lens objective in a
custom design and compact assembly for a safe handling
interface.
The movable interface board improves the operation of
the lens by changing the minimum focusing distance of
operation.

EXPERIMENTAL SETUP
The FPM prototypes were installed at the end of the
experimental line of the cyclotron just upstream the
rotating wire scanner (BPM-83 from NEC Corp.) in order
to crosscheck the profiles acquired by the FPM. The beam
was stopped at the end of the line with a faraday cup (FC)
of aluminium plus a thin layer of graphite. Both FPMs
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Figure 1: L
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Minimum Beam Pulse
Using the previous data, the minimum pulse
requirements for a 9 MeV deuteron beam with a current
of 125 mA to measure a similar profile can be estimated.
If the product between the beam current, the pressure and
the acquisition time (or beam pulse) is kept constant, a
similar profile should be able to be measured. In fact, this
product is for the parameters of the experiment: 4e-4 mA
x 3.6e-4 mbar x 100 ms=1.44e-5 [mA mbar ms].
Comparing this value to the IFMIF-EVEDA case that is
125 mA x 1e-6 mbar x tpulse, a beam with a single pulse
(tpulse) of 115 μs which corresponds to a 0.01% of duty
cycle could be measured. For those calculations, a
pressure of 1e-6 mbar has been taken as reference
although any pressure could be used (e.g. for 1e-7 mbar
an equivalent ~1.2 ms pulse length is obtained). For the
monitors located at the end of the IFMIF-EVEDA line
(pressure of 1e-5 mbar in nominal conditions), it will be
equivalent to a beam length pulse of 11.5 μs.

Preliminary Cross Check between Profilers
Beam profiles measured with the PMT, the ICID and a
wire scanner for a 15 μA deuteron beam with a N2
pressure of 7e-4 mbar are shown in Fig. 3. The profile
measured with the wire scanner is shown for comparison
purposes. A small deviation is observed systematically in
the top side view of the beam pipe for the different
monitors.
The voltage applied to ICID and PMT plates were
1580V and 900 V respectively, whereas integration times
were 20 ms and 5 ms. A 1.7 ms beam pulse for the ICID
(Fig. 3 left bottom) and a 420 μs pulse for the PMT (Fig.
3 right-top) will be needed to replicate similar profiles for
IFMIF-EVEDA with these detector settings.
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Figure 3: Deuteron beam profiles recorded by a wire
scanner (left-top), PMT profiler (right-top) and ICID
profiler (left-bottom) are shown together with Gaussian
fits.
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Figure 4: Profile intensities versus current scan (left) and
pressure scan (right) for the PMT prototype.
For the current scan the vacuum pressure was fixed at
2.3e-4 mbar whereas for the pressure scan the beam
current was fixed at 10 μA.
The linear relation expected between the number of
counts and beam current or the vacuum pressure was
confirmed experimentally (see Fig. 4). The profile
FWHMs remain constant (within error bars) for both
current and pressure scans.
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CURRENT AND PRESSURE SCANS
In order to check the linear relation of the profile
intensity with the beam current and gas pressure as well
as to check the reproducibility and reliability of the
fluorescence technique, two types of scans were
performed. For these tests, only one parameter was
changed (current or pressure), being all the other
experimental and instrumental parameters fixed.
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The measured profile systematically shows a small
deviation in the top side of the beam pipe and is registered
by the different profilers. The profile shapes recorded by
all the profilers are in good agreement between them for
these preliminary tests. No profile asymmetries
deformations or tails are noticed between profilers.
During these profile measurements, the radiation
monitors measured ~27.2 mSv/h dose rates for gammas
and ~6.5 mSv/h for neutrons as discussed in a subsequent
section.

Intensity [arb. units]

account the size of the beam, probably these are not the
minimum beam conditions required to measure a profile.

Intensity [arb.units]

WEO1C04

A second current scan was performed using Xenon
(instead of N2) as residual gas with a constant pressure of
8.6e-4 mbar. The behaviour of the profile intensities and
background levels compared with those recorded for N2
are shown in Fig. 5. As pressures are different, only a
relative comparison can be done. It is apparent that the
intensity and background levels increases linearly with
the beam current, but some features can be highlighted.
The profile intensities recorded using N2 (see Fig. 5 top)
are 400% higher than those recorded using Xe, even when
the Xe pressure was higher. The photon yield, at least in
the range of 380-650 nm spectral efficiency of the
detector, is clearly higher for nitrogen than for xenon.
Similar tendencies have been reported previously using
different beam ion species [6-7].
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Background [arb. units]

Intensity [arb. units]

As shown in Fig. 5, background levels and intensities
do not follow the same relative tendencies between N2
and Xe gases. Contrary to intensities, the background
slopes remains constant for both gases within the error
bars (22% higher for N2 without error bars). Hence, the
major contributor to background level is expected to be
the radiation, instead of reflected or scattered photons in
the visible region. Radiation background for a fixed beam
current is constant independently of the residual gas used
(under such pressures) whereas increases linearly with the
beam current.
Usually beam profilers are outside the shielded target
area. In this case, the beam profilers and the faraday cup
(target) were in the same vault (Fig. 1) so they had to deal
with an important radiation background.
Beam profiles shown in Fig. 3 were recorded under
27.2 mSv/h gamma doses. The FPM prototypes were
capable to measure profiles with good S/N ratios with
such gamma background, being the PMT prototype less
affected than ICID. Although radiation increases the
background noise in detectors, it seems that the FPMs
could operate even without any shield under those
radiation doses (the performance of detectors will not be
severely limited). Nevertheless a custom design shield
will improve the measurements and the operational life of
the system.

background and instrumentation damage for those
profilers installed close to a target.

MEASUREMENTS WITH PROTONS
Beam profiles for 18 MeV protons have been measured
with the PMT prototype (Fig. 6). A beam current of 10
μA, a gas pressure of 3.2e-4 mbar and 50 ms of
integration time was required to obtain a similar profile as
shown in Fig. 3 right-top. If the products of beam current,
pressure and acquisition time for both examples are
compared, a factor 3 is obtained. Hence, this is the factor
needed to match similar conditions between 9 MeV
deuterons and 18 MeV protons (equivalent to 36 MeV
deuterons).
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Figure 6: Beam profile for 18 MeV and 10 μA proton
beam with a vacuum pressure of 3.2e-4 mbar. Profile
background was removed for comparison purposes.
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Figure 5: Profile intensities (top) and background levels
(bottom) using nitrogen (circles) and xenon (triangles) as
residual gas plotted versus the beam current.
The systematic analysis of different scans shown in this
paper was done using PMT-prototype data only. The
amplification of the ICID-prototype had to change during
the experiments because of image saturation. It seems that
ICID is more sensitive to background radiation than the
PMT based prototype.
In the case of high current and medium energy (tens of
MeV) enough statistics are expected for profile
measurements with such monitors. Due to the expected
good statistics, a mirror system can be used to minimize

Two prototypes of non-interceptive profile monitors
based on residual gas fluorescence have been designed for
the IFMIF/EVEDA accelerator. First tests with beam
have been carried out successfully at CNA cyclotron with
deuteron and proton beams. Measurements under
different experimental conditions were performed and the
tendencies have been highlighted. Systematic scans on
beam current and gas pressure shows the consistency and
reliability of this beam profile technique. The gamma and
neutron background contribution to the measured
background level on the detector is presently under
analysis. As a work in progress, there will be some
improvements in the near future as a blackened vacuum
chamber or a dedicated calibration pattern.
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IPM SYSTEMS FOR J-PARC RCS AND MR
K. Satou, S Lee, T. Toyama, KEK, Tsukuba, Japan
H. Harada, N. Hayashi, A. Ueno, JAEA, Tokai, Japan
Abstract
Residual gas Ionization Profile Monitors (IPMs) are
used at the J-PARC RCS and MR. The IPM is one of the
most promising nondestructive profile monitor. However,
usage in the high power accelerator like J-PARC, whose
beam intensity will overcome 4E13 particle per bunch, is
challenging, because interferences with the space charge
electric field of the intense beam should be carefully
estimated.
The overview of the systems and the present statuses
are described. The external electric field error of the RCS
IPM, and the issue on contaminations on the electron
collection mode are also discussed.

INTRODUCTION
The residual gas Ionization Profile Monitors (IPMs) are
employed in Rapid Cycling Synchrotron (RCS) and in
Main Ring synchrotron (MR) of J-PARC. The IPM uses
the charged particles generated by the interaction of
beam with the residual gas in the vacuum chamber. The
external electric field with high uniformity are required
to project the particles across the beam to a detector
which mounted on the horizontal and the vertical plane.
The IPM is one of the most ideal diagnostics because it
induces no beam loss.
However, due to its quite complicated collection
process, collecting the charged particles in the strong
space charge electric field by the intense beams, it needs
cross checking with other profile monitors like Multi
Wire Profile Monitor (MWPM). If the space charge
electric field is week, then the effect becomes negligible
with increasing a high voltage for particle collection
(HV). However, the maximum space charge electric field
of the J-PARC beam will reach to that of the order of 1
MV/m depending on the bunching factor. The usage in
such a high space charge electric field is challenging.
There are two mode operations, ion collection and
electron collection. The usage of the ion collection mode
in a high power synchrotron is reported in Ref. [1].
At present, the ion collection mode are mainly used at
the RCS and the MR, however, with increasing the
intensity of the beam, the electron collection with
guiding magnetic field (Bg) will be required [2]. As for
the RCS, the electron collection mode with the Bg is also
adopted.
After introducing the present IPM system, an issue on
the particle collection error by the external electric field
of the RCS IPM and large contaminations on the electron
collection mode without the Bg measured at the MR IPM
are presented.
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OVERVIEW OF THE SYSTEM
Schematic drawing of the horizontal IPM system is
shown in Fig. 1.
In the RCS, two IPMs are installed to measure
horizontal and vertical profile. The locations of the RCS
IPMs are shown in Fig. 2. The horizontal IPM is at the
arc section where the dispersion function is 3.9 m. The
new IPM system will be installed in the straight section
where the dispersion is zero. As for the MR, two IPM
systems, horizontal and vertical, have been installed at
the straight section where the dispersion is zero, and the
new IPM system has installed during this summer shut
down at the arc section where the dispersion is 2.1 m.
This IPM is not yet operated. The locations of the MR
IPMs are shown in Fig. 3.

EGA

Figure 1: The schematic drawing of the IPM with
magnet.
A set of the electrodes connected with the resistors is
used to produce the external electric field to collect
charged particles. The gap size of the electrodes is equal
to the diameter of the beam window which is 297 mm for
the RCS IPM and 130 mm for the MR IPM, respectively.
The maximum HV for the RCS IPM and the MR IPM
are 45 kV and 50 kV, respectively. By changing the
polarity of the HV, both the positive ions and the
electrons are collected. At present, the operating HV is
limited to under 30 kV for the MR IPM to meet the
internal criteria for electrical facilities. However, it will
be upgraded sooner.
Rectangular chevron type microchannel plate (MCP)
with multi strip anode is used for signal multiplication
and signal read out. The active area of the MCP is 81×
31 mm2. As for the RCS, the 3 MCPs are used to
measure the large emittance beam of 216π mm mrad.
One 32ch multi-anode (anode width is 2.5 mm) type
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Besides a main coil, a sub coil is set to the center pole
to tune the line integral of the By along the beam axis to
completely zero. A Closed-Orbit Distortion (COD) by
the residual dipole field excited by the main coil were
measured at first, then the sub coil was excited to
minimize the COD.
60.00
Flatness: By / By0 (%)

100.2

50.00
40.00
30.00

Magnetic field ( mT )

MCP mounted at center are for a beam core
measurement, and another two 8ch multi-anode (anode
width is 10 mm) type MCPs are for a beam tail
measurement. Details of the RCS IPM are given
elsewhere [3]. As for the MR IPM, one 32ch multi-anode
(anode width is 2.5 mm) type MCP is used.
To check the gain balance of the MCP, Electron
Generator Array [4] is used as an electron checking
source.
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Figure 2: The locations of the 2 IPM systems in the RCS
are shown. These systems are installed at arc section.
The location of the new horizontal IPM is also.
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Figure 3: The locations of the IPM systems in the MR
are shown.

Magnet System for the RCS IPM
The 3-poles wiggler magnet was installed at the RCS
IPM to generate guiding magnetic field (Bg). The
magnet was designed such that the line integral of the
magnetic field along the beam axis is zero so as not to
kick the circulating beam. Figure 4 shows the
distributions of the magnetic fields. As can be seen in the
figure, the calculated vertical field By well reproduces
the measured one. The flatness of the By in the area of
interest, that is the detector area, is 0.05 % along the
horizontal axis and 2 % along the beam axis. The
maximum By field at the center is 50 mT.

The block diagram of the data taking system is shown
in Fig. 5. An output current from a MCP anode is input
to an amplifier whose input impedance is 1 kΩ. The gain
of the amplifier is selectable as 10, 100, and 1000. Since
the typical cable length from the IPM to the amplifier is
30 m, the amplifier output shows an exponential decay
like response to the delta function like input with the
decay constant of 3 μs which is the product of the input
impedance and the input capacitance to the amplifier.
Since the decay constant is smaller than the beam
revolution of the RCS and the MR, turn by turn profiles
can be measured, although some fraction is overlapped.
An output of the amplifier divided into two. One is
processed by the oscilloscopes with the band width of
200 MHz and the maximum sampling speed of 200
MS/s. The resolution of the analog to digital conversion
is 13 bit. The data length of each anode is 1M word. The
SAD [5] based OPI software controls the oscilloscopes
and displays the profiles.
A typical number of the collected charged particles at
the MCP which corresponds to a single anode output is a
several hundreds per one bunch beam per one passage,
thus the statistical error is not negligible. Moreover the
MCP is operated under the analog mode, the fluctuation
of the gain is not negligible if the number of the detected
particles is small. The averaging function of the
oscilloscopes helps to reduce these errors and also to
reduce random noise.
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Another output is integrated during arbitrary time. The
each output signals are processed by a multiplexer.
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Int. signal out
G = ×10, ×100,
×1000

Averaging
and AD conversion

Integral circuit
Multiplexer

Cable capacitance: 1nF
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Figure 5: The block diagram of the data taking system.

Consistency of the Beam Emittance between the
IPM and MWPM
To check the reliability of the IPM systems, the
obtained root mean square (rms) emittances measured by
using the MR-IPMs were compared with those measured
by using the Multi-Wire Profile Monitors [6] installed in
RCS to MR beam transport line (3-50BT), here the ions
were used to obtain the profile. A one bunch beam with
the intensity of 4.5E12 particle per bunch (ppb) and the
bunching factor of 0.036 was injected to the MR through
the 3-50BT and then extracted to the beam dump
immediately after passing through the straight line
section for Slow Extraction where the IPM systems are
installed (single bunch one pass mode). The IPM systems
then measured only one pass beam profile. The
collection HV was 30 kV.
The measured horizontal and vertical rms emittances
by using the IPM were 6.2 and 5.0 π mm mrad
respectively, and these by using the MWPM were 4.5
and 2.9π mm mrad respectively. The ratio of the beam
size measured by using the IPM to that measured by
using the MWPM is 1.2 for horizontal and 1.3 for
vertical.
This inconsistency is likely to be due to the space
charge effect of the beam. Since the space charge electric
field acts as the repulsive force upon the positively
charged ions on the way to the MCP detector, then the
IPM shows broad beam profile. The inconsistency
depends strongly on the collection HV and the space
charge electric field. The quantitative study of the effect
is reported in Ref. [7].

Turn by Turn Profile Measurement
To tune injection errors, turn by turn profile
measurements are used. Figure 6 shows the measured
profiles by the horizontal MR IPM, from 1st turn to 14th
turn. Here, one bunch beam was injected. The IPM
operated under the ion collection mode. The time
separation between each profile is 5.2 μs. The left hand
side figure shows the profiles before injection error
tuning. As can be seen in the figure, there are the dipole
and quadrupole oscillations. The right hand figure shows
the profiles after injection error tunings.
508

Figure 6: Mountain plot of turn by turn profiles in the
MR from just after one bunch beam injection, measured
before (left) and after (right) the injection tunings. The
vertical axis shows time in arbitrary unit from downward
to upward, and horizontal axis shows beam size in unit of
mm.

ISSUE ON THE EXTERNAL ELECTRIC
FIELD OF THE RCS IPM
The present external electric field of the RCS IPM is
distorted, and the measured beam profile is shrunk to a
half. The left hand side of the Fig. 7 shows the present
IPM model for 3D field calculation and the calculated
potential map on the cut plane of the IPM center which is
perpendicular to the beam axis, here the 3D calculation
code, CST studio suite [8] was used.
φ297

Figure 7: The left figures are the present RCS IPM
model and the calculated potential map on the cut plane
at IPM center which is perpendicular to the beam axis.
The right figures are that of the recovery plan.
The calculations suggest that the Ex and Es cannot be
negligible, where Ex, Ey and Es is electric field along
horizontal axis, vertical axis, and beam axis,
respectively. The Ex and Es induce the profile distortion
for the case of the ion collection mode.
To obtain the calibration curve, the local bump orbit
was used. The beam positions from the IPM were
compared with the beam positions measured by the beam
position monitors (BPMs). The HV was 45 kV.
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The 3D particle tracking calculations using CST studio
suite was made. Figure 8 shows the measured and
calculated results. The black solid line with black solid
circles shows the calculated results. The calculation
suggests:
P_IPM=0.5×P_Beam,
where P_IPM is a beam position from IPM and the
P_Beam is a beam position. As can be seen in the figure,
the calculations reproduce well the experimental data
within －70 mm ～ ＋70 mm. By using the model, the
beam emittance is estimated.
IPM posi. vs. beam posi. (Y=0mm)
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Figure 8: The figure shows the response of the RCS IPM.
The horizontal axis shows the beam position from the
BPMs and the vertical axis shows the beam position
from the RCS IPM. The red and blue solid circles are the
experimental data, horizontal and vertical, respectively.
As for the electron collection mode with the Bg, the Es
makes the cross term force with the Bg, and its force also
makes the profile distortion. Note that the center MCP is
mounted at s=s0+45 mm and the side MCPs are mounted
at s=s0-45 mm, where the s0 is the center coordinate of
the IPM along the beam axis, so as to overlap each other
as shown in Fig. 2 of Ref. [3]. To obtain the profile by
the electron collection mode using the Bg, improvements
of the uniformity of the external electric field are
required.
The field can be recovered by optimizing the shape of
the electrodes as shown in the right side of the Fig. 7 and
HV balance to each electrode by tuning the resistors. The
calculated potential map shows improved field. The
calculated field suggests that the good area for particle
detection is only s0±10 mm along the beam axis. The
modification of the MCP arrangement is also required.

THE ISSUE ON THE DELAYED AND
LARGE NEGATIVE CHARGE SIGNALS
ON THE ELECTRON COLLECTION
MODE
The most serious issue on the electron collection mode
is whether the IPM can collect only the detached
electrons by the beam interaction with residual gas.

WEO1C05

From present gas pressure in the IPM chamber of the
order of 10-6 Pa and the beam intensity of 0.5E13 ppb,
the number of the incoming electrons to the MCP
detector is a several thousand per one bunch per one
passage. This small number of the detected electrons
means that the obtained beam profile is very sensitive to
the electrons from other processes induced by the beam;
discharge electrons from the HV electrodes inside the
IPM chamber, electron emission from a surface of the
EGA induced by the positive ions which is move
backward to the EGA, electrons from outside chamber of
the IPM chamber. Unfortunately, at present, we can not
apply the electron suppression voltage to the mesh plate
in front of the EGA. The last electrons will be induced
by the beam loss and gas ionization and will be triggers
of the e clouds generation which involves the electron
multipaction.
To check the effect of the undesirable electrons, we
compared the 2 profiles by the two mode operations
measured by using the MR IPMs. Note that the MR
IPMs have no Bg. We used the single bunch one pass
mode operation, where the beam intensity and the
bunching factor was 4.5E12 ppb and 0.036, respectively.
The HV for the electron collection was limited under 15
kV because the HV generator whose current limit is 7.5
mA was down due to the over current error. On the other
hand, there is no over current error for the ion collection.
The MCP bias was fixed to check directory the signal
intensities between the two modes. We changed the MCP
bias setting and check waveforms to ensure that the MCP
is operated without gain degradation due to large output
current.
Figure 9 shows output signal from the MCP anode,
each is the averaged waveform of every 4ch out of the
32ch anodes in total. The average of all signals is also
shown. As can be seen in the figure, the integrated output
signals of the electron collection mode (right figure) is
about 10 times larger when compared to that of the ion
collection mode (left figure). Each HVs were 15 kV.
Taking into account the detection efficiency of the
MCP which is 60 - 85 % for positive ions and about 20
% for electrons for the kinetic energy range of interest,
around 7.5 kV, the number of the detected electrons is 30
～45 times larger than that of positive ions. This means
that the main partial of the output signal of the electron
collection mode is not due to the detached electrons.
Note that the detection efficiency is depends also on the
kinetic energy of the charged particles, thus we cannot
clearly say that the ratio is just the ratio of the number of
the detected particles. If we assume that the almost all
the detected particles are electrons whose kinetic energy
is from 0.2 kV to 20 kV, where the detection efficiency
is vary from 20 to 85 %, the ratio of the detected number
of the electrons to the positive charged ions is thus 7 to
45. There is also a possibility of contamination of the
negative charge ions.
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SUMMARY AND CONCLUSION

Figure 9: The output waveforms for the ion collection
mode (left) and the electron collection mode (right). The
horizontal axis shows the time in unit of 10ns. The full
scale of the horizontal axis is 100 μs.
The waveforms of the electron collection mode shows
the main component of the negative charged particles is
detected delayed after about 3 μ s from the beam
passage. The time of flight (TOF) of the electron from
the IPM center to the detector is 3.5 ns, on the other hand,
that of the ion is 0.2 μs in typically. This fact suggests
that the main component of the signal is not due to the
electrons from EGA because it takes sum of the TOF of
positive ion from ionization point to the EGA and the
TOF of secondary electrons from EGA to MCP.
Therefore the electrons will reach on the MCP surface at
nearly the same time as positive ions.
Figure 10 shows the mountain plot of the profile
measured for the electron collection mode. The arrow in
the figure shows the beam position, 6.2 mm, obtained by
the BPMs. The extracted beam position from the profile
measured by the ion collection mode is 6.9±0.2 mm and
this value is agreed well with the beam position from the
BPMs considering that the present anode width is 2.5
mm. On the other hands, as can be seen in the figure, the
profile center is shifted to the center and the shape
becomes narrow with increasing the time.
These facts clearly show that the detected particles on
the electron collection mode have large contaminations
from other processes. To clear the source, more
theoretical and experimental studies are needed.

Figure10: The mountain plot of the measured profile.
Horizontal axis shows the size of profile in unit of mm
and the vertical axis shows time in arbitrary unit. The full
scale of the vertical axis corresponds to 22.5 μs. Solid
arrow shows beam position measured by BPMs.
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The IPM systems were developed and used at the JPARC RCS and MR. The overview of the system was
described.
These systems are now mainly operated under the ion
collection mode. The measured turn by turn profiles
show clear contributions from the dipole and the
quadrupole oscillations by injection errors, and these are
used for the injection tunings. However, the mode is
vulnerable to the space charge electric field of the
circulating beams. The inconsistencies of the measured
beam size between the IPM and the MWPM are likely to
reveal the effect. The beam size from the IPM is larger
than that from the MWPM by 20 % to 30 %. The effect
will be more serious with increasing the beam intensity
in the future. The present IPM systems require
improvements to measure the beam in good resolution.
As for the RCS, the profile is shrunk to a half by the
external electric field distortion. The beam based
calibration assisted with the 3D field and particle
tracking calculations is now adopted. The recovery of the
field error will be possible by changing the shape of the
electrodes and by optimizing the HV on each electrode.
Usage of the IPM in such an intense space charge
electric field requires the electron collection mode with
the Bg. The RCS IPM has the 3-poles wiggler magnet
system, however, due to the inhomogeneous external
electric field, the profile is distorted. Moreover, large
contaminations were measured at the MR IPM using
electron collection mode without Bg. Sources of the
contaminations is now unclear. More detail experimental
and theoretical studies are needed because the
contaminations will limit the resolution of profile
measurement using the electron collection mode with
and without the Bg.
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BEAM INSTRUMENTATION FOR HIGH-INTENSITY,
MULTI-GeV SUPERCONDUCTING LINACS*
E. Gianfelice, B. Hanna, V. Scarpine, J. Steimel, R. Webber, M. Wendt#,
Fermilab, Batavia, IL 60510, U.S.A.
Abstract
A
number
of
high-intensity,
multi-GeV
superconducting RF (SRF) proton or H- linacs are being
developed or proposed throughout the world. The
intensity frontier, having been identified as one leg of the
future of particle physics, can be addressed by the
development of such a linac. All these accelerators will
place strict demands on the required beam diagnostics,
especially in the development of none or minimum
invasive monitors such as beam profile and halo monitors.
An H- / proton beam test facility is currently under
construction and commissioning at Fermilab. It serves as
a test bed for the development of critical beam
manipulation and diagnostics components for the
anticipated Project X, Fermilab’s SRF multi-MW, multiGeV linac. The paper will discuss the beam diagnostic
needs for these high-intensity linacs in particular the role
of the Project X test facility for development and testing
of these beam instrumentation systems.

INTRODUCTION
Table 1: High Power SRF Linacs
SNS

SPL

ESS

Myrrha

PX

E [GeV]

1,3

5

2.5

0.6

3

P [MW]

3

4

5

2.4

3

Ipulse [mA]

42

40

50

n/a

n/a

Iave [mA]

2.5

0.8

2

4

1

duty fact. [%]

6

2

4

CW

CW

pulse len. [ms]

1

0.4

2

n/a

n/a

rep. freq. [Hz]

60

50

20

n/a

n/a

Table 1 gives an (incomplete) overview of existing
(SNS) and planned high power SRF linacs for protons or
H-. Some of the high level parameters presented are
anticipated after upgrades or improvements. All facilities
have a multi-MW beam power at high kinetic energies
and therefore operate beams with high risk potential to
damage or destroy accelerator components, if misssteered or of insufficient quality. Already small beam
losses can cause major trouble in close proximity of SRF
accelerating structures. As a rule of thumb the maximum
beam loss along the SRF linac should not exceed an
equivalent of 1 W/m.
A precise control and high stability of the guide fields
___________________________________________

*This work supported by the Fermi National Accelerator laboratory,
operated by Fermi Research Alliance LLC, under contract
No. DE-AC02-07CH11359 with the US Department of Energy.
#
manfred@fnal.gov

is mandatory, and has to be verified by a set of reliable
beam diagnostics, distributed along the linac. Essential
are the measurement of
• Beam trajectory – BPMs
• Beam phase, TOF – BPMs, WCM, EO-methods
• Beam intensity – toroids, WCM
• Beam losses – BLM / TLM (e.g. ion chamber)
• Beam profile / emittance and halo – SEM, wire
scanner, Allison scanner, slits, laser diagnostics,
e-beam scanner, IPM, vibrating wire, etc.
• Bunch profile and tails – Feschenko monitor,
laser diagnostics
Most beam parameters can be diagnosed with noninvasive, i.e. electromagnetic methods, or by detecting
particle showers outside the vacuum system. The noninvasive measurement of transverse and/or longitudinal
profiles however, remains challenging, particular if photo
detachment methods (laser diagnostics) cannot be applied,
i.e.
monitoring of proton beams. The cryogenic
environment of a SRF linac gives additional challenges
for the beam instrumentation hardware, thus the
segmentation and warm diagnostics sections along the
linac are crucial. Except for simple BPM pickups and
BLM detectors outside the beam vacuum system, no
beam diagnostic detectors are foreseen in the cryogenic
parts of the planned SRF linacs. Even if located in warm
sections, but still nearby SRF structures, invasive
diagnostics may produce too much unwanted spill of
dissociated material, and can contaminate the niobium
surface of the cavities. And finally, invasive diagnostics
are of very limited use in the final, high beam power
sections of the accelerator, just because of too high
residual losses, even a single wire interacting with <0.1 %
on a multi-MW beam produces kW beam losses.

PROJECT X
Fermilab’s anticipated high intensity accelerator future
is called “Project X” [1]. Major goals are the support of
high energy physics (HEP) at the intensity frontier to
study rare processes (kaon and muon physics), research in
nuclear physics and energy, as well as a staged path
towards science at the energy frontier, i.e. utilize Project
X as a source for a neutrino factory and/or muon collider.
Central element of the Project X accelerator complex
will be a 3 GeV SRF CW linac, accelerating H- to 3 MW
beam power (see Figure 1). A system of magnetic and RF
beam splitters feeds various experiments simultaneously,
as well as a pulsed SRF linear accelerator extension – in
favour to a RCS – to accumulate H- particles using foil or
laser stripping at 8 GeV into the existing Recycler / Main
Injector ring accelerators.
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Figure 1:
1 Conceptual layout
l
of Project X, with a 3 GeV,
G
3 MW SR
RF H- linac as central accelerrator element.
M and a BLM
M detector opeerating
Beside thhis “cold” BPM
inside thhe cryomodulee, most of tthe installed beam
diagnosticcs at ILCTA iss dedicated to eelectron beams.

Project X Test Accellerator
Figure 2: Projject X CW linaac baseline RF configuration.
Starting at 2.5
2 MeV beam
m energy, afterr the RFQ and
d
M
MEBT, SRF acceleration
a
tecchnology will be
b used. Figure
2 shows the preferred
p
layou
ut, based on n x 325 MHz. A
ttotal of 109 fo
ocusing elemen
nts, solenoids in
n the 325 MHz
spoke resonato
or sections, an
nd quadrupolees in the 650 /
1300 MHz elliptical
e
cavities, are inteegrated in the
ccryomodules. The same quantity
q
of beam
b
position
n
m
monitor (BPM
M) pickups iss required, and
a
has to be
aassembled in close
c
proximity
y to these mag
gnets, thus also
o
ccompatible to operate at 1.8 K temperatu
ures inside the
ccryomodule.
ut suggests, thee cryo-string will
w be sectioned
d
As the layou
iin three or more parts, allowing deedicated warm
m
ddiagnostic inssertions for the measurem
ment of beam
m
iintensity, profi
file, and other parameters. Beam phase and
d
ttime-of-flight however, can be evaluated
d at each BPM
M
uutilizing the phase
p
detectio
on in the digiital I-Q signaal
pprocessing witth respect to th
he RF derived precision
p
clock
k.
A
Also in the waarm insertions we prefer non
n-invasive beam
m
ddiagnostics, i..e. photo detaachment meth
hods based on
n
llasers for the beam
b
profile measurement.
m

BE
EAM TEST
T FACILITIES
Beam studiies on missio
on critical co
omponents and
d
ttechnical systeems are mand
datory for the success of the
pprojects. This includes beam
m diagnostics, from
fr
a technicaal
aaspect, as well as for verificcation of beam
m dynamics and
d
T
test acceelerators are currently
c
undeer
simulations. Two
cconstruction an
nd commission
ning:

IILC Test Acccelerator
The ILC teest acceleratorr (ILCTA) is located at the
F
Fermilab New Muon Lab (NM
ML) building [2].
[ An electron
n
bbeam, delivereed by a RF ph
hotoinjector, will
w be used to
o
ttest a comp
plete RF uniit, i.e. a strring of three
IILC/TESLA/X
XFEL style cryomodules, each equipped
d
w
with eight 9-ccell 1.3 GHz β=1
β cavities. The
T cryomodule
aalso holds a supercondu
ucting quadru
upole/correction
n
m
magnet packaage, and flang
ged to this a BPM pickup
p.
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Most oof the “interestting” beam dyynamics in a hhadron
linac is sppace charge oriiginated and taakes place in thhe low
energy arreas of the acccelerator, at the source, L
LEBT,
RFQ, andd MEBT. The MEBT of Prooject X is partticular
challenginng, as it has too include an ulltra-broadband beam
chopper aand collimator to format varioous bunch struuctures
for the ddifferent end-uusers (experim
ments), i.e. to chop
individuall 325 MHz bunnches.

Figure 3:: Initial confi
figuration of tthe Project X Test
Accelerattor (movable beeam slits not shhown).
Accelerator at tthe Fermilab M
Meson
The Prooject X Test A
Detector Building (MD
DB) – formallly known as High
Intensity N
Neutrino Sourc
rce (HINS) – adddresses the neeed of
hardware R&D and hannds-on beam dynamics studdies at
low energgies [3]. Figuree 3 shows the initial configuuration
utilizing a pulsed prooton source, a LEBT withh two
RFQ, followedd by a
solenoids,, and a 2.5 MeeV 325 MHz R
simple diaagnostics sectiion and beam ddump. An H- ssource
and other beam-line connfigurations wiill follow, to teest the
modulator conccept, an ultra-broadband bbunch
vector m
chopping system, and vaarious other beeam diagnostics.

FIIRST BEAM
M MEASUR
REMENTS
Some preliminary bbeam measurrements have been
performedd on the initial configuration of the MDB P
Project
X Test Acccelerator (Figuure 3) [4].

Beam C
Current
Figure 4 compares tthe beam currrents in the L
LEBT
the diagnosticss beam line ((lower
(upper traace) and in th
trace). B
Because of coooling issues off the RFQ the beam
pulse is rreduced to 50 μsec, while thhe LEBT trannsports
beam for 500 μsec. Thee drop in the ccurrent from 18 mA
(LEBT) too 4 mA (diagnnostic beam-linne) hints for diffferent
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ccharge states trransported in the
t LEBT. Thee RFQ acts as a
ffilter and the remaining 4 mA at its output are of H+
ccharge state (p
protons).
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The thrree wire scannners in the 2..5 MeV diagnnostics
section (F
Figure 3) allow
w studies of tthe transverse beam
profile annd emittance. Unfortunatelyy the beam divverges
rapidly affter the RFQ output, and evvidently scrapees the
beam pipee before reachhing the wiresccanner WS3 location
(Figure 66, lower leftt plot). Thereefore we feeel not
comfortabble to estimatte the transveerse emittancee. The
overlay o f all three proffiles in Figure 6 (lower rightt plot)
demonstraates the rapid, space charge driven beam blowup in abseence of further focusing elem
ments.

Beam Ennergy

F
Figure 4: Beam currents in the LEBT (upper tracee)
aand in the diag
gnostics beam-lline (lower tracce).
The bunchin
ng efficiency of the RFQ is sh
hown in Figure
5. In this graph
h the toroid sig
gnal level and the level of the
3325 MHz specctral componen
nt of a button--style BPM are
ccompared verrsus RFQ RF
F power. Thee particles are
ccaptured at RF
FQ power levells >300 kW.
Figure 77: Time-of-flighht based beam energy estimaation.

Fig
gure 5: RFQ bu
unching efficien
ncy.

Transverse Beam
B
Profilee

The ab sence of a speectrometer beaam-line at the initial
setup off the Project X test acccelerator makee the
ment of the beam energyy challenging.. The
measurem
nominal beam energy of 2.5 MeV
V is equivaleent to
m, which we tryy to verify by a timeβ=0.073 oor 45.8 nsec/m
of-flight ((TOF) measureement betweenn two 0.96 m sspaced
button-styyle BPMs dow
wnstream of the RFQ. Ass it is
impossiblle to identify oor mark an indiividual bunch out of
the BPM signal, we trieed to spark shhock the RFQ for an
m transport; still it takes 10-155 nsec
abrupt stoop of the beam
to kill thee beam. Howevver, Figure 7 inndicates the noominal
2.5 MeV bbeam energy.

Figure 6: Trransverse beam
m profiles along
g the MEBT.
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Feeding an analog I-Q ph
hase detector with the BPM
M
bbeam and the RFQ
R
RF signaals allows the measurement
m
of
o
tthe energy stab
bility througho
out the beam pulse.
p
Blue and
d
ggreen traces in
n Figure 8 are the in-phase (I),
( respectively
y
qquadrature-phaase (Q) signaal componentss versus beam
m
ttime. Modifyin
ng the phases of the input siignals such thaat
tthe Q-signal is
i adjusted to 00, it returnss a pure beam
m
pphase, or time signal, demon
nstrating a stab
bility of <8 keV
V
oor 0.3 % of thee beam energy.

BEAM
M INSTRUM
MENTATION
N R&D
A variety of beam diag
gnostics is currently undeer
ddevelopment to
t characterize proton, as weell as H- beam
ms
oof 2.5 MeV en
nergy at the Pro
oject X test acccelerator [5]. A
pproposed, morre advanced diiagnostics beam
m-line includees
a quadrupole triplet
t
to enable transverse focusing
f
for an
n
eenergy spread measurement in the spectro
ometer arm. As
A
llongitudinal fo
ocusing will bee unavailable, th
he bunch shape
m
monitor and the fast Fara
aday cup are located in the
uupstream area,, somehow close to RFQ and
d triplet. A wire
scanner and a beam halo monitor
m
are locaated before the
d
a laser wire
w will be insstalled once the
spectrometer dipole,
pproton source is replaced by
y a H- source. Both
B
beam-line
aarms downstreeam the spectrrometer magneet are equipped
d
w
with transversse diagnostics,, wire scannerrs, BPMs, at a
llater stage an SEM multiwiire, and of cou
urse toroids fo
or
bbeam intensity
y measurements.

Figure 100: Principle of the Feschhenko bunch shape
monitor.

Fast Farraday Cup
The faast Faraday ccup (Figure 111) is an invvasive
element, i.e. total duump of the entire beam. The
longitudinnal bunch shappe is determinned by samplinng the
part of thhe beam that passes through a 1 mm hole in the
ground pplane, hitting a mircrowave stripline struucture.
The signaal of the inducced charges trravel to the strripline
ports, andd further to a broadband osscilloscope for readout, reprresents a coppy of the loongitudinal paarticle
distributioon. The prototyype fast Faradday cup is deveeloped
in collabooration with SN
NS/ ORNL, andd provides >100 GHz
bandwidthh, however diispersion effeccts on the exxternal
cabling w
will reduce the uusable bandwiddth.

F
Figure 9: Beam
m instrumentattion R&D at th
he MDB Projecct
X test acceleraator.

B
Bunch Shape Monitor
The bunch shape monitorr is of Fescheenko style, and
d
m
minimum invaasive to the beeam [6]. A thin
n wire, set to a
10 kV potentiaal, samples a part
p of the had
dron bunch, and
d
ggenerates seccondary electrrons. A fracction of these
eelectrons, imprinted with the longitudinal distribution of
o
tthe proton / H- bunch, are accelerated
a
thro
ough a slit. An
n
R
RF deflector, tuned to 650
0 MHz rotatees the electron
n
bbunch, i.e. excchanges the lo
ongitudinal wiith a transverse
ccoordinate, wh
hich are sampleed by an EMT located behind
d
a stationary slit. The RF defflector cavity phase
p
is shifted
d
tto transport diifferent electro
ons through the slit, and thu
us
ddetermine the longitudinal hadron
h
bunch profile (Figure
10).
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Figure 11 : Fast Faradayy Cup (courtesyy C. Deibele / SNS).
The proototype in Figuure 11 cannot hhandle the full,, up to
~500 W bbeam power off the Project X test accelerattor. In
collaborattion with SNS a water cooledd, high power uunit is
under devvelopment.

Vibratinng Wire Beam
m Halo Diaggnostics
In coopperation with B
Bergoz Instrumentation a minnimum
invasive vvibrating wire monitor will bbe used to deteect the
transversee beam halo [77]. A stretchedd wire, excitedd at its
resonant frequency, wiith help of a magnetic feeedback
loop, is moved into tthe beam halo by a step-motor
controlledd translation sttage. The interraction with thee halo
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pparticles will change the wire temperaature, thus the
eelongation an
nd therefore the detecttable resonan
nt
ffrequency of the wire. Thee system prov
ved to be very
y
sensitive, chan
nges of 0.01 Hz of the ty
ypically 5 kHz
nnominal resonaant frequency are
a detectable, equivalent to a
sensitivity of a few μW in a linear
l
range off 0-100 W beam
m
ppower.
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some alsoo inside the crryostat. Buttonn and striplinee style
BPMs aree under investiigation for beaam displacemennt and
time-of-fllight (beam phhase) monitorinng, using analoog and
digital siggnal processingg techniques. T
The beam phasse can
be measuured by referenncing the I-Q data samples to the
RF lockedd clock signal.

Energy SSpread Meassurement
The beaam size includees two terms

⎛ Δp ⎞
σ = εβ + D ⎜⎜ ⎟⎟
⎝ p ⎠
2

F
Figure 12: Vib
brating wire beam
b
halo mo
onitor (courtesy
y
S.G. Arutunian
n / J. Bergoz).

L
Laser Diagn
nostics

2

(1)

The sp ectrometer dippole (Figure 99) creates horizontal
dispersionn required to m
measure the ennergy spread. Beam
optics andd wire scannerr location havee been optimizzed to
maximizee D2x/βx. Usingg a 300 sector ddipole (ρ = 0.6684 m,
ℓarc = 0.3558 m) at B = 00.34 T, max βx = βy < 9 resuults in
σ2x,p/σ2x,β ≈ 8, and givess an error of ~
~6 % for the eenergy
spread meeasurement whhen the contribuution of the beetatron
part εβ is ignored (Figurre 14).

Figure 114: Wire scaanner locatioon set to 3.9 m
for the ennergy spread meeasurement.
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BEAM-BEAM SIMULATIONS FOR FUTURE ELECTRON-ION COLLIDER
eRHIC*
V. Ptitsyn, Y. Hao, V.N. Litvinenko, BNL, Upton, NY 11973, U.S.A.
Abstract
The future electron-ion collider eRHIC - under design
at BNL - will collide the electron beam accelerated in
energy recovery linacs with protons or ions circulating in
the RHIC storage ring. The beam-beam effects in the
linac-ring configuration have a number of unique features.
For the in-depth studies of the beam-beam effects and the
resulting luminosity limitations, we developed a dedicated
simulation code. We studied the effects of the mismatch,
the disruption and the pinching on the electron beam.
Relevant dynamics of the proton beam, including the kink
instability in combination with incoherent beam-beam
effects, was also explored in detail. In this paper we
describe the main features of our simulation code and
present the most important simulations results.

INTRODUCTION
Several designs of electron-ion colliders are under
development in the world [1]. The design of electron-ion
collider eRHIC at BNL adds an electron accelerator,
based on energy recovery linacs (ERLs), to the existing
heavy ion accelerator complex RHIC [2]. The eRHIC
design uses a so-called linac-ring collision scheme. The
electron beam, accelerated in the ERL, passes a collision
point just once, while the proton (or ion) beam circulates
in a ring and passes the collision point on every turn.
There may be several collision points in the collider,
although in this paper we show the simulation results for
the case of one electron-proton collision.
Since the electron beam goes through the collision
point(s) only on one pass, the allowed strength of the
beam-beam force acting on the electron beam can be
much large than for electrons circulating in a storage ring.
Thus a typical beam-beam limit for electrons in circular
colliders can be surmounted. The resulting eRHIC
luminosity in the linac-ring scheme is considerably larger
than that in the ring-ring scheme. Present eRHIC design
aims at the luminosity of e-p collisions exceeding 1034
cm−2s−1.
The studies of the beam-beam interactions in the linacring collision scheme is very important eRHIC R&D item.
Since there has been no collider based on the linac-ring
collision layout, there is no any operational experience
with the linac-ring beam-beam interactions and the related
machine performance limits. Thus all features of beam
collisions in the linac-ring scheme have to be thoroughly
studied during the machine design. This would allow to
determine the maximum achievable luminosity and to
identify and address possible problems originating from
* Work supported by Brookhaven Science Associates, LLC under
Contract No. DE-AC02-98CH10886 with the U.S. Department of
Energy.
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the beam-beam interactions. One should note that the
linac-ring collider scheme have been considered in
previous years for accelerator designs, for example, as
possible design for B-factory. Hence, the specific features
of the linac-ring beam-beam interactions had been also
studied [3,4]. For eRHIC, the following features of the
beam-beam interactions have to be considered and
investigated:
-The electron beam disruption. The level of the
disruption should be acceptable for the electron beam
transport and deceleration in the ERL.
-The electron beam pinch, the related enhancements of
the luminosity and the beam-beam effect on the proton
beam.
-The kink instability of the proton beam.
-The effect of fluctuating electron beam parameters
(intensity, transverse emittance) on the proton beam.
A comprehensive study of the list above require a fullblown simulations of the beam-beam effects including the
nonlinearity of beam-beam force, the variation of betafunction throughout the collision region, synchrotron
oscillations of the proton beam, chromaticity and
amplitude-dependence of proton betatron tunes. A code
EPIC was created [5 ] to carry out the detailed and timeefficient studies of the beam-beam effects in eRHIC. The
following section provides description of the EPIC
simulation code. In later sections we present some results
of the beam-beam simulations and discuss the influence
of those results on the collider design.

THE BEAM-BEAM INTERACTION
MODEL AND SIMULATION CODE
The EPIC code takes into account two considerable
asymmetries in the eRHIC collision scheme. One is the
asymmetry of the strength of the beam-beam force acting
on the electrons and the protons. Both in terms of the
beam-beam parameters (ξp=0.015, ξe = 2.2), and in the
terms of the disruption parameters (Dp = 0.007, De = 27)
the beam-beam effect on the electron beam is much
stronger compared with that on the hadron beam. Because
of the strong beam-beam effect the electron beam gets
disrupted during the pass through the collision region. In
contrary to that, the beam-beam effect on the protons is
moderate, and the effect of the interactions becomes
important on the scale of thousands and million turns. The
strong asymmetry of the beam-beam effects is used in the
EPIC simulation code to separate the study of one pass
effect of the electron beam disruption and multi-turn
effect of the beam-beam interaction on the proton (ion)
beam.
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Another asymmetry is the difference in the bunch lengths
of electron and proton beams (σle = 2mm, σlp > 5cm).
Hence, the short electron beam can be considered as an
infinitely thin slice, when simulating the beam-beam
effect on the protons.
The EPIC code uses two presentations of the beam-beam
force. In one presentation, the force is calculated
assuming the Gaussian transverse distribution. For eRHIC
where both beams are round at the collision point, the
force expression is simplified to the radial force:

ne 2 ⎡
r2 ⎤
Fr =
⎢1 − exp(− 2 )⎥
πε 0 r ⎣
2σ ⎦

(1)

where n(s) is the longitudinal charge density and σ is the
transverse beam size. In the EPIC code both full form of
the beam-beam force (1) as well as linearized presentation
of this force can be used.
In second presentation, the force is calculated for the
round beam using the Gauss law. This force presentation
can be used for calculating the force produced by the
infinitely thin electron beam:

Fr ds =

N e (r)e 2
πε 0 r

(2)

Here Ne(r) is the number of electrons within the radius r.
The approach realized in the EPIC code for the simulation
of the beam-beam interaction consists of the interconnected and consecutive applications of two “strongweak” simulations, one for the propagation of the electron
macro-particles through the field of the proton beam and
another for the propagation of the proton macro-particles
through the field of the electron beam.

Simulation of the Effects on Electron Beam
Since the distribution of the proton beam is only weekly
affected by the beam-beam force in one pass, for the study
of the electron disruption the proton beam can be
considered undisturbed. Therefore, the strong-weak
scheme can be applied in the simulations. The proton
beam is divided in longitudinal direction in multiple
slices. Each slice is treated as an infinitely short bunch
with a transverse Gaussian distribution generating the
electric field according to the equation (1). Typically the
use of 20 (or more) slices is adequate for providing
consistent results. The longitudinal Gaussian distribution
of the proton beam is considered Gaussian with tail cutoff typically selected at 4σlp. The variation of the
transverse rms beam size of the proton beam due to the
variation of the proton beta-function throughout the
collision region is taken into the account in the slicing
procedure.
The electron beam is represented by macro-particles
that experience consecutive kicks from the interactions
with the proton slices. The macro-particles can be
generated with a desirable initial transverse distribution
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(Gaussian or Beer-Can distributions has been usually used
in the simulations). Symplectic integrator up to 3rd order is
used to propagate the electron macro-particle through the
sequence of the proton beam slices. Following the
modification of the electron beam distribution during the
interaction process, the electron beam parameters, such as
the transverse emittance, the beam size, transverse
distribution moments, optical functions (beta and alpha
functions) can be calculated by post-processing the
macro-particle data. Usually, at least 50 thousand macroparticles have been used for the electron distribution. In
order to determine the electron beam and optics
parameters throughout the collision region, 3rd order
spline function is applied to the corresponding data points
calculated at the proton slice locations. The collision
luminosity, modified by the electron beam pinching, is
also calculated.

Simulation of the Effects on Proton Beam
In order to study the multi-turn effect of the beam-beam
interaction on the proton beam, the proton beam is
presented by a collection of macro-particles. Initially the
macro-particles are distributed in all three dimensions
according to the input beam size parameters and then they
are propagated through the field of the electron beam. As
was already mentioned, due to the short length of the
electron beam, the electron beam can be considered as an
infinitely thin slice.
On each turn the interaction of the proton beam with the
electrons is considered in two steps. On first step the
effect on the electron beam is evaluated using the
approach described in the subsection “Simulation of the
Effects on Electron Beam”. As the result, the data for
continuous evolution of the electron transverse beam size
and the electron slice transverse position throughout the
collision region are obtained. Thus, on the second step,
the beam-beam force can be calculated either using (1)
with the electron beam size or using (2) with Ne(r)
dependence. The force calculation is done at the proper
longitudinal coordinate of the interaction of the electron
beam slice and a proton macro-particle. The electron slice
transverse position offset is also taken into the account in
the calculation.
Following the beam-beam interaction, the proton beam
is transported through the one turn of the accelerator ring,
using one turn transformation matrix. The one turn
transformation includes the effect of the chromaticity and
amplitude dependent betatron tune. It also executes the
synchrotron oscillations in the longitudinal plane.
Since at every turn the protons encounter a new
electron beam, coming from the linac, the initial
parameters of the electron beam can be varied from one
turn to another.
On the basis of the obtained simulation data for the
proton macro-particles the multi-turn evolution of the
proton beam emittances and the transverse orbit offsets
can be obtained using the data post-processing.
Further details on the EPIC code can be found in [5].
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ELECTRON BEA
AM DISRUP
PTION
Here we prresent selected
d simulations results for th
he
effects on the electron beam [6]. The electtron beam, afteer
ppassing a collision point, haas to be deceleerated in ERL
Ls
d
of th
he
and transported in recirculatiion lines. The distortion
a an acceptablle
electron beam distribution haas to be kept at
der to allow the beam transport. Th
he
level in ord
deformation of the electron distribution by
y the nonlineaar
bbeam-beam fo
orce can be co
onsidered in two
t
ways: as a
m
mismatch of the beam disttribution relative to the on
ne
on in the absence of the beam
mdefined by the lattice functio
bbeam force; an
nd the increaseed particle pop
pulation at larg
ge
bbetatron ampllitudes, includ
ding a halo fo
ormation. Botth
effects can bee minimized by
b a proper selection of th
he
design interacttion region op
ptics (β* and s*). Besides thaat
tthe optimal selection of the design
d
optics should
s
avoid an
a
b
excessive pincching the electrron beam size,, since it can be
hharmful for thee proton beam..
Figure 1 deemonstrates an example of th
he evolution of
o
ttransverse electron beam parameters throughout a
ve
collision areaa from EPIC simulations. The effectiv
emittance desccribes a transveerse emittance,, which is based
on the phasee ellipsis deffined by the design latticce
functions. Thee geometric em
mittance is calculated from th
he
bbeam distribu
ution, using a statistical deefinition of th
he
emittance and optics function
ns.

F
Figure 1. The evolution of electron
e
transv
verse beam sizze
hout the collisiion area. Shown
and emittance values through
is a case for electrons with 5 GeV energy. The disruption
pparameter D=2
27.
hows that a pro
oper choice off the design β*
Figure 2 sh
*
and s values allows
a
to minimize unwanted
d modification
ns
of the e-beam distribution by
y the beam-beaam interactionss.
b
disruptio
on studies hav
ve been used to
t
The electron beam
finalize our choices for thee IR optics an
nd the electron
bbeam emittancce. The study also set the reequirements on
tthe aperture of recircullating magneets and ERL
L
U
electron beam has to be decelerated
components. Used
and the particlles pushed to high
h
amplitudees by the beam
mbbeam interactiions can causse a beam losss on the ERL
L
apertures.
Figure
F
3 sho
ows the exam
mple of such
evaluation.
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Figure 2 . The transveerse phase sppace distributiion of
electrons after passing tthe collision arrea for two IR optics
and transvverse emittancces. Top plot: β*= 5 cm, s* = 0 cm,
εrms = 2.11 nm. Bottom plot: β*= 2.5cm
m, s* = 3 cm, εrms =
4.2 nm.

Figure 3 . The beam lloss power att given apertuure of
recirculattion pass magnets at seveeral beam ennergies
during thhe beam deceeleration after the collisionss. The
results foor two kinds of the initial traansverse distriibution
are show
wn. Actual ddistribution is expected tto be
somewheere between theese two cases.

KINK INSTABIL
LITY
Severall beam-beam effects can caause deteriorattion of
the protoon beam. The kink instabillity is one off these
effects, w
which we hadd studied. It iss a strong heead-tail
instabilityy, where the innteraction betw
ween head and tail of
a protonn bunch is pprovided by tthe electron beam.
Althoughh there have bbeen several thheoretical papeers on
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tthe subject [7,8
8], they all are based on apprroximation. Th
he
complete proccess with a no
onlinear beam
m-beam force, a
rrealistic longittudinal distribu
ution and a vaariation of betaafunction in thee collision areea can be obtaained only from
m
tthe simulations.
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feedback scheme, the ttransverse possition of an ellectron
bunch is m
measured by a dedicated possition monitor aafter it
passed thhe IR. The kickks calculated oon the basis off these
measurem
ments is appliedd to the incoming electron buunches
by a kickeer is located beefore the collission point.
Using tthe EPIC codee we demonstrrated that suchh feedback is feeasible.

THE E
EFFECT OF
F ELECTRON PINCH
H ON
PRO
OTON BEA
AM
In adddition to the ccoherent instabbility, the trannsverse
emittancee of the protoon bunch can be blown up in an
incoherennt way by thee beam-beam force. In the EPIC
code we can study the incoherent efffects separatelyy from
the kink instability byy suppressing the relative dipole
motion off the electron bbunch and the pproton slices.

Figure 4. Thee snapshot off the beam ceentroid positio
on
along the colliision area as the kink instabiliity develops.
Our initial simulations verified basic features of th
he
instability such as the dependences on th
he proton beam
m
intensity and the bunch length, the corressponding mod
de
frequency shiifts, and the pattern of the instabilitty
development above
a
the threshold (Figure 4).

Figure 6: The protonn transverse eemittance grow
wth for
variouss of design paraameters.

Figure 5. The increase of beaam emittance due
d to the kink
k
instability for different proto
on chromaticities.
Our simulattion studies sh
howed strong dependence of
o
tthe instability threshold on th
he proton chro
omaticity. It waas
found that at least seven units of the chromaticity
c
is
i
nneeded to prevent
p
the instability
i
at design beam
m
pparameters (Fiigure 5).
The large value of the chromatiicity and th
he
corresponding large betatron tune spread
d may limit an
available betaatron tune spaace and may complicate th
he
m
machine operration. For instance,
i
the proton beam
m
chromaticity in
n RHIC is typically kept at 2 units.
Hence, we considered
c
a deedicated feedbaack to damp th
he
kkink instabilitty as an alteernative remed
dy [9]. In th
he

Focusinng force of prroton beam deeviates considderably
the electrron beam size throughout thee collision areaa from
its designn pattern (Figgure 1). Althhough the effe
fect of
electron beam pinchinng can lead to the lumiinosity
enhancem
ment, in the ssame time it eenhances the beambeam foorce acting oon the protonns. It can become
unacceptaably large. Inn addition, thhe variation oof the
electron bbeam size bothh due to pinchhing pattern annd the
design vaariation of betaa-function (“hoour-glass”) leaad to a
modulatioon of the beeam-beam parrameter durinng the
synchrotrron oscillationn of protons. It can causse the
appearancce of synchroo-betatron ressonances. Sincce the
deviation of the electroon’s distributionn from the Gaaussian
is significcant, the fieldd induced by tthe electron beeam is
calculatedd by the methood (2). The sim
mulations showeed that
the luminnosity correlates well with tthe average ellectron
beam sizze throughout the collision area. The ellectron
beam sizee pinching patttern depends oon the electronn beam
optics. Thhe simulation studies were uused to find optimal
parameterr choices, whicch provide highh luminosity w
without
deteriorattion of the protton emittance. The Figure 6 shows
an exampple of EPIC sim
mulation resullts for the incooherent
emittancee growth. We note that Bllue and Red curves
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correspond to the cases witth same resultting luminosity
y,
hhowever the em
mittance growtth is greatly diffferent.

THE ELECTRO
ON BEAM NOISE
N
Fluctuationss of the electro
on beam param
meters, such as
a
tthe transversee emittance, the
t
bunch intensity and th
he
ttransverse possition offset, could
c
affect th
he proton beam
m
emittance. Thee fluctuations of the position
n offset lead to
t
tthe random diipole kicks at beam-beam in
nteractions. Th
he
fluctuations of
o the electro
on transverse emittance an
nd
bbunch intensitty led to the flluctuations of the beam-beam
m
force focusing. The EPIC
C simulations confirm welll
analytical form
mulas for the case
c
of white noise spectrum
m
of the fluctuatiions [10,11]. Simulations witth more realistiic
frequency speectra characterizing laser stability
s
errorss,
m
magnet errorss and earth’s movement aree planned. Th
he
simulations sh
hould help to establish tolerrances on thosse
errors.

F
Figure 7: Proto
on rms beam size
s evolution at the presence
of the electron
n bunch intensity noise and the
t comparison
n
w
with the theeoretical anticipation. Eacch data poin
nt
rrepresents the average of 100
00 turns.

CONCL
LUSIONS

minimizee both the elecctron beam diisruption and pproton
beam emiittance growthh. The kink insstability, obserrved in
the simullations, can bee cured either by the (sufficciently
large) chrromaticity or bby a dedicate feedback. Thee study
of electroon beam paraameter fluctuaations will heelp to
establish tolerances onn errors of vvarious kinds (laser
magnet errors, …).
stability, m
In nearr future we plan to study thhe interplay beetween
the beam
m-beam interaactions and pproton beam space
charge. T
This capability will be addedd to the EPIC
C code.
Also, thhe combinatioon of beam-bbeam effects from
multiple collision poinnts and the intterplay betweeen the
beam-beaam interactionns and cohereent electron cooling
would be considered.
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COMPUTATIONAL CHALLENGES FOR
BEAM-BEAM SIMULATION FOR RHIC∗
Y. Luo, W. Fischer, Brookhaven National Laboratory, Upton, NY USA
Abstract
In this article we will review the computational challenges in the beam-beam simulation for the polarized proton run of the Relativistic Heavy Ion Collider (RHIC). The
difficulties in our multi-particle and million turn tracking to
calculate the proton beam lifetime and proton beam emittance growth due to head-on beam-beam interaction and
head-on beam-beam compensation are presented and discussed. Solutions to obtain meaningful physics results
from these trackings are proposed and tested. In the end
we will present the progress in the benchmarking of the
RHIC operational proton beam lifetime.

INTRODUCTION
The Relativistic Heavy Ion Collider (RHIC) accelerates
and collides ions and polarized protons. For the experiments the figure of merit in the polarized proton run is
LPB2 PY2 , where L is the luminosity and PB,Y are the polarizations of the Blue and Yellow beams respectively. Since
its first polarized proton run at 100 GeV in 2003, the polarized proton luminosity has increased by an order of magnitude. And the proton polarization reached 55% and 34% at
100 GeV and 250 GeV.
The main limits to the luminosity improvement in the
RHIC polarized proton run are the beam-beam interaction
effect, the nonlinear effect from the lattice, and the parameter modulations. To further increase the proton luminosity [1], we would like to reduce the β ∗ at the interaction
points from current 0.7 m to 0.5 m, and to increase the
bunch intensity from current 1.5 × 1011 to 2.0 × 1011 and
perhaps beyond. An upgrade of the polarized proton source
has been started to increase the proton current by an order
of magnitude and the polarization by about 5% to 85-90%.
For the polarized proton runs, the working point is chosen to provide good beam lifetime and maintain the proton
polarization. The current working point is constrained between 2/3 and 7/10. When the proton bunch intensity is
above 2 × 1011 , there will not be enough tune space between 2/3 and 7/10 to hold the beam-beam tune spread.
One solution is to adopt head-on beam-beam compensation [2]. The idea is to introduce a low energy electron
beam to collide with the proton beam to compensate the
proton-proton beam-beam effects. Our preliminary simulation study shows that head-on beam-beam compensation
with the e-lenses can significantly reduce the large beambeam tune spread. However, considering that the e-lenses
∗ This work was supported by Brookhaven Science Associates, LLC
under Contract No. DE-AC02-98CH10886 with the U.S. Department of
Energy.

are strong nonlinear elements, their effects on the proton
beam dynamics and lifetime have been carefully studied.
Since beam-beam effect has played a more and more
important role in the polarized proton run in RHIC, numeric simulation studies are needed to understand the current RHIC operations and to predict the effect of head-on
beam-beam compensation. In the article we will review
the computational challenges in our beam-beam simulation. With limited computing resource and computing time,
some approaches and new algorithm to reduce the statistic
fluctuations in the calculated beam lifetime and emittance
are presented and tested. Progress in the benchmarking of
RHIC operational proton beam lifetime is also reported.

CHALLENGES IN SIMULATION
To reproduce the observations in the real operations, a
robust simulation code and a realistic lattice model are
needed. For RHIC, the lattice model should include the
correct linear optics, all non-linear magnetic field errors,
and all known parameter modulations.
To save the computing time, we adopt a weak-strong
beam-beam model although the two proton beams have
similar populations. Considering β ∗ is comparable to the
RMS bunch length at IP6 and IP8 in the polarized proton
run, we adopt the 6-D weak-strong synchro-beam map a la
Hirata to calculate the beam-beam kicks.
Our simulation code is SimTrack [3], which is a C++
library for the optics calculation and particle trackings in
the high energy accelerators. The particle motion in the
magnetic elements is tracked with the 4th order symplectic
integration. To save computing time, multipoles are treated
as thin lenses. Particles are tracked element by element.
Dynamic aperture has been frequently used to judge the
stability of lattice and the effect of beam-beam interaction
in RHIC [4]. Comparing to multi-particle tracking of a 6-D
Gaussian distribution,it only needs a small amount of computing time. The shortcoming of dynamic aperture is that
it does not give information of emittance evolution. And
there is not a clear calibration between dynamic aperture
and beam lifetime. Online measurement of dynamic aperture with beam is also time-consuming.
Actually in the operations of a collider, the beam intensity, the transverse and longitudinal beam sizes, and
the luminosity are all directly measured. And in a longterm multi-particle tracking of a 6-D Gaussian distribution
bunch, they are well defined and can be calculated too.
Therefore, these parameters are suitable for the purpose of
benchmarking simulation codes and comparing operation
observations and simulation results.
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The challenge in the lifetime and emittance calculation
is to obtain meaningful physics results with limited computing resources and computing time. However, to reduce the statistic errors in the calculations of beam lifetime and emittance, a large number of macro-particles is
needed. And to determine the beam lifetime and the emittance growth, a large tracking turn is required.

macro-particles actually represent 66269 particles of a 6-D
solid Gaussian distribution. Although the computing time
is the same as the Gaussian distribution, the statistic error in the particle loss rate is reduced. Figure 1 shows the
transverse amplitudes of all and lost macro-particles with
hollow Gaussian tracking.

An example

Hollow Gaussian Distribution
One approach is to track particles initially with a hollow
Gaussian distribution [5, 6]. This approach is suitable to
calculate the particle loss rate. However it will not give
information of emittance evolution. Since this approach is
based on the assumption that the particles in the bunch core
are not lost in the tracking turns, the boundary between the
stable core and the unstable bunch tail needs to be carefully
determined.
Normally we first calculate the dynamic aperture and
then set the boundary well below it. After tracking, we
also need to check if there are particles lost on the edge of
boundary. If the boundary is chosen too low, there will be
few particles lost in the tracking and the statistic error will
be large. However if the boundary is chosen too high, there
will be lost particles below the boundary are not counted.
In this case the particle loss rate will be under estimated.
As a comparison, with the same simulation parameters in
the above example, we track 4800 macro-particles whose
initial amplitudes are larger than 3.0 σ. Their coordinates
can be generated from a normal Gaussian generator or a
Gaussian tail generator. After 2 × 106 turn tracking, there
are 16 macro-particles lost. In this example, the 4800

Vertical Amplitude [ σ ]

We first give an example to illustrate the computational
challenges in the beam-beam simulation of lifetime and
emittance calculations in RHIC. In this example, the bunch
intensity is 2.5×1011 . The β ∗ is 0.5 m. The beam energy is
250 GeV. The beams collide at IP6 and IP8. We track 4800
macro-particles whose initial coordinates are sampled from
a 6-D Gaussian distribution up to 2 × 106 turns. 2 × 106
turns is about 24 seconds of RHIC time. We record the
number of lost particles and calculate the emittance at every 104 turns. It turns out that there is only 1 macro-particle
lost after 2 × 106 turns. There is no clear trend in the emittance change. And the fluctuation in the calculated emittance is about 2% of the averaged one.
Actually the lost particles in the tracking are normally
those with large transverse amplitudes and large momentum deviations. For a Gaussian distribution with a limited
number of macro-particles, there are only a few of macroparticles in the bunch tail. Therefore, to overcome the statistical error in the calculated particle loss rate and to better
represent the particles in the tail of a 6-D Gaussian bunch,
we need a large number of macro-particles. A large number
of macro-particles in the tracking will significantly increase
the computing time.
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Figure 1: Initial transverse amplitudes of all and lost
macro-particles with initial hollow Gaussian distribution.

Weighted Gaussian Distribution
Another approach is to track macro-particles initially
with a 6-D weighted Gaussian distribution [7, 8]. In this
approach, we designate a larger weight for the macroparticles in the bunch core while give a smaller weight
for the macro-particles in the tail. With the same number
of macro-particles, there will be more macro-particles in
the bunch tail and a less number of macro-particles in the
bunch center. This approach also gives the emittance besides the particle loss rate although its resolution is better
than that with the plain Gaussian distribution.
With the same beam and lattice condition, with the
weighted Gaussian distribution, there are 20 particles lost
after 2×106 turns. The 4800 macro-particles of a weighted
Gaussian actually represented 70108 particles of a 6-D
Gaussian distribution. Table 1 lists the number of lost
macro-particles and the beam decay. To get the beam decay per hour, we need to multiply the relative beam loss
in 2 × 106 turns by 140. From Table 1, the beam decays from the hollow and weighted Gaussian distortions
are very close. Figure 2 shows the transverse amplitudes of
all and lost macro-particles with weighted Gaussian distribution tracking.

Emittance Calculation
The challenge in the emittance calculation is that the real
emittance growth of the proton beam in 2×106 turns is very
small and therefore difficulty to detect. In our simulation,
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Table 1: Particle Losses with Different Initial Distributions
Nlost
1
16
20

beam decay
2.9%/hr
3.4%/hr
4.0%/hr

Initial Particles
Lost Particles

5

Guassian
Guassian, new algorithm
Weighted Guassian
Weighted Guassian, new algorithm

2.85
2.8

-6

Nrepresent
4800
66269
70108

Horizontal Emittance [ 10 m.rad]

Case
Plain Gaussian
Hollow Gaussian
Weighted Gaussian

2.9
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2.65
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Figure 3: Calculated horizontal emittance without and with
new algorithm for Gaussian and weighted Gaussian distributions.
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Figure 2: Initial transverse amplitudes of all and lost
macro-particles with initial weighted Gaussian distribution.
we found that the calculated emittance is affected by the
particle loss and the large amplitude macro-particles. The
straight-forward way to reduce the fluctuation in the calculated emittance is to increase the total number of particles
in tracking. However, limited by the computing time, this
is not easily possible. And the statistic error in the emittance calculation will not be significantly reduced even if
we increase the total number of macro-particles by one or
two orders.
A new algorithm to calculated the emittance was implemented in LIFETRAC code. It calculate the emittance
with all the coordinates of all macro-particles in all turns
in each step of 104 turns. By doing that, the statistic error in the emittance calculation will be reduced by a factor of 100. Figure 3 shows the calculate emittance without
or with this algorithm in the above examples. The number of macro-particles is still 4800. From Figure 3, this
algorithm greatly reduces the fluctuation in the calculated
emittance for both Gaussian and weighted Gaussian distribution trackings. With the new algorithm, the fluctuation
in the calculated emittance is about 0.03% of the averaged
one.

BENCHMARKING RHIC LIFETIME
In the simulation studies of the effect of head-on beambeam compensation in RHIC, we systematically calculated and compared the particle loss rate without and with
head-on beam compensation. The simulation shows that

half head-on beam-beam compensation improves the proton lifetime when the bunch intensity is above 2.0 × 1011 .
In these studies we used hollow Gaussian approach to produce more macro-particle losses. The calculated beam decay with half beam-beam compensation for bunch intensity
2.5 × 1011 is about less than 1%.
To benchmark our simulation code and algorithms, we
calculated and compared the proton lifetime and emittance
with the previous polarized proton operations. Due to the
small beam-beam parameter, the particle loss from beambeam interaction is very small and very hard to detect in
the simulation even we push up very high the boundary between the stable core and unstable tail in the hollow Gaussian approach. In the real operations, the observed beam
loss at store was about a few percent per hour.
To fill the gap in the proton lifetime between the simulation results and the real observations, we included the
multipole field errors in the arc dipoles and quadrupoles as
well as the interaction region multipole errors. The known
tune modulations are also included in the lattice. Currently
we are updating the tracking model according to the online
optics measurement and modeling, and investigating the effects from other diffusion processes, such as the beam-gas
scattering, intra-beam scattering and other noises.
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SIMULATION OF SPACE-CHARGE EFFECTS
IN THE PROPOSED CERN PS2∗
J. Qiang† , R. D. Ryne, LBNL, Berkeley, CA 94720, USA
U. Wienands, SLAC, Menlo Park, CA 94025, USA
H. Bartosik, C. Carli, Y. Papaphilippou, CERN,Geneva, Switzerland
Abstract
A new proton synchrotron, the PS2, was proposed to replace the current proton synchrotron at CERN for the LHC
injector upgrade. Nonlinear space-charge effects could
cause significant beam emittance growth and particle losses
and limit the performance of the PS2. In this paper, we
report on simulation studies of the potential space-charge
effects at the PS2 using three-dimensional self-consistent
macro-particle tracking. We will present the computational model used in this study, and discuss the impact of
space-charge effects on the beam emittance growth, especially due to synchro-betatron coupling, initial longitudinally painted distribution, and RF ramping schemes.

INTRODUCTION
The PS2 with higher injection energy (4 GeV) was proposed to replace the current protron sychrotron with 1.4
GeV injection energy for LHC upgrade at CERN [1].
Space-charge effects have been identified as the most serious intensity limitation in the PS and PS Booster [2], since
nonlinear space-charge effects in high intensity hadron
beams can cause significant emittance growth and particle
losses. These effects put a strong limit to the attainable intensity for the proposed synchrotron accelerator. Exploring
the space-charge effects through long-time self-consistent
particle tracking will help shed light on the source of emittance growth and particle losses (e.g. space-charge driven
resonance) and help provide means to overcome these effects through improved accelerator design or compensation
schemes.

COMPUTATIONAL MODELS
In this study, we have used the IMPACT code and
the MaryLie/IMPACT (ML/I) code developed at Lawrence
Berkeley National Laboratory for simulation studies. The
IMPACT code is a parallel particle-in-cell code suite for
modeling high intensity, high brightness beams in RF proton linacs, electron linacs and photoinjectors [3]. It consists
of two parallel particle-in-cell tracking codes IMPACT-Z
and IMPACT-T ( the former uses longitudinal position as
the independent variable and allows for efficient particle
advance over large distances as in an RF linac, the latter uses time as the independent variable and is needed to
∗ Work partially by the US Department of Energy through the US LHC
Accelerator Research Program (LARP) under Contract No. DE-AC0205CH11231.
† jqiang@lbl.gov
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accurately model systems with strong space charge as in
photoinjectors), an RF linac lattice design code, an envelope matching and analysis code, and a number of preand post-processing codes. Both parallel particle tracking codes assume a quasi-electrostatic model of the beam
(i.e. electrostatic self-fields in the beam frame, possibly with energy binning) and compute space-charge effects self-consistently at each time step together with the
external acceleration and focusing fields. The 3D Poisson equation is solved in the beam frame at each step
of the calculation. The resulting electrostatic fields are
Lorentz transformed back to the laboratory frame to obtain
the electric and magnetic self-forces acting on the beam.
There are six Poisson solvers in the IMPACT suite, corresponding to transverse open or closed boundary conditions with round or rectangular shape, and longitudinal open or periodic boundary conditions. These solvers
use either a spectral method for closed transverse boundary conditions [4], or a convolution-based Green function
method for open transverse boundary conditions [5]. The
parallel implementation includes both a 2D domain decomposition approach for the 3D computational domain
and a particle-field decomposition approach to provide
the optimal parallel performance for different applications
on modern supercomputers. Besides the fully 3D spacecharge capability, the IMPACT code suite also includes
detailed modeling of beam dynamics in RF cavities (via
field maps or z-dependent transfer maps including RF focusing/defocusing), various magnetic focusing elements
(solenoid, dipole, quadrupole, etc), allowance of arbitrary
overlap of external fields (3D and 2D), structure and CSR
wake fields, tracking multiple charge states, tracking multiple bin/bunches, Monte-Carlo simulation of gas ionization,
an analytical model for laser-electron interactions inside an
undulator, and capabilities for machine error studies and
correction. For the purpose of studying space-charge effects in a synchrotron ring, the IMPACT code was extended
to include thin lens kicks for multipole elements and RF
cavities, multi-turn simulation, dynamic RF ramping, and
lumped space-charge kicks.
The MaryLie/IMPACT (ML/I) [6] is a hybrid code that
combines the beam optics capabilities of MARYLIE with
the parallel 3D space-charge capabilities of IMPACT. In
addition to combining the capabilities of these codes, ML/I
has a number of powerful features, including a choice of
Poisson solvers, a fifth-order RF cavity model, multiple reference particles for RF cavities, a library of soft-edge magnet models, representation of magnet systems in terms of
coil stacks with possibly overlapping fields, and wakefield
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Figure 1:
Single particle trajectories from
MaryLie/IMPACT code and from the IMPACT code.
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Figure 3: Transverse emittance evolution with and without
including space-charge effects.
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effects. The code allows for map production, map analysis, particle tracking, and 3D envelope tracking, all within
a single, coherent user environment. ML/I has a front end
that can read both MARYLIE input and MAD lattice descriptions. The code can model beams with or without
acceleration, and with or without space charge. The code
inherits the powerful fitting and optimizing capabilities of
MARYLIE augmented for the new features of ML/I. The
combination of soft-edge magnet models, high-order capability, space charge effects, and fitting/optimization capabilities, make ML/I a powerful code for a wide range of
beam optics design problems.

SINGLE PARTICLE BEAM DYNAMICS
TEST
Using the above-mentioned computer codes, we carried
out simulation studies of the proposed PS2 lattice. Our initial study was to test the single particle beam dynamics using a 2009 lattice design [7]. We adopted the MAD lattice
input file and checked the agreement of the single particle tracking without space-charge effects between the IMPACT code and the MaryLie/Impact code. Figure 1 shows
the transverse and longitudinal coordinates from the two
codes. Both codes agree with each other very well even
though the underlying tracking methods are quite different. To check the single particle tracking results against the
MAD-X output, we also calculate the power sprectrum of
the single particle trajectory of a zero momentum deviation
particle and an off-momentum particle using a 2010 new
lattice design [8]. The results are shown in Fig. 2. Both
particles give the same tunes within the numerical accuracy. This also results in the zero first-order chromaticity
that is obtained from the MAD-X output.
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Figure 4: Tune footprint without sychrotron motion.

SPACE-CHARGE SIMULATION RESULTS
We studied 3D space-charge effects in the proposed 2010
lattice using the IMPACT code. Figure 3 shows the transverse emittance growth from the simulation with and without including space-charge effects. It is seen that the spacecharge effects drive significant emittance growth of the
beam. Such a growth of emittancce is caused by the nonlinear fields of the space-charge forces. The space-charge
forces also result in the synchro-betatron coupling of the
beam. Figure 4 and 5 show the transverse tune footprint
without space-charge effects, and with space-charge effects but with/without longitudinal synchrotron motion. It
is seen that the tune footprint is significantly enlarged due
to the space-charge effects. The space-charge effects cause
particle tunes to cross the 4th, the 5th, and the 7th order
resonances. Without including the synchrotron motion, the
footprint shows a regular necktie shape distribution as expected. Including longitudinal synchrotron motion in the
space-charge simulation shows enlarge of tune footprints.
This is due to the coupling between the longitudinal synchrotron motion and the transverse betatron motion from
the three-dimensional space-charge effects. This coupling
causes more particle tunes to cross over the lower 4th order and 6th order resonance and results in larger emittance
growth as shown in Fig.6.
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Figure 2: Power spectra of the single particle trajectory of 0
momentum deviation particle and off-momentum particle.
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Figure 7: Initial longitudinal phase distribution in case 1
and in nominal case.

Figure 10: Fractional particle loss evolution in the case 3
and the nominal case.

Effects of Initial Painted Distributions

tial longitudinal distribution, we carried out space-charge
simulation in the nominal PS2 2010 lattice. Figure 10
shows the fractional particle loss evolution using the new
case 3 initial distribution and the nominal case initial distribution. It is seen that new initial painted longitudinal
distribution actually has a much larger particle loss than
the nominal case. Figure 11 shows the maximum longitudinal phase amplitude evolution in both cases. Even
though the new initial longitudinal distribution starts with a
smaller initial maximum phase amplitude, it grows quickly
beyond the boundary of RF bucket. This might be due to
the stronger space-charge effect associated with this initial
distribution since it has smaller bunch length than the nominal case.

The initial longitudinal distribution at the end of painting has impact to the beam emittance growth and particle losses during the rest of acceleration. Figure 7 shows
the initial longtudinal phase space distribution from longitudinal painting case 1 and from the nominal painting.
The case 1 initial distribution has a wider phase distribution and a hallow shape of current distribution. The nominal case has a narrower phase distribution and a closer to
parabolic shape of current distribution. Using those initial
longitudinal distributions and assumed transverse waterbag
distribution, we carried out 3D space-charge simulation for
4 × 1011 proton beam in the new 2010 PS2 design lattice.
Figure 8 shows the fractional particle loss as a function of
number of turns using the initial longitudinal particle distribution from the case 1 and from the nominal case. There is
about 0.24% particle loss after six thousand turns from the
case 1 initial distribution while there is only one macroparticle loss out of about one million particles from the nominal case initial distribution.
Recently, a new painted longitudinal initial distribution
(case 3) was proposed with trapezoid and smaller initial
phase amplitude than the nominal case. The longitudinal
phase space distribution is given in Fig. 9. Using above ini0.2

Effects of RF Ramping Schemes
At the end of the painting, an RF program is used to
ramp the voltage and the phase of the RF cavity to accelerate the beam. Different RF ramping schemes could lead
to changes in particle loss and emittance growth. A faster
ramping will help reduce space-charge effects but make
longitudinal RF capture worse.
Figure 12 shows the two voltage ramping schemes:
In the first case, the RF voltage is ramped following a
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Figure 8: Fractional particle loss evolution in the case 1
and the nominal case.
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case 3 and the nominal case.

Computational Challenges in High-Intensity Linacs, Rings incl. FFAGs, Cyclotrons

Proceedings of HB2010, Morschach, Switzerland
1

WEO2C04

180

100 ms
50 ms

Zmax - 100 ms
Zmax - 50 ms

175
0.95

170

longitudinal maximum phase

Voltage (MV)

0.9

0.85

0.8

0.75

165
160
155
150
145

0.7

0.65

140

0

5000

10000

15000

20000

135

25000

0

1000

2000

3000

turn

Figure 12: RF voltage evolution with 100 ms and 50 ms
ramping schemes.
4350

4000

5000

6000

7000

turn

Figure 15: Maximum longitudinal phase amplitude with
100 ms and 50 ms ramping schemes.
3

kinetic energy - 100 ms
kinetic energy - 50 ms

4300

X - 100 ms
Y - 100 ms
X - 50 ms
Y - 50 ms

2.5

4250

emittance growth (%)

kinetic energy (MeV)

2
4200

4150

1.5

1

4100

0.5

4050

4000

0

1000

2000

3000

4000

5000

6000

0

7000

turn

0

1000

2000

3000

4000

5000

6000

7000

turn

Figure 13: Beam kinetic energy evolution with 100 ms and
50 ms ramping schemes.

Figure 16: Transverse emittance growth with 100 ms and
50 ms ramping schemes.

parabolic time dependent function from 0.65 MV to 0.9
MV within 100 milli-seconds; In the second case, this
ramping is done within 50 milli-seconds. Figure 13 shows
the beam kinetic energy growth from the two schemes. The
faster voltage ramping leads to a faster beam kinetic energy
increase. Figure 14 show the fractional particle loss from
the 100 ms ramping and the 50 ms ramping scheme. It
is seen that by ramping the RF voltage faster, more particles get lost. Figure 15 shows the maximum longitudinal
phase amplitude evolution from the two ramping schemes.
The faster ramping scheme results in larger oscillation of
maximum amplitude and particle losses. Figure 16 shows
the emittance evolution of the beam from the two ramping
schemes. The faster ramping scheme also leads to larger
emittance growth due to the stronger space-charge effects.
The stronger space-charge effects results from the faster
acceleration damping of longitudinal phase amplitude (i.e.
rms bunch length) from the faster voltage ramping.
A new RF ramping scheme is tested recently. Figures 17
and 18 show the ramping voltage evolution and the beam
kinetic energy evolution from the new scheme and the nominal scheme.
The new scheme has a slower voltage
ramping than the nominal case but a faster phase ramping than the nominal case to keep the kinetic energy in-

crease to be the same. Figure 19 shows emittance evolution from the new and the nominal ramping scheme. It is
seen that emittance growth starts to saturate after 30000
turns. In the nominal ramping case, there is about 10%
emittance growth after 40000 turns. Using the new RF
ramping scheme, such a growh is only about 8%. The new
ramping scheme leads to less emittance growth in both horizontal and vertical plans after 40000 turns. The larger vertical emittance growth in both cases could be due to the
smaller vertical aperture size in the design, which results
in stronger space-charge effects. Figure 20 shows the longitudinal rms phase evolution from both ramping schemes.
The new scheme leads to a slower phase amplitude damping and hence weaker space-charge effects. The stronger
space-charge effects in the nominal ramping attributes to
more transverse emittance growth.

Effects of Initial Emittances
The emittance growth of the beam also depends on the
initial emittance at the injection due to space-charge effects. Figure 21 shows transverse normalized emittance
evolution with 2, 2.5 and 3 mm-mrad initial normalized
emittances. Using a smaller injection emittance results in
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Figure 17: RF voltage evolution with the nominal 100 ms
ramping scheme and the new ramping scheme.
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Figure 19: Transverse emittance evolution with the nominal 100 ms ramping scheme and the new ramping scheme.
larger relative emittance growth in the accelerator due to
stronger space-charge effects. However, given the larger
growth of the emittance, the final emittance with smaller
initial emittance down to 2 mm-mrad is still better than the
final emittance with larger initial emittance.

Effects of Bunch Intensities
The nominal design of PS2 assumes an intensity of
4 × 1011 proton per bunch. From previous simulations,
we can see that final emittance can be kept below 3 mmmrad if the beam is injected with an initial emittance below
3 mm-mrad using the nominal bunch intensity. In order to
check the maximum bunch intensity that can be achieved
while keeping the final beam emittance below 3 mm-mrad,
we carried out simulations using 1.25, 1.5, and 2 times the
nominal intensity. Figure 22 shows the emittance evolution
of the beam using those bunch intensities. It is seen that the
transverse emittance increases a lot and reaches beyond 3
mm-mrad even with 25% increase of bunch intensity. This
suggests that the nominal bunch intensity 4×1011 might be
close to the maximum limit of intensity for the given lattice
design.
New
Nominal

In this paper, we have shown that space-charge effects
can cause significant beam emittance growth and particle
losses at PS2. These effects are worsen with the presence of
sychro-betatron coupling. Using a better painted longitudinal phase space distribution and optimizing the RF ramping
scheme for acceleration help mitigate the adversary spacecharge effects and lower the beam emittance growth and
particle losses. This results in potential final beam emittance below 3 mm-mrad as required by the design goal of
PS2 with 4 × 1011 protons per bunch.
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WAKE FUNCTIONS FOR LAMINATED MAGNETS AND APPLICATIONS
FOR FERMILAB BOOSTER SYNCHROTRON∗
A. Macridin† , P. Spentzouris, J. Amundson, Fermilab, Batavia, IL, USA
L. Spentzouris, D. McCarron, Illinois Institute of Technology, Chicago, IL, USA
Abstract
The Fermilab Booster beam is exposed to magnet laminations, resulting in impedance effects much larger than
resistive wall effects in a beam pipe. We present a calculation of wake functions in laminated magnets, which show
large values at distances of the order of a few meters, but
decrease quickly to zero beyond that. Therefore, strong inbunch and nearest-bunch effects are present. We show realistic Synergia simulations of the Booster using these wake
functions and space-charge solvers appropriate for the various geometries of the constituent elements of the machine.
The simulation of tune shifts is in good agreement with experimental data. We find that wake fields in the Booster
magnet laminations strongly increase beam emittance and
have the potential to cause significant beam loss.

INTRODUCTION
Due to the high complexity of accelerators, simulations
which employ large computers and sophisticate algorithms
are required in order to understand and make predictions
about beam dynamics. Besides high order maps to describe
single particle propagation through accelerators, simulations should also consider collective effects such as space
charge (SC) forces and wake field interactions. These problems can be addressed with the Synergia code developed
at Fermilab [1]. Synergia is an extensible multi-language
framework which incorporates a large collection of physical models, specialized modules and numerical libraries.
The Booster synchrotron is a 40 year old machine placed
at near the beginning of the Fermilab accelerator chain,
now typically running with beam intensities roughly twice
the design value. Due to the strong demand for increasing
intensity, investigation of collective effects in the Booster
is of paramount importance.
A peculiarity of the Booster is the parallel-planes vacuum chamber formed by its laminated magnets [2]. Different authors stress the importance of wake effects in
laminated structures [3, 4, 5, 6, 7]. While their analysis
∗ This

work was supported by the United States Department of Energy
under contract DE-AC02-07CH11359 and the ComPASS project funded
through the Scientific Discovery through Advanced Computing program
in the DOE Office of High Energy Physics. This research used resources
of the National Energy Research Scientific Computing Center, which is
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by the Office of Science of the U.S. Department of Energy under contract
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is based on the analysis of impedance functions defined
in frequency space, complex Synergia simulations require
knowledge of distance dependent wake functions.
Recently, measurements of tune shifts in the Booster indicate the presence of quadrupole wake effects specific to
geometries without circular symmetries [8]. While the
quadrupole influence on the betatron tune shift has been
discussed before in the context of resistive wall wakes [9],
for Booster simulations it is important to study the effect in
structures with laminations.
In the first part of the paper we calculate the impedance
and wake functions for Booster laminated magnets. The
wake fields are large and oscillate in sign at distances on
the order of the bunch length, and decay quickly at large
distances. This implies that in-bunch and nearest-neighborbunch wake interactions are predominant.
The second part shows results of Synergia simulations of
the Booster at the injection energy. We find that the coherent vertical tune decreases with increasing beam intensity,
while the horizontal tune is almost constant, in close agreement with experiment [8]. Synergia simulations also show
that the wake has the potential to cause significant beam
loss in Booster and strongly increases the beam emittance.

WAKE FUNCTIONS FOR LAMINATED
MAGNETS
Formalism
The wake functions describe the effect of the electromagnetic field created by a particle moving through an accelerator beam pipe upon the trailing particles. We consider
a parallel-planes beam pipe as a suitable approximation for
the Booster magnets. If the distance between the leading
and trailing particle is |z|, the momentum of the trailing
particle traversing a structure of length L will be modified
by:
cΔpz =

−qQW ||(z)

(1)

cΔpx =
cΔpy =

−qQ(Wx⊥ (z)X − Wx⊥ (z)x)
−qQ(Wy⊥ (z)Y + Wx⊥ (z)y) .

(2)
(3)

Here Q (q) and (X, Y ) ((x, y)) represent the charge and
the transverse displacement of the leading (trailing) particle respectively. || and ⊥ denote the longitudinal and the
transverse directions. The higher order terms in the displacement are neglected. For this particular geometry, only
two wake functions, W x⊥ (z) and Wy⊥ (z), are needed for
the transverse directions (Eq. 2 and Eq. 3). This is a con-
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sequence of the translational symmetry along the horizontal direction and of the Panofsky-Wenzel theorem which
∂Δp
x
= − ∂y y . The terms proportional
requires that ∂Δp
∂x
to the displacement of the leading particle, i.e., to X or
Y , are called dipole wakes while the ones proportional to
the displacement of the trailing particle, i.e., to x or y, are
called quadrupole wakes. Note that in a circular pipe, the
quadrupole wake fields vanish due to symmetry.
To calculate the electromagnetic field, often it is easier to
solve the Maxwell Equations in the frequency domain, and
afterward calculate the impedances. Once the impedances
are known the wakes can be obtained by a Fourier transform,

ω
1
||
dωZ || (ω)e−j c z
(4)
W (z) =
2π

ω
j
⊥
⊥
W(x,y)
(z) =
(ω)e−j c z .
(5)
dωZ(x,y)
2π
Next we describe how to calculate the wake functions
for a beam pipe with parallel faces formed by laminated
magnets. First the impedances are calculated and then the
the wake functions are obtained via Eq. 4 and Eq. 5. The
calculation of the impedance for laminated magnets closely
follows Ng’s derivation [3]. Since the wake is the Fourier
transform of the impedance, is important to have accurate
knowledge of the impedance at all frequencies.
The electromagnetic field inside a pipe with finite conductivity can be seen as a sum of two terms, one being the
solution of the beam inside a pipe with the same geometry
but with infinite conductivity and the rest. The first contribution to impedance is proportional to γ −2 , thus vanishing
in the relativistic limit. The second contribution, referred to
as the coupling impedance, is produced by currents in the
pipe walls and is a consequence of their finite conductivity. We approximate it in our simulations with the solution
of the Maxwell Equations for a relativistic beam in a pipe
with finite conductivity. Since the Fermilab Booster, with
a gamma of 1.4, is away from the relativistic limit, we account for the first term by employing numerical solvers for
perfect conductors and grounded chambers.
We first focus on the solution in a pipe formed by two
parallel metallic plates at distance 2b from each other. The
impedances in this case can be written, to a good approximation [3], as a function of R:
R
,
2πb

(6)

dη

η 2 sech2 ηb
,
1 − jRη
Z0 k tanh ηb

(7)

dη

η 2 csch2 ηb
,
1 − jRη
Z0 k coth ηb

(8)

Z || =

Zx =

R
2πk

Zy =

R
2πk

and



∞

0


0

∞

where R is the longitudinal surface impedance at the pipe
walls Ez = RHx |y=±b . For a metallic pipe, over a large
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Figure 1: Parallel-faced beam pipe with laminations. Subscripts ”1” and ”2” denote the crack and lamination, respectively. The laminations are shorted by an ideal conductor ”3”.

2
range of frequencies, R(ω) = 1+j
,
where
δ
=
δσ
ωσμ is
the penetration depth of the electromagnetic field inside the
pipe wall and μ is the magnetic permeability. Z 0 ≈ 377Ω
ω
is the longitudinal
is the free space impedance and k = βc
wave number which defines beam propagation.
The parallel-plate pipe geometry with laminated magnets is sketched in Fig. 1. The subscript ”1” denotes the
dielectric crack of width h and ”2” denotes the metallic
lamination of width τ . In our model the laminations are
shorted by an ideal conductor ”3” at distance d from the
pipe center.
Once the surface impedance R of the pipe with laminations is known, one can use equations 6, 7 and 8 to calculate the impedances. Following [3] and [4], we consider
R=

Rc h
Rc h + Rl τ
≈
,
h+τ
h+τ

(9)

where Rl = δ1+j
is the lamination surface impedance
2 σ2
and Rc is the crack surface impedance. The crack surface
impedance can be written as [3]
Rc
jq
=
tan q(d − b)
Z0
ω1

(10)

where
q 2 = k12 (1 +

τ
μ2 δ 2
(1 − j) tanh(g2 )) ,
μ1 h
2
√
ω 

(11)

r1 r1
with g2 ≈ 1+j
. The term tanh(g2 τ2 ) in
δ2 and k1 =
c
Eq. 11 accounts for the finite value of the lamination width
and was not considered in [3].

μ

Impedance and Wake Functions in Booster
There are two kinds of laminated magnets in the Booster,
combined function focusing (F) and defocusing (D) magnets, characterized by d = 15.24 cm, h = 9.52 × 10 −4 cm,
τ = 6.35 × 10−2 cm, 1r = 4.75, μ2r = 100, and σ2 =
0.5 × 107 (Ωm)−1 (iron). The F-magnet has b = 2.1 cm,
while the D-magnet has b = 2.9 cm. We show results for
the F-magnet. Those for the D-magnet are similar.
In Fig. 2 we illustrate the longitudinal and the transverse
impedances for the F-magnet. At low frequency the current is circulating around the crack through the iron laminations, thus covering a distance of approximately 2(d − b)
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ω

0

between two neighboring cracks, while the cracks are located at distance h + τ on z-axis. Therefore, as shown in
Fig. 2a the low frequency behavior of Z || is proportional
to ω 1/2 and characteristic of resistive wall pipes. Howd−b
ever, it is much larger (about 2 h+τ
≈ 385 times larger,
see inset) than the corresponding impedance of an iron
pipe. At larger frequencies the behavior changes completely. In the interval 20M Hz  400 M Hz, which is
of the order of the bucket length 1 , Z || is large and displays
two peaks. At large frequency the longitudinal impedance
shows ω −1/4 behavior, characteristic of laminated structures [3, 4]. The transverse laminated impedances (Fig. 2b)
are also large compared to the corresponding frequencies
for the resistive wall case. They are strongly peaked around
60 M Hz  80 M Hz. At smaller frequencies, the real part
of the vertical impedance is smaller than the horizontal one,
whereas at larger frequencies, it is about two times larger,
a behavior characteristic of parallel-plane geometry [10].
The large frequency asymptotic behavior of the transverse
impedance is ω −5/4 .
Fig. 3 shows the wake functions calculated via Fourier
transform from the impedances plotted in Fig. 2. For comparison, the resistive wall impedance for an iron beam pipe
is also illustrated. The magnitude of the longitudinal and
transverse wake functions for an F-magnet are much larger
(about 2 orders of magnitude) than the resistive wall wakes
at a distance of the order a few meters. They have also a
very different shape in this distance interval, oscillating in
sign. For |z| < 2 m the vertical transverse wake is two
times larger than the horizontal wake, but for |z| > 10 m it
becomes smaller. Compared to the resistive wall transverse
wake which goes like |z| −0.5 , we find that the F-magnet
horizontal wake decreases as ≈ |z| −1.22 , which is much
faster (the asymptotic behavior of the D-magnet horizontal
wake is ≈ |z|−1.23 ).
Booster, at injection, the bucket length is 5.64 m.
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Figure 2: Impedances in the Booster F-magnet. a) Longitudinal impedance. Notice (inset) that at low frequencies the
impedance has a ω 1/2 behavior characteristic of resistive
d−b
wall pipes, but is 2 h+τ
≈ 385 larger than the corresponding impedance of an iron pipe. b) Transverse horizontal
and vertical impedances.

-z(m)
6
4

tr
Wtrx

10

W
||
ResWall W

||

−5/4

0
200 400 600 800
f (MHz)

2

-15

tr

−1/4

0

W (z)/(Z0L)(m s x 10 )

8 12
f (MHz)

60

||

7

400

50

a)

4

-1 -1

x
tr
y
tr
ImZ y

ReZ

-0.2

1 In

20

tr

0

0

10

ImZ

1/2

ω

-z (m)
0

x

W (z)/(Z0L)(m s x 10 )

0.2

4

600
tr

Re Z

-2

ω
0
0

b)

tr

||

0.4

||

-1

Z /(LZ0) (m )

0.6

ResWall * 2(d-b)/(h+τ)
||
0.4
Re Z||
Im Z
0.2

Z /(LZ0) (m )

-1

Z /(LZ0) (m )

a)

WEO2C05

-0.5

z
20

40 60
-z(m)

-1.22

z

80

-20
-25

Figure 3: Wake functions for a Booster F-magnet and a
resistive wall iron pipe. a) Longitudinal wake function versus the distance −z. For |z| < 2 m the wake is strongly
repulsive, while around |z| ≈ 4 m it has a large attractive peak. For |z| > 10 m the longitudinal wake is also
attractive. b) Transverse horizontal and vertical wake functions. The wake functions are large at distances of order
meters and decay quickly at large distance. Note (inset)
that for |z| > 100 m (|z| > 10 m) the horizontal (vertical)
impedance for an F-magnet becomes smaller than for the
resistive wall pipe. Whereas the transverse resistive wake
behaves as |z|−0.5 for large |z|, the horizontal wake for an
F-magnet decreases as |z| −1.22 .
The long distance behavior of the horizontal transverse wake is important for the quadrupole coherent
tune shift characteristic to geometries without circular
symmetry[9]. The quadrupole tune shift is a consequence
of the quadrupole wakes described in Eq. 2 and Eq. 3. It
can be a substantial effect for wakes which persist for long
distances, such as the |z|−1/2 resistive wall wake, since it
can accumulate the contribution of many previous turns.
However, the accumulation effect of previous turns on the
quadrupole tune shift is less important for laminated magnets. The large value of laminated wakes at small distance
shows that in-bunch and nearest-neighbor-bunch interactions are the most important. As discussed in the next section, we also find that the large and repulsive longitudinal
wake at distance < 2 m can be responsible for beam loss.

SYNERGIA AND BOOSTER RESULTS
Synergia and Booster Modeling
Synergia is a multi-language extensible framework utilizing state-of-the-art numerical libraries, solvers, and
physics models, being designed to model beam dynamics in accelerators. Synergia features 3D SC solvers,
impedance modules and arbitrary order Lie maps for magnetic optics. A detailed description of Synergia can be
found elsewhere [1].
In order to model the Booster we developed new 3D SC
solvers suitable for parallel-planes and rectangular vacuum
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0.004

νx-νx0

chambers for Synergia. We also developed new modules
to simulate the laminated wake fields described in the previous section. The Booster has 24 cells, each cell including F-magnets and D-magnets and circular pipe drift sections [2, 8]. For each of these constituent elements we consider suitable wake field and SC solvers.
The SC solvers used in the simulations treat the vacuum
chambers as ideal conductors. Thus image charges and image currents are always included when we talk about SC effects in our simulations. These effects are important since
we present simulations at injection energy of 400 M eV
(γ = 1.42), quite far from the relativistic limit.
The simulation is initialized with a six-dimensional
Gaussian beam matched for propagation without collective effects. The input parameters are x rms = 0.0086 m,
yrms = 0.0032 m and zrms = 0.88 m. Different beam
intensities of up to 6 × 10 12 particles are considered. These
values are similar to those in the Booster during the experimental runs [2]. Since the experimental data was taken at
the injection energy, in the simulations the phasing of the rf
cavities is set up so that there is no net acceleration of the
beam. To determine the coherent tunes, we measure the
position of the beam center at different locations over 1000
turns. The tunes are extracted from the Fourier transform
of the beam center displacement as a function of position.

a)

c)

0

experiment
wake, SC, # bunch=84
wake, # bunch=84
SC (space-charge)

-0.004

0

νy-νy0

WEO2C05

b)

wake, SC, # bunch=84
wake, SC, # bunch=1
wake, # bunch=84
wake, # bunch=1

d)

-0.04
10

-0.08

slope =-0.012/84x 10
10
slopeexp=-0.009/84x 10

0

1

2

3

4

5

Intensity/bunch
10

x 10 particles

6 0

1

2

3

4

5

6

Intensity/bunch
10

x 10 particles

Figure 4: Coherent tune shift versus beam intensity. The
estimated tune uncertainty is less than 0.001. a) & b)
Comparison with experiment, full machine simulations.
The vertical tune is suppressed while the horizontal tune
changes very little. Space charge (SC) suppresses both the
vertical and horizontal tunes, while the wake coupling suppresses the vertical tune and increases the horizontal tune.
c) & d) Single and multi-bunch calculations. The effect of
the multi-bunch wake interaction is small, although it enhances the decrease (increase) of the vertical (horizontal)
tune.

Results
In order to investigate and minimize the role played by
the coupling between the horizontal and vertical motion in
the Booster on the tune shifts, measurements with different
base tunes (i.e. tunes at small intensity) were performed.
The base tunes can be modified by changing the current settings of the quadrupole correction magnets. Analogously,
we can change the base tunes in our simulations. We employed simulations for different base tunes and, in agreement with experimental measurements [8], we also find
that the horizontal-vertical coupling does not play a significant role in tune shift analysis.
In Figs. 4a and 4b, simulation of the coherent betatron
tune shifts in the horizontal and vertical planes are compared with the experimental data [8] (black circles). Notice
that the scale for the vertical tune shift is about 20 times
larger than for the horizontal one. A train of 84 bunches,
i.e. the full Booster machine, is considered. In order to
better understand the contribution of SC and the coupling
impedance several cases were studied. The red circles are
the results of the simulations which include both SC and
coupling wake fields. The agreement with the experimental
data is good. The vertical tunes are decreasing with intensity. However, we find that the calculated slope (−0.012
per 84 × 1010 particles) is a little larger than measured
(−0.009 per 84 × 1010 particles). As in the experiment, we
find that the horizontal tunes do not change significantly
with beam intensity, the slope being near zero within the
error bar. The blue circles show the results when only
the coupling wake is considered, while the green squares
532

show the case when only the SC interaction is taken into
account. For the vertical case, both the wake and the SC
force decrease the tune, the coupling wake having a larger
effect. For the horizontal case, the SC force suppresses the
tune, while the wake increases it. However, both effects
are small. The latter is due to the quadrupole contribution
which is expected to increase the horizontal tune [9].
We find that the effect of the multi-bunch wake interaction on the tune shift is small. In Figs. 4c and 4d we
compare single-bunch (squares) and multi-bunch (full machine, circles) simulations. Simulations with (red symbols)
and without (blue symbols) SC are shown. The decrease
of the vertical tune and the increase of the horizontal tune
is enhanced when multiple bunches are considered. However, the effect is small, about 10% for the vertical tune and
close to the resolution for the horizontal tune.
Interesting features of wake fields effects are seen in the
longitudinal phase space beam profile. We find that the
wake field is responsible for beam loss. In Fig. 5a and 5b
the longitudinal beam profiles at injection and after 1000
turns are shown. SC, wakes fields and multi-bunch interactions are considered. During propagation, see Fig. 5b, a
significant fraction of particles (red points) departs the region inside the separatrix (≈ 0.8% after 1000 turns) and
thus will finally get lost. By tracking back to the initial
position of the lost particles one sees in Fig. 5a that these
particles (red points) were initially located in the vicinity
of the separatrix.
The multi-bunch wake interaction reduces beam loss.
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emittance is calculated as the determinant of the beam covariance matrix in the phase space. The 3D-emittance
(Fig. 6d, red line) increases strongly in the presence of
the wake fields. If the longitudinal wake and therefore the
beam loss effect are suppressed, the transverse wakes still
increase the emittance (blue line), especially in the horizontal plane (Fig. 5a). The SC effect on the emittance increase is small, as seen from the simulations with the wake
fields turned off (green line). The vertical emittance is not
affected much by neither wake fields nor SC (Fig. 5b).

CONCLUSIONS
Figure 5: Beam profile in the longitudinal phase space defined by (δz ωc0 , δppz ), where ω0 is the cavity rf. 5 × 10 10
particles/bunch. The particles close to the separatrix at injection are susceptible to beam loss (red points). a) & b)
Full machine. ≈ 0.8% beam loss after 1000 turns. c) & d)
Single bunch. ≈ 1% beam loss after 1000 turns.

Figure 6: Emittance versus turns. 5 × 10 10 particles/bunch.
Simulations with SC and full wakes (red), with SC and only
transverse wakes (blue) and with only SC (green). a) Horizontal. b) Vertical. c) XY-plane. d) Full 3D emittance. The
transverse wakes increase the transverse emittance.

We discussed the calculation of impedance and wake
fields in laminated magnets with parallel-planes geometry
suitable to describe Booster magnets. Synergia simulations
including both SC and wake fields appropriate for the constituent elements of the Booster machine were employed.
The coupling impedances for laminated magnets in
Booster are large and peaked at frequencies which correspond to distance of the order of the bunch size. The corresponding wake functions are also large and oscillate in sign
at distances relevant for in-bunch and neighboring-bunch
interactions. At large distances the transverse wakes decay
faster than the similar resistive wall wake functions. Therefore the effect of the quadrupole wake is less important as
the number of revolutions around the machine accumulate.
Simulations at the injection energy show that the coherent vertical tune decreases with increasing beam intensity
while the horizontal tune is almost constant, in good agreement to the results obtained by experiment. Both the SC
force and the wake fields reduce the vertical tune. While
the horizontal tune is suppressed by the SC, the wakes increase it. Wake interactions between neighboring bunches
give only a small contribution to the tune shifts.
The effect of SC force on the beam emittance is small
for the simulated period of time, whereas the wake fields
strongly increase the emittance. Aside from the beam
loss effect caused by the longitudinal wake, the transverse
wakes significantly increase the horizontal emittance.
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A NEW PARADIGM FOR MODELING, SIMULATIONS AND ANALYSIS
OF INTENSE BEAMS
E. Nissen, B. Erdelyi, Department of Physics, Northern Illinois University, Dekalb, IL 60115, USA

Abstract

SOFTWARE ENVIRONMENT

Currently when the effects of space charge on a beam
line are calculated the problem is solved using a particle in
cell method to advance a large number of macroparticles. If
quantities such as space charge induced tune shifts are desired it is difficult to determine which of the many variables
that make up the beam is the cause. The new method presented here adds the effects of space charge to a nonlinear
transfer map, this allows us to use normal form methods to
directly measure quantities like the tune. This was done using the code COSY Infinity which makes use of differential
algebras, which allow the direct calculation of how the tune
depends on the beam current. The method involves finding
the high order statistical moments of the particles, determining the distribution function, and finally the potential.
In order to advance the particles as accurately as possible
a fast multipole method algorithm is used. In this talk we
present the new methods and how they allow us to follow
the time evolution of an intense beam and extract its nonlinear dynamics. We will also discuss how these methods
can improve the design and operation of current and future
high intensity facilities.

INTRODUCTION
The purpose of this study is to create a method whereby
the effects of space charge in a particle beam are included
in the transfer map of the machine the beam is passing
through. Currently the transfer map governs the motion of
single particles in the machine, which is useful for steering,
bare tunes, dynamic apertures, and many other quantities of
interest governing the motion of single particles. Creating
this new space charge added map will allow for the analysis
of the effects of space charge on quantities that are directly
extracted from the map using normal form methods such as
tunes and chromaticities.
The calculation of the space charge effect involves first
creating a distribution of particles which will serve as proxies for the beam. These are used to calculate the distribution function throughout the beam pipe, the distribution function is then integrated with an appropriate Green’s
function to determine the potential. The potential is used
to find the electric fields, which are used to create an electric field map which is applied to the map of the element
using Strang splitting. We will begin with an overview of
the process before examining some results.
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The software being used is COSY Infinity 9.0 [1]; this
package uses differential algebras to perform exact numerical differentiation as well as to create Taylor models of the
elements in question. Differential algebras work by creating vectors with their elementary mathematical operations
redefined in such a way that they retain the derivatives of
each quantity as they move through an algorithm. This allows for not only non-linear Taylor maps, but for coordinate transforms to normal form coordinates that retain any
variable dependances that the original map had. These Taylor models allow for high order transfer maps, as well as
non-linear normal form transformations. The easy inclusion of non-linearity in the transfer maps, which allows outside calculation using differential algebras makes the task
of adding space charge to the transfer map significantly less
cumbersome than a traditional code.

DISTRIBUTION CALCULATION
In order to create a map of the effects of space charge
in a region, the distribution must be calculated within that
region. We use a set of discrete test particles as proxies for
the distribution which can be used to calculate the Taylor
series.
The particles are formed into a Taylor series using their
statistical moments. If two distributions have the same moments, mathematically they are identical [2]. The moments
are calculated by,


Nparticles

=

Mnm

xni yim .

(1)

i=1

If we assume that
the
is a Taylor series of the
distribution
Cij xi y j , then the moments can be
form, ρ(x, y) =
i

j

connected to the coefficients with the equation,
Mnm

=


i

j

xr

−xr



yr

−yr

Cij xn+i y m+j dxdy, (2)

where xr and yr are the x and y boundarys. This is trivially integrated, forming a matrix equation. This matrix is
inverted using truncated single value decomposition, which
gives the proper values for the Taylor series coefficients.
This is the same way that the coefficients are found for
three dimensions.
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POTENTIAL INTEGRATION
Now that the distribution function has been determined,
the potential must be found. This is accomplished by
integrating the distribution function multiplied with the
appropriate Green’s function over the region of interest.
1
The Green’s function takes the form of either |r−r
 | or

ln(|r − r |) for 3D and 2D distributions respectively. The
methods involved for both 2D and 3D are similar, but 2D
will be shown in this paper. The integral I which computes
the potential at point (x0 , y0 ) due to the distribution function ρ(x, y) in the domain D ∈ [a, b] × [c, d] is,
db


ρ(x, y) ln( (x − x0 )2 + (y − y0 )2 )dxdy.

I=

(3)

Figure 2: This shows how the integration region is further
subdivided into triangles.

× ln( λ21 u21 + λ22 u22 )du1 du2

c a

If our point of interest (x0 , y0 ) is outside of D then standard numerical integration can be performed. However, if
the point is within the distribution there will be a singularity at that point where standard numerical integration
breaks down. This singularity can be removed using a
Duffy transformation[3], which is explained below.
The Duffy transformation is performed by cutting D into
four rectangles, which all share a vertex at (x0 , y0 ), as seen
in Fig. 1. This has the effect of splitting the one integral
I into four integrals Iac , Iad , Ibc , and Ibd . These are all
integrals of the same form, so we will focus on Iac . The
next part of the transform is to scale the sides so that it is
an integral over a unit square,


+

0

u2


0

1

λ1 λ2 ρ(λ1 u1 + x0 , λ2 u2 + y0 ) ×

× ln( λ21 u21 + λ22 u22 )du1 du2 .

(6)

The final step is to convert the triangles to unit squares with
the transformations,
u1 = w1 ;

u2 = w1 w2 ,

(7)

u2 = w2 ,

(8)

and,
u1 = w1 w2 ;

which gives the integral in the following form,
 1 1
Iac =
λ1 λ2 ρ(λ1 w1 + x0 , λ2 w1 w2 + y0 ) × (9)
0
0

×(w1 ln(w1 ) + w1 ln( λ21 + λ22 w22 ))dw1 dw2
 1 1
+
λ1 λ2 ρ(λ1 w1 w2 + x0 , λ2 w2 + y0 ) ×
0
0

×(w2 ln(w2 ) + w2 ln( λ22 + λ21 w12 ))dw1 dw2 . (10)
Notice that there is now no singularity in the integrand. The
3D version involves cubes and pyramids instead of squares
and triangles, but the transformation and the result are similarly effective.

Figure 1: The integration region is subdivided into four
smaller regions with their corners on the expansion point.
This moves the singularity from the center to a corner.

u1 =

x − x0
;
a − x0

u2 =

y − y0
,
c − y0

dxdy = (a − x0 )(c − y0 )du2 du1 .

(4)
(5)

To speed things up we will use λ1 = (a − x0 ) and λ2 =
(c − y0 ). As is shown in Fig. 2, the square is then cut into
triangles which will be separately integrated.

Iac =

0

1


0

u1

λ1 λ2 ρ(λ1 u1 + x0 , λ2 u2 + y0 ) ×

ELECTRIC FIELD KICK
Once the potentials have been calculated, COSY’s ability to find exact numerical derivatives comes into play, and
is used to find the electric fields for the region in question,
which are then added into the map using a technique known
as Strang splitting [4]. This is a method of finding a solution to a differential equation that can be thought of as a
combination of two differential equations with known solutions,
dz
= g1 (z, s) =⇒ f1 (s),
(11)
ds
dz
= g2 (z, s) =⇒ f2 (s),
(12)
ds
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Which can be solved in the autonomous case as,
dz
s
s
= g1 (z)+ g2 (z ) =⇒ f1 ( )◦ f2 (s)◦ f1 ( )+O(s3 ). (13)
ds
2
2
The space charge kicks are calculated over a region small
enough to allow us to assume an autonomous system. Since
COSY already contains the maps for the single particle elements, the kick is combined with the pre-existing maps.

0.336
0.334
0.332
0.330

0

PARTICLE ADVANCEMENT
In cases where the distribution is symmetric and easily
modeled using a Taylor series of the desired order then the
kickmap that is generated can be used to advance the test
particles. In some cases the distribution can be more complex than the Taylor series is capable of advancing. Since
quantities such as the space charge induced tune shift affect
the reference particle the information is still useful, but a
more stable method for advancing the particles is still required. This has been accomplished using a single level
instance of the fast multipole method [5].
The method works by subdividing the region of interest into smaller squares. It then calculates the multipole
moments of each square up to a desired order. Then a Taylor series for each square is calculated from the multipole
expansions of the squares that do not share an edge with
the one in question. Finally for each point the potential is
calculated using the Taylor series and the individual interactions of each of the particles in the neighboring squares.
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METHOD EFFECTIVENESS
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Now that the method of adding space charge to the map
has been derived we need to determine what the optimum
conditions are for its use. Since a series of test particles are
being used it becomes important to determine how many
particles are needed to achieve convergence. If we look at
the moments of the distribution when compared to the ideal
moments in Fig. 3 we see that there is good convergence at
the 106 particle mark.
Since the Taylor models are given at a particular order
as are the moments being used it becomes necessary to determine which orders in the Taylor series or the moment
order are ideal. The differences in the potentials over a
wide range of the space are averaged to determine how accurate the potential as calculated using the moment method
is with respect to a point by point coulomb solver. As can
be seen in Fig. 4, the most accurate area is in the region
at 17th order in the moment method with the Taylor series
order at or above 17 For a uniform distribution.

METHOD IN PRACTICE
A number of tests must be done to see how well this
new method works in comparison with systems that can
be solved analytically or numerically with high accuracy.
First, we compare the expansion of the beam due to space
charge as it moves through a drift. Assuming a uniform
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Figure 3: This are the moments calculated for a uniform
square using an increasing number of test particles, The
blue points indicate the moment as calculated, while the
purple line indicates the ideal moment.
beam with a diameter of 1 cm with 1 A of current over a
drift of 20 cm with an energy of 100 KeV, the relation,
rm
r0

= 1 + 5.87 × 10−5

I
(γ 2

− 1)

3
2

(

z 2
) ,
r0

(14)

predicts a quadratic increase in radius of 33% [6]. We calculate the increase from the map method in two separate
ways; first by placing test particles at the edges of the beginning distribution, the other is by examining the linear
map element that compares the initial to the final size of
the beam. Projections of the initial and final distribution
are shown in Fig. 5 while a comparison of the methods and
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Accuracy for Various Orders and Moments
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Figure 6: (color) A profile view of the increase in beam
size through a drift.
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Integration Order

Figure 4: This shows the potential of a uniform circular distribution for different integration and moment orders. This
was done by creating a grid of the orders. The darker the
area the higher the accuracy. The contours show the region
between 0 and .002.
sizes are shown in Table 1. A profile of the increase is
shown in Fig. 6 which shows the quadratic character of the
size growth.
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0.002

0.004

0.006

0.002

0.004

0.006

Figure 5: (color) A comparison of the initial and final horizontal and vertical test particle positions in the 20cm drift.
Purple indicates the initial points, blue the final.
The next set of experiments involves the addition of
quadrupoles to the system, we use a drift quad drift quad
drift FODO cell system to study how the tune of the system changes with increasing space charge. Both the number of particles and the initial distribution are the same,
the only change is in the peak current. In Fig. 7 there is

Table 1: Table of different methods for finding the increase
in size from beginning to end in the described problem.
Method
Growth
Edge Point x
35.27 %
35.30 %
Edge Point y
Map Element x 31.21 %
Map Element y 31.34 %
a distinct change in the tune as the current changes, but the
quadrupole currents remain constant.
The values that are used in Fig. 7 are directly calculated
from the map of the system, which gives direct numbers
for the x and y tunes, these values can now be used with
a fitting algorithm to solve for a desired set of fractional
tunes with space charge included. The results shown in
Fig. 8 show that the fitting algorithm was able to frequently
determine the quadrupole currents necessary to bring the
tune of the system back to the bare tune and counteract the
effects of space charge. This new ability to fit a system to
desired parameters with space charge as an included quantity provides a deeper understanding of how elements can
be adjusted to get desired effects both during the design of
new machines and during the evaluation of extant ones.
Finally, another use combines the ability to calculate
space charge maps with COSY’s ability to create exact numerical derivatives. This involves how the chromaticity of
the system is determined by the effects of space charge on
the beam. Using the tunes at a different operating point we
can see in Fig. 9 that both the tunes and the chromaticities become nonlinear with increasing peak current. This is
an excellent example of a system moving from being emittance dominated to being space charge dominated.

CONCLUSIONS
We developed a method for including the effects of space
charge in the transfer map of a system. This method now
allows us to calculate how space charge can effect quantities such as tunes and chromaticities using normal form
methods. This was accomplished by converting a set of
test particles into a distribution function, which could be
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Figure 7: (color) The X and Y fractional tunes as calculated
through a system with increasing peak beam current.

Current A

Figure 9: (color) The first graph is a tune that initially starts
out as a 90◦ phase advance cell, but is subjected to an increased amount of space charge. Below is the chromaticity.

Quad Current

in a fitting algorithm, thus allowing a user to determine directly how to counteract the actions of space-charge in an
accelerator. Further work also involves using a fast multipole method to help with the tracking of particles that follow a distribution that is not easily modeled using a Taylor
series.
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CHALLENGES OF RECONCILING THEORETICAL AND MEASURED
BEAM PARAMETERS AT THE SNS ACCELERATOR FACILITY
A. Aleksandrov, Oak Ridge National Laboratory, Oak Ridge, TN 37830, USA
Abstract
The Spallation Neutron Source (SNS) is steadily
approaching its design beam power of 1.4 MW without
encountering major of the models used for the accelerator
design and tuning. Nevertheless, it is surprisingly difficult
to reconcile many of the measured beam parameters with
the model prediction. In this paper we discuss several
examples of such discrepancies, ranging from a simple
single particle tracking to beam emittance measurements.
We also present our approach to resolving some of the
issues from a diagnostics standpoint.

INTRODUCTION
The intention of this talk was to initiate a discussion
during a joint session of the Computational Challenges
and the Beam Diagnostics and Instrumentation working
groups on the issues of reconciling measured beam
parameters with computer simulations. This topic is not
new and has been a subject of intense discussion during
every HB workshop.
The SNS accelerator, recently commissioned, is one of
the newest and highest intensity proton machines in
existence. Advanced computer simulation tools were used
during its design, and it is equipped with a comprehensive
set of beam diagnostics. This makes the SNS accelerator a
practical, state-of-the-art example for reconciliation of
high intensity beam simulation with measurements. Due
to length limitations we will only discuss problems related
to the SNS linac in this document.
The SNS is running at 1 MW and no problems are
expected up to the design beam power of 1.4 MW. This
success is a confirmation of the general validity of the
models used for the accelerator design and tuning. At the
same time, our commissioning and initial operation
experience shows that it is surprisingly difficult to
reconcile many of the measured beam parameters with the
model predictions. The important questions to ask are:
Are the models we used as design tools capable of
predicting major beam parameters in the operational
accelerator? If yes, are they accurate and powerful enough
to predict beam loss? Do we need to have such accurate
models? If yes, do we believe it is realistic to obtain such
a high level of accuracy, should we even try? We can not
give answers to these questions in this document but will
provide some practical examples to illuminate several
aspects of the problem: The accuracy of the models, the
reliability of the measured data, the uncertainty in the
knowledge of the machine state and the initial
distribution.

BEAM DYNAMICS SIMULATION
There are many computer codes available these days
powerful code PARMILA was the main simulation tool
for the SNS linac design. Some other codes were used for
simulation of beam dynamics in linear and circular
accelerators. Some of them can run on parallel computers
and track tens of millions of particles with 3D space
charge calculations. An older and less for verification of
the design stability and for error tolerance studies, such as
IMPACT, LINAC and TRACE-3D. End-to-end
simulations
with
different
initial
distributions
demonstrated good agreement between the codes.
Expectations have been high, based on quick and
successful commissioning of the linac, that the same
models can accurately predict the beam parameters in the
real accelerator, maybe even beam halo and losses. These
expectations have not materialized so far, and there is a
growing understanding that a different kind of computer
model is required for predicting behavior of real beams in
real accelerators.
A real machine is characterized by a very large number
of parameters, the precise values of which are not known.
A few examples are RF phases and amplitudes, magnet
strengths and offsets, etc. A common practical way to
determine these values is to fit the model to the available
experimental data by varying the parameters of interest in
the model. To solve this optimization problem a large
number of runs are required, preferably in real time with
live data in the control room. This is unrealistic for endto-end simulations with large numbers of particles and 3D
fields, even with modern computing capabilities. But this
is exactly the modern trend in simulation code
development: End-to-end simulations with huge numbers
of particles and 3D-field calculations. The motivation for
increasing the number of simulated particles and mesh
density is to increase the accuracy of electro-magnetic
field calculations, which defines the final accuracy of
particle motion in the model. This is the correct approach
for modeling an ideal accelerator. But in a real machine,
very often the model accuracy is defined by knowledge of
the actual hardware parameters, and therefore increasing
the number of simulated particles and the mesh density
does not improve the accuracy of the model predictions.
As a result of growing computer power requirements for
modern accelerator design codes, it becomes impractical
to use them for real machine simulation. In practice we
have to use a combination of codes or pieces of codes for
modeling different aspects of beam dynamics in different
portions of the SNS linac. At present, these pieces are not
connected and there is no convenient framework for the
data analysis with good optimization capabilities.
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Table 1 illustrates the current state of agreement
between beam dynamics simulations and measurements
for the SNS linac. The rows of the table correspond to the
different sections of the linac, and the columns correspond
to different aspects of the beam dynamic. In principle,
every cell in the table can represent a separate code. The
terms: “bad”, “good”, and “very good”, qualifying
accuracy of the models in the table, are informal and not
well defined. We will give examples of their meaning in
the next sections. It should be noted that this table mainly
reflects the author’s personal opinions, and changes
continuously as models evolve. As one can see from the
table, we can not reliably simulate even the motion of the
beam center of gravity in some segments of the linac. Is it
realistic, then, to expect a reliable simulation of the beam
envelope, not to mention the halo?
Table 1 Beam Modeling Accuracy in the SNS Linac
Transv.

Transv.

Long.

Long.

centroid

RMS

centroid

RMS

NA

NA

NA

NA

MEBT

good

good

not so good

good

DTL

good

not so good

very good

NA

CCL

very good

not so good

very good

not so good

SCL

not so good

not so good

very good

NA

RFQ

A comparison between the calculated and the measured
beam phase deviation from the reference phase along the
SNS CCL is shown in Fig. 1. This level of agreement is
called “very good” in the Table 1, and is achieved by
using an iterative procedure of tuning the CCL RF
amplitude and adjusting the model parameters. The same
model does not always work well in other segments of the
linac, as illustrated by Fig. 2, where a typical MEBT rebuncher phase scan plot is shown. According to the
“single particle” model, the intersection points of the lines
on the graph should be at the same phase for all BPMs.
But the measurements give a phase difference of several
degrees between the two BPMs (this is an example of a
“not so good” agreement in the Table 1). This discrepancy
can not be explained within the framework of “single
particle” dynamics. Asymmetry of the beam distribution
function is a plausible explanation, but it has not yet been
confirmed by PIC code simulations.

Figure 1: Phase oscillations in the SNS warm linac (solid
line – model; blue points - experiment).

BEAM DIAGNOSTICS
Beam measurements play a very important role in
creating a realistic beam model. As we discussed in the
previous section, they are used to not only validate the
model but to find the essential model parameters.
Therefore the achievable model quality depends strongly
on the quality, specifically the accuracy and resolution, of
the beam instrumentation.
The number of measurement stations and the speed of
taking data are also important, because in practice a large
number of measurements are required to constrain the
fitted parameters with a good accuracy, especially if the
diagnostics are scarcely distributed.
A good simulation framework should have a capability
for efficient manipulation and analysis of large volumes
of beam diagnostics data.
The beam instrumentation must have reliable
verification tools as well. As we will show in the
examples below, a trustworthy model can reveal
systematic errors in the measured data.

SNS LINAC EXPERIENCE
In this section we will show, using examples from the
SNS linac commissioning experience, how computer
simulations of various aspects of the beam dynamics
compare with the measurements.
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Longitudinal Motion of Beam Center of Gravity

BPM10

BPM05

Figure 2: Phase scan of the SNS MEBT re-buncher
cavity.
The first example demonstrates that even a very simple
model can describe some important aspects of the beam
dynamics with high accuracy. Such models are very
efficient; they can and should be used for machine tuning
and for finding the important model parameters. The
second example demonstrates that there are limits of
validity, beyond which more complicated models have to
be used. A beam measurement is a good tool for finding
these limits.
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Transverse Motion of Beam Center of Gravity
The vertical beam trajectory in the SNS CCL, after
correcting it using the two different models, is shown in
Fig. 3. This is another example of “very good” agreement
in Table 1. The original model (labeled “old model” in the
picture) did not describe the beam center of motion very
well. The discrepancy between the model, which predicts
exactly zero displacement everywhere, and the
measurements, shown by the red dots on the graph, can
reach up to ±6mm. In order to improve the model we
introduced transverse offsets in the quadrupole magnets,
which are optimized to achieve the best agreement with
the multiple sets of measurements. The discrepancy was
reduced by a factor of three and is comparable with the
accuracy of the measurements. Unfortunately, the offsets
we had to include in the model do not agree with the
magnet position measurements and, generally, are too
large to be real. This is an example of a not entirely
correct model providing high accuracy. There is
something in the real machine we do not understand, but
we can mimic overall effect of that “something” using the
artificial quad offsets. This approach is effective for
modeling the transverse motion of the beam center. It
remains to be proven by more measurements if it will
work for other beam parameters, such as the rms beam
size.

Y (m m )

Y (m m )

6 mm

WEO2D01

old problem of defining the initial input parameters for
simulation. It also illustrates the weakness of the usual
approach in end-to-end simulations, when measured
parameters at the source are propagated down the
machine. If there is a inaccurate model anywhere in the
chain (the RFQ model in our example), then all
downstream results become inaccurate.

Figure 4: Transverse rms beam size in the SNS MEBT.

Old model

Figure 5a: Measured transverse emittance in the MEBT.

New model

2 mm

S (m)

Figure 3: Corrected vertical beam trajectories in the SNS
CCL, after correction using the two different models.

Transverse rms Beam Size
We can reproduce the transverse rms beam size in some
segments of the linac reasonably well, as illustrated by the
plot on the left side in Fig. 4. The input Twiss parameters
in this case are found by searching for the values which
minimize the difference between model and measurement.
If the parameters of the focusing elements in the beam
line are changed then the beam envelope changes, but the
input Twiss parameters should stay the same. The results
of such an experiment are shown on the right side of
Fig. 4. The set of the squares on the plot represent input
Twiss α and β optimized for different sets MEBT
focusing configurations. There is some spread of the
Twiss parameters due to inaccuracy of the measurements
and/or of the model. There is, also, a significant
difference with the expected values for the vertical
parameters, predicted by the model of the upstream RFQ
(shown by large circles). This is a good example of the

Figure 5b: Simulated transverse emittance in the MEBT.
The beam transverse Twiss parameters can be measured
directly, using a slit-and-collector type emittance scanner
in the MEBT. The measurements and simulations look
similar visually, as shown in Figs. 5a and 5b; and some
features, like the spiral tales, are reproduced well by the
model. However, it is not easy to obtain reliable
quantitative data from these measurements. A comparison
of the measured dependence of the rms emittance vs. the
re-buncher RF phase is shown in Fig. 6. The measured
curve completely disagrees with the model. We found that
the discrepancy is caused by a systematic error of the
measurements.

Beam Diagnostics and Instrumentation for High-Intensity Beams

541

WEO2D01

Proceedings of HB2010, Morschach, Switzerland

Figure 6: Measured (solid line) and simulated (dashed
lines) dependence of the transverse rms emittance vs. the
re-buncher phase.
The longitudinal bunch size has a significant effect on
the beam dynamics in a linac due to the RF field
dependence on the RF phase and the space charge force
dependence on the charge density. Longitudinal
diagnostics are usually scarce, and therefore the
longitudinal beam parameters often have to be assumed. It
makes the available longitudinal measurements very
important for validating the initial beam distribution
assumptions and the model accuracy. A comparison
between the measured and the simulated bunch length in
the SNS CCL is shown in Fig. 7. The initial Twiss
parameters in the model are optimized for the best
agreement with the measured data, separately for each
location of the longitudinal profile monitor. This example
shows that a very good agreement can be achieved with
properly selected initial parameters. An attempt to fit the
model to the measurements at four points simultaneously
is less successful, as shown in Fig 8. The three measured
points are reproduced well by the model, but the fourth
point is off. The beam size oscillations, visible on the plot,
suggest that there is significant mismatch at the CCL
entrance, which can be an important beam dynamics
issue, if true. But these measurements are made at the
limit of the available diagnostics resolution and there is no
confidence in their accuracy. There is no confidence in
the model accuracy either, because the only way to
validate the model is to compare it with reliable
measurements. The most straightforward way to resolve
this uncertainty is to increase the diagnostics resolution
and accuracy.

rms phase width [deg]

Longitudinal rms Beam Size.

Figure 7: Comparison of the measured longitudinal rms
bunch size dependence on the RF phase (dots) with the
model (solid line) at two locations in the SNS CCL.

Distance [m]

Figure 8: Comparison of the measured longitudinal rms
bunch size (dots) with the model (solid line) at four
locations in the SNS CCL.

SUMMARY
We have demonstrated using examples from the SNS
linac commissioning experience, that problem of
reconciliation between simulations and measurements
extends beyond a correct representation of the
electromagnetic fields and an accurate tracking. The
actual parameters of the real machine have a significant
degree of uncertainty. One possible way to find these
parameters is to minimize the difference between the
model and the beam measurements by varying the
parameters. In other words, the model is adjusted to fit the
measured data. An optimization problem with many
variables requires many constraints to converge reliably.
This entails measurements of multiple beam properties:
transverse, longitudinal, center of mass, rms size, profiles,
phase advance, etc. New computer codes, different from
the codes used for the accelerator design, are required for
efficient use of these data. They must be flexible and have
efficient optimization tools. The diagnostics need to be
numerous, accurate and fast. These requirements are
challenging but not impossible, considering the enormous
progress in computer science and digital electronics in
recent years.
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BEAM DYNAMICS SIMULATION IN SARAF PHASE-I
PROTON/DEUTERON 4 MEV LINAC COMMISSIONING
J. Rodnizki, A. Kreisel, Soreq NRC, Yavne 81800, Israel
2.

Abstract
The SARAF accelerator is designed to accelerate both
deuteron and proton beams up to 40 MeV. Phase I of
SARAF consists of a 4-rod RFQ (1.5 MeV/u) and a
prototype superconducting module housing 6 half-wave
resonators (HWR) and 3 superconducting solenoids (4-5
MeV). Beam Dynamics TRACK simulation, for a proton
and a deuteron beam, tailored to the present available
field amplitude at each cavity, were used to evaluate and
tune the linac. The simulation is a key factor to reach a
stable high intensity CW beam. The ions energy and
energy spread were measured using the Rutherford
scattering technique. The measured energy gain and the
energy spread at the RFQ exit and along the PSM were in
good agreement with the beam dynamics simulations.

INTRODUCTION
SARAF (Soreq Applied Research Accelerator Facility)
is currently under construction at Soreq NRC. It will
consist of up to 40 MeV high current (up to 4 mA) CW,
176 MHz RF superconducting linac of protons and
deuterons. The linac status and technical description of its
components are given in [1]. Phase one of the SARAF
linac includes a 20 keV/u proton/deuteron ECR ion
source, a LEBT, a 3.8 m long 1.5 MeV/u four rods RFQ
and a Prototype Superconducting Module (PSM) with six
β = 0.09 HWRs, a Diagnostic plate (D-plate), Beam
Dumps (BD) and a temporary beam line . The main
components of Phase I are shown in Fig. 1.
Rutherford Scattering Apparatus

3.
4.

Optimization of the RFQ field flatness to achieve
better transmission and lower losses downstream
the RFQ.
Exploring and calibrating the voltage at each cavity
as a function of the low level RF signal.
Beam dynamics design of the fields configuration
according to the achievable measured voltage in
each cavity.

ANALYSIS OF RFQ BEAM OPERATION
A comparison of proton beam dynamics simulation to a
measurement in 2007 is presented in Fig. 2 top. It shows
good agreement at the low power region and a reduction
in the measured transmitted current in the high power
region relative to the simulated value [3]. The expected
value was extracted from beam dynamics simulations
with homogenous fields along the RFQ.

Doublet

7m

Figure 1: Phase I of the SARAF linac.
Beam dynamics simulations were vital during the
conditioning efforts of phase I. At each step of the
operation the low level RF amplitude and phase were
varied to achieve the beam dynamics design. The
electromagnetic fields were simulated using CST MWS
and the presented beam dynamics simulations were done
using TRACK [2].
The simulations were applied for:
1. Analysis of the RFQ beam transmission as function
of the RFQ power.

Beam Dynamics in High-Intensity Linacs

Figure 2: Proton transmitted current as function of RFQ
power. Comparison of data and simulation for high
current 3mA (top) and low current ~0.5 mA (bottom).
Prior to 2009 measurements the bottom electrodes were
re machined due to high parasitic fields that eliminated
CW deuteron beam operation. The quadrupole electrodes
design, so called ‘mini-vane’, has a cooling water channel
drilled inside. The mini-vanes allow a good cooling of the
electrodes and avoids misalignment caused by heating. In
the SARAF RFQ mini-vanes design the distance between
the bottom electrodes and the stems with the negative RF
polarity (each second stem) was too small (around 5 mm).
This resulted in parasitic fields between the bottom
electrodes and the stems, which are higher than the fields
between the electrodes, as proved by RF simulations.
To solve this problem local cutting of the bottom
electrodes back side along each second stem reduced
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significantly these parasitic fields and allowed to doubl
the RFQ operational power, see Fig. 3.
# of lost macro partices along the RFQ

local cutting [4]

4000
35p5kV

3500

32p5kV
32p5kVref

3000

33p5kV

2500
2000
1500
1000
500

Figure 3: The reduced parasitic fields at the back of the
bottom electrodes due to local cutting.
The RFQ resonance frequency was increased since the
electrodes capacitance was reduced. The tuning plates
along the high modulation section with lower capacity per
unit length, were removed, the horizontal distance
between the electrodes at the last section was reduced by
400 μm, which partially compensated for the reduction in
capacity. The field profile was measured and reproduced
by CST MWS eigen mode simulation, see Fig. 4.
An unwanted outcome of the re machining was a
distortion in the field flatness at the last section of the
RFQ as seen in Fig. 4 for 2009. Misalignments and
inhomogeneous fields along the RFQ can result in a
reduction in transmission as function of power. This was
tested in Nov-2009 by measuring the RFQ transmission
as function of the RFQ power. The measurements
revealed a further reduction in the RFQ transmission, at
the high power range as shown in Fig. 2 bottom.

0
0

0.5

1

1.5

2

2.5

3

3.5

4

distance[m]

Figure 5: Macro particles lost along the RFQ, Each
macro-particle = 8 nA. The lost are presented for different
electrode average voltages [35.5, 33.5, 32.5] kV with the
measured distorted field, and with the nominal
homogenous field 32.5 kV (yellow triangle).
The envelope of the transversal phase spaces for the
distorted field configurations are larger than the flat field
one. This is also confirmed in the transversal beam
profiles measured at the MEBT (Fig. 7 left). These
transversal losses at high beam current increase the
vacuum pressure at the PSM preventing transmission of
high intensity beam through the PSM [1].

2009
2010

Figure 4: The original, simulated and modified field
flatness along the RFQ. Beam direction is right to left.
A beam dynamics analysis was conducted to explore
the effect of the distorted field homogeneity in the last
section of the RFQ. The simulated input voltage of the
190 modulated cells was taken from the original 2009
measured one (Fig. 4). The effect of beam loss due to the
distorted field was then studied as function of the RFQ
voltage for 500k simulated macro particles, see Fig. 5.
The simulations present losses at the RFQ exit section for
the distorted field configuration.
From looking at the phase space diagrams extracted
from the distorted field configurations (top & middle) it
could be deduced that the losses at the RFQ exit are
transverse losses (Fig. 6).
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Figure 6: Phase space at the RFQ exit for the 2009 field
profile: 32.5 kV tuned field (top), 35.5 kV tuned field
(middle), and for the 32.5 kV reference "homogenous"
field design (bottom).
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through the PSM with moderated pressure increase in the
PSM [1].

ANALYSIS OF PSM BEAM OPERATION
Cavities Tune

Figure 7: Beam profile measurements at the MEBT
before and after shims replacement and field flattening.
The beam dynamics study point out that the transversal
losses at the RFQ exit and the reduction in the RFQ
transmission could have been originated by the field
distortion at the RFQ. The solution was to reduce the
vertical distance between the electrodes at the last section
of the RFQ in order to achieve field flatness. The
distance between the electrodes was reduced by replacing
the existing shims at the last section with longer shims at
the bottom electrodes and shorter shims at the top
electrodes, see Fig. 8.

Beam dynamics simulations using the TRACK code
established the design of the PSM operation setup. Beam
particle energy and energy spread were measured using
Time of Flight (TOF) and Rutherford Scattering (RS)
techniques, in order to calibrate the cavities to the desired
setup [5, 6]. In the analysis of the PSM operation the RS
apparatus was used for phasing of individual cavities. The
RS apparatus is constructed from a 0.15 μm gold foil
which is inserted to the beam halo zone and a silicon
detector at angle of 45 degrees. The ions energy and
bunch energy spread as a function of the first cavity
(HWR1) phase are shown in Fig. 9. For this measurement
the other five cavities were turned off and detuned. The
dependence of the energy and energy spread on the cavity
accelerating phase is clearly seen in Fig. 9. The energy
values determined by the two methods are consistent.
While TOF measures only the mean energy of the bunch,
the RS measures the bunch energy spectrum, and allows
studding bunching effects of the resonators.
1650
TOF
RS
RBS
TOF
Simulations
Simulations

Energy (keV)

1600
1550
1500
1450
1400

CST MWS simulation sensitivity study suggested that
enlarging the length of the bottom electrodes by 300 μm
and reducing the length of the top electrode by 300 μm at
the last section will enable insertion of an additional
tuning plate at the last section. Following the CST MWS
study, the shims were replaced. The actual vertical
distance between the rods was reduced by 400 μm and in
addition the rods moved horizontally closer to each other
by another 200 μm. The field flatness is now maintained
along the RFQ including the last section (Fig. 4, modified
2010). The modification resulted in elimination of the
reduction in the RFQ transmission at high power (Fig. 2
bottom, April 2010). This behavior is in good agreement
with the beam dynamics prediction for the expected
transmission as function of RFQ power as seen in this
figure. In addition the beam profile became narrower
(Fig. 7 right) as predicted in the simulations (Figs. 5 and
6). After correcting the RFQ field inhomogeneous and
retune the MEBT quadrupoles as extracted from the
TRACK simulations, we were manage to transmit and
accelerate a 1 mA CW 3.1 MeV stable proton beam
Beam Dynamics in High-Intensity Linacs
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Figure 8: A RFQ picture showing the electrodes contact
to the supported stems by shims.
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Figure 9: Proton beam energy (a) and the energy spread
width (b) as a function of HWR1 phase, as determined by
TOF and RS and compared to TRACK simulations.
The operational voltage and the synchronous phase of
the resonators were determined cavity by cavity starting
with the first upstream resonator and keeping the
downstream ones detuned and turned off. The bunch
energy gain as a function of phase (Fig. 10) was
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compared with simulation allowing one to calibrate the
resonator voltage. The real voltage and the synchronous
phase were reached iteratively during pulse 1 Hz, 100 μs,
a 0.24 mA beam operation, based on beam dynamics
analysis as shown in Fig. 10. Beam dynamics parameters,
including the applied Low Level RF (LLRF) values, to
reach the design of a 3.1 MeV, 2 mA, proton beam are
given in Table 1. The first step is to calibrate the cavity
LLRF set voltage to the realistic voltage. The calibration
is based on the simulated beam energy gain through the
cavity as function of the input cavity voltage (Fig. 11).
The next step is to set the phase that will match the
synchronous phase for the set calibrated cavity voltage.
The tune of the cavities started with the first cavity which
is operated as a buncher, 1 m downstream the RFQ exit.
The second cavity is detuned to enable gentle converging
of the beam prior to beam acceleration which starts with
the third cavity. The tune was done with an effort to
minimize the longitudinal emittance growth based on the
available HWRs cavity voltage.
Table 1: Beam Dynamic Design and Matched LLRF
Values
HWR

Set V
kV

Real V
kV

Set
Phase
Deg.

Sync.
Phase
Deg.

1

154

150

20

-95

2

Off

3

560

500

-60

0

4

400

500

105

-35

5

550

500

255

-30

6

520

500

0

0

2.3

Energy [MeV]

2.25

RS
TOF
Simulations

2.2
2.15
2.1
2.05
2
0.25

0.3

0.35

0.4

0.45

0.5

0.55

Applied Voltage [MV]

Figure 11: Proton energy as a function of HWR4 voltage,
while the three previous resonators were also operated.

Longitudinal Emittance Construction
An algorithm was derived to evaluate the beam
longitudinal emittance based on the measured beam
energy spread using the RS method. It was shown [5] that
the longitudinal emittance along the PSM, denoted as σe,
could be reconstructed by measuring the energy spread
546

Figure 10: Protons energy as a function of the tuned
cavity set phase, while the upstream cavities were locked
and the downstream cavities were detuned and turned off.
variance at the RS apparatus, denoted as σ66x.The variance
of the energy spread measured as a function of the last
cavity energy gain per degree, denoted as X, is a
quadratic polynomial, see Figs. 12 and 13. The
polynomial function parameters are related to the
reconstructed emittance matrix elements, σe:
Beam Dynamics in High-Intensity Linacs
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σ 66 x ( X ) = (σ 55 e + 2Yσ 56 e + Y 2σ 66 e ) X 2 + 2 (σ 56 e + Yσ 66 e ) X
⎡ βˆ − αˆ ⎤ ⎡σ 55 σ 56 ⎤
σ = ε⎢
⎥=⎢
⎥
⎣ − αˆ γˆ ⎦ ⎣σ 65 σ 66 ⎦
Y = − ((360 / T ) * (D β c )) /( mc 2 γ 3 β 2 )

where T is the beam period (T=1/f, f=176 MHz), m is the
particle mass and D is the drift distance between the
extracted point along the PSM and the diagnostic cavity.
This algorithm was adopted for the emittance
measurements of a proton beam. The measurements were
taken with the same configuration as in table 1 with the
following differences, cavity 3 voltage was 590 kV,
Cavity 5 was detuned and the diagnostic cavity, cavity 6,
was operated as a buncher at -95 degrees synchronous
phase. The energy variance at the halo monitor was
measured as a function of cavity 6 acceleration voltage
from 53-530 keV. The outcome of the polynomial fit, see
Figs. 12 and 13, gives a deconstructed rms longitudinal
emittance value of 90±5 πdeg-keV, at the exit of cavity 4,
for a 0.24 mA proton beam. This value is larger from the
beam dynamics simulation value of 60 πdeg-keV. The
measured energy spread at the RS apparatus is a
convolution of the beam energy spread and the intrinsic
resolution of the RS measurement. An evaluation of the
RS measurement resolution was conducted. There are two
main contributions, one from the variance of the energy
loss in the gold foil, and the second is due to the
resolution in the silicon detector. The average energy loss
in the gold foil is 18 keV. The contributing factors to the
variance of the energy loss in the gold foil are: The
struggling energy for a 1.5 MeV proton beam based on
[7] is (3.6 keV)2. The variance in the energy loss due to
the various path length is (1.7 keV)2. The corresponding
values from TRIM simulations are (5 keV)2 and (2 keV)2.
The geometric variance due to the horizontal position of
the proton projectile along the gold foil (as function of the
scattering angle) is negligible (0.3keV)2. The silicon
detector contributions are: the struggling energy through
the dead layer, the variance of the energy spent on crystal
damage and lattice vibration, the variance in the number
of created electron hole pairs, and the statistical
distribution of the energy due to electronics resolution.
The total quote FWHM range of a silicon PIPS detector,
for a 1.5-3 MeV proton projectile is [10- 12 keV]. The
resulted silicon detector variance range is (4.25 keV)2(5.1 keV)2. Summing all the variance contributions gives
(5.8 keV)2– (7.4 keV)2. The good agreement between the
simulated and measured energy spread width (Fig. 9)
indicates that the lower estimated value for the intrinsic
variance of the RS apparatus is more probable. For
longitudinal emittance construction, the contribution of
the RS apparatus intrinsic variance was not extracted
from the measured beam energy variance. The
longitudinal emittance was similarly reconstructed for a
deuteron beam.
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Figure 12: The proton beam measured energy distribution
for different cavity applied voltages.
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Figure 13: The proton beam measured energy variance
versus the energy gain per degree in the diagnostic cavity.
The minimal measured emittance at the RFQ exit was
applied to select the RFQ power for acceleration of a 2.17
MeV/u, 0.4 mA deuteron beam at low duty cycle using
the PSM based on beam dynamics simulation [5].

CONCLUSION
Beam dynamics simulations accompanied by beam
diagnostics had a vital contribution to achieve a stable
CW proton beam at the SARAF phase I linac.
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MEASUREMENT AND SIMULATION IN J-PARC LINAC
M. Ikegami∗ , KEK/J-PARC, Tokai, Japan
H. Sako, A. Miura, G. Wei, JAEA/J-PARC, Tokai, Japan
Abstract
In J-PARC linac, significant transverse emittance growth
and halo formation are observed with the design peak current of 30 mA. In the previous study, the most probable
cause of the beam quality deterioration was identified as
the longitudinal mismatch at MEBT with a help of particle simulations. Based on this finding, we have performed
a retuning of MEBT buncher amplitudes experimentally,
and have succeeded in mitigating the emittance growth and
halo development. It demonstrates that a particle simulation is helpful in identifying the mechanism behind the experimentally observed beam quality deterioration in a highintensity proton linac, and setting the direction for the practical tuning for it.

ever, we could not perform an experiment to retune the longitudinal matching at that time because the peak current
was limited to 5 mA due to a sparking problem in RFQ
[4]. As RFQ is recovering and the peak current has been
increased to 15 mA, we have tried to mitigate the emittance growth and halo development experimentally by retuning the buncher cavities in MEBT. We have observed
the qualitatively same beam quality deterioration with the
peak current of 15 mA, although the degrees of emittance
growth and halo development are naturally more modest
than those observed with 30 mA.
In this paper, we present experimental results in the tuning performed base on the findings in a particle simulation
described in the reference [3].

INTRODUCTION
J-PARC linac consists of a 50-keV negative hydrogen
ion source, a 3-MeV RFQ (Radio Frequency Quadrupole
linac), a 50-MeV DTL (Drift Tube Linac), and a 181-MeV
SDTL (Separate-type DTL) [1]. While its design peak current is 30 mA, it started its user operation in December
2008 with the reduced peak current of 5 mA. We have been
increasing its beam power since then, and it is currently
operating with the peak current of 15 mA [2].
As reported in the previous workshop of this series [3],
we experienced a significant emittance growth in DTL followed by halo development in SDTL in a demonstration
operation with the design peak current of 30 mA. Distinctive features of this phenomenon are as follows;
• Absence of halo development in DTL in spite of the
significant emittance growth in this section
• Absence of emittance growth in SDTL despite the significant halo development in this section
This phenomenon is assumed to be space-charge-driven,
because it has not been observed with the lower peak current of 5 mA.
In the previous study [3], we have concluded from an
extensive particle simulation that the emittance growth and
halo development are likely to be caused by a longitudinal
mismatch at MEBT (Medium Energy Beam Transport) between RFQ and DTL. The simulation has shown that a longitudinal mismatch leads to a transverse mismatch oscillation due to space-charge coupling, and then drives a halo
development. This mechanism explains why the halo development is delayed until the beam reaches SDTL. How∗ masanori.ikegami@kek.jp
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ORIGINAL MATCHING AT MEBT
The layout of MEBT is shown in Fig. 1 schematically.
We have two buncher cavities in MEBT to perform a longitudinal matching between RFQ and DTL. Originally, the
amplitude and phase of bunchers were set with a amplitudephase scan tuning with monitoring the output beam energy.
The beam energy was measured with TOF (Time Of Flight)
methods using two downstream FCT’s (Fast Current Transformers). An FCT detects the beam phase, and we use two
FCT’s just after the buncher under tuning for the TOF measurement. The present monitor layout in MEBT is found in
the reference [5].
As the buncher cavity has only an RF gap, the resulting phase scan curve is a simple sinusoidal curve. Then,
it is easy to find its effective gap voltage and synchronous
phase from the measurement. The synchronous phases are
set to -90 degree, and the amplitudes are set to the design
values determined from Trace3D calculation [6]. In the
Trace3D calculation, we assume twiss parameters obtained
with PARMTEQM simulation at the exit of RFQ [7].

Figure 1: The schematic layout of MEBT.
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Figure 2: The horizontal beam profile measured at the exit of SDTL before (upper raw) and after (lower raw) the buncher
tuning. There are four wire scanner profile monitors periodically placed after SDTL, and each column corresponds to the
measurement result obtained with each monitor. Red circle: measurement, blue line: Gaussian fit. The same notation is
adopted in Fig. 3.

EMITTANCE GROWTH AND HALO
DEVELOPMENT
As reported in reference [3], we observed a significant
emittance growth in DTL with the design peak current of
30 mA. The measured emittance at the exit of DTL is 0.42
πmm·mrad in horizontal and 0.36 πmm·mrad in vertical.
On the other hand, the measured emittance at the exit of
RFQ is around 0.22 πmm·mrad. There is no significant
emittance growth after the DTL exit. This tendency has not
been seen with the lower peak current of 5 mA. The emittance values shown in this paper are all normalized RMS
(Root Mean Squared).
The measured beam profile also shows interesting features as mentioned above. The transverse beam profile is
measured with four profile monitors of the wire scanner
type at the exit of DTL, and each wire scanner is 7 βλ apart
with β and λ being the particle velocity scaled by the speed
of light and the RF wave length. Contrary to our expectations, the measured beam profile at the DTL exit lacks obvious beam halo in spite of the significant emittance growth
in DTL. The observed beam profile is virtually Gaussian.
As the phase advance between neighboring two wire scanners is about 60 degree in this region, the halo is supposed
to be detected by some of these wire scanners if it has been
generated.
Meanwhile, the halo-like structure is clearly seen at the
SDTL exit where we also have periodically placed four
wire scanners. It should be stressed here that the halo is
developed in the SDTL section despite the absence of significant emittance growth in this region.
As reported in [3], an extensive simulation study reveals
that the onset of halo generation has a certain sensitivity
to the kind of mismatch assumed in the simulation. ActuBeam Dynamics in High-Intensity Linacs

ally, the onset is delayed in some cases with certain types
of longitudinal mismatch. Assuming a certain longitudinal
mismatch at the DTL entrance, the measured behavior can
be qualitatively reproduced in the simulation.
In the particle simulations, we have adopted IMPACT
code [8] with 95,322 macro-particles. We have employed
32 × 32 × 64 meshes for the Poisson solver and the integration step of βλ/10 in the particle simulations. While
the adopted parameters are modest, we suppose that they
are sufficient to investigate the RMS emittance growth and
qualitative characteristics of halo development.

RETUNING OF LONGITUDINAL
MATCHING AT MEBT
Based on the finding described in the previous section
(and in reference [3] in more detail), we have performed
a longitudinal matching at the DTL entrance varying the
buncher amplitudes with a trial-and-error method. The tuning has been performed with the peak current of 15 mA,
which is the present nominal peak current for the user operation. In the tuning, the amplitudes of two bunchers are
changed by 10 to 20 % to minimize the emittance at the
exit of DTL. Specifically, the first buncher amplitude is increased by 20 % from the original setting and the second
buncher amplitude is decreased by 10 % in the tuning. After the tuning, the horizontal emittance at the DTL exit has
been reduced from 0.266 πmm·mrad to 0.232 πmm·mrad.
The vertical emittance has also been reduced from 0.231
πmm·mrad to 0.207 πmm·mrad. At the same time, the halo
development in the SDTL section has clearly been mitigated as shown in Figs. 2 and 3.
As seen in Figs. 2 and 3, slight halo still exists after the
buncher tuning. While we might be able to mitigate it fur549
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Figure 3: The vertical beam profile measured at the exit of SDTL before (upper raw) and after (lower raw) the buncher
tuning.
ther with more detailed buncher tuning, we haven’t tried it
yet in a through manner. An experiment suggests that it
may be caused by transverse mismatch [9], but we need to
study further on this in more elaborated way. Then, it may
be adequate to conclude at this point that the cause of the
residual halo is still open for future studies.
We have also conducted a particle simulation with the
peak current of 15 mA to find the effect of the assumed
buncher amplitude error on the emittance growth in DTL
[9]. The comparison of the emittance growth between simulation and experiment has been discussed in the reference
[9] for the cases with and without buncher tuning. Simulations shows smaller emittance growth than the experiment,
but the agreement seems reasonable.
It should also be noted that we don’t have good understanding on the reason why the original tuning had a significant error for the buncher amplitudes.

itors. In the measurement, the optimum amplitudes of
two bunchers are determined with Trace3D calculation assuming the twiss parameters obtained with a PARMTEQM
simulation for RFQ. It is important to pursue the reason
why we had a significant tuning error in the original tuning
for the future improvement of the tuning procedure.

SUMMARY

[5] S. Sato et. al.,“Upgrade of beam diagnostics in LEBT and
MEBT of J-PARC linac”, LINAC’06, Knoxville, August
2006, p. 268.

The dominant cause of the emittance growth in DTL and
the following halo development in SDTL has been identified to be longitudinal mismatch at the DTL entrance with
an extensive particle simulations. Then, both of the emittance growth and the halo development have been successfully mitigated with a trial-and-error tuning of the buncher
amplitudes. This experiment indicates that the particle simulations are capable of helping to identify the cause of experimentally observed beam quality deterioration and serving as a practical tool to set the direction of the beam tuning
for a high-intensity hadron linac.
This measurement also indicates that there existed a significant error in the original longitudinal matching at the
DTL entrance. The original matching was performed in
a rather standard way with a phase and amplitude scan
method with TOF measurement with two beam phase mon550
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BEAM MEASUREMENT AND SIMULATION AT THE SNS
A. Shishlo# on behalf of SNS Accelerator Group, ORNL, Oak Ridge, TN 37831, U.S.A.
Abstract
The overview of the Spallation Neutron Source (SNS)
linac lattice, diagnostics, and beam dynamics is presented.
The models and model-based tuning procedures of the
warm and superconducting parts of the SNS linac are
discussed. There are significant discrepancies between
simulated and measured losses in the superconducting
part of the linac. The possible reasons for these losses and
their relation to the beam dynamics are discussed.

INTRODUCTION
At present time the SNS accelerator complex routinely
delivers 1 MW proton beam to the mercury target which
makes it the most powerful pulsed spallation source in the
world. The SNS accelerator consists of a 1 GeV linac and
an accumulator ring. This paper will discuss the SNS
linac structure, the beam dynamics, comparison between
models and measurements, and losses in the SNS linac.

SNS LINAC
The SNS linac includes a front-end, six 402.5 MHz
drift tube tanks (DTL), four 805 MHz coupled cavity
linac (CCL) sections, and two sections of a
superconducting linac (SCL) with cavities designed for
relativistic factors 0.61 and 0.81 (so-called medium-β and
high-β SCL sections). The structure and design output
energies are shown in Fig. 1. The DTL and CCL are room
temperature RF structures. The SCL cavities operate at a
temperature of 2°K. The SNS front-end (FE) consists of a
negative hydrogen-ion source, a low energy beam
transport line (LEBT), an RFQ that accelerates the Hbeam to an energy of 2.5 MeV, and a medium energy
beam transport line (MEBT) that matches the beam for
the DTL entrance. The ion source and RFQ are designed
to deliver 38 mA peak current, but now the FE can
provide up to 45 mA which we are not using in
production.
402.5 MHz

FE
2.5 MeV

805 MHz

DTL 1-6

CCL 1-4

87 MeV

186 MeV

SCL β=0.61
387 MeV

SCL β=0.81
1000 MeV

To Ring

Figure 1: SNS linac structure.

SNS Linac Beam Dynamics
A primary goal in the SNS linac design was to
minimize potential damage and radioactivation of the
accelerator resulting from beam halo generation and
uncontrolled losses [1]. According to the design
___________________________________________

#
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parameters, the losses should not exceed 1 W/m. Some
conditions were imposed to minimize halo generation [1]:
• The zero-current phase advances (transverse and
longitudinal) per period never exceed 900.
• To avoid the second order parametric resonance, the
transverse and longitudinal phase advances do not
cross except in DTL tank 1 and CCL module 4 where
matching considerations prevail.
• The transverse and longitudinal phase advances per
meter are smooth functions along the linac. This
feature minimizes possible mismatches and helps to
create a current independent design.
Other source of potential halo and emittance growth are
resonant modes. They can develop in the beam itself and
cause beam energy exchange between transverse
directions. The analysis of such resonances for 52 mA
peak current showed that the SNS linac is too short for
noticeable beam degradation [1].
The analysis of the beam dynamics of the
superconducting part revealed a surprisingly tolerant
design [2]. The deviation of the electric fields of the SCL
cavities from the design values by as much as ±300
appears to have minimal effect on the beam performance.
This low sensitivity is, in part, a direct result of the nature
of the SCL linac where each cavity’s phase can be
adjusted individually. In contrast, the normal-conducting
DTL and CCL are synchronous structures where each gap
in any cavity is phase-locked to its neighbor, and its phase
is not adjustable.

SNS Linac Beam Diagnostics
A suite of beam diagnostics devices defines what kind
of information we can get for analysis and for tuning the
linac. The available SNS linac beam diagnostics include:
• Beam-position monitors (BPM). The 60 SNS linac
BPMs are able to measure the beam position, beam
intensity, and beam phase on a mini-pulse-by-minipulse basis. The ability to measure the beam phase is
an absolute necessity to tune up RF phases of linac
cavities.
• The SNS linac Beam Current Monitor (BCM) system
consists of 10 fast current transformers. The accuracy
of the current measurement is not enough to see
beam losses below the 1% level.
• Wire Scanners (WS) are used for interceptive
measurements of transverse beam profiles in the
MEBT, DTL, and CCL. Wire scanners in the MEBT
measure the charge of electrons stopped in the wire
and all other WSs measure charge induced by
secondary emission from the wire.
• To measure transverse beam profiles in the SCL,
‘laser wire” (LW) stations are used. LW uses a nonintrusive method based on photo-ionization of the
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negative ions of the beam and detection of the
detached electrons. The replacement of traditional
WS by LW was suggested to avoid possible
contamination of superconducting cavities.
• The SNS Beam Loss Monitor (BLM) system [3]
consists of 362 radiation detectors measuring
secondary radiation due to beam loss. The BLMs are
distributed along the entire SNS machine. SNS uses
ionization chambers as its main BLM device because
of their simple design and immunity to radiation
damage.
• The four Bunch Shape Monitors in the CCL are used
to measure the longitudinal bunch distribution. The
BSM principle is based on measuring the time
structure of secondary electrons emitted from a wire
inserted into the beam [4].
• The SNS linac has one transverse emittance scanner
installed in the MEBT, but it is not yet fully tested .

COMPUTER SIMULATION CODES
A variety of accelerator simulations codes were used
for the SNS design and are being used now for control
and offline analysis. Later we will discuss the comparison
between
their
predictions
and
experimental
measurements.

TRACE 3-D
TRACE 3-D is a beam-dynamics program that tracks
the envelopes of a bunched beam through a user-defined
transport system [5]. Space charge calculations are
included as linear forces. TRACE 3-D was used for fast
beam dynamics calculations during the early stages of the
SNS project. Later the capabilities of TRACE 3-D were
implemented in the XAL online model [6].

PARMILA
PARMILA (Phase and Radial Motion in Ion Linear
Accelerators) is a computer code used for the design and
simulation of proton and heavy ion linear accelerators [7].
It was used for the SNS linac design. The working 1 MW
SNS linac is a living proof that PARMILA is capable of
simulating a real machine. The PARMILA’s algorithm for
calculating an RF gap transition was adopted by the XAL
online model. Now at SNS, PARMILA is occasionally
used as an online tool for matching the beam into the
DTL and CCL (under a MATLAB GUI script) and for
offline analysis.

borrowed from TRACE 3-D (magnets, space charge) and
PARMILA (RF gaps). The online model was thoroughly
benchmarked against both these codes. The XAL OM is a
base for tens of XAL applications used for SNS linac tune
up and offline analysis.

BUNCH CENTER DYNAMICS
The ability to predict and control the motion of the
bunch center is a necessary starting point for any beam
dynamics studies and tuning procedures. There are two
qualitatively different tasks. The first is orbit control,
where we want to put the beam through the center of each
component to avoid possible nonlinearities; and the
second is to put the bunch through the RF gaps at the
design time. There are several XAL applications that
perform these tasks. All of them are based on the XAL
OM

Orbit Correction
In the SNS linac, orbit correction is routinely
performed by using the general XAL Orbit Correction
application. This application minimizes the BPM
horizontal and vertical readings by changing dipole
corrector fields. For the CCL part the results were
unsatisfactory in terms of beam losses and activation. The
reason was the relatively small number of BPMs in this
region (10 BPMs) compared to the number of possible
orbit distortion points at CCL quads (47 quads). Because
of the small number of BPMs, it is possible to zero the
BPM readings by using the available correctors, but it
will not necessarily make the orbit flat between BPMs.
A new method called model-based orbit correction was
suggested for the CCL part of the SNS linac. The scheme
of the method is shown in Fig. 2. First, parameters of the
beam at the entrance of the CCL have to be found by
using a fitting procedure, BPM readings and the XAL
online model. Second, the dipole corrector currents are
found to correct the orbit everywhere, not only at the
BPM locations. Finally, the resulting settings are sent to
the machine.

IMPACT
IMPACT (Integrated Map and Particle Accelerator
Tracking) is a parallel computer PIC accelerator code
which includes 3D space charge calculations [8]. In SNS
it is used for offline analysis.

XAL Online Model
The XAL online model (OM) is a part of the XAL
application programming framework used at SNS [9]. The
online model has both envelope and single particle
tracking capability. The tracking algorithms were
552

Figure 2: Model-based orbit correction algorithm.
The use of this method reduced losses and activation in
the CCL. The accuracy of the orbit prediction in the CCL
is usually better than 0.2 mm. In other parts of the linac
the model based predictions are not so accurate. Fig. 3
shows the comparison between measured and calculated
orbit differences in the SCL. The orbit differences were
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created by changing the first dipole corrector in the SCL
to create different conditions of the beam at the SCL
entrance. It demonstrates not only the substantial
difference between model and the real BPM data, but also
a coupling between the horizontal and vertical planes. The
coupling can be explained by a random rolling angle for
the SCL quads with amplitude about 0.50, which is a little
bit higher than the design limit 0.30, but the overall
difference between the model and measurements is not
understood at this moment. This discrepancy is not big,
and the general orbit correction algorithm is working very
well in this region.

THO1A03

after a simultaneous small phase shift (it really means
time) of all RF cavities in a linac sequence. In the singleparticle model these cavities’ phase shifts are equivalent
to a time shift of a particle entering the linac sequence. As
a result, the downstream BPM phases, which are the times
when the beam center arrives, change. Comparing
simulated and measured BPM phase changes we can
make conclusions about differences between design
amplitudes of cavities and their real values.

Figure 3: Orbit difference trajectories in SCL.
Another region of the linac where the XAL online
model cannot predict the orbit with an accuracy better
then 0.5 mm is the MEBT. The MEBT has two triplet
quads where the magnets are so close that their fringe
fields overlap. Correction to integrated focusing strength
has to be taken into account [10]. Unfortunately, this
correction is not constant and should be calculated each
time the current in the magnet coil is changed. This
feature will be implemented in the next version of the
XAL online model.

Longitudinal Beam Center Dynamics
The longitudinal tuning of the SNS warm linac is also
based on the XAL online model, which implemented the
PARMILA model for RF gaps as a thin elements. There
are two XAL applications for this task. The first is a
widely used Delta T phase scan technique developed by
Crandall [11], and the second is a “phase signature
matching”. The Delta-T procedure uses a linear part of the
BPM phase response during a phase scan of an upstream
RF cavity. The “phase signature matching” can be used in
a wider RF phase region where the response is not linear,
but the transmission is still good. The snapshot of the
signature matching application (PASTA) with measured
and simulated BPM phase responses is shown in Fig. 4.
During SNS production runs, it is convenient to have
the ability to check that cavity phases and amplitudes are
tuned correctly. To check and to correct the longitudinal
tuning without interruption of neutron production, the
“longitudinal shifting” method with a small phase shift
for RFs was developed.
The “longitudinal shifting” method is based on a
comparison of simulated and measured BPM phase shifts

Beam Dynamics in High-Intensity Linacs

Figure 4: The XAL phase signature application (PASTA).
The results for the DTL-6 tank tuning. Model results are
points, and curves are messurements.
The results of the RF phase shifting for the DTL and
CCL sections of a well tuned linac are shown in Fig. 5.
The drawback of this method of longitudinal tuning
correction that it is mostly sensitive to the amplitude of
the cavity, and all corrections should be done sequentially
for one cavity at the time.

Figure 5: The BPM phase shifts in the DTL and CCL
sections as a function of distance from the beginning of
the sequence. Red color is for the XAL online model, blue
points are BPM data.
The SCL tuning procedure is based on the same phase
signature matching method, but it is simpler because each
SCL cavity has only six RF gaps, and the phase response
from BPMs to the cavity phase scan is almost sinusoidal.
Based on the great flexibility of the SCL linac to set the
phases of cavities individually, a phase scaling technique
was developed. It allows instant recalculation of the SCL
553

THO1A03

Proceedings of HB2010, Morschach, Switzerland

cavity phases using the XAL model if one or even two
cavities will fail.
Overall all these examples show that we are confident
in our understanding of the beam center motion in the
SNS linac.

TRANSVERSE MATCHING
Transverse beam matching in the SNS linac is
performed by fitting wire scanner or laser wire beam
profile measurements with a model, calculating Twiss
parameters at the entrance of the matching section, and
modifying matching quads to provide the matched beam.
For the DTL and CCL sections of the linac, the XAL
online model is used. In a case of zero peak current the
initial Twiss parameters can be found exactly for the
measured beam sizes at three locations. In the presence of
nonzero space charge effects, there is no analytical
solution for this problem. We use a generic optimization
technique, and there is no guarantee that the solution is
unique. In practice the fitting time is less than a minute,
and results are satisfactory in the sense of beam sizes and
losses. Fig. 6 shows an example of a matched beam in
CCL.

quadrupoles settings are significantly lower compared to
the design ones (see Fig. 8.). This is counterintuitive for
our model, because we would expect the lower quad
fields to give bigger beam and higher losses in the SCL.
For the CCL the empirically found quad settings are only
few percent different from the design values and only in
the beginning of CCL (the matching region).

Figure 7: The distribution of the production losses (blue)
in CCL (top) and SCL (bottom).

Figure 6: The transverse beam sizes in the CCL after
matching (blue is horizontal and red is vertical). Points
are WS data, and lines are the model results.
Unfortunately, for the SCL part of the linac the XAL
online model cannot get consistent matching results. The
possible reasons for this have been discussed in [12]. We
have also tried to use the IMACT code for the SCL
transverse matching. IMPACT is a multi-particle code
with an exact 3-D space charge solver, so it is relatively
slow, and it takes significant time to calculate the
matching configuration even on a parallel cluster. The
results are better with respect to beam size excursions in
the SCL, but losses were not reduced by this type of
matching [12].

BEAM LOSSES
Reducing the losses for constant beam power is the
main goal of the accelerator tuning. After several years of
effort, a configuration that provides a local minimum of
losses was found. At this moment, it is not clear that the
losses cannot be improved further. The typical losses in
the CCL and SCL are shown in Fig. 7. The distribution of
the losses in CCL is far from that predicted in simulations
with the warm linac imperfections [13], and according to
the design, we should not see any losses in the SCL with a
nominal initial distribution [2]. Another interesting feature
of this empirical tune is that in the SCL the resulting
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Figure 8: The quad gradients for design, production and
“smoothed production” (courtesy of John Galambos).
A failure to explain the SCL beam losses on the base of
existing simulation codes suggests that our models do not
include one or more possible mechanisms of losses.

INTRA BEAM STRIPPING
A mechanism of losses in the SNS linac that is missing
in any model being used at SNS was suggested by Valery
Lebedev [14], and it was called Intra Beam Stripping
(IBS). IBS take into account a reaction
H - + H- → H - + H 0 + e
(1)
that occurs inside the bunch of negative ions of hydrogen.
The hydrogen atom will not be affected by the linac
lattice and will be lost somewhere downstream. The cross
section of this reaction has a plateau between hydrogen
velocities 1.0×10-4 and 1.0×10-2 the of speed of light, and
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the value on this plateau is about 3.6×10-15 cm2. The rms
relative velocities in the SNS linac bunches in the centerof-bunch frame are in this range (see Fig. 9.).
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Abstract
With the advanced multi-particle code DYNAMION it
is possible to calculate beam dynamics in linear
accelerators and transport lines under space charge
conditions with high accuracy. Special features as data
from the real topology of RFQ electrodes, drift tubes,
quadrupole lenses, misalignment and fabrication errors
and consideration of field measurements lead to reliable
results of the beam dynamics simulations. Recently the
DYNAMION code is applied to the upgrade and
optimization of the GSI UNILAC as an injector for the
Facility for Antiproton and Ion Research at Darmstadt
(FAIR). An operation of the FAIR requires for the
increase of the beam- intensity and -brilliance coming
from the UNILAC (up to a factor of 5).
End-to-end simulations for the whole linac (from ion
source output to the synchrotron entrance) allow for the
study and optimization of the overall machine
performance as well as for calculation of the expected
impact of different upgrade measures, proposed to
improve the beam brilliance. The results of the beam
dynamics simulations by means of the DYNAMION code
are compared with the recent measurements, obtained
after upgrade of the High Current Injector (HSI) in 2009.

INTRODUCTION

Figure 1: Schematic overview of the GSI UNILAC and
experimental area.
Besides two ion source terminals and a low energy
beam transport system (LEBT) the UNILAC-HSI
comprises a 36 MHz IH-RFQ accelerating the ion beam
from 2.2 keV/u up to 120 keV/u and a short 11 cell
adapter RFQ (Super Lens). The IH-DTL, consisting of
two separate tanks, accelerates the beam up to the final
HSI-energy of 1.4 MeV/u. After stripping and charge
state separation the Alvarez DTL provides for beam
acceleration without significant particle loss. The transfer
line (TK) to the SIS 18 is equipped with a foil stripper
† Sergey Minaev sadly passed away on March 11, 2010
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and another charge state separator system [1].
The HSI was commissioned in 1999 aiming for 15 mA
of U4+ beam current. However the measured uranium
beam current never exceeded 6.5 mA.
In 1999-2003 an extended experimental program
dedicated to improve the overall UNILAC performance
for heavy ion high current operation lead to an U73+
intensity of 2.0 emA at the injection to SIS 18. Before foil
stripping 4.5 emA of U28+ beam intensity was achieved.
An optimized total particle transmission of up to 50% was
reached, while a design performance of about 90%was
expected. The beam losses mainly happen in the front-end
area of the HSI [2].

NUMERICAL INVESTIGATIONS AND
FACILITY UPGRADE
Recently, for the operation of the GSI-accelerator chain
as an injector for the FAIR facility, a considerable
increase of the heavy ion beam brilliance of up to a factor
of 5 at the end of the UNILAC is required [3].

HSI Upgrade I (2004)
Since 1999 detailed computer simulations using the
DYNAMION code [4] were performed to determine the
source of beam intensity limitations. The simulations
were verified by beam parameters, measured during the
UNILAC operation. It was demonstrated that the
bottleneck of the whole facility is the front-end system of
the HSI. As a result, a partial RFQ upgrade program took
place in 2004. It was mainly directed to the improvement
of the rf-performance, but also included a new design of
the input radial matcher (IRM), dedicated to optimize the
beam dynamics in the focusing quadrupoles in front of the
RFQ and to improve the matching itself [5].
The rf-performance of the HSI-RFQ was significantly
improved after replacement of the electrodes. Minor
changes of the IRM (approx. 1% of the RFQ length) lead
to 15% increase of the maximum beam intensity at the
RFQ output (with the same beam from the ion source).
The prediction of the numerically calculated optimization
of the RFQ electrode profile and beam matching was
confirmed. The beam dynamics codes were approved.

HSI Upgrade II (2009)
The FAIR program requires an increased HSI U4+ beam
current of up to 18 mA. The results of numerical
investigation demonstrated a necessity of an essential
upgrade of the RFQ electrode profile for the FAIR
requirements. Simulations, done by means of the
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DYNAMION code for the HSI with different input beam
currents, are summarized in Fig. 2.
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with T - transit-time factor, k = 2π/βλ - wave number, β relative velocity of the particle, I0 - modified Bessel
function. It follows from the expressions above, that the
only way to keep the focusing parameter B constant,
while R0 increases, is to keep the χR0 value. The last
condition can be satisfied by decreasing the Re/R0 ratio.
The electrode geometry for the existing RFQ design
(dotted lines) and the new one (dashed lines) is shown in
Fig. 3. The bottom lines represent the electrode curvature
radius Re, the middle lines the average radius R0 and the
upper ones the Re/R0 ratio.

Figure 2: The HSI performance before the 2009 upgrade,
simulated for different input beam current in comparison
with the requirements for FAIR.
During further numerical investigations it was shown
that the transverse RFQ-acceptance can be significantly
increased while the emittance growth is reduced. Both
goals are achieved with a change of the RFQ electrode
geometry (aperture and modulation law) inside existing
rf-cavity. The new RFQ accelerating-focusing channel
was designed using the DESRFQ code [6]. The intervane
voltage was increased from 125 kV to 155 kV keeping the
design limit of the maximum field at the electrode
surface. The changed resonant frequency was
compensated with a relatively small correction of the
carrying rings. A significant limitation for the channel
design was a necessity to keep the total length of the
electrodes (≈ 9 m) with an accuracy of less than 1 mm.

Design of the New HSI RFQ Electrode Profile
An increase of the RFQ output beam current, keeping
parameters of an injected beam, can be provided only by a
corresponding increase of its transverse acceptance. The
normalized transverse acceptance of the RFQ Vk can be
expressed as:
2
R0 ⎞
1 ⎛ 2
⎜⎜
⎟⎟
Vk =
(1)
λ ⎝ m + 1 ρ max ⎠
with λ - wave length, m - modulation, R0 - average
distance from axis to electrode, ρmax - maximum value of
the normalized matched envelope [7]. The value of ρmax is
defined mainly by the focusing parameter B, expressed
through the maximum field at the electrode surface Emax :
Ze 1 E max 2
λ
B=
(2)
A E0 χR0
with χ - field enhancement factor, A,Z - mass and charge
numbers, E0 - rest energy. For flat electrodes with
semicircular tips Re it can be calculated by the formula
χ=

2
⎛ R + Re
R ⎞
1 ⎛⎜
2T
1+ e ⎟ +
k R0 I 0 ⎜ k 0
⎜
⎜
⎟
2
π
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2
⎝
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⎠
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Figure 3: Electrode parameters of the old (dotted) and
new (dashed) RFQ designs; the blue line represents the
Re/R0 ratio, the green line - R0 and the violet line - Re.
The original HSI-RFQ was designed with a variable R0
and Re and with a constant voltage U along the structure.
The design voltage of the RFQ (U=125 kV) was limited
by minimum of R0. According (2), it determines in total
the relatively low acceleration rate and low focusing
parameter B in the main part of the RFQ. The new
electrode geometry is designed with constant R0 (6 mm)
and Re/R0 (0.7) along the whole RFQ structure. It allows
an increased tank voltage keeping the maximum field
Emax. The higher voltage allows to reduce the modulation
in the main part of the RFQ and to optimize the beam
dynamics in the gentle buncher to prevent excessive
transverse emittance growth.
An increase of the high order terms in the RFQ
electrical field due to the lower Re/R0 ratio was
investigated and a minor influence of this effect to the
particle transmission (< 1.5%) was demonstrated.
The baseline design was optimized for an U4+ beam
current of 20 mA and a total transverse emittance of
280 mm*mrad (2.2 keV/u, unnorm.). These values were
chosen on the base of the measurements in front of the
RFQ (15 mA, 210 mm*mrad) assuming the same
brilliance of the high current beam coming from the ion
source. The main parameters of the new design are
summarized in Table 1.
The beam dynamics simulations for each iteration of
the design were additionally carried out with the codes
DYNAMION (RFQ) and LORASR (Superlens and
IH-section) [8]. The beam envelopes in the final focusing
quadrupoles of the LEBT were optimized together with
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the improved design of the input radial matcher; the
length of the gentle buncher section was considerably
increased to provide slow and smooth bunching resulting
in a reduced influence of space charge forces.
Table 1: Main RFQ Parameters
Voltage, kV
Average radius, mm
Electrode width, mm
Max. field, kV/cm
Modulation
Synch. Phase, degree
Average aperture, mm
Norm. transverse
acceptance, mm*mrad
Electrode length, mm

New
155.0
6.0
8.4
312
1.012 ÷ 1.93
-90 ÷ -28
4.1

Old
125.0
5.2 ÷ 7.7
9.0 ÷ 10.8
318
1.001 ÷ 2.09
-90 ÷ -34
5.5÷3.8÷4.8

0.86

0.73

9217.4

9217.4

The RFQ output beam current, calculated for the final
design in dependence on the input current (15 ÷ 30 mA) is
shown in Fig. 4 for the case of a constant input emittance
(210 mm*mrad, green line); additionally for the input
emittances increased proportionally to the beam current
(210 ÷ 420 mm*mrad, red line).

the high energy RFQ-end. The last two cells (including
distance from electrodes to the flange) were described
independently by the dedicated code from the
DYNAMION package and EM-Studio. An obtained 3D
field mapping was introduced into DYNAMION.
As expected, the comparison of the beam dynamics
simulations for the improved description of the RFQ-end
with standard ones showed only minor difference for the
final particle energy and beam shape behind the HSIRFQ. Nevertheless, this measure is a further improvement
of the reliability of the code and additionally confirms
earlier DYNAMION simulations. Similar detailed
calculations of the external electrical field in the
Superlens (short 11-cells RFQ section) were done and
also used for advanced beam dynamics simulations.

"High Current" RFQ Acceptance
Assuming low beam current and smooth approximation
[7], a local normalized acceptance Vk for each RFQ cell
can be calculated from the Floquet functions, which are
the solution of the Mathieu-Hill equation for the particle
motion:

Vk = ν f

a2

λ

,νf =

1 ,
2

ρ

where ρ is a module of the Floquet function, a - aperture
(radius) of the cell, λ - wave length of the operating
frequency; νf can be treated as a minimum of the phase
advance μ on the focusing period.
For a significant injected beam current the values of μ
and νf decrease (tune depression). Quantitatively it can
be calculated by using the Coulomb parameter h, which
combines the parameters of the beam and the accelerating
channel:

h = j⋅

Bλ ,
μ 0 βI 0

where j = I / V p - beam brilliance, I - beam current, Vp Figure 4: The RFQ output beam current as a function of
injected one.
For the new RFQ design the beam transmission is 40%
higher. Relatively increased beam emittance behind the
new RFQ channel is formed by a few percent of the
particles, while the core of the beam (20 mm*mrad)
contains the required beam current.

Improved Description of the High Energy RFQend
The low energy RFQ-end is described in the code
DYNAMION as a 3D filed mapping, obtained from the
solution of the Laplace equation for the given topology of
the Input Radial Matcher including distance from flange
to the electrodes. The external electric field for the regular
RFQ part is described by the well-known 8-term potential
with approximated coefficients obtained from the solution
of the Laplace equation for the real topology of each RFQ
cell. The additional improvement was implemented for
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normalized beam emittance, B - ratio of the peak current
to the pulse current, I0=3.13⋅107⋅A/Z - characteristic
current, A, Z - mass and charge numbers, μ0 - phase
advance for "zero" current, β - relative velocity of
particle. Phase advance and, correspondingly acceptance
of the channel can be evaluated as

(

)

μ = μ0 1 + h 2 − h ,

(

)

Vk = Vk 0 1 + h 2 − h .
The minimum of the "zero" current local acceptance
along the new RFQ channel is 0.856 mm*mrad for an U4+
beam [6]. It corresponds to the total unnormalized
acceptance at the RFQ entrance (2.2 keV/u) of about 400
mm*mrad. The Coulomb parameters reaches its
maximum value along RFQ channel in the gentlebuncher,
where the peak current is already high (B ≈ 2), while the
beam energy is low.
Previous measurements show an U4+ beam current of
up to 37 mA, coming from the ion source. The uranium
beam current measured before injection to the RFQ is 15

Beam Dynamics in High-Intensity Linacs
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mA only, while beam emittance is about 200 mm*mrad.
A significantly higher beam emittance coming from the
ion source can explain the observed particle losses in the
complicate LEBT (including mass-separation).
The new compact line for the straight injection of
uranium beam to the HSI-RFQ is already planned [2].
The potentially possible matching of the beam emittance
to the acceptance of the new HSI-RFQ was investigated
in a wide range of expected beam brilliance. An increase
of the beam brilliance leads to a decrease of the RFQ
acceptance. The calculated dependence of the acceptance
on the injected beam- current and -emittance defines a
brilliance limitation for the new HSI-RFQ design (Fig. 5).
With a beam current of about 25 mA at the RFQ entrance
and the transmission of 80% the FAIR requirements are
fulfilled. For this current the acceptance of the RFQ and
the emittance of the injected beam are limited to 300
mm*mrad.

THO1A04

proportional to the measured intensity of each bin (Fig. 6,
bottom). The longitudinal distribution is uniform (±180°
without energy spread). Simulations of the particle
motion through the matching quadrupoles and through the
RFQ (assuming the measured beam current) were done
using the measured shape of the focusing gradient along
the axis. Measurements of the magnetic field were done
for each quadrupole separate. Overlapping of the
magnetic field from neighboring quadrupoles was
calculated by DYNAMION for each set of gradients,
taken from the machine settings. A discrepancy of the
calculated particle transmission (about 10-20% lower than
measured one) was observed.

Figure 5: "High current" acceptance of the HSI-RFQ as a
function of the beam emittance (for different current).

Optimization of the LEBT with Measured
Emittances
Beam matching to the HSI-RFQ is carried out with four
magnetic quadrupole lenses (Quadrupole Quartet, QQ).
Transverse beam emittances can be measured with a slitgrid device, placed 3 m in front of the RFQ. Due to the
limited space between the QQ and the RFQ, beam
transmission can be measured only for the whole frontend system (QQ and RFQ).
Originally the aperture of the quadrupoles was defined
for the design beam emittance of 140 mm*mrad. The
recently measured data is up to 2 times higher, leading to
significant beam losses in the matching quadrupoles (set
to design gradients). Changed settings of the quadrupoles
improve the particle transmission through the lenses, but
instantly make worse the matching to the RFQ. This leads
to additional particle losses in the RFQ channel.
Therefore experimental beam matching to the RFQ is a
complicate task.
Beam emittance measurements (Fig. 6, top) in the
LEBT in October 2009 were analyzed and used for the
optimization of the U4+ beam matching to the RFQ. A 6D
particle distribution was generated from the measured
emittance data, taking into account an elliptical shape of
the beam in real space. The number of particles is
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Figure 6: Measured hor. and vert. U4+ beam emittances
(top) and related generated particle distribution (bottom).
Results of the calculated particle motion within the area
of the diagnostic box were analyzed, reconstructing
measurements of the horizontal and vertical emittances
separately. It was verified, that during measurements of
the vertical emittance (with vertically moving horizontal
slit and grid) the full range of vertical coordinates Y and
angles Y' was observed. At the same time, calculations
show remarkable particle losses at the slit and at the grid
due to their limited horizontal size. During measurement
of a horizontal emittance the limitation of the vertical size
of the moving horizontally slit and grid also leads to the
particle losses. As a consequence the real transverse 4D
beam emittance and its projections on the phase planes
are much more peaked, than evaluated from the
measurements. The amount of such particles might be
estimated up to 40% (for both vertical and horizontal
planes). With relatively high probability these particles
pass through the quadrupoles and RFQ, forming the
measured transmission significantly higher than the
calculated one.
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RECENT HSI COMMISSIONING AND
OPTIMIZATION

Tranmission / %

Beam commissioning (Ar1+ high current beam) of the
new HSI-RFQ started in July 2009 [9]. A beam energy of
119.64 keV/u has been measured using the TOF method.
The design value calculated with DYNAMION code is
119.60 keV/u. Re-commissioning of the complete HSI,
including Superlens and IH, verified the correct RFQ
beam energy. First measurements showed a significant
gain in particle transmission through the quadrupole
quartet and the new RFQ (Fig. 7).
90
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Figure 7: Measured HSI-RFQ transmission (Ar1+, input
current 16 mA).
The improved performance of the new HSI-RFQ was
also demonstrated with an uranium beam. After three
weeks for conditioning the design level of the tank
voltage (155 kV) was reached. An additional
optimizations of the LEBT with 7 mA U4+ beam current
in 2010 results in a maximum transmission of 95%
through the quadrupole quartet and the RFQ (Fig. 8).
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The importance of the computer investigation and the
optimization of the beam matching was demonstrated and
experimentally verified during the successful HSI-RFQ
upgrade in 2004. Incompletely measured emittances
hamper strongly a numerical optimization of the beam
matching to the HSI-RFQ. A size, shape and orientation
of the real beam might differ from the measurements.
Consequently, the settings of the matching quadrupoles
should be corrected.
During machine experiments (2009-2010) with an U4+
beam current of 7 mA, the complex LEBT (including
mass-separation) was optimized for a smaller beam- size
and -divergence at the position of emittance measurement
device. Certainly this optimization was done for both
transverse phase planes simultaneously. Nevertheless
recent divergence of about ±20 mrad is relatively high. In
2004 a measured divergence was about ±12 mrad only,
even for higher beam current of 15 mA. This issue can be
explained by a bigger and/or deformed beam emittance.
As a consequence new slits and grids with extended
size are already ordered. This measure can generally
improve a quality of the measurements and increase an
efficiency of the numerical optimization.

Transmission / %
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Figure 8: Measured transmission after the 2009 upgrade
and after additional optimization of the LEBT during
machine experiment in 2010 (U4+ input beam current
7 mA).

CONCLUSION
The HSI-RFQ with a newly designed electrode profile
has been successfully commissioned in 2009. The beam
dynamics in the channel was studied with the
DYNAMION code. It was shown, that the beam intensity
(18 mA of U4+ ions) behind new HSI-RFQ, required for
the FAIR program, can be reached.
The HSI-RFQ upgrade resulted in a significant increase
of high current transmission. In particular, 95% RFQ
transmission for a 7 mA U4+ beam was reached. Recently
a bottleneck of the HSI is shifted to the beam matching to
the IH-section. Nevertheless a machine record of 8.5 mA
Ar1+ beam current behind the whole HSI was established.
Future upgrade steps will provide for full performance as
required for FAIR.
Corresponding beam dynamics studies for the whole
UNILAC facility are in progress. An end-to-end
simulation for the whole linac is an advanced tool for the
study and optimization of the overall machine
performance as well as for the calculation of the expected
impact of different upgrade measures. The comparison of
the calculated and measured data proved the high
reliability and accuracy of the code DYNAMION.
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Abstract
The T2K experiment began operation in April 2009 [1].
It utilises what is projected to become the world’s highest
pulsed power proton beam at 0.75 MW to generate an
intense neutrino beam. T2K uses the conventional
technique of interacting a 30 GeV proton beam with a
graphite target and using a magnetic horn system to
collect pions of one charge and focus them into a decay
volume where the neutrino beam is produced. The target
is a two interaction length (900 mm long) graphite target
supported directly within the bore of the first magnetic
horn which generates the required field with a pulsed
current of 320 kA. This paper describes the design and
development of the target required to meet the demanding
requirements of the T2K facility. Challenges include
radiation damage, stress waves, design and optimisation
of the helium coolant flow, and integration with the
pulsed magnetic horn. Conceptual and detailed
engineering studies were required to develop a target
system that could satisfy these requirements.

The beam window, baffle, target and magnetic horns
are supported beneath shielding modules to permit
replacement and to accommodate a potential change in
off-axis angle for the facility if desired for a future
upgrade. Each support module assembly is contained
within the helium vessel. The building is equipped with a
remotely operated crane to enable these highly activated
components to be lifted from the beam line and lowered
into a Remote Maintenance Area adjacent to the beam
line.
The beam window, target and horns installed for Phase
I have been designed for operation at an average beam
power of 750 kW. The T2K roadmap foresees an upgrade
to 1.66 MW by 2014 and there is an ambition to achieve
3-4 MW within the lifetime of the facility. Since the
target station, decay volume and hadron absorber are
fixed installations and cannot be maintained or replaced
after activation, they were all designed for operation at
the highest envisaged beam power of 4 MW.

T2K SECONDARY BEAMLINE
A primary 30 GeV proton beam is used to generate a
secondary beam of pions by interaction with a two
interaction length graphite target [2]. The target station
houses the target and three magnetic horns as shown in
Figure 1. The proton beam enters the target station
through a proton beam window which separates the
beamline vacuum from the target station and decay
volume which is filled with helium at atmospheric
pressure. Between the window and the first horn assembly
containing the target is a graphite baffle/collimator to
protect the downstream components in the event of a
miss-steered beam. The target is supported directly inside
the bore of the first magnetic horn, which directs pions of
the required sign in a forward direction. The second and
third horns further focus the pion beam which decays to
generate the νμ beam as the pions traverse a 96 m long
decay volume. The remnant hadron beam is deposited in a
hadron absorber or beam dump situated at the far end of
the decay volume. Approximately one third of the beam
power is transmitted into the kinetic energy of secondary
particles including pions, another third is deposited in the
beam dump and the remainder into the decay volume
walls and target station shielding. Less than 5% of the
proton beam power is deposited in the target itself as heat.
___________________________________________
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Figure 1: T2K secondary beam line.

TARGET DESIGN ISSUES
Nuclear grade IG430 [3] graphite was chosen as the
pion production target material for T2K since it is able to
withstand the stress waves generated in it by the pulsed
proton beam. The power density generated by the pulsed
proton beam is approximately proportional to the atomic
number, consequently a low-Z material is favoured for the
pion production target. Graphite has an attractive
combination of high thermal conductivity, high heat
capacity, low expansion coefficient, low modulus and a
sufficiently high strength which is retained at high
temperatures. The main disadvantage of graphite
compared with e.g. beryllium is that it suffers
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significantly more from radiation damage, undergoing
dimensional changes and a reduction in thermal
conductivity [4]. However, both of these effects have
been shown to be reduced at an elevated irradiation
temperature, with minimum dimensional change
occurring at around 800°C [3]. Helium cooling was
chosen since a gaseous coolant both minimises the
absorption of pions and avoids shock waves that would be
generated by secondary particle interactions with a liquid
coolant, e.g. water. Gas cooling at moderate pressures and
velocities typically generates a lower heat transfer
coefficient than water, and the helium cooling flow can be
tuned to some extent to permit the graphite to operate at
the desired elevated temperature; this requires low oxygen
contamination of the helium to minimise oxidation [5].
Another advantage of helium cooling is low activation.
Some key beam and target parameters are listed in
Table 1.
Table 1: Key Beam and Target Parameters
Proton beam kinetic energy
30 GeV
Average beam power
750 kW
Protons per pulse
3.3 × 1014
Beam cycle
2.1 s
Beam size at target (1σ)
4.24 mm
Target material
Graphite (Toyo Tanso IG43)
Target radius
13 mm
Target length
900 mm (2λ)
Heat load on target
23.4 kW
Peak temperature rise per beam pulse
180 K
Helium flow rate
32 g/s
Helium outlet pressure
0.9 bar

TARGET OPTIMISATION
The graphite target rod is supported within an outer
titanium alloy Ti-6Al-4V canister, with an intermediate
graphite tube to separate the helium flow and return. The
ANSYS Mechanical and CFX [6] finite element packages
were used to optimise the target design. This was
necessary to achieve the required cooling path while
keeping the overall pressure drop of the system within the
available limit of 0.8 bar. A cross section of the optimised
target design is shown in Figure 2. The temperature
distribution of the target calculated by the CFX code
using the K-epsilon turbulence model is shown in Figure
3. This was calculated using a thermal conductivity
reduced by a factor of 4 from the value for new material,
equating to material than has experienced a radiation
damage of 0.25 displacements-per-atom, the value
calculated using the MARS code for 1 year of operation.
The helium cools the entry window which deflects the
flow to pass through six angled holes in the graphite
target head block to then flow between the titanium outer
tube and the intermediate graphite tube. At the
downstream end the flow turns through 180°, cooling the
downstream window before being heated by the graphite
rod on its return. Thus all the thin titanium alloy
components are maintained at a low temperature in order
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Figure 2: Cross-section of optimized target design
showing 1) beam entry window, 2) helium inlet annulus,
3) helium outlet annulus, 4) titanium outer canister, 5)
intermediate graphite tube, 6) streamlined separator, 7)
downstream window, 8) bonded graphite joint, 9)
diffusion bonded graphite-to-titanium joint.

Figure 3: Temperature distribution in target graphite for
750 kW beam power acting on radiation damaged
graphite with a thermal conductivity of 20 W/mK.
Maximum temperature in graphite 1010K (737°C).
to maximise their mechanical properties. The beam
window thickness and profile was optimised to minimise
the combined stresses resulting from the pressure stress,
the thermally induced bending stresses and the pulsed
beam microstructure induced stress waves [7]. Figure 4
shows the optimized profile of the beam window, tapering
out from a 0. 3mm thick dome within the beam footprint
to a 7 mm thick plate. The inverted profile serves to
increase the cooling of the surface and to direct the
helium flow downstream, thereby reducing the pressure
drop of the system. Figure 5 shows the flow lines and
velocities generated by CFX and Figure 6 shows the
associated pressures.

Figure 4: Axi-symmetric 2D ANSYS model of titanium
alloy beam entry window showing stresses of 71 MPa
generated by the helium pressure.
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Figure 5: Helium flow lines within the target, showing a
maximum velocity of 400 m/s.

Figure 7: Diffusion bonding test piece of graphite-totitanium joint using an intermediate aluminium layer,
shown in the close-up on the left, with a graphite-tographite bonded joint shown in close-up on the
right.

Figure 8: Completed target ready for integration with
horn.

REFERENCES
Figure 6: Calculated helium pressure contours (Pa)
showing pressure drop of 0.792 bar from helium inlet to
outlet.

TARGET MANUFACTURE
The first Mk 1.0 target installed in the T2K facility was
manufactured in Japan by Toshiba Ltd following the
above design but using a clamped metal seal rather than a
bonded joint design. The second target was manufactured
at RAL using the complete design described above. All
critical stages of the manufacture were prototyped, for
example the diffusion bonding process that was used to
bond the graphite target head to the titanium housing.
Figure 7 shows a sectional view of the graphite-totitanium alloy diffusion bonding test piece carried out by
the Special Techniques Group at Culham Laboratory. The
completed Mk 2.0 target is shown in Figure 8.
By the end of its first year of operation in 2010, the
target was operating successfully at beam powers of up to
100 kW.
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BEAM DUMP DEVELOPMENT FOR A KOREAN PROTON
ACCELERATOR*
C-S. Gil#, J.H. Kim, D.H. Kim, J-H. Jang, KAERI, Daejeon, Korea
Abstract
A beam dump for a 20 MeV, 4.8 mA proton beam had
been manufactured in Korea. The beam dump was made
of graphite for low radioactivity, and was brazed to
copper for cooling. The IG 430 graphite and Oxygen Free
High Conductivity (OFHC) copper were brazed using a
TiCuSil filler metal, which is a compound of 4.5%
titanium, 27% copper, and 68.8% silver [1]. The beam
dump was designed by placing two graphite plates 30 cm
 60 cm in size at an angle of 15 degrees in order to
reduce the peak heat flux in the beam dump [2,3,4]. Also,
a 100 MeV proton beam dump was designed with copper
of high heat conductivity.

Specifications
The beam dump for a 20 MeV proton beam was
designed using the following specifications.
• Beam dump materials: Graphite (IG 430), Copper
(OFHC), SUS 304.
• Brazing filler metal: TiCuSil (Titanium: 4.5 %,
Copper: 27.7 %, Silver: 68.8 %).
• Two plates ( 30 cm  60 cm, angle 15°)
• Average power: 96 kW (20 MeV, 4.8 mA)
• Peak heat flux in the beam dump: 200 W/ cm2.
• Ma ximum temperature: Graphite 223 °C, Copper
146 °C, Cooling water 85 °C.

INTRODUCTION
A proton accelerator is under construction in Korea. In
2012, the energy of the proton beam will be raised up to
100 MeV, and the average current will be 1.6 mA. A 20
MeV proton beam is currently being tested. Dumps for
the 20, 100 MeV proton beams have been designed for
the Korean proton accelerator. A beam dump for the 20
MeV, 4.8 mA proton beam was manufactured to
minimize radioactivity using graphite. The detailed
specifications of the 20, 100 MeV beam dumps including
activation analyses will be presented in this paper.

Figure 3 shows four graphite beam dump blocks and
the beam dump arrangement.

20 MeV BEAM DUMP
The conceptual design of the beam dump for the 20
MeV, 4.8 mA proton beam is shown in Fig. 1. The angle
between two beam dump plates is 15 degrees and the
peak heat flux in the beam dump plates is 200 W/cm2.
The beam profile in the beam dump is presented in Fig. 2.

Figure 1: Conceptual design of the beam dump.

Figure 2: The beam profile in the beam dump.

Figure 3: Manufactured graphite beam dump blocks and
the beam dump arrangement.

Brazing
The beam dump was designed to minimize
radioactivity at the surrounding materials of the beam
dump as well as the beam dump itself. Graphite was
selected as the proton beam facing material for low
radioactivity. However, graphite is not a good material for
water cooling due to its low heat conductivity and high
hygroscopicity. To resolve these problems, the brazing of
graphite and copper was considered. The brazing of
graphite and copper is not easy due to their different
thermal expansion rates at high brazing temperatures. The
stresses of graphite and copper with their thicknesses at
the brazing progress were analyzed with ANSYS code [5].
Figure 4 shows the different stresses during the brazing
process based on thickness. The tensile stress of graphite
during the copper brazing is the lowest at around 1 cm of
graphite. The graphite stresses due to the brazing copper
are not sensitive to the copper thicknesses. The graphite

------------------------------------------------------------------------------------------------*This work has been performed under the frontier project sponsored by MEST.
#
csgil@kaeri.re.kr
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tiles (5 cm  5 cm x 1 cm) were successfully brazed to the
OFHC copper using a TiCuSil filler metal. Fortunately, as
the stopping range of a 20 MeV proton in the graphite is
about 2.3 mm, the protons only interact with the graphite
tile of 1 cm thickness [6,7]. The heating curve for the
graphite tiles and copper brazing is presented in Fig. 5.

Activation Analysis

Figure 4: Graphite tensile stress analyses to find the
optimum graphite thickness during brazing.

Figure 7: MCNP calculation model for activation analyses
of the beam dump.

Figure 5: Heating curve for graphite and copper brazing.

Manufactured Beam Dump
Figure 6 shows a manufactured beam dump for a 20
MeV, 1.6 mA proton beam in Korea.

Figure 7 shows an MCNP [8] calculation model for the
activation analyses of the beam dump.

The protons only interact with graphite and produce
radioisotopes 11C(T1/2 = 20.39 min.) through 12C(p,np)11C
reactions, and radioisotopes 13N(T1/2 = 9.97 min.) through
12
C(p,gamma)13N reactions. The radioisotopes in copper
and SUS 304 are produced by the secondary neutrons that
are produced in graphite by the protons. The radioactivity
in copper is mainly caused by 64Cu(T1/2 = 12.7 h) through
63
Cu(n,gamma)64Cu and 65Cu(n,2n)64Cu reactions. The
radioisotopes 56Mn(T1/2 = 2.58 h) and 51Cr(T1/2 = 27.7 d)
are produced in SUS 304 through 56Fe(n,p)56Mn,
57
Fe(n,np) 56Mn, 55Mn(n,gamma)56Mn and 50Cr(n,gamma)
51
52
54
Cr,
Cr(n,2n)51Cr,
Fe(n,alpha)51Cr
reactions,
respectively. Figure 8 shows the residual radioactivities in
the beam dump after a 3-hour-operation with a 20 MeV,
4.8 mA proton beam. The short-lived radioisotopes are
produced in the graphite and the relatively long-lived
radioisotopes are produced in the SUS 304.

Figure 8: Residual activity in the beam dump.
Figure 6: Photographs of the manufactured 20 MeV beam
dump.
The vacuum chamber was made of SUS 304 and was
manufactured to maintain a 10-7 torr vacuum. The cooling
system was designed for a flow rate of 1.8 - 3.0 liter/sec.
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Table 1 compares the residual radioactivities occurring
in the graphite and copper beam dump after a 3-houroperation with the 20 MeV, 4.8 mA proton beam.
Residual radioactivity can be dramatically reduced with
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the graphite beam dump compared with the copper beam
dump.
Table 1: Comparison of the Residual Radioactivity in the
Graphite and Copper Beam Dump
Beam
Dump

Graphite
+
Copper

Particle

Proton

Sensors

Radioactivity (Ci)
Graph
-ite

Copper

25.6

-

SUS

Total
Activity
(Ci)
35.7

Neutron

-

9.9

Proton

-

9751

Coolant: flow rate
Coolant: inlet temp.
Coolant:
outlet
temp.
Degree of vacuum

THO2A02
1.8 - 3.0 liter/sec
30°C
80°C
10-7 torr
Flow meters, thermocouples,
pressure gauges

Activation Analysis
Figure 10 shows an MCNP calculation model for the
activation analyses of the 100 MeV beam dump.

0.2

Copper

10276.9
Neutron

521

4.9

100 MeV BEAM DUMP
The brazing of graphite and copper is not easy because
of the different thermal expansion rates of graphite and
copper at high temperature. Graphite should overcome a
large amount of stress during the brazing process. The
tensile stress of graphite during the brazing with copper is
the smallest at around graphite thickness of 1 cm. The
brazing of graphite and copper failed at other graphite
thicknesses. Unfortunately, the stopping range of a 100
MeV proton beam in graphite is about 39 mm. There is no
big advantage to braze graphite and copper for a 100
MeV proton beam in view of the radioactivity of the
beam dump itself. The beam dump of the 100 MeV
proton beam has been designed using copper. Figure 9
shows the designed 100 MeV beam dump model and
beam profile in the beam dump.

Figure 10: MCNPX model for residual radioactivity
analyses in the designed 100 MeV beam dump.
Many radioisotopes are produced in copper by proton
and secondary neutrons. The short-lived radioisotopes
62
Cu(T1/2 = 9.74 min.), 64Cu(T1/2 = 12.7 h), 56-58Co, and
65
Zn are produced by the proton beam. The radioisotopes
in copper and SUS 304 are produced by the secondary
neutrons produced in copper by the proton beam. The
radioisotopes such as 64Cu(T1/2 = 12.7 h) in copper and
56
Mn(T1/2 = 2.58 h) and 51Cr(T1/2 = 27.7 d) in SUS 304
are also produced by the secondary neutrons. Figure 11
shows the residual radioactivities in the beam dump after
3-hour-operation with a 100 MeV, 1.6 mA proton beam.
The short-lived radioisotopes are produced in copper by
the proton beam, and relatively long-lived radioisotopes
are produced in copper and SUS 304 by the secondary
neutrons.

Figure 9: 100 Mev beam dump model and beam profile in
the beam dump.
The 100 Mev beam dump is designed for the angle
between the two beam dump plates to be 15 degrees, and
for the peak heat flux to be 333W/cm2. Table 2
summarizes the design specifications of the 100 MeV
beam dump.
Table 2: Design Specifications of 100 MeV Beam Dump
Type
Beam facing material
Cover
Block size
Angle between plates
Coolant: velocity

Plate-type
Copper(OFHC)
SUS 304
30 cm  30 cm (4 blocks)
15°±2°
2 - 3 m/sec

Beam Material Interaction

Figure 11: Residual activity in a 100 MeV beam dump.
Table 3 shows the residual radioactivity in the designed
100 MeV beam dump after a 3-hour-operation with a 100
MeV, 1.6 mA proton beam. The residual radioactivity
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becomes 4.74 Ci at 10 days after the proton accelerator
shutdown.
Table 3: Residual Radioactivity in the Designed 100 MeV
Beam Dump
Particle
After
operation
After
days
After
days

1

SUS 304

Total

4.71 10

5

-

neutron

1.11 10

8

3.90 10

1.15
8
10

proton

52.8
4

672.8

proton

neutron
4

After 10
days

Radioactivity (Ci)
Copper

-

9.94 10

proton

0.83

-

neutron

1951.8

6.86

proton

1.21 10

neutron

-3

0.75

3.99

6

1.00
5
10
1959.4
4.74

CONCLUSION
The beam dump for a 20 MeV, 4.8 mA proton beam
was manufactured with graphite to reduce radioactivity.
The tensile stress of graphite during the brazing process
with copper is the smallest when the graphite is around 1
cm thick. Activation assessments were carried out in the
beam dump. The radioactivity is dramatically reduced in
the graphite beam dump compared with a copper beam
dump.
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In the future activation analyses should be performed
based on the data from the operation scenario/
maintenance plan.
A beam dump for a 100 MeV, 1.6 mA proton beam has
been designed using copper. Too many neutrons can be
produced in the beam dump during accelerator operation,
and secondary neutrons can activate the materials around
the beam dump as well as beam dump itself. The
manufacturing of a 100 MeV beam dump has not yet been
decided due to the shielding and/or activation problems.
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NEW DESIGN OF A COLLIMATOR SYSTEM AT THE PSI PROTON
ACCELERATOR
Y. Lee∗ , D. Reggiani, M. Gandel, D. C. Kiselev, P. Baumann, M. Seidel,
A. Strinning, S. Teichmann, PSI, Villigen, Switzerland
Abstract
PSI is gradually upgrading the 590 MeV proton beam
intensity from the present 2.2 mA towards 3 mA, which
poses a significant challenge to the reliable operation of the
accelerator facility. Of particular concern is the collimator
system which is exposed to the strongly divergent beam
from a muon production target. It shapes an optimal beam
profile for low-loss beam transport to the neutron spallation
source SINQ. The current collimator system absorbs about
14 % of the proton beam power. Consequently, the maximum temperature of the collimator system exceeds 400 C
at 2.2 mA, which is close to the limit set for safe operation.
In this paper, we present a new collimator system design
which could withstand the proton beam intensity of 3 mA,
while fulfilling the intended functionality. Advanced multiphysics simulation technology is used for the geometric
and material optimizations, to achieve the lowest possible
actual to yield stress ratio at 3 mA. A sensitivity study is
performed on the correlation between the beam misalignments and the reliability of the accelerator components in
the proton downstream region.

INTRODUCTION
The ring cyclotron at PSI generates 590 MeV proton
beam with the beam current up to 2.3 mA. The protons
are guided to collide with solid targets, in order to generate high flux muons and neutrons for various research
purposes. Figure 1 shows the beamline elements at the
PSI proton accelerator between the 4 cm thick graphite
muon generation target (Target E) and the bending magnet
(AHL).

and KHE1, the divergent direct beam must be collimated
by the collimator system composed of KHE2 and KHE3.
This is to protect the accelerator components and the proton channel between Target E and the neutron production
target SINQ.
The collimator system composed of KHE2 and KHE3
is made of OFHC copper and absorbs approximately 14 %
of the total proton beam power. In 2009, 1.3 MW (590
MeV/2.3 mA) proton beam power was routinely used at
PSI. The thermal load which the collimator system must
sustain is then close to 200 kW. The maximum temperature is estimated to reach up to 700 K (430 C) which
is about 50 % of the melting temperature of the OFHCcopper. The planned proton beam intensity upgrade at PSI
therefore poses a significant challenge to the stable operation of the accelerator facilities, due to the enhanced thermal load from proton beam stopping at the collimator system. In this paper, we propose a collimator design which
further optimizes the basic design concept presented in Ref.
[1], which could sustain the thermal load from the planned
1.8 MW (590 MeV/3.0 mA) beam upgrade.

WORKING PRINCIPLES
A quarter model of the present collimator system composed of KHE2 and KHE3 is shown in Fig. 2. The colli-

Figure 2: A quarter of the collimator system model: The
KHE2 (left) at the beam entry side and the KHE3 at the
beam exit side (right).
Figure 1: The beamline elements at the PSI proton accelerator between the muon generation target (Target E) and the
bending magnet (AHL). The Q21 and Q22 are quadrupole
magnets.
As the proton beam hits Target E, it diverges via elastic
and inelastic Coulomb scatterings. While the scattered secondary particles are absorbed by the two collimators KHE0
∗ yong-joong.lee@psi.ch

Beam Material Interaction

mator system must stop the 590 MeV protons completely,
which would otherwise directly hit the accelerator components behind. Therefore, it should be longer than the
projected stopping range of a 590 MeV proton in copper,
which is calculated to be 25 cm by MCNPX [2]; see Fig.
3. The KHE2 reduces the beam power before the protons
impinges on KHE3, and the final collimation is done in
KHE3. In order to remove the beam stopping power from
the collimator, active water cooling through brazed stainless steel pipes is applied. The KHE2 is exposed to higher
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Figure 3: Differential stopping power of a 590 MeV proton
in copper.
heat load from proton beam energy deposition than KHE3,
which necessitates more careful thermal design. The KHE2
is composed of 6 teeth like structure; see Fig. 2. Along the
beam direction, the width of the tooth increases. This is
to distribute the thermal load uniformly along the axial direction, as the differential proton stopping power decreases
as it travels through copper; see Fig. 3. The aperture gets
larger in accordance with the beam divergence. The KHE3
is composed of six uniform teeth, each with approximately
5 cm thickness. This makes the total travel length of the
to be absorbed protons larger than the projected stopping
range of 25 cm.

SENSITIVITY ANALYSIS REGARDING
COLLIMATOR APERTURE SIZE
Beam Dynamics Aspects
The further opening of the collimator aperture should
reduce the thermal load and allow longer life time of the
collimator system. In addition, it transmits more beam
power to SINQ which should lead to an enhanced neutron
flux. But, it could also result in unacceptable thermal load
on accelerator components between the collimator system
and the SINQ. In order to know the balance point between
these two contradictory aspects, a number of simulations
has been performed using the ray tracing program TURTLE [3].
For TURTLE calculations, a simplified collimator geometry is used. The collimator system is modeled with two
cylinder blocks with conic aperture. The length of each
collimator is modified, according to the travel range of the
proton beam through the teeth-like structure. Shown in Fig.
4 is the parametrization of the KHE2 of the elliptic aperture. The opening of the present KHE2 at the beam entry
side is described by an ellipse with the vertical major axis
a = 160 mm and the horizontal minor axis a/2 = 80 mm.
The parameter x represents the change in aperture, which
is used for sensitivity study.
Figure 5 shows the correlation between the aperture
opening and the beam losses at the accelerator magnets located up to 10 m downstream of the collimator system. As
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Figure 4: Model geometry parametrization used for TURTLE ray tracing simulations.

Figure 5: Beam losses for different collimator apertures
at the beamline elements up to the bending magnet AHL
which directs the proton beam towards SINQ.
the aperture opens up from x = 0 mm, the beam losses at
the accelerator components decreases until the x parameter
exceeds 20 mm. This is due to the reduced level of multiple Coulomb scattering at KHE2 and KHE3, for larger
apertures. For x ≥ 20 mm, the simulation shows that the
beam particles get directly lost onto the quadrupole magnet Q22. Taking engineering safety margin into account, a
realizable optimal collimator aperture can be achieved for
the opening parameter x = 10 mm.

Thermal Load Aspects
Particle transport codes based on Monte-Carlo (MC)
methods such as MCNPX [2] are commonly used for proton beam stopping power calculations in accelerator components. However, MC power deposition simulations for
a complicated component like the collimator system needs
large particle statistics. This makes it computationally expensive, particularly for design optimization study where
many numbers of geometry parameters are involved. For
this reason, a FORTRAN 90 code has been developed,
which calculates the volumetric heat source from the proton beam stopping. This FORTRAN code is coupled to
multiphysics simulation tool CFD-ACE+ [4], for thermal
and mechanical calculations.
The beam stopping power calculating routine is based
on the approximation that the proton scatters with ’zero’
angle. This approximation is based on the physical picture
that, in each Coulomb interaction in copper, an energetic
proton loses a small amount of kinetic energy and expe-
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riences a small angle scattering [5]. The basic inputs to
the routine are the proton beam directional vector, the grid
connectivity information, the differential proton power loss
and the proton beam current density distribution. As an
output, it generates volumetric power source in W/m3 at
each mesh cell for thermal and mechanical simulations; see
Ref. [1] for details. The calculated proton power deposition
obtained from the FORTRAN code is verified with a MCNPX calculation [1]. These two results agree within 20 %
and the difference comes from the fact that the FORTRAN
routine does not take the proton scatterings and secondary
particle productions into account.
We study the influence of collimator aperture opening on
the temperature field of the collimator system. Taken for
the thermal calculations are the present collimator system
and the one with 12.5 % larger aperture (the case with x =
10 mm). The reference proton beam current is taken to be
2 mA. Figure 6 shows the calculated temperature fields of
the current collimator system. The collimator system with
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misalignments [C2(x& y+2mm,xp&yp+2mrad); C3(x&
y+2mm,xp&yp+2mrad)], offset in the x and the y direction by 2 mm and 2 mrad each.
Figure 7 shows the calculated beam losses at the beamline elements located up to the bending magnet AHL, for
different combinations of beam misalignments. The TUR-

Figure 7: Beam losses at the beamline elements from
KHE2 up to AHL, for different beam misalignments.
TLE simulations show that the beam loss profile is insensitive to beam position mislocation at Target E. The
KHE2 misalignment does not produce noticeable additional losses, whereas the KHE3 misalignment affects the
loss at the bending magnet AHL. The largest beam loss effect is seen from the beam angle misalignments at Target E.
Nevertheless, sudden increase of beam losses at beamline
elements after the collimator system is not expected from
considered beam misalignments, even when the collimator
aperture is widened by 12.5 %.

Thermal Load Aspects
Figure 6: Calculated temperature field of the current collimator system at 2 mA.
larger aperture shows the similar temperature profiles as the
present one, but with the peak temperature 552 K which
is lower than 653 K of the present one by 81 K. This is
due to the reduced heat load from the beam stopping in the
collimator system. The calculated power depositions are
170 kW for the present one and 122 kW for the one with
the larger aperture. These account for 14.4 % and 10.3 %
of the 590 MeV/2.0 mA proton beam power, respectively.

SENSITIVITY ANALYSIS REGARDING
BEAM MISALIGNMENTS
Beam Dynamics Aspects
The effect of beam misalignment has been studied with
TURTLE simulations. Three different beam misalignments
types are considered, for the collimator system with 12.5
% larger aperture: (1) Beam position mislocation at Target E [TE(x&y+2mm)], offset from the nominal beam location in the x (horizontal) and the y (vertical) direction
by 2 mm each; (2) Beam angle misalignments at Target E
[TE(xp&yp+2mrad)], offset in the x and the y direction
by 2 mrad each; (3) KHE2 and KHE3 position and angle

Beam Material Interaction

The beam misalignments result in unbalanced temperature distribution in the collimator system. For the proton
beam current 2 mA, thermal calculations have been performed using CFD-ACE+, coupled with FORTRAN user
subroutine which calculates proton beam stopping power
in copper. Two types of collimators are chosen for beam
misalignment study. The present collimator system and the
one with 12.5 % larger aperture. The following five scenarios of beam misalignments are chosen: (Misalignment
type #1) Beam aligned; (Type #2) Beam position mislocation at Target E by 2 mm in the x direction [TE(x+2mm)];
(Type #3) Beam position mislocation at Target E by 2 mm
in the y direction [TE(y+2mm)]; (Type #4) Beam angle
misalignment at Target E by 1 mrad in the x direction
[TE(xp+1mrad)]; (Type #5) Beam angle misalignment at
Target E by 1 mrad in the y direction [TE(yp+1mrad)].
In order to quantify the beam misalignment effect, the
collimator geometry is divided into four quadrants. The
first quadrant is defined by the quarter geometry shown in
Fig. 2, and the second, third and fourth quadrants are defined clockwise. Figure 8 shows the proton stopping power
deposition in the 4 quadrants of the present KHE2, for considered beam misalignment types. The angular beam misalignment by 1 mrad in the x direction presents the worst
case. The beam power deposited in the 2nd and the 3rd
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is the more balanced distribution of the thermal loads between KHE2 and KHE3. Figure 10 shows the 590 MeV
single proton stopping power distributions in the current
and the optimized collimator systems. Note that the proton is fully stopped at the third segment of KHE3 of the
current collimator system. The last three segments are not
used. On the other hand, the optimized collimator uses
KHE3 more efficiently for beam stopping. The balance in

Figure 8: Beam stopping power deposition balance in the
four quadrants of KHE2.
quadrants are factor 5.7 larger than that deposited in the
first and the fourth quadrants. Figure 9 shows the temperature profiles of the present collimator system, for the worst
beam alignment case. Clearly seen is the hot spot in the

Figure 10: The 590 MeV single proton stopping power distributions in the current (top) and the optimized (bottom)
collimator systems

Figure 9: Temperature profile of the present collimator system for the angular beam misalignment [TE(xp+1mrad)].
2nd and the 3rd quadrants.
The thermal calculations show that the maximum temperature at the collimator system with larger aperture is significantly lower than that of the current one approximately
by 100 K, for all studied misalignment types. The parameter study of different tilt angles for the collimator system
with larger aperture shows that the peak temperature increases by less than 100 K from the nominal temperature
552 K, if the tilt angle is kept below 0.3 mrad. This means
that the collimator system with larger aperture can tolerate
additional angular beam misalignment of 0.3 mrad, compared to the present system. At 2 mA, it takes approximately 30 seconds for the maximum temperature to be increased by 100 K, which implies an additional time margin
of 30 seconds before the interlock system activates.

OPTIMIZED COLLIMATOR
According to the sensitivity analysis on collimator aperture opening size, we further improve the thermal design
of the collimator system presented in Ref. [1]. The guiding
principle behind the optimization of the collimator design
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deposited beam stopping powers between the KHE2 and
KHE3 are listed in Table 1, for the three different collimator systems: (Type #0) The current collimator system;
(Type #1) The collimator system with 12.5 % larger aperture; (Type #2) The optimized collimator system with convergent KHE2 and the divergent KHE3 apertures. Note
that the thermal load is more uniformly distributed between
KHE2 and KHE3 in the optimized collimator system.
Table 1: The Balance in Deposited Beam Stopping Powers
Between the KHE2 and KHE3 at 3 mA
Type
Type #0
Type #1
Type #2

KHE2
[kW/%]

KHE3
[kW/%]

Total
[kW]

197 (77%)
130 (71%)
128 (69%)

58 (23%)
53 (29%)
58 (31%)

255
183
186

The thermomechanical analysis of the optimized collimator poses some uncertainties regarding material data of
OFHC copper. For fabrication of the collimator system,
the water pipe which is made of stainless steel has to be
brazed into the collimators. The reason why the cooling
water cannot flow in the copper volume is that the water
flow with the speed higher than 2 m/s causes erosion of
the copper volume under beam irradiation [6]. The brazing
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process necessitates a heat treatment of the copper in a vacuum chamber at high temperatures between 600 C and 800
C. After the heat treatment at such high temperatures, the
cold worked OFHC copper is known to lose most of the
mechanical strength and becomes a soft non-linear material, as is confirmed by our tensile tests. For this reason, it
is almost impossible to predict the thermomechanical characteristics of the collimator system made of OFHC copper,
using numerical simulations.
An interesting candidate material for the next generation
R
[7]. The preliminary analysis of
collimator is GLIDCOP
our lab tests performed on GLIDCOP type AL-15 indicates
that the GLIDCOP retains most of the mechanical strength
after the heat treatment. The mechanical properties of the
GLIDCOP for accelerator application can be found in Ref.
[8]. thermomechanical simulations have been performed
by CFD-ACE+, for the three types of collimator systems
made of GLIDCOP AL-15. Figure 11 shows the calculated
temperature and yield stress index profiles of the optimized
collimator system, where the yield stress index is defined
by the local von Mises stress divided by the local temperature dependent yield stress [1]. The peak temperatures and
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Table 2: The maximum temperature and the maximum
yield stress indices for three types of the collimator systems at 3 mA.
Type
Type #0
Type #1
Type #2

Max. Temp.
OFHC [K]

Max. Temp.
GLIDC. [K]

Max. Yield
Str. Index

825.8
674.3
556.7

851.3
692.3
568.5

1.23
0.67
0.54

OUTLOOK
Still, there are uncertainties in the change of material
properties of the OFHC copper and the GLIDCOP, under
the proton beam irradiation. The relation between the dpa
(displacement per atom) and the material properties of the
GLIDCOP have been reported in a number of literature,
mostly under the low energy neutron irradiations; see for
example Ref. [9]. However, it is known that the dpa value
lacks universality, and the material study based on the neutron irradiation cannot be directly applied to the material
behavior under high energy proton irradiation. For this reason, two proton irradiation experiments are planned at PSI,
in order to experimentally determine the material properties of the OFHC copper and the GLIDCOP. OFHC and
GLIDCOP samples will be stationed in SINQ, within the
framework of the SINQ Target Irradiation Program (STIP).
Also considered is the implementation of the samples at the
beam entry and exit regions of the collimator system. Once
the uncertainties in material properties are solved, the detailed specifications of the collimator system will be determined.
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THE DESIGN OF BEAM COLLIMATION SYSTEM FOR CSNS/RCS*
Na Wang#, Sheng Wang, Nan Huang, Qing Qin, IHEP, Beijing, China
Abstract
China Spallation Neutron Source (CSNS) accelerator
consists of a 80 MeV linac and a 1.6 GeV Rapid Cycling
Synchrotron (RCS), which is designed to produce beam
power of 100 kW with a repetition rate of 25 Hz. For such
a high intensity RCS, beam loss and control are of
primary concern. A two-stage collimation system is
designed to localize the beam losses in a restricted area,
and keep the uncontrolled losses less than 1 W/m at the
other part of RCS. The detailed design of the beam
collimation system is presented, including the compare
among different schemes. Key issues which affect the
collimation efficiency are analyzed, and the collimation
efficiency and beam loss distribution are studied by using
the code ORBIT.

parameters of CSNS used in the simulation are shown in
Table 1.

COLLIMATION SYSTEM DESIGN
RCS lattice is four fold structure, and it is good for
provide a separate section for accommodating collimation
system. The schematic layout of the RCS ring is shown in
Fig. 1. The four straight sections are designed for beam
injection, collimation, extraction, and RF systems,
respectively. There are an 11 m and two 3.8 m dispersion
free drift space. A long drift space and a short one next to
it are dedicated to transverse collimators. The collimation
system is located downstream of injection region. Figure
2 shows the lattice functions along a superperiod.

INTRODUCTION
The CSNS [1] requires a total number of 1.56×1013
protons for the target beam power of 100 kW. In
designing the RCS, one of the primary concerns is
machine component radioactivation caused by
uncontrolled beam losses [2]. To allow hands on
maintenance, beam loss around the machine should not
exceed 1 W per meter. Another important concern is the
beam loss during the single turn extraction. Smaller beam
emittance at extraction allows less exigent kicker strength
and small beam loss at extraction. In order to achieve the
low loss requirement around the ring and well constrained
extraction beam extension, a two stage collimation system
is designed to localize the beam losses in well shielded
regions of the machine [3].
Table 1: The Main Parameters of the CSNS Ring
Parameters

Symbol, unit

Value

Inj./Ext. energy

Einj/Eext, GeV

0.08/1.6

Circumference

C, m

228

Beam population

Np, ×1013

1.56

Hamonic number

h

2

Repetition frequency

f0, Hz

25

Betatron tune

νx/νy, cm

4.86/4.78

Ring acceptance

ε, πmm⋅mrad

540

Simulations are performed to predict the cleaning
efficiency of the two-stage collimation system and the
beam loss pattern around the CSNS ring. Both the
collimators geometry and arrangement are optimized for
minimizing the extent of the escaping halo. The nominal

Figure 1: Schematic layout of the SNS accumulator ring.
Another straight section with large dispersion function
in the arc section before the transverse collimation is
dedicated to momentum collimation. As the majority of
the losses in the RCS ring are due to transverse space
charge halos, and longitudinal beam loss is not necessary
for 100 kW beam, the momentum collimation will not be
included in the primary stage, but the space is preserved
for further consideration. Further studies are needed.
A set of four movable scrapers made of 0.17 mm
tungsten plates acts as primary collimators for increasing
the divergence of the incident halo protons. Four
secondary 0.4 m long copper collimators are located
downstream of primary collimator as absorbers. The
layout of the collimators in the straight section is shown
schematically in Fig. 2. The collimators are set to around
350 πmm⋅mrad for the primary and around 400
πmm⋅mrad for the secondary jaws. The physical aperture
of the ring is designed with 540 πmm⋅mrad acceptance
and 1% momentum deviation.
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Figure 2: Lattice functions along a ring superperiod, and
positions of the primary (pink) and secondary (blue)
collimators.
Three different schemes have been considered for the
transverse collimation system, including collimation with
up-right collimator jaws, collimation with orbit bump at
primary collimator, and collimation with collimators of
elliptical aperture. Using the collimation systems
described above, we estimate the cleaning efficiency in
detail using the ORBIT code, developed at SNS [4]. The
compare among different schemes is presented.

Collimation with Upright Collimator Jaws
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Figure 4: Predicted particle loss distribution in the CSNS
RCS. The green lines represent losses to the collimators,
and the red lines represent losses to ring apertures.
A summary of the loss distribution is given in Table 2.
The trend in the loss distribution to the collimators is that
the first collimator to absorb the largest fraction of beam,
and the last collimator to absorb the smallest fraction.
Over 96% of the beam is lost within the collimation
straight section.
Table 2: Halo fractions absorbed in collimators and lost
on the radial aperture in different ring sections
Region/Element

% of Scraped Beam
Lost

Scrapers

0.1

First Secondary collimator

39.4

Second Secondary collimator

30.4

Third Secondary collimator

15.5

Fourth Secondary collimator

8.1

Total in the collimation section

96.2

Collimation with Orbit Bump at Primary
Collimator

The resulting efficiency in the simulation is 93.5% with
0.8% of total beam loss. The beam losses mostly occur in
the first three micro seconds, either in the collimator

In RCS, the beam emittance shrinks during the beam
acceleration. So the collimation system only works at low
energy range. To further clean halo particles, a method
with DC orbit bump at the transverse collimators was
suggested [5]. Because the DC bump will shrink with the
increasing of beam magnetic rigidity during the

Collimation efficiency, %

Integrated beam loss fraction

In this scheme, both the primary and secondary
collimators consist of four plates, which are either
horizontal or vertical. All collimator plates can be moved
individually.
Several ORBIT simulations have been carried out to
evaluate the performance of the collimation system.
According to the simulation, the full beam emittance is
reduced by a factor of about 30% at extraction. Figure 3
shows one example of cleaning efficiency curve. The
cleaning efficiency of the system is defined as the ratio
between the number of particles absorbed by the
collimation system and the total number of particles lost
in the RCS. The curve has been obtained by tracking
200,000 macro-particles for 4000 turns.

Loss distribution, W/m

system or the machine apertures. The collimation
efficiency varies with time as the impact parameter
changes along with the expected emittance blow-up due
to the transverse space charge effect.
The predicted loss distribution along RCS is given in
Fig. 4, in which the green lines shows the losses to the
collimation system, and the red lines represent losses to
ring apertures. It is found that in the simulation, the
uncontrolled beam losses at the RCS components are all
constrained below 1 W/m.
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Figure 3: Collimation efficiency versus time.

Beam Material Interaction

573

Proceedings of HB2010, Morschach, Switzerland

THO2A04

Loss distribution, W/m

acceleration, it moves the beam closer to the collimators,
and result in much smaller beam emittance at extraction.
During the simulation, a vertical orbit bump is located
at the primary collimator, and a reduced bump factor of
0.8 is used for less ambitious collimation. By using the
orbit bump method, the full-beam extraction emittance
can be reduced by 20% in the vertical plane and increased
by 16% in the horizontal plane. About 1.7% of the beam
population are lost either at the collimator or the ring
aperture. The beam loss distribution is shown in Fig. 5.
The result shows larger number of beam loss locations
around the ring, and some of them exceed 1 W/m. The
resulting efficiency is about 90%, which is much lower
than the scheme without bump.
10

4

10

2

10

0

10

-2

0

50

100
150
Position, m

200

250

Figure 5: Predicted particle loss distribution in the CSNS
RCS. The green lines represent losses to the collimators,
and the red lines represent losses to ring apertures.

Collimation with Collimators of Fixed Aperture
Collimation system with collimators of fixed elliptical
aperture was also considered, i.e. of circular aperture in
normalized transverse space. To realize the adjustability
of the primary aperture, we use four scrappers placed 45°
apart to approximate the elliptical aperture of the primary
collimator.
10

The beam loss distribution is shown in Fig. 6. The
collimation efficiency in the simulation is 95.2% with
total beam loss of 1.6%. It has a similar loss pattern as the
scheme with up-right collimator jaws.

Comparison of Different Schemes
All of the three schemes show that collimation
efficiencies are better than 90%. The first scheme with
up-right collimator jaws is the simplest one, and it is
much flexible when changing the operation conditions.
The second scheme enables more halo collimation and
result in much smaller beam emittance in vertical at the
extraction. As a counterpart, this contributes an emittance
growth in the horizontal plane, and induces more
uncontrolled beam loss around the ring. The third scheme
gives better collimation efficiency as expected, but the
system is less flexible. To adjust the changes of the orbit
or the beam size, one can only change the collimator
aperture by replacing the vacuum pipe. Besides, the
modulation of the primary aperture is restricted by the
fixed aperture of the secondary collimator for keeping a
reasonable cleaning efficiency. Both the schemes without
bump show similar beam loss patterns around the ring,
and both of them fulfil the 1 W/m requirements.
According to the results obtained above, the scheme
with up-right collimator jaws has been chosen for the
collimation system design of CSNS/RCS.

RELIABILITY OF THE COLLIMATION
SYSTEM
The robustness of the collimation system is estimated
for the collimation scheme with up-right jaws described
in the previous section.

Primary Acceptance
The collimation performance is strongly dependent on
the acceptance of the primary collimators. Figure 7 shows
the collimation efficiency when the primary acceptance
changed from 320 πmm⋅mrad to 380 πmm⋅mrad, with the
ratios of the acceptance of the primary and secondary
collimators kept constant.
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Figure 6: Predicted particle loss distribution in the CSNS
RCS. The green lines represent losses to the collimators,
and the red lines represent losses to ring apertures.

574

94
92
90
88
86
320

330 340 350 360 370
Primary Acceptance, π mm⋅ mrad

380

Figure 7: Dependence of the collimation efficiency on the
acceptance of the primary collimator.
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It can be seen that the collimation efficiency is quickly
decreased when the acceptance of the primary collimator
exceed 350 πmm⋅mrad. The higher efficiency at 320
πmm⋅mrad is expected due to the large impact parameter,
which corresponds to a large fraction of beam losses.

Physical Aperture
In order to ensure good collimation efficiency, an
acceptance gap between the collimator and the ring
physical aperture is needed. The collimation efficiency
dependence on the physical aperture was estimated. The
physical aperture of the ring is varied from 70% to 130%
of the nominal value, and the result is shown in Fig. 8.
The collimation efficiency increases with the aperture
ratio, and the design value is moderate for the
performance of the collimation system.

Collimation efficiency, %

100
80

With the optimal two-stage collimation system, the
collimation efficiency is larger than 93%, and the
maximum uncontrolled beam loss is less than 1 W/m
along RCS. Three different design schemes of the
collimation system have been considered taking into
account collimation efficiency, beam loss pattern,
extraction beam emittance as well as reliability.
All results obtained so far refer to an unperturbed
machine. The ring errors or imperfect set-up of the
collimation system, not yet taken into account, are
expected to moderately decrease the collimation
efficiency. More detailed studies including various
imperfections are underway.
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CONCLUSION
A collimation system has been designed for the CSNS
RCS. The system is composed of one primary collimator
with four scrappers and four secondary collimators as
absorbers. Detailed simulations of the beam collimation
and multi-turn loss pattern around the RCS are performed.
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REVIEW OF INSTABILITY MECHANISMS IN ION LINACS
R. Duperrier∗ ,
CEA Saclay,
91191 Gif sur Yvette, France
Abstract

W'

An important issue for the new high power class ion linac
projects is the preservation of the beam quality through the
acceleration in the linac. An extremely low fraction of the
beam (from 10−4 down to 10−7 ) is sufﬁcient to complicate
the hands on maintenance in such accelerator. This paper
reviews the instability mechanisms in Ion Linacs. Basics
rules for the deﬁnition of their architecture and the results
applied to existing machines and projects are covered.

SPACE CHARGE NON LINEARITIES
As a particle beam is a charge and current distribution,
it acts as a source term in Maxwell equations and generates self ﬁelds or space charge ﬁelds. The effect of space
charge is essentially a low energy issue for two reasons:
transversally, the self magnetic force tends to compensate
the repulsive self electric force when the ions become relativistic and, longitudinally, the bunch length increases with
the energy which corresponds to a reduction of the beam
charge density. It is worth noting that beam waists may affect this statement at high energy. In essence, self ﬁelds
are a strong function of the particle distribution and only
an uniform beam density may produce linear ﬁelds but this
case is only valuable for theoretical investigations. The non
∗ romuald.duperrier@cea.fr
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INTRODUCTION
High power ion linacs have become increasingly attractive in recent years. Among the possible applications are
heavy ion drivers for thermonuclear energy [1] or rare
ion beam production [2, 3], transmutation of radioactive
wastes [4], neutrino physics [5] and the spallation sources
of neutrons for matter research [6, 7, 8]. High intensity
charged particle beams can develop extended low density
halos. The existence of halos can have serious consequences for the hands on maintenance. Beam dynamics for
such accelerators requires an exhaustive research of the different mechanisms that may induce beam loss from 10−4
down to 10−7 . The control of these mechanisms is the main
guideline for the design of high power linacs. Among the
different sources of beam loss, instabilities induced by the
coupling of the beam and the accelerator working points
are a major concern. This paper reviews the instability
mechanisms in Ion Linacs. Basics rules for the deﬁnition
of their architecture and the results applied to existing machines and projects are covered.

Isohamiltonian
curves

W'

W

W

W'

W'

W

a)

W

b)

Figure 1: Evolution in phase space of a mismatched beam
in case of a linear (a) or a non linear (b) force.

linear nature of self ﬁelds induces a spread of the tune shift.
One importance consequence is that if each particle isn’t
located in phase space on an isohamiltonian curve which is
matched to its own energy, a ﬁlamentation will occur and
provoke and emittance growth (see ﬁgure 1). After a relaxation time which corresponds to a few focusing period
when the space charge is important [11], a new equilibrium
is reached and the emittance remains constant until a new
mismatch is applied to the beam. This mechanism is applicable to the longitudinal focusing force of the cavities or
any non linear force. Even if this phenomena could induce
an emittance growth, it doesn’t correspond to an instability mechanism. In this paper, a beam loss mechanism will
be assumed to be an instability when the solution of the
equation of the motion for the particles or the beam envelop
corresponds to an exponential like behavior. It is worth noting that the impact on the motion of the instability changes
signiﬁcantly the initial conditions and the necessary conditions for the instability may vanish. The exponential like
behavior is then transitional.
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PARAMETRIC RESONANCES
In practice, perfect matching of the beam envelope is
difﬁcult to achieve. Relevant matching parameters as the
emittance, the current of the focusing gradients can not be
perfectly known. Due to the periodic nature of the focusing channel in real linacs, parametric resonances can be
excited. Struckmeier and Reiser have shown that because
space charge couples the two transverse plans and when
the beam envelopes are slightly mismatched, envelop instabilities occur when the phase advance per focusing period
without space charge is greater than 90◦ and the intensity
is sufﬁciently high [12].
The study of the beam instability mechanism can be also
performed by modeling the single particle motion. Particle
motion in an accelerator may be often reduced to a pendulum oscillation and the acting force is mostly periodic. It
turns out that the equation of the motion is similar to the
Hill equation. When the force may be well approximated
by the two ﬁrst harmonics, Hill’s equation is simpliﬁed and
becomes the so-called Mathieu equation:
d2 x
+ π 2 [A + 2qsin(2πτ )] x = 0
dτ 2

(1)

where τ is a reduced variable for the time and A and q
two important parameters to determine the stable or unstable nature of the motion [13]. Once these two parameters
are given, the Mathieu diagram in ﬁgure 2 may be used to
qualify the stability of the working point.
When the acting periodic force couples two plans, emittances can be exchanged. It has been observed that if the
products of the emittance and the wave number for each
plane are equal, the emittance exchange vanishes [14, 15].
The difﬁculty for the beam physicist is to track the sources
of coupling and to be capable to highlight their impact
eventually through the Mathieu equation or an other mathematical formalism.
In a linac, the radial component of EM ﬁeld in cavities
induces a coupling between the transverse planes and the
longitudinal plane. Indeed, this EM force is a function of
the phase of the particle. In [16], it is shown that the equation of the motion in this case may be reduced to the canonical form of the Mathieu equation 1 with A = 4σt2 /σl2 and
q = ΔΦcot(Φs ), σt and σl being respectively the transverse and longitudinal phase advance per focusing period,
ΔΦ the bunch width and Φs the synchronous phase. With
the help of the diagram in ﬁgure 2, it is worth noting that
values of σt greater than σl are preferred to keep the beam
in a stable region, nevertheless second order resonance is
sufﬁciently weak to be crossed without any signiﬁcant impact. When this limitation is combined with the restriction
σ0t < 90◦ linked to the stability of the envelope, it turns
out that σ0l < σ0t < 90◦ which corresponds to a reduced
accelerating efﬁciency and short focusing periods at low
energy.
Space charge is also a source of parametric resonances.
The space charge driven resonances may involve core-core

Beam Dynamics in High-Intensity Linacs

Figure 2: Diagram of the Mathieu equation (when the motion is unstable, μ > 0 and the envelope goes like eπμτ ).
with possible emittance exchange as well particle-core process (related to halo genesis) [17]. Gluckstern developed
a model for the particle-core interaction [18]. This single
particle-core interaction can be illustrated with a simple
approach based on the transport of a particle in an mismatched uniform cylindrical beam assuming a constant focusing channel. The equation of the motion can be linearized for small mismatches and corresponds then to:
2
r + kra
(1 + δcos(km z)) r = 0

(2)

with kra the wave number of the matched beam with
space charge, km the wave number of the mismatched
mode, δ = 2M (1/η 2 − 1), η the tune depression and
M the mismatch factor. This differential equation can be
transformed in the canonical form 1. It turns out that
A = 2η 2 /(1 + η 2 ) and q = 2M (1 − η 2 )/(1 + η 2 ). For
most of the cases, the motion is stable, only very large
mismatch associated with very low tune depression can exhibit an instability. To investigate the anisotropy effects in
ellipsoidal bunches to go beyond this previous simpliﬁed
halo model, the reference [19] details a study of the stability of solutions of linearized Vlasov equation. It is shown
how stop bands similar to the unstable regions of the ﬁgure 2 can arise in the plane (η, kz /kx ) for different transverse/longitudinal emittances ratio and different modes of
oscillations which are solutions of the perturbed hamiltonian. In this approach, each mode corresponds to an partic-
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ular order of a polynomial that represents the space charge
potential perturbation (non uniform beam). One consequence is that if working points are properly selected in
passband regions, emittance exchange is absent whatever
the ratio of the product emittance/wave number between
coupled planes.

HIGH ORDER MODES
A beam passing through a cavity deposits a fraction of its
energy and can excite modes. The effects of pulsed mode
operation on transverse and longitudinal beam breakup instability have been studied for proton beam in a consistent manner [20]. Numerical simulation indicates that cumulative transverse beam breakup instabilities are not a
concern for the SNS linac, primarily due to the heavy
mass of ion beam and the HOM frequency spread resulting from manufacturing tolerances. As little as ±0.1 MHz
HOM frequency spread stabilizes all the instabilities from
both transverse and longitudinal HOMs. Nevertheless, new
more ambitious project like ESS and SPL (higher peak current and longer pulse length) needs to reevaluate this issue with studies tailored to their own parameters. Indeed,
a recent study at CERN [21] promote the idea that, due
to the excitation starting from noise, many HOMs at any
frequency can get excited to non-negligible levels and the
average cryogenic load as function of Qext has to be estimated. The reference [21] shows that one order of magnitude for the current or the HOM frequency spread is sufﬁcient to induce an instability. In reference [22], it is shown
that, for the SPL case, the energy and phase jitter, created
by the RF system, yield an effective longitudinal emittance
growth signiﬁcantly more important compare to HOM impact. The damping of the T M010 modes via the power coupler was calculated and found to be sufﬁcient for the case of
unchopped beams. For chopped beams signiﬁcant effective
longitudinal emittance growth was observed for the case of
HOMs coinciding with machine lines, which are created by
the chopping. A Qext of 105 is recommended for this case.

RESONANT HALO BUILD UP AND
MACHINE ERRORS
In practice, linacs contain many defaults like focusing
gradient errors, magnet off set. These imperfections may
arise resonant collective effects. A particular scenario may
push up particles to the acceptance limit, longitudinally or
transversally. By scenario, it is assumed that a speciﬁc sequence of defaults may increase resonantly the amplitude
of particles. To study this resonant process and to tend to
“realistic” simulation, it is mandatory to perform start-toend (S2E) transport to be capable of estimating the impact
of halo produced at low energy on the beam losses at the
high energy part of the accelerator. These S2E simualtions
must be carried out with a large number of particles and a
large number of different possible linacs to build discrete
cumulative distribution function (CDF) to provide a beam

578

loss probability. This CDF helps to put in perspective the
impact of the rare resonant scenarios. To tend to more realistic estimates, a strategy based on correctors and diagnostics has to be developed considering that the diagnostics are
also imperfect (misalignments, measurement).
The use of macroparticles to record the losses at the
beam pipe induces a discrete CDF, and then the probability
to lose more than the more extreme recorded loss becomes
null. To predict very extreme events, the reference [23]
shows how the extreme value theory (EVT) may be used to
perform such goal.
The TraceWin and Track codes are able to perform such
Monte Carlo studies [24, 25]. Relevant estimates require
that the relevant physics is considered, for instance, the
space charge neutralization effect. This can be performed
with plasma PIC codes like Solmaxp [26] or Warp [27].
The EM ﬁelds at equilibrium predicted by these codes may
be included in S2E simulations afterward [28].

RESONANCES AND EXPERIMENTAL
HIGHLIGHTS
An important feedback from SNS is the conﬁrmation
that HOM dampers wouldn’t be necessary for ms pulse
machines with peak current of 30 mA at 60 Hz with less
than one hundred cavities [31]. No sign of beam degradation induced by HOMs was observed in this linac. On
the other hand, unexpected beam loss have been measured
in the SC section [32]. One possible origin could be the
SNS linac quadrupole magnets that have unfavorably large
dodecapole components. In reference [29], it is detailed a
study which shows that sixth-order weak resonances may
be excited. Beam dynamic simulations are performed and
shown that 60, 90 and 120◦ phase advance resonances
at zero current in the superconducting linac could be excited. According to simulations, the weak resonance leads
to beam halo and can cause linac beam loss in addition to
several other possible mechanisms. A slight reduction of
quadrupole strengths and transverse phase advances from
60◦ could avoid this weak resonance and decrease the linac
beam loss.
To give rise to space charge induced resonances, a recent experiment has been carried out at GSI [34]. Measurements of transverse phase space distributions behind
a periodically focusing structure reveal a resonance stop
band above zero current phase advance of 90◦ per focusing
cell. These experimental ﬁndings agree very well with results from three different beam dynamics simulation codes
and the present theory (see ﬁgure 3).

SUMMARY
The inventory of different instability mechanisms and
their studies provide guidelines for linac design. The
present knowledge in this ﬁeld points out that several rules
or limitations must be respected when working points of
the accelerator are deﬁned. From beam envelop instability
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issues, the transverse phase advance at zero current must
be less than 90◦ . From synchrobetatron coupling, the longitudinal phase phase advance at zero current must be less
than the transverse phase advance at zero current. To avoid
the sextupole instability, it is required to minimize the dodecapole component of the quadrupole magnets, otherwise
the linac will have to operate with a transverse phase advance at zero current lower than 60◦ . This means that the
transverse acceptance will have to accommodate a larger
beam.
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LOSS CONTROL AND RELIABILITY ISSUES IN HIGH INTENSITY
LINACS
M. Comunian, INFN/LNL, Legnaro, Italy
Abstract
New projects like IFMIF or the new generation of
Spallation Neutron Source require high power beams with
high availability and reliability. To achieve these results
one needs low beam losses and a good control beam
dynamics.
This paper focuses on the important characteristics and
critical beam dynamics design issues for the high
intensity linacs. In particular the techniques used for the
loss control at the design stage, with the emphasis on the
physical phenomena like emittance growth and halo. The
reliability issue will be addressed with practical examples
from the low energy and high current IFMIF-EVEDA
project and comparing this case with higher energy
projects.

INTRODUCTION
The emittance growth and the halo control is an issue in
the new high intensity Linac like IFMIF [1] and ESS [2],
for that the design is very important to mitigate the beam
losses.
In this way is it possible to keep induced radioactivity
to a low level and to retain hands-on maintenance of the
accelerator with personal safety and environmental
protection for ground, water and air.
A low emittance also guarantee a good beam quality for
the experimental setup that is an issue for high energy
accelerators, on the other hand the final emittance is not
so important for low energy accelerators with an high
power target to heat up.
To guarantee hands-on maintenance the level of beam
loss must be in average below 1W/m, but this figure is
valid only at high energy instead for a low energy the safe
level of beam losses can be relaxed.
A low level of beam losses is also necessary to protect
machine part from beam related break, like radiation
structural
damage
and
thermal
damage
of
superconducting components.

EMITTANCE GROWTH AND HALO
CONTROL
Transverse Emittance Control
The transverse emittance is created in the accelerator
source and is mainly due to fact that the beam is created
in a magnetic fields, in this way by the conservation of
angular moment, the beam at the source exit present an
emittance different from zero. After the beam creation, the
source extraction electrodes, the level of neutralization in
the low energy beam transport, the magnets aberrations
and last but not least the space charge, increase the
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transverse emittance. More in general all the non linear
self E.M. fields and external E.M. fields increase the
transverse emittance.
In the RFQ (Radio Frequency Quadrupoles) accelerator
the transverse emittance is almost constant, the only zone
where the emittance can increase is in the "coupling gap
section", these abrupt interruptions in the electrodes are
presents in very long, respect to the wavelength, RFQ.
In the MEBT (Medium Energy Beam Transport)
Transport, from the RFQ to the following Linac, DTL
(Drift Tube Linac) or SC (Super Conducting) cavities, the
transverse emittance typically increase, this is due to the
fast change in the phase advance per meter, from a very
short focusing period (inside the RFQ) to a more long
focusing lattice, like inside the DTL, or still more longer
focusing period inside the SC cavities. To avoid the
problem is it necessary to reduce the period length in the
following linac, by increasing the final period in the RFQ
reducing the focusing force and/or rising the final RFQ
energy.
In the DTL part of the linac the transverse emittance is
constant, due to the regular focusing lattice design.
In the SC part of the linac the transverse emittance
should be conserved, but this is more challenging due to
the longer focusing period.
Another small source of transverse emittance growth is
the change in the RF frequency along the linac, due to
non linear effects of the E.M. Bessel components that
double by doubling the frequency, for the same beam size.

Longitudinal Emittance Creation and Control
The longitudinal emittance is formed in the RFQ and
the final value can be control by using a longer shaper
section with a right numbers of longitudinal phase
advance rotations. In the case of high intensity RFQ the
longitudinal space charge phenomena can increase quite
fast the emittance due to the presence of baffles in the
phase space that also induce fast longitudinal losses. In
this way a long shaper section in a high intensity RFQ get
more losses, i.e. low longitudinal capture, than low final
longitudinal emittance.
The part of the beam that is not captured longitudinally
can be scraped out at the end of the gentle buncher by
reducing the RFQ small aperture "a", in this way that part
of the beam is removed at low energy and induce only a
small activation of the structure.
The longitudinal emittance can be transported, from the
end of the shaper, up to the end of the RFQ without
increase, due to the regular longitudinal focusing scheme,
if is avoided a fast change in the synchronous phase
inside the RFQ.
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In the MEBT section the longitudinal emittance can
increase due to the difficult of keep a longitudinal
focusing scheme, with the bunchers, to inject in the
matched longitudinal acceptance of the following linac.
In particular a RMS phase spread of more than 10 deg,
can put part of the beam in the non linear zone of RF
fields, due to the longitudinal sinus behaviours of E.M.
fields.
After the MEBT in a DTL section the longitudinal
emittance can be kept constant by changing in a smooth
way the synchronous phase. This can also be done in a SC
cavities linac, but is more challenging due to the longer
longitudinal focusing period.
Particular care must be put in the frequency jump linac
sections, due to the change of the longitudinal phase
space acceptance. If the frequency jump is made by
keeping a constant longitudinal acceptance, the
longitudinal emittance is constant.
More in general if part of the beam goes out of the
longitudinal acceptance that part of the beam can be loose
quite fast after few periods or in the next linac section.

Halo Formation
The beam halo is an important characteristic of highintensity beams. By visual inspection of simulated
particle distributions, we can intuitively identify halo as
the tails present in the phase space. However is important
to obtain a more quantitative value of this phenomenon.
In the article of C. K. Allen and T. P. Wangler [3], has
been investigated parameters based on moments of the
particle distribution that provide a quantitative description
of halo.
The halo parameter H contains additional information
as to the beam state, since it is possible to have emittance
growth without halo growth and big halo growth with
very small RMS emittance growth.
As with emittance, the halo parameter is invariant
under linear forces. Thus, halo growth is necessarily the
result of nonlinearities.
If the halo is formed in the low energy part of the linac
these can induce losses in the high energy part of the
linac.
The transverse halo in the RFQ is almost constant if the
RMS beam size is almost constant along the RFQ.
The longitudinal halo in the RFQ, after the shaper, is
also almost constant. In the RFQ shaper the rapid
formation of the longitudinal emittance creates baffles
and tails, that the halo parameter report, but at the end of
the longitudinal capture process the beam distribution is
almost regularized, if the not captured particles are
scraped out.
Another source of halo can be the MEBT section if the
beam is going mismatched in the following linac section,
DTL or SC cavities.
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HIGH INTENSITY LINAC DESIGN ISSUE
Beam Losses
The first concerned of a high-average-current highenergy facility is radiation hazard due to beam loss. There
are two types of beam losses: continuous beam loss of
normal operations, like the missing longitudinal capture
of particles in the RFQ, and incidental beam losses in
which part or the entire beam is lost as an example in the
case of a SC cavity failure.
The radiation dose produced by small but continuous
beam loss accumulates over time and is the main concern
for radiation safety, at high energy this is described by the
limit of 1W/m that corresponds, at above 1 GeV, to
approximately 2*1011 n/s produced by Spallation on a
metallic (W) target orthogonal to the beam with about 1
mA.
At example for 1MW beams the losses must be below
10-6 for meter, which means in the simulation the
necessity of follow more than 106 macroparticles along
the linac.
At low energy, below 100 MeV, the neutron production
is much less abundant, by several orders of magnitude,
and allowed losses that must be scaled with the lower
neutron production.
In the nominal IFMIF case, we lose, with an input beam
distribution waterbag, more than 350 W from the RFQ,
with neutron production on copper largely below 1010 n/s,
i.e. in the IFMIF RFQ the level of losses are more than 30
W/m.

Phase Advance Design
The phase advance per period L is defined as:
s+L

εu

s

u2

σu = ∫

ds u ≡ x, y, z

where ε is the not normalized RMS emittance and <u2> is
the squared RMS beam size, the phase advance can be
defined for every plane of beam motion X, Y as
transverse plane and Z as longitudinal, or along the beam,
plane. In a high intensity linac the phase advance is one of
the most important parameter to check for avoid
problems, like emittance growth and beam losses. As
example keeping constant the phase advance along the
linac means that the ratio of emittance on beam size stays
constant, i.e. in a perfect matching condition. In the
presence of space charge the phase advance (σ) is less
than the tune without space charge (σ0), due to the larger
beam size. The ratio of this tune is defined as "tune
depression", and should not keep below 0.4 to avoid very
large beam size due to the nonlinear and chaotic space
charge effects [4]. Anyhow for a low energy and high
intensity Linac, like in the IFMIF case, can be possible to
transport the beam with a tune depression of about 0.2,
without beam losses but with emittance growth.
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Resonances of the Structures Lattice
The magnitude of lattice tune σ0 must be below 90° to
avoid emittance growth and halo formation [5], [6]. In
general this condition expresses the necessity of a short
period means that the distance between focusing elements
cannot be very large. In the longitudinal plane this rule
imposes as consequence a not so large energy gain per
meter. A low cost linac design typically requires the
opposite: large energy gain per meter and low as possible
number and force of focusing elements, so this rule on
phase advance is very expensive.

Equipartitioning
The exchange of "thermodynamics" energy between the
X, Y and Z beam motion plane is a problem that can
induce emittance exchange and halo formation [7]. To
avoid the problem the beam must be "Equipartitioned"
means that:

ε n, x ⋅ k x = ε n, y ⋅ k y = ε n, z ⋅ k z
where ε is the RMS normalized emittance and k is the
phase advance per meter.
In a RFQ this condition requires a particular attention
to avoid that the created longitudinal emittance, typically
a factor two larger than the transverse emittance, produces
an increase in the transverse emittance.

RELIABILITY ISSUE
The Reliability of a high intensity linac accelerator start
from the early design phase and continue up to a long
statistical story of years of machine runs. In the design
phase is very important to evaluate the failure mode and
the effects analysis of every components of the system
like RF, cryogenics, conventional facility and so on, its
aim is to identify all the possible failure modes of
components, analyze their effects on the system
performance, and suggest solutions and improvements. In
the risk analysis, it is important to include also severity
ranking for the failures and possibly their frequency.
As an example a long run of beam source and RFQ,
before the final installation, is crucial to evaluate a long
term trustworthiness of the system.
The main source of trouble in the beam source can be
the reduced consumption of components like the gas use
or the cathode. Another problem of ion source and also in
the RFQ can be the sparking rate, means the rapid
electrical discharge in electrodes zone, with beam losses
and equipments damages. All this kind of problems must
be addressed in the design phase, for example by using a
lower surface electrical field.
A flexible linac lattice with additional optics transport
solutions can be a beam dynamics design that contributes
a beam transport with faulty elements.
Moreover a larger longitudinal acceptance could even
handle the instantaneous failure of one cavity.
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The design phase can be the most effective way in
improving reliability and availability of the system by
derating and redundancy/spares.
The solution of derating allows putting less stress on
the components and in general guaranteeing a longer
lifetime and hence a higher reliability.
The Redundancy can be applied to key elements of the
system that may induce its failure, for example a new
linac project can consider the use of two beam source and
of a reliable RF system, with possibly redundant or with
graceful fault as an example a multistage solid state
amplifier.
Although this approach improves the system reliability,
it increases the number of components and hence the
failure rate, requiring a more complex organization of the
system logistic.
A very important aspect in the reliability is the accurate
record keeping of problems that interfere with beam
delivery. These records should be started at the beginning
of the commissioning stage and should be maintained for
all the life of the accelerator.

IFMIF RFQ DESIGN ISSUE
The RFQ of IFMIF-EVEDA project [1] is characterized
by very challenging specifications, with 125 mA of
deuteron CW accelerated up to 5 MeV. The objectives of
EVEDA (Engineering Validation Engineering Design
Activities) are to produce the detailed design of the entire
IFMIF facility, as well as to build and test a number of
prototypes, including the high-intensity CW deuteron
RFQ that will be design and build in Italy by INFN and
then assembled and operated at Rokkasho in Japan.
The main IFMIF RFQ parameters are reported in Fig. 1
Shaper

GB

Accelerator

Figure 1: Main IFMIF RFQ parameters along the
structure.
In the IFMIF RFQ there is no coupling cell, so the
electrodes are almost continuous.
The beam evolution inside the IFMIF RFQ is show in
Fig. 2. In red are reported the losses, more concentrate in
the low energy part. The input distribution is Gaussian
like, to increase the ratio RMS over total emittance. The
total transmission in this case is 94%, in the case of a
WaterBag distribution as RFQ beam input the
transmission is about 99%.
The emittance and Halo along the IFMIF RFQ is
reported in Fig. 3. Apart from the longitudinal emittance
Beam Dynamics in High-Intensity Linacs
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formation process in the shaper, there is no Halo or
emittance growth in IFMIF RFQ, this is due to the
accurate choice of the phase advance parameters.

Figure 2: IFMIF RFQ beam envelopes along the structure.

Shaper

GB

Figure 4: Phase Space at IFMIF RFQ output with 107
macroparticles, i.e. <0.1W for macroparticle.

Accelerator

Figure 5: Stability chart, with overlapped the phase
advance ratios for Shaper (BLU), G. Buncher (GREEN),
and Accelerator (RED).

SPES DTL STUDY DESIGN ISSUE
Figure 3: RMS Emittance and Halo along the IFMIF
RFQ.
The Phase space at IFMIF RFQ exit is show in Fig. 4.
Is it possible to see the absence of no longitudinal
captured particles, in the range from 0.1 MeV to 5 MeV,
means that a particles or is captured and go to 5 MeV or
rest at the initial energy.
In the stability chart for the IFMIF RFQ in Fig. 5, is
reported the ratio of longitudinal phase advance over
transverse phase advance respect to the tune depression,
the graph show that the accelerator section is well
equipartitioned.

Beam Dynamics in High-Intensity Linacs

A 2008 proposed SPES driver is composed by an
Alvarez DTL for proton, in the range of energy from 5 to
100 MeV. It transports a high intensity beam of 50 mA of
peak, for an average current of 1.5 mA. The high rep rate
(50 Hz) is necessary for the correct mechanical behaviour
of the target [8].
This accelerating structure is the same proposed for
DTL of LINAC4 at CERN. A prototype of this structure
has been constructed in Italy with the joint effort of
CERN and LNL. The beam focusing in SPES DTL is
guaranteed by permanent quadrupoles magnets with
alternated polarity (FFDD scheme) hosted in the
accelerating tubes. The beam dynamics design was aimed
at keeping the transverse and longitudinal phase advances
continuous.
In Fig. 6 is showed the beam envelopes along the DTL.
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Figure 6: Envelopes plot along the SPES DTL.
The RMS emittance and Halo, along the SPES DTL is
reported in Fig. 7, we can observe a small longitudinal
RMS emittance growth.

Figure 8: Stability chart, with overlapped the phase
advance ratios for SPES DTL.
It is necessary to look at Equipartitioning in the RFQ
and DTL and at the longitudinal emittance formation.
For a Low Energy Linac is not a problem the emittance
growth it is necessary the use of large cavity bore, means
bore/rms>10 and carefully design the matching between
the linac sections to avoid losses.
For the Beam Reliability issues are necessary the
redundancies of hardware and a flexible lattice design.
A large longitudinal acceptance cans also accommodate
a cavity failure.
All the simulation here reported has been made by
using the CEA programs "TraceWin" and "Toutatis" [9].
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Abstract
Inhomogeneous cold beams undergo wave breaking as
they move along the axis of a magnetic focusing system; the largest the inhomogeneity, the soonest the breaking. The present analysis however reveals that the wave
breaking time is very susceptible to beam mismatch. It is
shown that judiciously chosen mismatches can largely extend beam lifetimes. The work includes some recently discussed issues: the presences of fast and slow regimes of
wave breaking, and the role of thermal velocity distributions in space-charge dominated beams. In all instances,
the theory is shown to be accurate against simulations.

INTRODUCTION
It is well known that magnetically focused beams of
charged particles can relax from non-stationary into stationary flows with the associated particle evaporation [1].
This is the case for homogeneous beams with initially mismatched envelopes flowing along the magnetic symmetry
axis of the focusing system. Gluckstern [2] showed that
initial oscillations of mismatched beams induce formation
of large scale resonant islands [3] beyond the beam border:
beam particles are captured by the resonant islands resulting in emittance growth and relaxation. A closely related
question concerns the mechanism of beam relaxation and
the associated emittance growth when the beam is not homogeneous. On general grounds of energy conservation
one again concludes that beam relaxation takes place as
the coherent fluctuations of beam inhomogeneities are converted into microscopic kinetic and field energies [4]. Recent works actually show that in the case of cold beams
relaxation proceeds in two basic steps. Firstly, wave breaking itself pushes particles off the beam. Secondly, ejected
particles are heated up as they absorb energy from macroscopic coherent oscillations of the remaining beam core.
Wave breaking is therefore the key feature in the relaxation
of cold inhomogeneous beams since it produces those particles that will later form the relaxing beam halo.
Two instances leading to wave breaking in inhomogeneous beams have been identified. Originally, a threshold was obtained in terms of gradients in the amplitude of
waves propagating across the beam [5, 6]. While below the
threshold breaking is absent, above the threshold it is fast.
∗ Work supported by CNPq and FAPERGS, Brazil, and by AFOSR,
USA, grant FA9550-09-1-0283.
† pakter@if.ufrgs.br

Beam Dynamics in High-Intensity Linacs

As particles largely displaced from their equilibrium positions are released, they overtake each other in less than one
plasma wave cycle. Density singularities and wave breaking are thus created, and particles are pushed off the beam.
A more thorough analysis however shows that not only amplitude gradients, but also the formerly neglected gradients
of the spatially varying frequency of the density waves is
a key factor determining wave breaking [7, 8]. The physical process is different from the previous, as one shows
that no threshold exists in this latter case. Particles slowly
move out of phase due to small differences in their oscillatory frequencies, until a time when one eventually overtakes another. At that instant the infinite density peak is
again formed generating the breaking.
In all the previous discussion, no particular attention is
directed toward beam size; the basic interest was the role of
beam non uniformity on wave breaking. One should note,
however, that since wave breaking is essentially dictated by
compressions and rarefactions of beam densities, it may be
quite possible that expansions or contractions of the beam
transversal size has a noticeable effect on the process. In
particular we will show that, contrarily to the homogeneous
beam case where envelope mismatch is an undesirable feature, for inhomogeneous beams it may largely delay wave
breaking, extending beam lifetime. Analytical treatment
can be made if one considers crystalline cold beams which
have been attracting a growing amount of interest lately [9].
We shall therefore expose our case with aid of this type of
system, introducing moderate temperatures later to study
warmer, but space-charge dominated beams.

BEAM PROFILE AND WAVE BREAKING
Consider an axially symmetric, collisionless, unbunched
beam moving with constant velocity along z. Ignoring
longitudinal smoother gradients, one obtains the relevant
fields with help of Gauss’s law as one considers the larger
transversal gradients. The equation for the radial motion of
any cylindrical layer of the beam thus takes the form [8]
Q(r)
,
(1)
r
primes indicating derivatives with respect to z for stationary beams. Q(r) is a measure of the total charge up to the
present radial layer position. It reads Q(r) = KN (r)/Nt ,
where K = Nt q 2 /γ 3 mβ 2 c2 is the beam perveance, with
N (r) denotintg the number of particles up to radial coordinate r, and Nt their total number. q and m denote the beam
r = −κ r +
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particle charge and mass, respectively. γ = (1 − β 2 )−1/2
is the relativistic factor where β = vz /c, vz is the constant axial beam velocity, and c is the speed of light.
κ ≡ (qB/2γmβc2 )2 where B is the constant axial focusing magnetic field.
We suppose that the beam starts off from rest as a cold
fluid. Then, while particles do not overtake each other,
Q(r, z) may be evaluated for any layer located at radial position r as the initial value Q(r0 ), where r(z = 0) ≡ r0 . In
a likewise fashion, one can compute the amount of charge
contained between two neighbor layers located at r and
r + dr in the form
dQ = 2πrρ(r, z)dr = 2πr0 ρ(r0 , 0)dr0 ,

(2)

where ρ denotes the particle density of the system. The
expression for dQ tells us that the density evolves as
 r   ∂r −1
0
.
ρ(r, z) = ρ(r0 , 0)
r
∂r0

(3)

Beams with perfectly matched envelopes are the ones for
which the initially farthest radial layer rb0 is in equilibrium:
2
rb0
= K/κ from Eq. (1). Eq. (3) reveals that the density
function develops a singularity when the orbital equation
r = r(r0 , z) becomes multivalued with ∂r/∂r0 = 0. This
point corresponds to a potential barrier not all particles can
move across. Some particles do move through the barrier,
but some are reflected relaxing the beam via kinetic effects
associated with emittance growth. So, it all depends on the
behavior of the compressibility factor ∂r/∂r0 as a function
of “time” z. An approximate solution for small oscillations
can be obtained from Eq. (1) in the fluid state where Q(r)
can be replaced with Q(r0 ) as explained earlier:
r(z) ≈ req + A cos(ωz).

(4)

The solution describes an oscillatory motion of amplitude
A ≡ r0 − req aroundan equilibrium point req promptly
recognized as req = Q(r0 )/κ from Eq. (1). The amplitude depends on r0 , and the nonlinearly corrected frequency also does: canonical perturbative theories show that
[8, 10]
2
√ 
√
A
κ
ω(r0 ) = 2 κ + √
.
(5)
6 2 req
Therefore, if from Eq. (4) one writes down the compressibility factor one arrives at
∂r
∂req
∂A
∂ω
=
+
cos(ωz) − z
A sin(ωz).
∂r0
∂r0
∂r0
∂r0

(6)

If the amplitude inhomogeneity is sufficiently large that
∂A/∂r0 > ∂req /∂r0 , wave breaking takes place within
a cycle of oscillation as the cosine’s phase slips from zero
towards π. In this case the last term on the right hand side
2
)
of Eq. (4) can be safely neglected as a small O(A2 /req
quantity. The threshold condition for fast wave breaking
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dominated by the amplitude gradient can also be written in
the convenient form

∂Q
Q>
.
(7)
∂r0
In typical configurations of beams with humped cores and
dilute populations near the border, ∂Q/∂r0 → 0 and the
condition for wave breaking is easily satisfied there. This
is the fast regime analyzed in Refs. [5, 6], as mentioned
earlier. In addition to this fast regime, another clear fast
regime is found as one considers hollow beams, where densities are extremely high near the beam border, and small
at the center. In this case, in contrast with the previous,
∂Q/∂r0 is large near the border and the threshold condition is unlikely to be fulfilled there. On the other hand,
near the beam center where Q ∼ ρr2 for a local density ρ,
the condition is automatically satisfied for vanishing small
densities. In general, beams may display fast wave breaking wherever the density is so small that the charge accretion satisfies ∂Q/∂r0 → 0.
When the threshold for the fast wave breaking is not attained, a simple oscillatory process cannot bring the compressibility factor to the state ∂r/∂r0 = 0. This is where
the last term of Eq. (6) begins to play its crucial role. Corrections to the frequency are small, as mentioned, but the
respective term present in Eq. (6) grows linearly with the
time z. Thus, no matter how small is the inhomogeneity, for sufficiently long periods of time the term involving the frequency derivative will become large enough that
∂req /∂r0 ∼ z ∗ A ∂ω/∂r0 for a given z ∗ = z ∗ (r0 ). Neglecting the nonsecular term, at this point the wave breaking singularity ∂r/∂r0 = 0 will be reached again. The
earliest breaking time is the one of physical relevance. It
is obtained here as the minimum of z ∗ (r0 ) over all r0 ’s in
the form zwb ≡ minr0 {z ∗ (r0 )}, from which convenient
approximations shall be discussed later.
Therefore: (i) Starting from humped core beams with
very low densities at the borders, wave breaking is fast and
occurs at the beam border. This is the case studied in previous papers where the frequency term was neglected. (ii)
Next, as one diminishes the density contrast between beam
core and beam border, one enters a slow regime where
the rapidly oscillating compressibility factor modulates linearly with z, reaching the wave breaking state ∂r/∂r0 = 0
after long time periods. This is the case investigated in
Ref. [8] where the amplitude term was in turn neglected.
We note that in contrast to the fast regime, the slow regime
of wave breaking does not involve any threshold. As long
as beam inhomogeneities are present, the beam is bound to
undergo wave breaking. (iii) Finally, with further increase
of the density contrast, now with higher densities near the
border, a new zone of fast wave breaking is reached where
breaking occurs near the beam center.

CONTROLLING WAVE BREAKING
We now add the effect of a mismatched beam border
to an inhomogeneous profile [11]. As argued before, we
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Figure 1: Wave breaking time versus initial beam radius in
panel (a). z ∗ = z ∗ (r0 ) for rb0 = 0.8 in panel (b) and for
rb0 = 0.9 in panel (c). Beam phase-spaces just after the
breaking: rb0 = 0.8 in panel (d) and rb0 = 0.9 in panel
(e).
All radiuses given in units of
 In all cases, χ = 0.6.−1/2
K/κ and z in units of κ
; v ≡ r . Simulations based
on Gauss’s law using 50000 cylindrical shells.
expect that a beam with varying size may have a significant influence on its inner density distribution and, consequently, on the compressibility factor. We shall investigate
the effect in slow regimes, since within the fast regimes
a rescaling of beam size has no significant effect on the
breaking time. We now need to specify the beam profile
we will be working with. It is taken in the general parabolic


 2
form
2r0
2K
−
1
,
(8)
ρ(r0 ) = 2 1 + χ
2
πrb0
rb0
for r0 ≤ rb0 where rb0 is the initial beam size and −1 ≤
χ ≤ +1 measures the degree of inhomogeneity; χ → −1
for humped and χ → +1 for hollow beams. We evalr
uate the charge as Q(r0 ) = 0 0 2πrρ(r)dr and use the
result to see that the slow region lies within the borders
χmin =
 −0.5 and χmax = 0.75 for the matched beam
rb0 = K/κ. With that information, to be corroborated
later, we construct Fig. 1(a) using χ = 0.6, where the earBeam Dynamics in High-Intensity Linacs
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liest wave breaking time zwb is displayed as a function of
beam size. In all forthcoming numericaldiscussions radial coordinates will be given in units of K/κ and z in
units of κ−1/2 . Note that because of our choice of the inhomogeneity χ = 0.6, we do fall in a slow region, at least
in the vicinity of the matched beam. The thick line is obtained exactly as one integrates Eq. (1) and its derivative
with respect to r0 , all in the fluid state where we can replace Q(r) → Q(r0 ). The thin lines, whose origins will
be discussed shortly, are based on the perturbative solution
Eq. (6) and approximate the exact curve on the right and
left sides of the peak. In addition to the peak the plot reveals strong sensitivity to the choice of rb0 . We note that
the matched beam is not the one with the largest lifetime
before breaking. The longest living beam is the one at the
peak where rb0 ≈ 0.85, and its breaking time is around
five times larger than the matched beam’s time. The reason for the sharp peak can be understood in panels (b) and
(c) where we plot the local wave breaking time z ∗ (r0 ) as
a function of the initial position of the corresponding fluid
element; as mentioned earlier, the earliest (smallest) breaking time is the one of physical significance. Panel (b) represents one point rb0 = 0.8 on the left side of the peak. For
this point and all others on the left side the earliest breaking occurs at the beam border (B). Panel (c) represents
the point rb0 = 0.9 on the right side of the peak of panel
(a), and reveals that the earliest breaking time for this point
(and all others on the right side) occurs in the inner (I)
body of the beam. The curves for rb0 < 1 always reveal
two local minima separated by a divergent z ∗ . The divergent point corresponds to a fixed equilibrium point located
inside the beam; that portion of the beam extending up to
the fixed point behaves like a matched beam of smaller radius than the whole. This helps to obtain the wave breaking
I
in the inner region (rhs approximation) as one can
time zwb
use minimizing procedures applied to fully matched beams
[8]:
I
zwb


=

3
2κ

1/2

√
α3 4 1 − χ + χ − 1
, (9)
√
2 √
3−α
1 − χ + χ − 1

√
where α ≡ (1 + 2 1 − χ − χ )1/2 and χ = 1 + (χ −
2
1)K/κrb0
is a renormalized inhomogeneity factor. As for
B
(lhs approxthe wave breaking time at the beam border zwb
B
∗
imation) one simply evaluates zwb = z (r0 = rb0 ):


√
B
zwb
= 3 2(χ + 1) rb0 κ/K(rb0 κ/K − 1)2 χ

−1

.
(10)
There is thus an abrupt transition between these two
regimes precisely at the peak, where the beam simultaneously breaks at the center and at the border: rb0 at the
I
B
peak is obtained from zwb
= zwb
. We also perform full N particle simulations based on Gauss’s law [12] using 50000
cylindrical shells. The simulation results shown in panels
(d) (rb0 = 0.8) and (e) (rb0 = 0.9) of Fig. 1, confirm the
abrupt transition. When χ < 0 the behavior is reversed, but
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Figure 3: Relaxing emittance for various rb0 ’s, all cases
with a small initial velocity√
spread Δv = 1.6×10−2 around
v = 0; velocity in units of K.

Figure 2: Wave breaking time map in the χ × rb0 -space.
Colors are related with magnitude of the wave breaking
time. Doted line comes from the analytical approach, and
indicate the loci of maximum wave breaking time. Black
means zwb > 105 .
otherwise equivalent, with the internal fixed point appearing when the beam is stretched with rb0 > 1.
We now investigate the roles of size and profile in a unified way. To do so we construct Fig. 2 where the earliest
breaking time is coded in colors, as a function of the control
parameters rb0 and χ. The plot covers a wide range along
the horizontal axis and covers the full χ range −1 < χ < 1,
enabling the see the fast wave breaking regions and all details of the slow region. The bent dotted line represents the
loci of the largest wave breaking time. What was suggested
in Fig. 1 is fully confirmed here: wave breaking strongly
depends not only on the beam profile χ, but also on the
beam size rb0 ; see expression for χ . And more: Fig. 1(a)
teaches how a judicious mismatching applied to rb0 may
help to control the deleterious effects of non uniformities
across the beam section. Even the borders of the fast regions respond to the mismatch: if for a given χ one is not
too deep into the fast regions, a shift in rb0 can bring the
system into the slower region of wave breaking. Note that
previous estimates for the matched beam zoning are accurate.

THERMAL BEAMS
The relevance of crystalline beams has been reported in
a series of recent works [9, 8], but one might wonder how
the theory applies to space-charge dominated, but warmer
beams [13]. Is it still possible to control the extent of the
fluid-like state prior to relaxation with help of convenient
mismatches applied to the beam envelope size? To answer
the question the reader is referred to Fig. 3 where we ana-
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lyze the issue. In all cases we start with particles spatially
distributed according to the parabolic ρ(r0 , χ), but with
a small and uniform normalized velocity spread of width
Δv = 0.016 around the axis v = 0. Emittance growth is
used as a tool to measure thermal effects and beam relaxation. Emittance ε is evaluated
as the average, <>, over all
√
beam particles: ε = 2 < r2 >< v 2 > − < rv >2 .
Particles are ejected from the cold core providing a numerous population that can be accelerated by the remaining oscillating core to create a diffuse halo. As the halo
is established, coherent beam oscillations relax and beam
emittance saturates. Emittance initially oscillates while the
beam behaves mostly as a regular fluid; emittance compensating techniques can be applied here to reduce the effects
of oscillations on beam quality [14]. Relaxation is attained
later when the emittance evolves to the flat line, thermal
regime of the figure. rb0 for curves (a) and (c) are symmetrically located around the peak rb0 ≈ 0.85 of Fig. 1(a),
both corresponding to the same zwb . Fig. 3 reveals that
their relaxation times are similar and smaller than curve
(b) where we represent the point associated with the peak
rb0 ≈ 0.85. The trend associated with the role of mismatch thus remains the same as observed in the cold wave
breaking calculations: one can considerably postpone the
thermal regime with an adequate choice of the initial beam
size.

CONCLUSION
To conclude, we find two types of wave breaking situations in space charge inhomogeneous beams: a fast breaking commanded by amplitude gradients of density waves
across the beam, and in its absence, a slow breaking commanded by frequency gradients. The latter has no threshold and is bound to happen no matter how small is the
beam non uniformity. Then, in all instances, we showed
how a judiciously chosen envelope size mismatch can significantly extend the beam life time as compared with the
traditional perfectly matched case. Finally, small thermal
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effects were considered, to show that even warmer beams
can still be well controlled with envelope mismatches. The
present investigation is concerned with control of irreversible growth of thermal emittance in beams displaying
non laminar transverse motion. Our results show that convenient envelope mismatches provide a desirable degree of
control.
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Abstract
The SPIRAL2 facility at GANIL-Caen is now in its
construction phase, with a project group including the
participation of many French laboratories (CNRS, CEA)
and international partners. The SPIRAL2 facility will be
able to produce various accelerated beams at high
intensities: 40 MeV Deuterons, 33 MeV Protons with
intensity until 5mA and heavy ions with A/Q=3 up to 14.5
MeV/u until 1mA current. We will present the final status
of the high energy beam transport lines of the new
facility. Various studies were performed on HEBT and
beam-dump concerning beam dynamics, safety and
thermo-mechanicals aspects. New experimental areas
using stable beams and the cave dedicated to radioactive
ion production will be presented according the scientific
program.

INTRODUCTION
The construction phase of SPIRAL2 is already
launched within a consortium formed by CNRS, CEA and
the region of Basse-Normandie in collaboration with
French, European and international institutions [1, 2]. The
facility will deliver high intensity rare isotope beams for
fundamental research in nuclear physics, high intensity
stable heavy ions beams, and high neutron flux for
multidisciplinary applications. SPIRAL 2 will give access
to a wide range of experiments on exotic nuclei, which
have been impossible up to now. In particular it will
provide intense beams of neutron-rich exotic nuclei (106–
1010 pps) created by the ISOL production method. The
extracted ion beams will subsequently be accelerated to
higher energies (up to 20 MeV/nucleon) by the existing
CIME cyclotron, typically 6–7 MeV/nucleon for fission
fragments. A low energy branch will be build to transport
the beam to the DESIR hall. High intensity stable isotope
beams and high power fast neutrons are other major goals
of the facility. After two years of preliminary study, and
following the decision to launch the construction phase, a
complete design of the driver accelerator is presently
under way [3]. This paper describes the studies performed
on the high energy beam transport lines which deliver
stable beams to experimental areas, radioactive
production cave and beam dump.

GENERAL LAYOUT OF THE DRIVER
ACCELERATOR
The driver accelerator delivers CW beams of deuterons
(40 MeV, 5 mA) and heavy ions (A/q=3, 14.5 MeV/A, 1
mA). The injector is composed of two ion sources
(deuterons and heavy ions) and a common RFQ cavity
(88 MHz) [4]. The superconducting LINAC is composed
of two sections of quarter-wave resonators (QWR), beta
0.07 and 0.12 at the frequency of 88 MHz, with room
temperature focusing devices [5, 6]. After the LINAC,
ions are transported using various high energy beam
transport (HEBT) lines according to experimental
programs. Beams can be transported to the beam-dump,
to experimental areas like the Neutrons For Science
(NFS) area, the Super Separator Spectrometer (S3) or to
the converter of the radioactive ions production area.

Figure 1: General scheme of the SPIRAL2 facility.
It must be noticed that in a second phase of SPIRAL2, a
heavy ions source with A/q=6 will be built with its
associated injector. The LINAC will accelerate these ions
up to 8.5 MeV/u. This point must be taken into account
for the design of the HEBT lines.

SPIRAL2 HEBT LINES
This paper will only focus on the beam transport
description after the superconducting LINAC. In a first
subsection we will give a compilation of the beam
characteristics at the LINAC exit. In a second subsection,
we will give the structure of the HEBT.
The well known TRACEWIN code is used for all beam
dynamics calculations [7].

___________________________________________
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Beams Characteristics after the LINAC
From TRACEWIN, we extract transverse and
longitudinal beams characteristics for all species after the
LINAC. They are used as inputs for HEBT lines
calculations. As an example, Table 1 gives a compilation
of the beam emittances for Deuterons at minimum and
maximum available energies.
Table 1: Beam specifications at the LINAC exit for
Deuterons beam
Deuterons
X-X’

Y-Y’

Z-Z’

E=40 MeV

THO1B04

fields are adjusted using 3 diagnostics at equal distances.
Same beam size for the two extreme diagnostics (D1 and
D3) is required; a central diagnostic (D2) will tune a
beam waist with RMS size in both planes verifying
relation (1).

E=4 MeV

Enorm=0.1797π.mm.mrad

Enorm=0.1733π.mm.mrad

α=-0.0729,
β=1.0691 mm/π.mrad

α=-0.105,
β=1.1194 mm/π.mrad

Enorm=0.2090π.mm.mrad

Enorm=0.1783π.mm.mrad

α=-1.1941,
β=2.5362 mm/π.mrad

α=-1.5975,
β=3.6565 mm/π.mrad

Enorm=0.3301π.mm.mrad

Enorm=0.4415π.mm.mrad

α=-0.1228,
β=7.0461 mm/π.mrad
rms Phase=-1.74 °
rms E=0.04 MeV

α=-0.5693,
β=30.3660 mm/π.mrad
rms Phase=-22.6 °
rms E=0.005 MeV

Figure 2: 3D View of the HEBT lines of SPIRAL2.

Size x , y =

Lε n
3βγ

(1)

where L is the distance between 2 consecutives
diagnostics (L=1863 mm), εn is the normalized transverse
emittance in x and y and β, γ the particle speed and the
Lorentz factor. RMS Beam size values at the waist
diagnostic are from 1.0 mm up to 2.1 mm.

HEBT Structure
Since the preliminary design study phase, various
designs have been studied, according to the evolution of
physics requirements. In addition, a lot of parameters
have to be taken into account: beam dynamics of various
ion species at various energies, measurements (beam
profiles, position, energy, phase, emittance, current,
power loss) using different techniques, quadrupoles,
dipoles, and steerers sizes and locations, valves, vacuum
pumps... Transport lines cost and building implantation
are also some crucial aspects. Finally, a major pressure on
the HEBT design is the safety and radioprotection.
Final design, i.e. Fig. 2, takes into account the previous
listed parameters.
HEBT lines are designed with a limited number of
repeated structures:
• Matching sections composed of 4 quadrupoles are
used at the LINAC exit, for the beam dump, and at
the entrance of each experimental room,
• Triplet or sextuplet sections are used for transport,
with repetitive transverse waists and periodic
envelopes,
• Achromatic double deviations are used for beam
distribution and protection of targets against energy
fluctuations.
The HEBT beam dynamics scheme is such that we
have always the same radial envelopes, up to an
homothetic, according to the type of beam and the final
energy.
For the beam transport in the transverse plane, the most
important is to properly match the beam with the first
section at 4 quadrupoles as shown in Fig. 3. Quadrupoles

Beam Dynamics in High-Intensity Linacs

Figure 3: Transverse beam envelopes at 5 RMS for
deuterons at 40MeV in the matching section following the
LINAC.
An important feature will be the measurement precision
and reproducibility provided by secondary emission
profilers at low intensity. The impact of this type of errors
on HEBT lines have been study. Beam, quadrupoles and
measurements errors contributions to beam instabilities
are well managed with our design structure. Magnetic
steerers location along lines ensure beam alignments
around 1mm. Other repeated sections (triplet, sextuplet
and deviation sections) are tuned using a magnetic
rigidity scale. HEBT total length is 88.7 m and divides in
5 sub-lines
Components in connection with the beam dynamics can
be summarized:
• 49 quadrupoles with internal diameter 128 mm,
Lm=300 mm (2 families: Gmax=10 T/m and 13 T/m),
2 quadrupoles with internal diameter 160 mm,
• 8 rectangular dipoles at 45° with ρ=1.5 m, gap=80
mm, Bmax=1.68 T, P=56 kW,
• 3 SC cavities (β=0.07) working in buncher mode
used to provide very short bunch time lengths
required by NFS and S3 (North and South),
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• 12 steerers (both transverse planes), one per
section+4 vertical correctors in 90° deviation,
• 27 EMS profilers in both transverse plane,
• Beam energy measurement (time of flight method
and/or diamond like detector),
• Phase measurement,
• 4 beam position monitors, 11 beam loss monitors
• 12 loss rings with adapted internal diameter,
• Intensity measurements using ACCT, DCCT
We can now present new experimental areas, beam
dump cave (Phase 1 of the project) and radioactive ions
production area (SPIRAL2 Phase 2). General beam
characteristics requirements for the heavy ions will be
also given.

NEUTRONS FOR SCIENCE
The Deuteron and Proton beams delivered by the
SPIRAL2 LINAC are particularly well suited to produce
high energy neutrons in the 1 MeV – 40 MeV energy
range. The NFS area will be composed of mainly two
rooms: a converter room where neutrons are produced by
the interaction of deuteron or proton beams with thick or
thin converters, and an experimental hall with a well
collimated pulsed neutron beam. A white neutron source
from 1 up to 40 MeV energy range and quasi monoenergetic neutron beam will be available. This facility is
of first importance for academic research and applied
physics. Several research areas will be covered by NFS
like the study of the fission process, the transmutation of
nuclear waste, the design of future fission and fusion
reactors, the nuclear medicine or the test and development
of new detectors, etc. In addition, cross-section
measurements of neutron- and deuteron- induced
reactions could be realized by activation technique in a
dedicated irradiation station [8]. This experimental area
will be also used to study materials under irradiation
(DPA, neutron damage) in atomics physics fields.
As we can see only light particles beam will concern
NFS area: Deuterons, Protons, Helium. For safety reason,
maximum current will be limited to 50 μA for D-beam at
40 MeV. Neutrons ToF experiments impose a fast chopper
able to select 1/100 beam pulse. The fast chopper is under
study, and will take place in the Medium Energy Beam
Transport (MEBT) line of SPIRAL2. Beam sizes on
targets or converters are 4mm RMS in X and Y with a
variable focal point. Neutrons ToF experiments require a
short time pulse length (ΔT~1 ns at ±3 RMS) which is
almost realized using a β=0.07 cavity place before the
achromatic deviation along the HEBT line as shown in
Fig. 4.
Additional studies have been done on the dynamic of
the primary beam (slow down in the converter, deviation
using a dipole and stop with a dedicated system).
Complementary calculations have been done in order to
take into account all the processes in the NFS target area.
Careful attention is provided to the full layout of this
target room.
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Figure 4: Transverses and longitudinal beam envelops at
±5 RMS for Deuterons beam at 40 MeV, 5 mA from
LINAC exit up to NFS area.

SUPER SEPARATOR SPECTROMETER
S3 is a device designed for experiments using the very
high intensity stable beams of LINAC. These beams,
which will be provided in a first phase of SPIRAL2 ions
with A/q=3 (and in a 2nd step A/q=6), can reach intensities
exceeding 100 pμA for lighter ions A<40-50. These
unprecedented intensities open new opportunities in
several physics domains, e.g. super-heavy and very-heavy
nuclei, spectroscopy at and beyond the dripline, isomers
and ground state properties, multi-nucleon transfer and
deep-inelastic reactions. All of the experiments have the
common feature of requiring the separation of very rare
events from intense backgrounds. S3 will have a large
acceptance and clearly must have excellent primary beam
suppression. Spectrometer design is based on the
conceptual fragment separator proposed by J. Nolen [9].
Primary beam requirements on target are [10]:
• 0.2 ns time pulse length at ±3 RMS (in a future
phase). This feature imposes to use a β=0.07 cavity
placed after the deviation as shown in Fig. 2.
• ΔE/E<0.5% at ±3 RMS. This feature will be almost
fixed by the LINAC characteristics.
• Transverse flat beam, 1 mm in X, 10 mm in Y.
In order to decrease the power density deposed in the
rotating target, transverse beam requirements have been
carefully studied. First of all, it is theoretically possible to
use some sextupoles ([11, 12]). But beam sizes are too
small to obtain a stable solution. Otherwise, the variety of
beams and energies would impose to have a large set of
values for the sextupole tuning. In addition, by using
sextupoles, real transverse distributions present large peak
power densities at the extreme positions. Distributions are
largely sensible to the beam position in the line. This
solution was eliminated. According to Shafer remarks
[13], we proposed to use a beam sweeper system only in
the vertical plane placed after the last quadrupole of the
matching line. Final drift up to S3 target is 2.7 m long.
The system will be based on the “Direct Double Helix”
concept proposed by AML Company [14]. The system is
based on 2 shorts 150 mm long dipoles placed at 1 m
distance. 5mrad angle is needed to obtain a 10mm total
vertical beam painting on target. Second dipole
compensates the initial angle in order to suppress the
angle contribution to secondary fragments in the S3
Beam Dynamics in High-Intensity Linacs
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separator. Laminated iron yoke must be used in order to
work at few kHz.
Beam dynamics studies have been done as shown in
Fig. 5. Impacts on the S3 rotating target and beam
dynamic in S3 are not yet available. Technical design for
the beam sweeper magnet is also under study.

THO1B04

Transverse beam characteristics at BD entrance must be
independent of the species and their energy. Using last 4th
quadrupoles, we match the beam to obtain transverse
beam distributions at the BD entrance nearby 16mm and
2.8 mrad RMS. Under these conditions, no deposited
beam power is observed before the beam-dump.
Safety aspects of the beam-dump have been carefully
studies in the framework of the SPIRAL2PP European
collaboration project.

RIB PRODUCTION

Figure 5: 3 RMS vertical Beam envelops along the S3
matching section with and without the sweeper magnets.

BEAM-DUMP
The LINAC Beam dump (BD) is dedicated to the
commissioning of the facility, to the beam tuning, control
and qualifications. Beam dump must be able to accept
200 kW beam power (40 MeV, 5 mA Deuterons). To
restrict area and BD activation, beam power limit will be
10 kW during 1hour per day in normal operation.
The SPIRAL2 beam dump is located at 21 m in the
straight line of the LINAC as shown in Fig. 2. BD
entrance is located 6.2 m from the last quadrupole which
is imposed by a dedicated room. 20 copper blocs of 50
mm long are drilling with internal cone shape to accept
around 10 kW beam power each in normal operation.
From this basic structure, some improvements have been
done [15]. Figure 6 shows the optimized beam-dump
geometry profile.

Figure 8: Regions of the chart of nuclei accessible for
research on nuclei far from stability at SPIRAL2.

Figure 6: Mechanical design of the SPIRAL2 BD.
250
MCNPX, D/cm2.s*cm3*1.2E-8
TRACEWIN, Power lost
Profil BD
ANSYS, Temperature

16000

200

12000

150

8000

100

4000

50

0
0

200

400

600

800
1000
Z axis beam-dump (mm)

1200

1400

Temperature (°)

40MeV-5mA Deuterons Beam power losses
(W)

20000

0
1600

Figure 7: Deposited power 200 kW beam power
calculated using TRACEWIN (blue line) with the
Deuterons flux calculated using MCNPX [16] (red line)
and the temperature profile determined with ANSYS
(green line).
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As we have already see, the SPIRAL 2 facility will
deliver a high intensity, 40 MeV Deuteron beam as well
as a variety of heavy-ion beams with mass over charge
ratio equal to 3 and energy up to 14.5 MeV/u. Using a
carbon converter, fast neutrons from the breakup of the 5
mA of deuterons impinging on a uranium carbide target
will induce a rate of up to 1014 fissions/s. The RIB
intensities in the mass range from A=60 to A=140 will be
of the order of 106 to 1011 part./s surpassing by one or two
orders of magnitude any existing facilities in the world
[17]. Other types of primary reaction with light
accelerated particles using 3,4He beam interact with on
carbon target as example can also be done.
SPIRAL 2 would allow to perform experiments on a
wide range of neutron and proton-rich nuclei far from the
line of stability, i.e. Fig. 8, using different production
mechanisms and techniques to create the beams. The
R&D on RIB production module is particularly
challenging.

According to the technical risk for the project to start
with a 200 kW Deuterons beam on the converter, it has
been decided to increase progressively the beam current.
That’s why, in a first step of operation, beam power will
be limited at 50 kW. Objectives are in particular the
validation of the carbon converter, target system, safety
etc. In addition, for thermo-mechanical constraints, the
converter at 50 kW must be representative to the
conditions at 200 kW. It is only in a second step that the
beam power will increase until the 200 kW nominal
value.
In this context, considering a Gaussian beam in X and
Y directions, the maximum beam power for 50 kW at the
center must be identical to 200 kW. For the full beam
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power, size at ±3 RMS will be 40 mm. Therefore, the
beam size for 50 kW will be 10mm at ±3 RMS.
From the HEBT lines point of view, the major
constraint comes from the Deuterons beam at 40 MeV
and 5 mA current as shown in Fig. 9.

Figure 9: Transverses beam envelops at ±3 RMS for
Deuterons beam at 40 MeV, 5 mA from LINAC exit up to
RIB production target.
Careful studies are in progress to choose the most
appropriated method to control the beam characteristics at
high intensity on the converter according the strong
radioactivity and contamination.

CONCLUSION
In this paper, we introduced the status of the High
Energy Beam Transport Lines of the SPIRAL2 facility in
connection with target location of the experimental areas
NFS and S3. The beam dump has been also presented.
General aspects about the RIB production line beam
optics have been described. In each case, careful attention
is taken to provide the beam characteristics required by
each end of transport line.
Various beam dynamics studies have been done in
connection with safety aspects. The project objective in
this field is to have less than 1 W/m beam power loss.
Up to now, new precise errors calculations of the whole
machine must be done [18].
Precise mechanical design of the HEBT lines will be
available until the end of 2010 which will coincide with
the permit for construction grant. First beams will be
produced at the beginning of 2012 for stable beams and
experimental areas (NFS or S3). RIB production will start
for physics experiments at the end of 2014.
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Abstract
The proposed multi-specimen Low Energy Transport
System (LEBT) consists of a series of solenoids with tunable magnetic fields, used to match the characteristics of
the beam to those imposed by the RFQ input specification.
The design of the LEBT involves selecting the number of
solenoids to use and their fixed positions, so that a set of
fields that provides the desired matching can be found for
any given conditions (different currents, input emittances,
etc). In this work we present the first simulations carried
out to design the Bilbao Accelerator LEBT, which were performed using several codes (TRACK, GPT, Trace2D). The
best configuration is discussed and evaluated in terms of
the degree of matching to the RFQ input requirements.

INTRODUCTION
As a continuation of the ITUR ion source test stand [1],
a front end test stand (FETS) for proton is being currently
designed and constructed in Bilbao (Spain), comprising a
Low Energy Beam Transport (LEBT), a Radio-Frequency
Quadrupole (RFQ) [2] and a High Speed Chopper [3]. The
aim is to produce chopped proton beams of up to 75 mA
current, up to 2 ms pulse length, and 50 Hz repetition rate.
The aim of the LEBT, placed between the ion source and
the RFQ, is to match the beam characteristics to the RFQ
input specification. This paper summarizes the latest advances on the Bilbao Accelerator LEBT design. Several aspects of the current design status will be covered, including
the magnetic structure, cooling system, and beam dynamics simulations.

MAGNETIC STRUCTURE
The Bilbao Accelerator LEBT is composed of a series
of solenoids placed at fixed positions, producing tunable
magnetic fields. The number of solenoids used will be discussed later in this paper. Figure 1 shows the layout for the
4–solenoid configuration.
Following the work in [4], the solenoids present a
smaller internal radius (involving more turns) at the ends
than in the centre. This way, the magnetic field profile
along the axis is flatter than the one achieved with a uniformly shaped solenoid, which would present a typical
Beam Dynamics in High-Intensity Linacs

Figure 1: Proposed layout of the LEBT. The aperture of the
first two magnets is 134 mm and 100 mm for the last two
ones.
bell-shaped magnetic field profile. Besides, the variable
radius approach creates a magnetic field that remains confined within the solenoid limits, avoiding perturbations on
any nearby elements (e.g. other solenoids and the vacuum
pump).
In order to save beam-line space, the proposed design
includes the ability to nest dipoles and solenoids together.
Therefore, the LEBT is composed of two types of elements:
• Two single solenoids, presenting an aperture of
134 mm, placed at the first and second positions of the
LEBT .
• Two dipole–solenoid assemblies, composed by a
solenoid integrated together with a set of two crossed
(x-y) dipoles of the cosθ type (similar to typical structure used for superconducting magnets). The dipoles
are capable of steering the beam to correct for misalignment of the beam line components, reaching a
deflection of up to ±4 ◦ for protons. These elements
will be used at the third and fourth positions of the
LEBT . The presence of the dipoles limits the aperture
to 100 mm, which may be assumed due to the the fact
that the first two solenoids reduce the transverse dimensions of the beam.
The proposal for the solenoid design includes an iron
yoke with ferromagnetic end plates. The preliminary analysis indicates that a relatively large current density is required in order to obtain the desired magnetic field. Therefore, we have opted for solenoids made of 16 independently
cooled internal coils. Each of the coils will be cooled by an
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Figure 3: On axis field for the solenoid with and without
steering dipoles, for a current of 300 A.
Figure 2: Isometric view of the solenoid assembly.

internal water flow in a hollow conductor, in parallel with
the others. Electrically, the coils are connected in series, so
that the same current flows through all of them. Figure 2
shows an isometric view of the solenoid.
In order to minimize the current of the power supply, we
have opted for an small conductor, approximately 7 mm in
length. An additional advantage of this solution is that the
coil winding imperfections, like the layer jump, are smaller
and the impact on the magnetic field quality is lower. The
drawback of this choice is that a larger number of internal
coils must be wound and series interconnected.

Finite Element Model
The main objective of the magnetic design of the
solenoids is to obtain a field profile along the axis that
is as flat as possible. We have developed a Finite Element Model (FEM) of the solenoid to check its magnetic
behavior. Both the models for a solenoid and a dipole–
solenoid system have been implemented, the only difference between the models being that a larger aperture in the
ferromagnetic front plate is required for the former. The
model is axisymmetrical , and the coils are represented as
current carrying areas. The on-axis longitudinal fields are
represented in Fig. 3, for a circulating current of 300 A.
The dipole–solenoid system (in blue) presents a field shape
that decreases more abruptly near the edge. In addition, an
increase of 3% of the magnetic induction is found at the
center of the solenoid.
Finite element simulations show that the ferromagnetic
material is not saturated at the highest operating currents,
ensuring that the magnetic field generated will be linear
with the drive current. In addition, the low carbon content
ARMCO steel proposed for the solenoid casings has a very
low coercivity, making the offset in the field due to the material’s remanence low.
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Figure 4: Operating curves for a four solenoid system. The
solenoids are connected in parallel, and in each solenoid 1,
2 or 3 of the individual coils are connected in series. The
blue trace corresponds to the temperature increase of the
cooling water (y–axis) for the corresponding flow rate.

COOLING SYSTEM
Each solenoid used in the LEBT presents a nominal rating
of 30 V at 300 A (highest obtainable magnetic field under
normal operating conditions). This translates into a maximum power of 9 kW per solenoid, and requires the flow
of high current densities along the coils (up to 5 A/mm 2 ),
demanding the use of a hollow conductor refrigerated by
an inner flow of water. The measurements performed by
Elytt estimate the power dissipated per solenoid as approximately 8.1 kW. The discrepancy is attributed to the actual
electrical resistivity of the coils being slightly less than the
nominal value of 0.1 Ω.
The dissipated power calculated from the temperature increase of the cooling water and the flow rate is
Beam Dynamics in High-Intensity Linacs
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Figure 5: From left to right: Horizontal phase-space, vertical phase-space, and transverse distribution at the beginning of
the LEBT. Pepperpot data measured ∼400 mm downstream of the cold box exit (the last exit plane of the ion source, after
the 90 degree dipole), then tracked backwards to the entrance plane of the ISIS - FETS LEBT to provide the likely input beam
at the start of the first LEBT drift and rescaled for 75 keV. Tα x = 1.4366, Tαy = 0.0726, Tβx = 0.2940, Tβy = 0.1286.
Normalized emittance is ∼0.6 π-mm-mrad in both planes.
7.8 kW, assuming an average heat capacity for the water
of 4.184 J/gK, and a mass density of 1 g/cm 3 . This is in
good agreement with the previous values, the small discrepancy being attributable to the power that is dissipated
to the air. However, the water cooling system for a four
solenoid LEBT has to be able to dissipate the nominal power
of 36 kW for the total four solenoids.

Operating Curve
From the experimental data presented by Elytt, we can
study the hydraulics of the cooling system for different connection schemes. Figure 4 shows the operating curve –the
pressure drop as a function of the flow rate– for a system
comprised of four solenoids hydraulically connected in parallel, with each solenoid being internally arranged in sets of
one, two, or three coils connected in series. Although the
configuration with three coils in series is not feasible –16
(the number of coils in a solenoid) does not yield a whole
number when divided by three–, it is shown for illustrative
purposes.
The curves in Fig. 4 show that by connecting one or
two coils in series, the pressure drop of the system remains
well below 10 bar. With three coils connected in series, the
pressure drop can exceed 10 bar, while for four coils connected in series (not shown in the graph) the pressure drop
would be higher than 10 bar at any flow rate. Pressure drops
greater than 10 bar are considered too high and complicate
the cooling system. Therefore, no more than 2 coils in the
solenoids can be connected in series, any more would result
in an excessively high pressure water feed requirement.

VACUUM SYSTEM
Calculations to dimension the vacuum requirements for
the LEBT are still underway. The system has to be able
Beam Dynamics in High-Intensity Linacs

to achieve a value of 10 −5 mbar at its inlet, which is the
pressure required for the ion source to operate. At the same
time, it has to be able to maintain a value of 10 −7 mbar,
the maximum pressure acceptable for the RFQ to operate
without arcing. This will be achieved by a set of 3 vacuum
groups, one at each of the boxes in the system. The box at
the inlet can house up to two 600 l/s turbopumps, and will
have to take most of the gas load from the ion source. The
central vessel can house one turbopump, of at most 2800 l/s
and the last box can house up to two 600 l/s turbopumps,
that are used to ensure that the pressure requirement for the
RFQ is met.

BEAM DYNAMICS SIMULATIONS
In order to find the best LEBT configuration, various preliminary studies were carried out to determine certain aspects of the design, such as finding the critical distances
that cannot be surpassed in the final layout, and establishing the number of solenoids that conform the system. The
simulations, performed using GPT [5], TRACK [6] and
Trace2D [7] computer codes, took into account diverse scenarios, such as varying from 2 to 4 the number of solenoids;
using different input particles (H + , H− , D+ ); and different
beam currents (from 0 mA up to 100 mA, with no charge
neutralization). In all cases, the solenoid positions were
fixed, since the projected LEBT it is not expected to contain
any movable parts in its final configuration.
Setting the defining parameters of a LEBT system consists basically of matching the transverse characteristics of
the beam (defined in terms of the Courant-Snyder parameters as [Tαx , Tβx , Tαy , Tβy ]) to the RFQ input specification, which maximizes the transmission of the beam and
minimizes its emittance growth. Strictly speaking, four
system variables (magnetic field values, solenoid positions)
are required to adjust the beam. In certain cases, if the beam
597
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Table 1: Measured parameters at the RFQ input for different ion currents. Only a representative fraction of the simulations
is presented here. Note that I(mA) refers to the non-neutralized current.
I
(mA)
0

Software
GPT
TRACK

2

GPT
TRACK

4

GPT
TRACK

6

GPT
TRACK

8

GPT
TRACK

10

GPT
TRACK

20

GPT
TRACK

30

GPT
TRACK

40

GPT
TRACK

50

GPT
TRACK

60

GPT
TRACK

70

GPT
TRACK

B1
(T)
0.184
0.256
0.365
0.272
0.353
0.282
0.350
0.292
0.331
0.300
0.333
0.302
0.339
0.351
0.340
0.378
0.308
0.392
0.295
0.392
0.375
0.400
0.400
0.400

B2
(T)
0.165
0.106
0.050
0.094
0.0719
0.101
0.100
0.086
0.131
0.117
0.145
0.141
0.195
0.189
0.234
0.215
0.275
0.250
0.281
0.266
0.244
0.280
0.269
0.290

B3
(T)
0.087
0.060
0.018
0.077
0.008
0.079
0.025
0.108
0.008
0.076
0.042
0.049
0.089
0.050
0.098
0.140
0
0.180
0
0.180
0.195
0.200
0.212
0.220

B4
(T)
0.317
0.328
0.035
0.329
0.350
0.331
0.350
0.327
0.350
0.336
0.350
0.341
0.353
0.354
0.362
0.354
0.384
0.361
0.390
0.370
0.355
0.370
0.369
0.375

T αx

T αy

0.564
0.650
0.732
0.740
0.829
0.810
0.956
0.750
0.878
0.660
0.911
0.750
0.822
0.850
0.769
0.510
0.613
0.180
0.425
0.010
0.394
0.130
0.076
0.000

0.755
0.660
0.672
0.630
0.7661
0.610
0.789
0.520
0.728
0.690
0.685
0.660
0.523
0.600
0.397
0.350
0.243
0.190
0.125
0.040
0.298
0.280
0.251
0.220

is very axisymmetric and stable, one can do this with just
two solenoids. However, the Bilbao Accelerator LEBT is
expected to work with different particle species, and therefore the initial beam conditions are diverse and hard to predict. On the other hand, the beam created by the H − Penning source is not expected to be cylinder symmetric, i.e.
the emittances will be different in both planes and the beam
becomes highly divergent very quickly.
So as a result, the 2 solenoid configuration was considered as very unsafe, as it only allows to achieve a good focusing for very certain beam characteristics. On the other
hand, 3 solenoids provide a good matching in most of the
cases, as long as only one certain specimen is used, but 4
solenoids are considered to be necessary in order to achieve
the desired beam characteristics in every case.

4D Magnetic Field Calculations
In order to confirm the validity of the proposed layout,
we have designed an algorithm that finds the four magnetic
fields that match a real H− input beam distribution, measured by the ISIS - FETS project pepperpot [8] (see Fig. 5 for
details). The beam dynamics simulations involved in the
search were performed with GPT.
Contrary to the brute-force method of exploring the
whole set of possible combinations, which is extremely
time consuming, the proposed methodology consists on
exploring the 4D universe of solenoid fields by following a path that minimizes the relative distance between
598

T βx
(m/rad)
0.0377
0.0309
0.0336
0.0312
0.0333
0.0319
0.0339
0.0303
0.0326
0.0303
0.0329
0.0309
0.0346
0.0309
0.0354
0.0295
0.0355
0.0453
0.0327
0.0416
0.0361
0.0490
0.0417
0.0548

T βy
(m/rad)
0.0391
0.0302
0.0331
0.0297
0.0323
0.0299
0.0364
0.0285
0.0327
0.0292
0.0346
0.0293
0.0353
0.0334
0.0404
0.0325
0.0602
0.0308
0.0687
0.0300
0.0568
0.0430
0.0648
0.0570

Δnx Δny
(%)
(%)
34.84 27.95
38.98 34.71
30.59 16.94
47.35 41.28
34.43 26.34
54.05 42.93
39.22 29.34
65.77 47.86
51.33 39.82
44.01 77.43
58.74 36.00
55.73 70.86
79.55 35.71
60.75 49.50
72.97 36.98
54.05 52.78
68.65 46.80
55.73 54.43
83.21 58.95
75.82 69.21
68.32 52.35
95.91 84.00
95.70 97.63
105.96 93.86

RFQ

Transmission
(%)
79.8
84.0
89.2
81.1
87.1
80.0
85.9
76.9
82.9
73.8
81.3
73.1
72.5
75.8
67.0
68.9
54.3
54.3
43.5
46.1
43.2
40.2
35.1
31.8

the Courant-Snyder parameters obtained at the entrance
of the RFQ and the ones specified by the RFQ design:
[Tαxo = 1.008, Tαyo = 0.978, Tβxo = 0.027 m/rad,
Tβyo = 0.0305 m/rad]. The distance is defined as follows:

2 
2
Tβx
Tαx
d=
−1 +
− 1 + · · · (1)
Tαxo
Tβxo
where Tαx represents the calculated parameter, and Tα xo
stands for the same parameter desired at the entrance of the
RFQ . The distance takes into account the relative differences between the four parameters, ensuring that Tα and
Tβ contributions weight the same despite presenting values two orders of magnitude apart.
For a given [B1 , B2 , B3 , B4 ] configuration, the proposed
algorithm explores all combinations of each solenoid magnetic field (Bi − δB, Bi , Bi + δB) in its vicinity, i.e. a total
of 34 = 81 possibilities. In case a shorter distance is found
in any of the obtained 81 leafs, we move to it and start the
next iteration. If no better solution is found after any iteration, the algorithm will stay in the same leaf, but δB will
be refined, in order to explore nearer solutions. The script
will continue until the distance is below a given threshold,
or δB gets below a realistic achievable value. The actual
implementation has been divided in two steps: first, a good
seed is found by means of a brute-force algorithm using a
coarse δB; second, once an appropriate set of B parameters
is found, the refining algorithm is launched. Only solutions
in which 100% of the particles are successfully transported
Beam Dynamics in High-Intensity Linacs

Proceedings of HB2010, Morschach, Switzerland

THO1B05

However, it must be noted that all the simulations were performed without taking into account any charge neutralization in the LEBT, which would decrease the beam current
by a large factor. For example, a 90% neutralization applied to the maximum expected current of 75 mA will result in an actual current of 7.5 mA along the LEBT, which
presents much better results (see the 8 mA row).

CONCLUSIONS AND FUTURE WORK

Figure 6: Horizontal and vertical projection of Beam Trajectories going through the LEBT, for a 70 mA beam current.
along the LEBT are considered.
The main drawback in the presented algorithm comes
from the fact that it will not discern between strong and
weak focusing solutions. Although the differences are clear
between these two main categories by means of visual inspection, a general purpose implementation is far from being straightforward.

RESULTS
The algorithm proposed above was launched to find the
optimal magnetic fields for different input beam currents
of H− . The results are summarized in Table 1. The set
of solenoid fields, the resulting Courant-Snyder parameters
at the entrance of the RFQ, and the emmitance growth at
the LEBT output are presented for each current. An extra column is included presenting the transmission at the
end of the RFQ using the calculated parameters as an input, which was simulated with Alan Letchford’s RFQSIM.
Simulations with GPT and TRACK were performed using
the input distribution presented in Fig. 5 with 10k macroparticles. GPT results were obtained using the algorithm
described above while TRACK matching was performed
using preliminary matching results from Trace2D with an
additional finer manual matching.
The results show quite good agreements between the optimal RFQ input parameters ([Tα xo = 1.008, Tαyo =
0.978, Tβxo = 0.027 m/rad, Tβyo = 0.0305 m/rad]) and
the ones achieved for each current, up to about 10 mA. At
higher currents, both the emittance growth along the LEBT
and the particle loss in the RFQ begin to take off. The
trajectories of the 70 mA current extreme case are represented in Fig. 6 where density of trajectories is represented
by a logarithmic cold-hot color-scale, where warmer colors
denote higher density of trajectories than the cooler ones.
Beam Dynamics in High-Intensity Linacs

We have presented the current status of the Bilbao Accelerator multi-specimen LEBT layout, including the magnetic
structure, cooling and vacuum systems. An algorithm to
find the values of the solenoid magnetic fields for different
currents has been proposed, which can easily be extended
to other optimization problems. The results are acceptable
for low currents, which represent realistic scenarios once
charge neutralization is taken into account.
As future work, the simulations will also be extended to
other species, and refined once we obtain experimental data
from the ITUR [1] project. Other lines of research, such as
comparing the results with those obtained with TRACK [6]
and more refined methods [9], are contemplated.
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A NEW POSSIBILITY OF LOW-Z GAS STRIPPER FOR HIGH-POWER
URANIUM BEAM ACCELERATION AS ALTERNATIVE TO C FOIL
H. Okuno∗ , N. Fukunishi, A. Goto, H. Hasebe, H. Imao, O. Kamigaito, M. Kase, H. Kuboki, Y. Yano,
RIKEN Nishina Center, Wako, Japan
A. Hershcovitch, BNL, Upton, NY, USA
Abstract
The RIKEN accelerator complex started feeding the
next-generation exotic beam facility RIBF (RadioIsotope
Beam Factory) with heavy ion beams from 2007 after its
successful commissioning at the end of 2006. Many improvements carried out from 2007 to 2010 increased the
intensity of various heavy ion beams. However, the available beam intensity, especially of uranium beams, is far
below our goal of 1 pμA (6 × 1012 particle/s). In order to
achieve it, upgrade programs are already in progress; the
programs include the construction of a new 28-GHz superconducting ECR ion source and a new injector linac. However, the most serious problem of a charge stripper for uranium beams still remains unsolved, despite extensive R&D
works. The equilibrium charge state in a gas stripper is considerably lower than that in a carbon foil due to the density
eﬀect of the latter. However, a gas stripper is free from
the problems related to lifetime and thickness uniformity.
These merits motivated us to develop a low-Z gas stripper
to achieve a higher equilibrium charge state even in gases.
We measured the electron-loss and electron-capture cross
sections of U ion beams in He gas as a function of their
charge state at 11, 14, and 15 MeV/u. The extracted equilibrium charge states from the cross point of the two lines
of the cross sections were promisingly higher than those in
N2 gas by more than 10. We believe that the diﬃculty in
the accumulation of about 1 mg/cm2 of low-Z gases can be
overcome by using a plasma window.

INTRODUCTION TO RI BEAM FACTORY
The RIKEN Nishina center for Accelerator-Based Science constructed the RIBF (RadioIsotope Beam Factory)
[1] aiming to realize a next-generation facility that can provide the most intense RI beams, which is the highest in the
world, at energies of several hundred MeV/nucleon over
the entire range of atomic masses. The RIBF requires an
accelerator complex that can accelerate ions over the entire range of masses and deliver 80-kW uranium beams at
an energy of 345 MeV/nucleon. Figure 1 shows a bird’s
eye view of the RIBF. The left part is the old facility that
was completed in 1990. Using the four-sector K540-MeV
RRC (RIKEN Ring Cyclotron) [2] with the two injectors,
RILAC (RIken Linear ACcelerator) [3] and the AVF cyclotron [4], many experiments were carried with RI beams
of light ions because the RRC can accelerate relatively light
∗
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Figure 1: Bird’s eye view of RI Beam Factory.
ions up to 100 MeV/u, which is the lower limit for RI
beam production. In order to expand the mass range for RI
beam production up to uranium, three ring cyclotrons, the
fRC (fixed-frequency Ring Cyclotron) [5], IRC (Intermediate Ring Cyclotron) [6], and SRC (Superconducting Ring
Cyclotron) [7], were designed and constructed as energy
boosters for the RRC. The SRC is the first ring cyclotron in
the world using superconducting sector magnets with the
largest bending power.
The design and construction of the RIBF accelerators
started from 1997, and the accelerator building was completed at the end of March 2003. In November 2005, we
reached an important milestone: the superconducting sector magnets for the SRC were successfully excited at the
maximum field level. The first beam was obtained on December 28, 2006 [8, 9]. Many improvements were carried
out to increase the beam intensity and to commission new
beam species to meet the requirements of diﬀerent experiments. Table 1 shows a list of beams accelerated thus far.
These beams were used in many nuclear experiments such
as the discovery of 45 new isotopes [10] and the study of
the halo structure and large deformation of extremely neutron rich Ne isotopes [11, 12]. Our goal is to achieve a
beam intensity of 1 pμA for the entire atomic range. We
reached the target intensity for He and O and about one
fourth of the target intensity for Ca. However, the beam
intensity of U beams is still very low, suggesting that we
need to adopt drastic measures.

INCREASING INTENSITY OF URANIUM
BEAM
From our operational experience, mentioned in the previous section, the key issues to be addressed for increasing
Beam Material Interaction
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Table 1: Accelerated Beams
Ion
pol-d
4
He
14
N
18
O
48
Ca
86
Kr
238
U

Energy
(MeV/u)

Intensity
(pnA)

Date

250
320
250
345
345
345
345

120
1000
80
1000
230
30
0.8

May 2009
Oct 2009
May 2009
Jun 2010
May 2010
Nov 2007
Dec 2009

the intensity of uranium ion beams can be clearly pointed
out as follows. First, more beams are necessary from the
ion source. Nakagawa et al. are currently developing
a new 28-GHz superconducting ECR ion source, which
is designed to have as large plasma volume of 1100 cm3
[13, 14]. An important feature of this source is that its coil
system is designed to obtain a flat magnetic field distribution in the central region, by exciting the solenoids independently. This ion source is expected to produce U35+
ions at an intensity of more than 15 pμA, which is necessary to obtain 1-pμA beams from the SRC. The coil was
successfully excited to the designed level in October 2008.
We started the testing of the ECR source from April 2009;
we used the 18-GHz mode for this because we did not have
a 28-GHz source then. The intensity of uranium beams
reached 10 eμA, which is about five times that of the beams
from the previously used ion sources. The ion source will
be moved to the upstream of a new injector, mentioned in
the next paragraph, and will be tested in the 28-GHz mode
this year.
Next, a new injector is necessary to prevent emittance
growth due to the space charge forces during the acceleration of ion beams from the new powerful ion source.
The new injector is designed to eﬃciently accelerate ions
with a mass-to-charge ratio of 7, aiming at heavy ions
such as 84 Kr13+ , 136 Xe20+ , and 238 U35+ , up to an energy of
680 keV/nucleon [15]. It mainly consists of an RFQ linac
based on the four-rod structure and three DTLs (drift-tube
linacs) based on a QWR (quarter-wavelength resonator).
All the main components have already been installed, and
the excitation test of all the tanks has been performed to
start the beam commissioning from the middle of December 2010.
The last key issue is to develop a charge stripper with a
long lifetime, which is still an open problem.

CHARGE STRIPPER PROBLEM FOR
URANIUM ACCELERATION
Figure 2 shows the acceleration scheme for uranium
beams using two strippers. The first stripper is located behind the RRC, with an energy of 11 MeV/u, and the second
one is located behind the fRC, with an energy of 51 MeV/u.
Carbon foils are used for both the strippers. The typical
Beam Material Interaction
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Figure 2: Acceleration scheme for uranium beams using
two strippers.

thicknesses of the foils for the first and second strippers
are 300 μg/cm2 and 17 mg/cm2 , respectively. The problem
associated the first stripper is very serious. Carbon foils
commercially available from ACF-Metals [16] are used for
the first stripper. Their typical lifetime is about 12 h with
1 eμA. Carbon foils of the same thickness are being developed at RIKEN, the quality of which is getting closer to
that of the commercially available ones [17]. There is no
problem with the intensities available currently. However,
it will be a serious problem in the future because the intensity of uranium beams will be increased by more than 100
times with the completion of the upgrade programs mentioned before, thereby requiring much stronger strippers.
Therefore, intense R&D programs focusing on upgrading
the first stripper have been initiated from 2008.
Firstly, we started conducting irradiation tests of a large
foil on the rotating cylinder developed by Ryuto et al. [18]
to expand the irradiation area, expecting to realize long lifetimes. We placed a foil with a diameter of 100 mm on the
cylinder which can rotate in beam vacuum. The first sample tested two years ago broke quite as shortly as in about
15 min. We performed some tests to determine why the
rotating foil broke so soon. We found that a very slowly
(0.05 rpm) rotating foil can survive for more than 38 h with
1.7 eμA. However, we also found that beam intensity behind the stripper changes periodically and, hence, we could
not tune the successive accelerator, suggesting that the uniformity of the foil is not suﬃciently good. We might need
a feedback system to compensate for the fluctuation in the
foil thickness if we want to use it in real operations.
Next, we started to develop gas strippers. A gas stripper is free from lifetime related problems, although it has
a lower equilibrium charge state than a carbon foil because
of the density eﬀect. We did not have data on the equilibrium charge state in N2 gas, and no empirical formulas are
available to predict it correctly. Therefore, we measured
that at 11 MeV/u using a gas target system with a diﬀerential pumping system, which was formerly used for nuclear
experiments [19]. The measured equilibrium charge state
in N2 was 56, which is far below that in a carbon foil, 71,
suggesting that the gas stripper cannot be used for uranium
because the acceptable charge state for the fRC is larger
than 69.
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LOW-Z GAS STRIPPER
The merits of a gas stripper are that it is free from lifetime related problems, and its thickness is completely uniform. Such merits motivated us to develop a gas stripper
to achieve a higher charge state in gases. The first option
is to increase the stripping energy because the equilibrium
charge state generally increases as a function of the projectile energy. We measured the equilibrium charge states at
14 and 15 MeV/u using a N2 gas stripper, described in the
previous section; they were 61 and 62, respectively [20].
The extrapolation of the results suggests that the stripping
energy should be increased to 22 MeV/u to obtain 69+ as
a equilibrium charge state, which is the lowest acceptable
charge state for the fRC. To realize this, we need an additional accelerator before the stripper and a decelerator behind the stripper or have to increase the injection radius
of the fRC by more than 50 cm. Such extensive remodeling will cost more than $10 million. The second option is
changing the stripping material to a low-Z gas (He and H2 ).

Background
The equilibrium charge state is determined by the competition between e-loss and e-capture processes of the ion.
The capture cross sections depend strongly on the ion velocity V p as compared to the target electrons. In particular,
the e-capture phenomenon is highly suppressed because of
the bad kinematical matching when the ion velocity significantly exceeds that of 1s electrons, V1s , which are the
fastest target electrons. Such suppression of e- capture is
expected in the case of low-Z targets or high ion velocity,
because V1s is approximately expressed by Z/137, resulting in a higher equilibrium charge state. In fact, a substantial increase in the equilibrium charge state is observed in
some experimental data on the equilibrium charge state or
eﬀective charge at intermediate energies in low-Z regions
[21, 22, 23]. Table 2 summarizes the reaction conditions
that show charge enhancement of the equilibrium charge
state in low-Z region, along with the V p /V1s parameters
from the references and the parameters for the reactions
for which the cross section measurements were performed
in He. These data show that charge enhancement can be
achieved in low-Z regions. The table also lists the parameters for the reactions for which equilibrium charge states
were measured in N2 ; lower charge states are obtained due
to the density eﬀect.
Figure 3 shows e-loss and e-capture cross sections calculated by using the binary encounter model [24] and
Schlachter’s formula [25] as a function of the charge state
for H2 , He, and N2 . The two lines for each case cross at the
equilibrium charge state. They clearly show higher charge
states in low-Z gases than in N2 gas. There are no data on
the equilibrium charge state of uranium in a low-Z gas in
this energy region mainly because of the diﬃculty in accumulating low-Z gas without a window. For example, our
gas stripper system, mentioned in the last section, can accumulate only 0.015 mg/cm2 of He, which is not suﬃcient
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Table 2: Reactions for which enhancement of equilibrium
charge is observed in low-Z target region. The definition
of V p /V1s is given in the text. The lower part of the table
lists the reactions for which equilibrium charge state measurements were carried out in this study and in references
of [19, 20].
Reaction Energy V p /V1s Ref.
(MeV/u)
Ar + H2
1.25
7.1
[21]
U + He
22
14.9
[22]
56
6.8
[23]
U + N2
U + He
11
10.5
U + He
14
11.9
U + He
15
12.3
11
3.0
U + N2
14
3.4
U + N2
15
3.5
U + N2

Cross secon (cm2)
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1E-14
1E-15
1E-16
1E-17
1E-18
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1E-26
1E-27
1E-28
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Figure 3: Simple estimation for cross sections of e-loss and
e-capture in N2 , He, and H2 .
for U ions to reach their equilibrium at 11 MeV/u, while
it can accumulate 1.3 mg/cm2 of N2 . Hence, we measured
the cross sections of loss and capture of 1s electron as a
function of the charge state of uranium ions to extract the
equilibrium charge from their cross point.

Experiment
The experiment was conducted at the RIBF using the RILAC and RRC. A schematic of the experimental setup is
shown in Fig. 4. Beams of 11 MeV/u 238 U35+ , 14 MeV/u
238 41+
U , and 15 MeV/u 238 U41+ were extracted from the
RRC. The incoming ions passed through a carbon foil located in front of a bending magnet, which was used to select the individual projectile charge state, Qi . The thickness
of the carbon foil was optimized so as to obtain the maximum intensity of the charge state. Each beam was directed
through a windowless, diﬀerentially pumped He gas cell.
After emerging from the gas cell, the beams passed through
a second bending magnet into a FC (Faraday Cup) at point
F41. The FC measured the intensity of the beam current
of the charge state for e loss (Qi + 1), e capture (Qi - 1),
Beam Material Interaction
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and no reaction (Qi ). The pressure of the target He gas was
monitored by using a Baratron pressure transducer, and the
gas flow was regulated by means of an automated control
valve and a flow controller. More details of the experimental setup are given in reference [19]. The cross section of
e loss, σloss , and that of e capture, σcapture , were obtained
using the following equation:

σcapture

1 I(Qi − 1)
= 
t
I(Qm )

RRC

U beam
11 MeV/u 35+
14 MeV/u 41+
15 MeV/u 41+

He gas (0.014 mg/cm2)

Qi+ selecon
(60+ < Qi+ <75)

C foil

(1)
Faraday cup F41

(2)

where t is a gas thickness and I(Q) is a beam intensity of
ion charge Q at F41.
The intensity at F41 was normalized by the intensity
measured by an FC located at the upstream of the gas cell to
cancel the fluctuation in the beam intensity from the RRC.
During the measurement, the cell pressure was 0.56 kPa.
At this pressure, the thickness of the gas stripper was measured to be 13.27 ± 1.81 μg/cm2 , using α-rays from Am.
Figure 5 shows the measured cross section as a function of the the charge number of uranium ions at 11, 14,
and 15 MeV/u. The absolute values of the cross sections
shown in Fig. 5 have a deviation of 13.6%, although the
relative values are accurate because the cross sections were
extracted assuming the thickness to be the mean of the measurement values described above. The data show that the
cross section of the e capture largely depends on the energy,
while the e-loss cross section does not depend so much on
the energy. Because the contribution of multiple electron
transfer in He is very small [26], the cross point of the two
lines gives a good approximation of the equilibrium charge
state. The cross points are extracted to be 66, 73, and 75
at 11, 14, and 15 MeV/u, respectively. Table 3 lists the
equilibrium charge state in He, N2 , and C. The equilibrium
charge state in He is obviously larger than that in N2 by
more than 10 and is close to that in C.
Table 3: Equilibrium Charge State in He, N2 , and C at 11,
14 and 15 MeV/u. The data for N2 and C were taken from
reference [19, 20].
Material Qe @11
Qe @14
Qe @15
(MeV/u) (MeV/u) (MeV/u)
He
66
73
75
N2
56
61
62
C
72
76
77

Gas Stripper with Plasma Windows
The measurement results show that a low-Z gas stripper can be realized for the higher charge state of uranium.
However, the diﬃculty in the accumulation of low-Z gases
still remains. As mentioned in the previous subsection, the
existing gas stripper can accumulate only 0.015 mg/cm2
(0.7 kPa) of He, while it can accumulate 1.3 mg/cm2 of N2 .
Beam Material Interaction
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Figure 4: Schematic of experimental setup used for measurement of cross sections of e loss and e capture in RIBF
beamlines.

Cross Secon (cm2)

σloss

1 I(Qi + 1)
= 
t
I(Qm )

THO2B01

73+
@ 14 MeV/u

5E-20

1loss@11 MeV/u
1cap@11 MeV/u
1loss@14 MeV/u
1cap@14 MeV/u
1loss@15 MeV/u
1cap@15 MeV/u

66+ @11 MeV/u
75+ @ 15 MeV/u

5E-21








Charge

Figure 5: Measured cross section of e loss and e capture
as a function of charge state of uranium ions at 11, 14, and
15 MeV/u in He gas. The cross sections were extracted
assuming the thickness of the gas cell to be 13.27 μg/cm2 .

A simple estimation shows that about 1 mg/cm2 of He or
H2 is necessary to achieve a higher charge state, suggesting
the necessity of a new device to solve this problem. The
plasma window invented by Hershcovitch in 1995 can be
used for this [27]. The plasma window is a wall-stabilized
plasma arc used as an interface between accelerator vacuum and pressurized targets. There is no solid material
introduced into the beam and, therefore, the plasma window can transmit a charged particle beam with low loss. It
mainly consists of 3 cathodes, an anode, and some cooling plates to cool the plasma arc, as shown in Fig. 6. The
arc in the plasma window can generate a pressure diﬀerence between it’s ends with a factor of 600. Hence, it can
maintain the pressure inside of the gas cell while maintaining vacuum outside. Figure 7 shows a schematic of the
low-Z gas stripper using two plasma windows, suggested
by P. Thieberger from BNL at the workshop about charge
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stripper for FRIB in 2009 [28]. The low-Z gas is accumulated in the cell, which is sandwiched between the two
plasma windows.
We are starting R&D programs to test of the plasma window in a test stand with help from Hershcovitch. As the
first step, we will use Ar gas and window of diameter 2 mm
in the test. We expect to obtain the first ignition by the end
of March 2011. From 2011, we will study the performance
of the plasma window with He or H2 instead of Ar and with
an extended diameter of 6 mm. From 2012, we will start
fabricating the gas stripper with two plasma windows, as
shown in Fig. 7, for oﬀ-line tests.

SUMMARY
The operation of the RIBF from 2007 to 2010 was very
successful after the first beam was extracted. The new 28GHz superconducting ECR ion source and the new injector are ready to be put into operation to increase the intensity of uranium beams. The stripper problem for uranium beams remains unsolved, despite carrying out extensive R&D work using rotating cylinder foils and a N2
gas stripper. Recently, we found that a low-Z gas stripper
would be a promising candidate for uranium beams. Measurement results showed that the equilibrium charge state
in He is higher than that in N2 by more than 10. We believe
that the diﬃculty in the accumulation of low-Z gases can
be overcome by using a plasma window.
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PARAMETRIC STUDY OF A TWO-STAGE BETATRON COLLIMATION
FOR THE PS2
J. Barranco, Y. Papaphilippou, CERN, Geneva, Switzerland
Abstract
Beam losses are a major limiting factor in the performance of any high intensity synchrotron. For the new
CERN Proton Synchrotron 2 (PS2), an overall low loss
design has been adopted. However, it is unavoidable that
due to different processes a certain fraction of particles
leave the beam core populating the so-called beam halo. A
collimation system removes in a controlled way all particles outside the prescribed betatron and momentum acceptances. This article presents a two-stage betatron collimation design as an optical device for different long straight
section layouts. Parametric studies for the different main
design parameters are presented and their influence in the
expected cleaning efficiency of the system is analyzed and
compared to the accepted thresholds of admissible losses.

daries. For the present study, each collimator is composed
by two parallel movable straight jaws.
The collimation process and the main optics parameters
involved can be summarized in the following points.
• Due to different diffusion processes [5], particles
leave the beam core drifting towards larger amplitudes
with a certain diffusion velocity (v diff ). The collimators define the minimum transverse acceptance seen
by the beam during along the ring (Fig. 1). Assuming a slow diffusion process [2], particles will impact
first tangentially to the collimator jaws (red dots in
Fig. 1). Additional collimators at different azimuthal
angles could be added to assure the same acceptance
in any radial direction.

INTRODUCTION
Optics design of collimation systems has been extensively treated in previous works [1, 2, 3], and codes (e.g.
DJ [4]) were developed in order to minimize the escaping halo between different stages of a collimation system.
The relative phase advance between the different collimation stages is pointed out in all cases as a key parameter
to maximize the cleaning efficiency. Nevertheless, in small
and medium size accelerators space constraints are tight,
preventing an optimal collimation system design. The new
racetrack CERN PS2 will feature a two-stage betatron collimation system in one of the two long straight sections
with fixed optics. In this article the main relevant optics parameters of a betatron collimation system are discussed and
evaluated to optimize the cleaning efficiency in the PS2.

OPTICS MODEL OF A COLLIMATION
SYSTEM
A collimation system is intended to absorb particles outside defined limits (so-called beam halo) before they reach
the magnets, damaging and radioactivating them. The most
common way to do that is to place blocks of certain materials as the closest element to the beam to intend to absorb
these particles in a controlled way. However, it is unavoidable that a certain fraction of this halo will be outscattered
back to the vacuum chamber after losing energy and with
an increased divergence. For this reason a second stage
located at a certain retraction from the first is needed to
trap these scattered particles. A two stage betatron collimation system is designed for the PS2 where the primaries
act as pure scatterers increasing the divergence of the particle, and thus the probability of being absorbed in the seconBeam Material Interaction

Figure 1: Transverse view of a two stage collimation
sys√
tem in number of betatronic sigmas (with σ = β). The
half aperture of primary collimators in both planes is N P σ
and NS σ for the secondaries. In a slow diffusion process
the beam halo particles will impact first tangentially to the
jaw, i.e. in its middle point.
• At a certain excursion the particle finally hits the primary collimator and gets scattered to larger amplitudes. Depending on the particle’s divergence at the
jaw collimation, the impact would be at the front or
along the edge. In both cases it is possible to define an
impact parameter (d) as in Fig. 2.
• For systems where primaries are meant to be only
scatterers, the length (l P ) should be adjusted to provide enough divergence to reach the secondaries with
the fewer number of passages through them, while assuring the own survival of the scrapers.
605

Proceedings of HB2010, Morschach, Switzerland

THO2B02

Figure 2: Sketch of different definitions of the impact parameter (d) for different optics at the location of the jaw.
For positive divergences particles will impact along the
edge of the jaw and for negative in the front end. According to [6], the impact parameter grows linearly with halo
transverse diffusion velocity.
• The relative phase advance (μ) between successive
collimation stages has been pointed out by many studies as one of the main design parameter of a collimation system. It was proved [2] that for a given retraction between primaries and secondaries the escaping
halo in the collimated plane is minimized (considering
one dimensional scattering) for a certain betatronic
phase advance given by,
 
NP
−1
μS,1 = cos
,
μS,2 = π − μP , (1)
NS
with NP and NS . A second secondary at μ S,2 is needed
to trap particles scattered with negative divergence
(Fig. 3).
1.5

kick received by the particle. A detailed study of optimal phase advances for scattering in different azimuthal directions is presented in [2]. In these cases
the phase advances are fixed independently of the ratio
between apertures so, of not application to any given
optics. To minimize the effect of orthogonal scattering, locations with similar β functions in both planes
should be aimed for.
• Finally, in order to evaluate the performance of a collimation system a reasonable estimation of the beam
halo population and beam power to be absorbed by the
collimators is needed.

PS2 LATTICE
As a high intensity machine PS2 is following a low loss
design (e.g. the negative momentum lattice prevents from
transition crossing losses). In this respect a two stage betatron collimation system is designed to prevent uncontrolled
losses from beam halo formation. The integration of PS2
in the CERN acceleration complex suggests a racetrack lattice, to perform injection and extraction in the same long
straight section (LSS). RF cavities (upstream) and the collimation system (downstream) will be placed in the opposite
LSS.
Two main layouts for the straight section have been considered during the PS2 lattice design process. A 145 m
long LSS with a middle triplet [7] and more recently a 108
m long LSS with a middle doublet [8]. Table 1 shows main
parameters for collimation design in each case.

1st Secondary

Normalized Amplitude

1

Table 1: Main Parameter of the LSS Versions Considered
for the PS2 Lattice

Scraper

Scattered
trajectories

0.5

0
Undisturbed
trajectory

-0.5

-1
2nd Secondary

-1.5
-90

-45

0

45

90

135

180

225

270

315

360

405

450

Parameter
Length [m]
βx,y,prim [m]
αx,y,prim [-]
Δμcoll,x,y [deg]
NP [σ]
NS [σ]
μopt,x,y [deg]

Doublet
107.9
(21.4,41.2)
(0,0)
(124,100)
2.5
3.0
(29,151)

Triplet
145.0
(18.1,48.4)
(-0.6,2.3)
(198,144)
3.5
4.0
(31,149)

Betatron Phase Advance [deg]

Figure 3: Sketch of particle trajectories after traversing
the scraper considering scattering only in the collimation
plane. Two sets of secondaries are required to optimize the
absorption efficiency.
• The scattering process is isotropic, meaning that the
particle is deflected as well in the plane orthogonal to
the collimation process. The emittance growth in each
plane due to a increased divergence is related with the
β function at that location by,
x,y = 0,x,y + βP,x,y θ2 ,

(2)

where 0 is the emittance before scattering, β P is the
betatronic function at the scatterer location and θ the
606

High brightness machines tend to enlarge the beam sizes
to avoid collective effects. This leads to small ratio between
machine acceptance and beam size. At PS2 a combination
of (NP ,NS )=(3.5,4.0) was considered for the triplet option,
and a revised (N P ,NS )=(2.5,3.0) for the new doublet. As
quoted in Table 1 a reduction in the aperture of primaries
and secondaries of 1 σ does not change the theoretical optimal phase advances required. However, the shortening of
the LSS reduces the phase advance available not meeting
the theoretical requirements.
The transverse shape of the vacuum chamber for different PS2 elements is defined as a superellipse [9] with coef x n  y n
ficient n = 3.
 
 
(3)
  +   = 1,
a
b
Beam Material Interaction
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with a and b the semi-diameters for each element. The large
acceptance in all azimuthal angles of this particular shape
prevents from needing to add tilted collimators.
Table 2 presents phase advance and half apertures for the
each LSS configuration. According to [3] an additional set
of collimators can be added at 90 ◦ to improve efficiency.
Table 2: Collimator Parameter List for the Triplet Variant
(upper half) and the Doublet (lower half)
Collimator
TCP.H.1
TCP.V.1
TCS.H.1
TCS.V.1
TCS.H.90
TCS.V.90
TCS.H.2
TCS.V.2
TCP.H.1
TCP.V.1
TCS.H.1
TCS.V.1
TCS.H.90
TCS.V.90
TCS.H.2
TCS.V.2

Angle
[rad]
0
π
2

0
π
2

0
π
2

0
π
2

0
π
2

0
π
2

0
π
2

0
π
2

φx
[deg]
0
0
29
27
90
118
148
200
0
0
29
38
100
104
119
123

φy
[deg]
0.0
0.0
34
29
52
90
110
133
0
0
14
29
72
73
90
95

Nσ
[-]
3.5
3.5
4.0
4.0
4.0
4.0
4.0
4.0
2.5
2.5
3.0
3.0
3.0
3.0
3.0
3.0

PS2 COLLIMATION SYSTEM
OPTIMISATION
State-of-art of collimation tools used for LHC and RHIC
studies [10] are adapted and used for PS2 simulations. The
scattering routines are revised and updated for the PS2
energy range (E kinetic =1-50 GeV). Benchmarking of these
tools were done during CERN PS Continuous Transfer extraction were beam loss pattern measured by the BLMs
were successfully reproduced [11]. Beam halo formation
in a space charge dominated beam simulations for PS2 [12]
are still ongoing, so for the present studies a slow diffusion
process is considered, varying the average impact parameter (pencil distribution) to simulate different v diff .
The aperture of the collimators and relative retraction between the different stages set the optimal phase advances
for the secondaries. Next, the length of the scatterer is optimized to reach the secondaries in the fewer number of
turns to minimize the power deposited in the scraper. At
first approximation for thin scatterers (l scatt  λI ), the scatterer length can be approximated considering only Multiple
Coulomb Scattering (MCS). From [13] for the MCS there
is a Gaussian approximation for the central 98% of the projected angular distribution with a width give by [13],

 
x
13.6MeV x
1 + 0.038 ln
,
(4)
θ(s) =
βrel cp
χ0
χ0
Beam Material Interaction

THO2B02

where p, βrel c are the momentum, velocity, and x/χ 0 is
the thickness of the scattering medium in radiation lengths.
The theoretical lengths to reach the secondaries for copper
and tungsten are presented in Table 3 for the different LSS
variants.
Table 3: Theoretical Scraper Length to Reach Secondaries
for a Single Passage Assuming Only Multiple Coulomb
Scattering
Material
C
W

LDoub,x,S
[m]
0.006
0.0001

LTrip,x,S
[m]
0.01
0.0002

LDoub,y,S
[m]
0.0008
0.00004

LTrip,y,S
[m]
0.003
0.00005

The results presented next, if not stated contrary, are for
tungsten for both, primary and secondaries, and for the
triplet variant of the LSS.
Considering the values in Table 3, different lengths of
scatterers are scanned to find the optimal. The length traversed in the scatterer (and thus the kick received) is a
function of the impact parameter. Figure 4 top, presents
the length traversed in the scatterer during the first impact
compared to the RMS value given by Eq. (4) (green line).
For small impact parameters the particle is outscattered before traversing the complete length. For larger impact parameter the length traversed increases until a steady state
where the particle traverses completely the scraper. The
number of passages needed are then related with the length
of the scraper and the impact parameter (Fig. 4 middle).
Around d ∼3 10 −7 , the multiple passage regime changes to
a single passage one. Combining number of passages and
length traversed (Fig. 4 bottom) it can be seen that there
is transition regime centered around 10 −7 m where there
is a minimum in the total length traversed. This minimum
is explained from the Monte Carlo nature of the scattering
process, as in that region some particles can receive enough
kick to reach the secondaries while others would need subsequent passages.
To evaluate the performance of the system the cleaning
efficiency is calculated. The cleaning efficiency is defined
as the ratio between particles absorbed by the collimators
with respect to the initial complete beam halo. In Fig. 5 the
cleaning efficiency is evaluated for an horizontal (top) and
a vertical halo (bottom). Similarly to Fig. 4 a minimum is
found around 10 −7 m, as in this intermediate regime there
will be particles which will not reach the secondaries in a
single passage, however in a second passage they will traverse the complete length and being overkicked and lost.
It is worthy to note that the efficiency increases with the
length of the scatterer as the available acceptance allows
to provide kicks larger than the theoretical minimum without compromising the efficiency. However the increased
efficiency for larger lengths as well means a deeper minimum (up to 2% less) as the limit between single passage
and overkicked is decreased.
In order to evaluate the effect of the orthogonal scattering, the absorptions of horizontal and vertical collimators
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Figure 5: Cleaning efficiency of an extended collimation
system (added 90 ◦ collimators) for the triplet variant of the
LSS for a horizontal halo (top) and a vertical one (bottom).
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Figure 4: Top, average length traversed in the scatterer during the first passage at the primary. The green line denotes the equivalent length to receive the necessary kick to
reach the secondaries. Middle, average number of passages
needed to reach the secondaries or being lost. Bottom, average total length traversed in the primaries. In all three
plots the results are scanned for different scatterer lengths
and average impact parameters.
for a horizontal and vertical halo are shown in Fig. 6. The
ratio between (β) functions at the location of the scatterer
(βy ≈ 2.5βx ) together with the fact that kicks required to
reach the secondaries are of same magnitude of the emittance, can cause losses in the vertical plane for an horizontal halo. As shown in Fig. 6 for a vertical halo (bottom),
vertical collimators (right) absorb most of the halo ( 80%),
while for an horizontal halo (top), due to the orthogonal contribution, the absorptions are equally distributed in
both. This raises the concern that the beam loading in vertical collimators is 75% of the total.
From an optic point of view, different materials for the
scraper are translated into different kicks per unit length.
On the other hand a larger scatterer would lead to a larger
probability of nuclear interactions. Comparing the behavior of a copper and a tungsten scatterer, it is found that the
efficiency profile presents again a minimum. The larger
lengths required for lighter materials displaced the transition region from multiple to single passage towards larger
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Figure 6: Cleaning efficiency for an horizontal halo (top)
and a vertical one (bottom), distinguishing between in
beam loadings in horizontal collimators (left) and vertical
(right) for different scrapers’ length and impact parameters.
The larger orthogonal scattering in the vertical plane makes
the vertical collimators absorb almost 50% of the scattered
particles from the horizontal plane.
impact parameters (∼6 10 −6 m) as shown in Fig. 7.
The validation of the system is done against the common threshold of 1 W/m average losses along the machine.
From CERN PS operation, the PS2 expected halo is ∼3%
of the total beam intensity [14], with most of the losses
observed to happen at the end of the first parabolic ramp
at the beginning of the cycle (E kinetic = 5 GeV). Considering the Fixed Target beam, this assumptions give P halo =10
kW. For the global cleaning efficiencies calculated before
the system is always below the 1 W/m limit (Fig. 8). A two
stage system according to (1) fulfills as well the requirements, additional 90 ◦ improves almost by four units the
efficiency. Future upgrades adding possible collimators in
the remain space available could raise the efficiency up to
99% (Fig. 8 top). Looking now into the average loss power
along the accelerator, the theoretical two stage system alBeam Material Interaction
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Figure 8: Global cleaning efficiency and distributed power
along PS2 considering P halo = 10 kW. Theoretical two
stage collimation system (blue), extended case with additional collimators at 90 ◦ (purple) and ideal maximum filling filling with collimators the LSS. In both cases the limit
of 1 W/m is not trespassed.
ready reduces uncontrolled losses to a reasonable ∼0.7
W/m, however if requested from radio protection group can
be reduced to ∼0.1 W/m adding additional collimators.
The histogram of losses along the machine is depicted in
Fig. 9 for the extended configuration. Expected hot regions
are the second half of LSS2 where the collimation system is
placed and the beginning of ARC1 where the 1 W/m limit is
barely trespassed. The other sensitive regions as LSS1 (injection/extraction elements) and first half of LSS2 (RF cavities) remain clean. Further energy deposition studies with
complete geometry and radio protection considerations are
needed to complement the present studies.
Same simulations were carried out for the new LSS variant with the middle doublet with the configuration presented in Table 2. The average efficiency was found to be
∼95.5%, meaning 1 W/m, which again fulfills the requirements for average uncontrolled losses, both globally and
locally.
Beam Material Interaction

A two stage betatron collimation system is proposed for
the new PS2. The expected performance is analyzed with
respect to the main parameters involved in the collimation
process. It has been shown that there exist a minimum in
cleaning efficiency for a certain impact parameter. This
minimum correspond to a intermediate regime between
multiple and single passage through the scatterer, where
due to the Monte Carlo nature of the process some particles
will reach the secondaries, while others will be overkicked
in second passages. The effect of the orthogonal scattering
in the beam loading of the different collimators has been
highlighted. The expected performance considering a reasonable beam halo power is under the threshold of 1 W/m
for both layouts of the LSS.
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OPERATION OF THE J-PARC MAIN RING WITH THE MODERATE
BEAM POWER: PREDICTIONS AND OBSERVATIONS
A.Molodozhentsev, KEK, Tsukuba, Japan
Abstract
The routine operation of J-PARC Main Ring for the
Neutrino experiments has begun from April 2010,
providing the moderate beam power at the maximum
energy of 30GeV. The obtained beam power, extracted
from the machine at this stage for the ‘6 bunches’
operation with the repetition time of 3.3 sec, is about
110kW. Total power of the lost beam is just 100Watt,
localized at the MR collimation system, which is in good
agreement with predictions. After the summer shutdown
2010 the number of bunches, accelerated in the J-PARC
Main Ring, will be increased up to 8. The expected beam
power for the ‘Neutrino’ experiments will reach 140kW,
which is the basis for the continuous routine operation of
MR during 2010.
To optimize the machine performance, providing
minimum particle losses during the injection and
acceleration processes, the computational model of the JPARC Main Ring has been established. The combined
effects of the machine resonances and the space charge of
the beam at the injection energy have been studied for
different scenarios of the machine operations with the
moderate beam power.
In frame of this report the comparison between
predictions, based on the corresponding simulations, and
measured beam losses is analyzed for different ‘bare’
tunes. The linear decoupling ‘proof-of-principal’
correction scheme and the obtained experimental results
are discussed for the case of the moderate beam power of
the J-PARC Main Ring. The predicted and obtained
budget of the beam losses for the machine operation with
the moderate beam power is presented. Finally, the basic
scenario for the high beam power operation is discussed
shortly.

INTRODUCTION
J-PARC Main Ring (MR) should provide acceleration
of the proton beam from the injection energy of 3GeV up
to the maximum extraction energy of 50GeV. At the early
operation stage of MR the maximum energy is limited by
30GeV. The accelerated proton beam is delivered to the
‘Neutrino Experiment’ and to the ‘Nuclear and Particle
Physics Experiments’ by using the ‘fast’ and ‘slow’
extraction techniques, respectively. For the ‘phase1’operation of the J-PARC Complex the 300kW beam
power is produced by the rapid cycling synchrotron
(RCS), which accelerates the proton beam from 181MeV
up to 3GeV with the repetition rate of 25Hz providing 2
bunches per pulse. According to the design specification
of the J-PARC Complex, only about 5% of the average
RCS beam power is used by MR. The beam, extracted
from RCS, is injected to MR by using the single-turn
injection technique. The total beam power in MR at the
610

injection energy of 3GeV for the case of the ‘8-bunches’
operation will be 14.5kW (1.25e13 protons per bunch). At
the energy of 30GeV the maximum expected beam power
for the ‘phase-1’ of the MR operation is 140kW.
The MR performance for the low-beam intensity case,
predicted by the computational MR model [1], has been
compared with the measured characteristics of the MR
including the beam survival at the injection energy for
different betatron tunes. The obtained results, which
represent the effects of the machine resonances, will be
discussed in this report.
For the MR operation the significant contribution of the
‘sum’ linear coupling resonance Qx+Qy=43 to the particle
losses has been predicted and observed at the early stage
of the machine commissioning. The correction approach,
based on the local vertical bump of the circulating orbit at
the location of the sextupole magnets, has been proposed
and tested successfully for J-PARC Main Ring.
The tune scanning analysis has been performed for
different operation scenario of the machine with the
maximum equivalent beam power of 100kW at the
extraction energy of 30GeV. This analysis has been made
for both the computational MR model and for the real
machine operation. The obtained results will be also
discussed in this report. Finally, the optimum machine
performance has been established providing minimum
particle losses, localized at the Main Ring collimation
system. The observed power of the lost beam during the
injection and acceleration processes is about 100Watt,
which is much below the capacity limit of the MR
collimation system. The obtained experimental result
agrees with the predictions, based on the MR
computational model for the moderate beam power.

MAIN RING OPERATION WITH ‘ZERO’
BEAM INTENSITY
The J-PARC Main Ring commissioning process was
started in 2008 from ‘zero’ beam intensity, which is just
about 1% from the design intensity. The ‘direct’ injection
scheme without bump-magnets, which change the
circulating orbit in the injection straight section of the
ring, has been used to inject the beam into MR. The
lattice properties have been studied and compared with
the results of the computational model of the machine [2].
The Main Ring computational model has been
developed, representing the synchrotron with the realistic
machine imperfections including measured field data and
measured alignment error for each magnet. The measured
properties of the MR focusing structure are in reasonable
agreement with the simulated values, in particular the
closed orbit distortion, the beta functions in the horizontal
and vertical directions, linear chromaticity of the machine
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before and after the correction by using 72 sextupole
magnets and so on.
Big efforts, connected to optimization the MR
performance, have been made by the commissioning
group [3] providing the good agreement between the
simulated and measured basic properties of the focusing
structure of the machine: minimization the injection
errors; closed-orbit correction and RF tuning;
improvement the power supplies of the dipole and
quadrupole magnets and other items. After improvement
of the power supply system of the quadrupole magnets the
variation of the betatron tunes (ΔQx,y)max is in the range
±0.0015 for the time period more than 1sec. The tune
scanning has been performed at different stages of the
machine commissioning to check the predictions, based
on the computational model of the machine, and to find a
‘safe’ area for the basic ‘bare’ working point, which
provides minimum particle losses during the injection and
acceleration processes.
By using the computational model of J-PARC MR [2]
the tune scan study has been performed, first of all, by
analyzing the single particle dynamics. The dynamic
aperture of the machine and the beam survival at the MR
collimator have been studied taken into consideration
realistic machine imperfections for both on- and offmomentum particles [4]. During that study it was found
that ‘smearing’ of the particle trajectory, caused by lowand high-order resonances (mainly the coupling
resonances), could lead to the particle losses at the MR
collimation system.
The simulated beam survival at the MR collimator with
the acceptance of 60π is presented in Fig. 1. The machine
operation scenario corresponds to the case of the ‘fast’
extraction of the beam to the ‘Neutrino’ beam-line. In the
case of the ‘slow’ extraction operation scenario of JPARC MR it is necessary to take into account the effect
of the field leakage of the extraction septum magnets,
which disturb the beam also at the injection energy.

Figure 1: Beam survival study and the MR machine
resonances, observed for the on-momentum particle for
the ‘fast’ extraction operation scenario of J-PARC MR.
The short-term single particle tracking procedure
during 4’000 turns (~ 21msec at 3GeV) has been used for
that tune-scan, taken into account the synchrotron
oscillation of the off-momentum single particles. This
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number of turns corresponds to a few synchrotron
periods, which is determined by parameters of the RF
system. The fitting procedure for each working point was
based on variation of all quadrupole magnets of the
machine, to obtain the required phase advance in the arc
modules and to minimize changing the beta-functions
around the machine. The ‘light grey’ color represents the
‘bare’ working points with minimum emittance dilution
and minimum particle losses at the MR collimator.
The obtained results demonstrate clearly that in
addition to the integer and half-integer resonances the
‘sum’ linear coupling resonance [1,1,43] , the normal
sextupole resonances [3,0,67], [1,2,64] and [-1,2,19], as
well as the high-order coupling resonance [2,-2,3] would
limit the MR performance.
The tune scanning with ‘zero’ beam intensity of the
MR beam has been performed to check the predicted
effects of the lattice resonances, caused by the machine
imperfections (RUN#27/2009 and RUN#28/2009).

Figure 2: Measured beam survival for different ‘bare’
working points for the single bunch operation with the
intensity of 4×1011 proton per bunch (RUN27&28/2009).
The single bunch operation without acceleration (the
capture time of 2sec) has been set with the ‘direct’
injection of the bunch into MR. The survival of the beam
has been observed during 40msec, which corresponds to
the capture time of the batch in MR in the case of the
RCS repetition frequency of 25Hz. The horizontal and
vertical closed orbit distortion of MR has been corrected
at the injection energy so that to keep is in the range
(±2mm) and (±1mm) in the horizontal and vertical planes
respectively. The linear chromaticity of the machine has
been fully corrected.
The collimation system of the 3-50 beam line between
RCS and MR was not used, so that the 100% transverse
emittance of the injected beam was expected to be equal
about 80π. The ‘fast extraction’ scenario of the MR
operation has been used for this study. The injection
errors have been minimized to avoid unexpected particle
losses at the beginning of the injection (capture) process.
The measured beam survival rate for different lattice
tunes is presented in Fig. 2.
The obtained experimental results are in agreement
with the predictions, made by using the computational
MR model for the single particle dynamics (Fig. 1).
Significant particle losses have been observed
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experimentally near the low-order lattice resonances,
including the ‘sum’ linear coupling resonance [1,1,43],
and near the 3rd order horizontal resonance [3,0,67]. For
the lattice betatron tunes, indicated as ‘FX1’, ‘FX2’ and
‘FX3’ on Fig. 2, the experimentally observed particle
losses were less than 1% for the ‘zero’ beam intensity
(4×1011 proton per bunch).

‘Sum’ Linear Coupling Resonance Correction:
Proof-of-Principal
The correction approach, which can be used to suppress
the effect of the ‘sum’ linear coupling resonance, has
been proposed and tested for J-PARC MR by using the
computational model of the machine [1]. It was
demonstrated that the linear decoupling can be performed
globally or locally at the MR collimation system.
The correction procedures for the both decoupling
algorithms have been implemented to the ‘PTC’ code.
The ‘local decoupling’ method is the method based on the
matrix decoupling at the point of observation (at the
position of the MR collimator). To perform the ‘global’
linear decoupling we minimized a ‘Ripken’ lattice
function summed around the ring [2].
By using the computational MR model it was shown
that the ‘global’ approach of the linear decoupling can be
realized by two independent families of the skewquadrupole magnets. In this case the required maximum
quadrupole components of the skew quadrupole magnets
are less than 5% of the nominal value of the MR normal
quadrupole magnets. The beta-beating around the ring,
cause by the skew quadrupole components, is less than
6%.
At this stage of the MR commissioning process the
machine does not have any dedicated resonance
correction magnets. It was decided to use artificial
vertical distortion of the circulating orbit at the location of
two appropriate sextupole magnets. These two sextupole
magnets from 72 magnets, installed in the MR arc
sections, are used primary to correct the linear
chromaticity of the machine. This practical approach of
minimizing the linear coupling ‘globally’ around the
machine has been checked by using the computational
model of MR and applied successfully to MR during the
machine study.
To realize this correction scheme the phase advance
(Δμx+Δμy) between two appropriate sextupole magnets
should be close to 90 degrees. In frame of the
computational model of MR the global linear decoupling
has been performed by using the localized vertical bump
of the circulating orbit at the position of two appropriate
sextupole magnets (SDA019 and SDB028). The required
local bump of the closed orbit in the vertical plane is
(3÷4) mm.
This prediction has been confirmed experimentally,
first of all, for the case of the ‘zero’ beam intensity
(4×1011 proton per bunch). The ‘lattice’ tunes were set
near the [1,1,43] resonance line (Qx=22.20, Qy=20.80).
The required vertical bumps of the closed orbit at the
location of SDA019 and SDB028 sextupole magnets are
612

(+4mm) and (-5mm), respectively. The maximum vertical
closed orbit distortion around the machine was kept in the
range (±1mm). The DCCT output before and after the
linear decoupling for the DC operation mode of J-PARC
MR is presented in Fig. 3 (A) and (B) respectively.
(A)

(B)

Figure 3: Beam intensity (DCCT output) during the
capture process (TCAP ~ 1sec) at the injection energy (no
acceleration) before (A) and after (B) the [1,1,43]
resonance correction by using the local vertical bump of
the orbit at the position of two sextupole magnets
(SDA019 and SDB028).

MAIN RING OPERATION WITH THE
‘MODERATE’ BEAM POWER
After the basic machine tuning with the ‘zero’ beam
intensity, the machine study has been performed by using
the ‘moderate’ beam power from RCS. The goal of this
study was the safe operation of J-PARC Main Ring with 6
bunches, providing the 100kW beam power at the
extraction energy of 30GeV to the ‘Neutrino’
experiments.
The particle losses should be localized at the MR
collimation system, which has the lost beam power
capacity about 450W. The particle losses around the ring
should be not more than 0.5W/m to avoid the radiation
damage of the J-PARC environment. Low-loss operation
scenario has been studied by using the Main Ring
computational model (PTC-ORBIT code) and realistic 6D
particle distribution, expected from J-PARC Rapid
Cycling Synchrotron [1].

Optimum Beam Parameters from RCS
J-PARC MR operation at this stage was based on the
fundamental harmonic RF system, which contains 4 RF
cavities with total maximum RF voltage of 180kV. The
RF voltage during the injection process (in the case of 6
bunches operation this process is about 80msec) should
be optimized taken into consideration the longitudinal
parameters of the injected beam from RCS. In the case of
the space charge dominated beam the bunch length and
the particle distribution in the longitudinal phase plane is
one of the critical parameters, which should be optimized
to minimize the particle losses.
The measurement of the bunching factor has been
performed after successful general tuning of the MR RF
system. The observed oscillation (±15%) of the bunching
factor of the beam just after the injection into MR is
unavoidable (< Bf > ~ 0.2). To get this bunching factor,
the second harmonic RF voltage should be used in RCS at
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the top energy. Depending on the location of the ‘bare’
working point it could lead to crossing the lattice
resonances and, as the result, to the transverse emittance
growth and to the particle losses. The optimum RF
voltage during the injection process for the MR operation
with the moderate beam power has been defined in the
range (70÷80) kV.

MR Operation: Predictions and Observations
The optimization of the MR operation has been
performed for the following injection processes at the
early stage of the machine study: (1) 1 bunch operation by
using the ‘direct’ injection; (2) 1 batch operation by using
the realistic injection procedure including effects of the
bump magnets and field leakage of the injection septum
magnets; (3) the ‘multi-batches’ operation with 6
bunches. Using the computational model of J-PARC
Main Ring we performed required simulations for the ‘1
bunch’ injection process including the effects of the bump
magnets (with edge focusing effects) and the measured
field leakage of the injection septum magnets (including
the ‘eddy current’ septum magnet).
For the case of the MR operation with the moderate
beam power (1.8kW/bunch at 3GeV) all predictions are
based on the ‘short-term’ self-consistent tracking study by
using the realistic 6D particle distribution at the injection
energy. According to the observed experimental results in
the case of the moderate beam power for the MR
operation, the particle losses can be estimated (and
predicted qualitatively) by using the ‘short-term’ tracking
simulations during a few synchrotron periods (~ 4000
turns). After the performed optimization of the injection
process by using the ‘short-term’ tracking the particle
losses for a long period have be checked.

MR Tune Scanning
The tune scanning analysis has been performed for MR
to find an appropriate ‘bare’ working point, which could
provide minimum particle losses during the injection
process. The beam intensity corresponds to the 100kW
beam power at the 30GeV energy for the MR operation
scenario with 6 bunches. As was stressed above, the
realistic 6D particle distribution of the beam from RCS
has been used, including the effect of the 3-50 beam line
collimation system. The parameters of the MR RF system
have been fixed so that to produce the matching between
the longitudinal particle distribution and the RF
separatrix, keeping the bunching factor almost constant
(Bf ~ 0.2).
The realistic MR computational model has been
utilized to simulate and predict the effects of the coherent
resonances leading to the transverse emittance dilution.
The correction of the ‘sum’ linear coupling resonance has
been performed by using the local vertical bump of the
circulating orbit at the locations of two sextupole
magnets. The effects of this correction approach has been
discussed above for the ‘zero’ beam intensity for both
simulation and measurement.
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‘Qy=20.75’Scan
The predicted and observed particle losses at the MR
collimator for the horizontal tune scan with the fixed
vertical ‘bare’ tune (Qy=20.75) are presented in Fig. 6 (A)
and (B), respectively. The coherent ‘sum’ linear coupling
resonance [1,1,43] has been corrected for each ‘bare’
working point of this tune scan. For this tune scan the
coherent resonances [2,0,45], [3,0,67] and [2,-2,3] have
been observed by analyzing the FFT spectrum of the
correspondent moments of the transverse particle
distributions. As the result, for the ‘bare’ tunes around
these resonance lines the particle losses occur. According
to the prediction, based on the ‘short-term’ tracking study,
the minimum particle losses should be obtained for the
horizontal ‘bare’ tune near Qx=22.40 (Fig. 4(A)).
The minimum particle losses have been obtained
experimentally for the horizontal ‘bare’ tune of Qx=22.40
(Fig. 4(B)), which is in good agreement with the
prediction, made for the fixed vertical ‘bare’ tune of
Qy=20.75.

Figure 4: The predicted (A) and observed (B) particle
losses at the MR collimator for the horizontal tune scan
with the fixed vertical ‘bare’ tune (Qy=20.75).

‘Qx=22.30’ Scan
The tune-scan analysis for the fixed horizontal ‘bare’
tune of Qx=22.30 has been performed for the case of the
J-PARC MR operation with the moderate beam power at
the injection energy (Fig. 5). The ‘fast extraction’
scenario was simulated for this case by using the realistic
computational model of the machine.
The horizontal tune (Qx=22.30) is chosen near the 3rd
order horizontal resonance, so that without the space
charge detuning effect this resonance could lead to
significant particle losses. The space charge will depress
the incoherent and coherent betatron tunes, keeping the
tunes away the resonance stop band. The ‘sum’ linear
coupling resonance [1,1,43] can be corrected by using the
correction approach, discussed above. The predicted and
measured particle losses before and after the linear
coupling resonance correction indicate that for the vertical
‘bare’ tunes above the [1,1,43] resonance line the particle
losses after the correction reduce significantly. Increasing
the particle losses for the vertical tunes above Qy=20.80 is
determined by the effects of the [2,-2,3] and [1,2,64]
resonances.
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mainly at the beginning of the injection process. The
obtained experimental result is in agreement with the
predicted lost beam power for this case. This level of the
beam losses is below the capacity of the MR collimation
system, so that these losses are acceptable for the J-PARC
MR operation with the moderate beam power.

BEAM POWER UP-GRADE SCENARIO
OF J-PARC MAIN RING

Figure 5: The predicted (A) and observed (B) particle
losses at the MR collimator for the horizontal tune scan
with the fixed horizontal ‘bare’ tune (Qx=22.30).
Minimum particle losses for the vertical tune
Qy=20.625 has been observed for both predictions and
measurements (Fig. 5(A),(B)). For the vertical ‘bare’
tunes below Qy=20.575 significant particle losses are
determined by the half-integer resonance 2Qy=41, caused
by the machine imperfections and the space charge of the
low energy beam itself. The effect of this resonance on
the particle losses in this area depends on the bunching
factor of the beam.

‘Qx=22.20’ Scan
The vertical tune scanning has been performed also for
the fixed horizontal tune Qx=22.20 for the case of the
moderate beam power for J-PARC MR, including the
‘sum’ linear coupling resonance. Minimum particle losses
have been obtained just below the [1,1,43] resonance line
(Qy=20.77). The range of the ‘bare’ working points for
this case is limited by the effects of the high-order
coupling [2,-2,3] and normal sextupole [1,2,64]
resonances. These results have been confirmed
experimentally including the injection and acceleration
processes.

Current Status of the MR Operation
The best result for the J-PARC MR operation with the
beam power of 100kW at the extraction energy of 30GeV
has been obtained for the proposed ‘bare’ working point
(Qx=22.40, Qy=20.75 presented in Fig. 4). The total
power of the lost beam during the injection and
acceleration processes for this case is just 100Watt for the
‘six-bunches’ operation scenario. The particle losses are
localized at the collimation system of MR and occur
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Next ‘mile-stone’ of the beam power upgrade for the JPARC Main Ring is the continuous operation with the
beam power about 4.8kW/bunch. In this case the
maximum energy of LINAC is 181MeV. The expected
beam power from RCS at the 3GeV energy should be
600kW. The repetition time for the J-PARC MR should
be reduced up to 2.47sec. The number of bunches,
accelerated in MR, should be increased from 6 to 8. In
this case the expected beam power from MR, delivered to
the ‘Neutrino’ experiments, should be about 390kW at the
extraction energy of 30GeV.
To reach this goal during next two years it is necessary
to increase the capacity of the 3-50 beam line collimator
from 450W till 2kW and the capacity of the MR
collimator from 450W till 2kW. The MR operation
scenario should be based on usage the second harmonic
RF system to modify the shape of the longitudinal
separatrix. Extensive simulations now are in progress to
establish the low losses operation scenario for both JPARC synchrotrons, for RCS and MR.

CONCLUSION
The low loss operation of J-PARC Main Ring has been
established successfully for the machine operation with
the moderate beam power. The predicted beam behaviour
and beam losses for different ‘bare’ working points are in
reasonable agreement with the experimental observations.
By using the computational model of J-PARC Main Ring
the optimization of the machine performance for the high
beam power operation should be performed, as well as the
optimization of the RCS performance.
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LONG TERM SIMULATIONS OF THE SPACE CHARGE INDUCED BEAM
LOSS EXPERIMENT IN THE SIS18
G. Franchetti∗ , O. Chorniy, I. Hofmann, W. Bayer, F. Becker, P. Forck, T. Giacomini, M. Kirk,
T. Mohite, C. Omet, A. Parfenova, P. Schütt, GSI, Darmstadt, Germany
Abstract

EXPERIMENTAL RESULTS AND
SIMULATIONS

In this proceeding we present the simulations of the experiment made in the SIS18 synchrotron on the effect of the
space charge in a bunched beam stored for one second. The
simulations attempt to reproduce 4 sequences of measurements with 4 different types of beams at different intensities using sextupole driven resonances. Our results confirm
the conclusions from previous measurements at the CERNPS using octupoles driven resonances. Some conclusion on
the beam physics case are addressed.

INTRODUCTION
An extensive experimental campaign on space charge
and resonances has taken place in 2006-2008 on the SIS18
synchrotron at GSI. The purpose of this study was to provide experimental data for code benchmarking and to investigate experimentally the basic beam loss and emittance
increase mechanism acting on a beam during long term
storage. The beam dynamics mechanism is believed to be
trapping or scattering [1, 2, 3]. While these effects were
subject of early investigations mainly as single particle effects, only recently it has been proposed that incoherent
space charge can drive a periodic resonance crossing in a
bunch [4]. In order to disentangle the effect of the synchrotron motion from that of the space charge, we have
performed 4 separated set of measurements characterized
by the presence or absence of high intensity as well as
of the synchrotron motion. First results of these measurements were presented in HB2008 [5]. Here we present the
full campaign and the associated simulation results. The
details on the experimental campaign, the parameters characterizing the beam and a more detailed discussion on the
simulations are documented in the extensive paper Ref. [6].
The necessity of consolidating the beam loss prediction is
very important for the SIS100 synchrotron and its magnet
field quality requirement [7, 8]. Uncontrolled beam loss is
required to be within a 5% budget in order to mitigate a
progressive vacuum degradation, dangerous for beam lifetime. Therefore the mechanism studied here plays an important role for the discussion on the nonlinear components
in magnets, residual closed orbit distortion as well as in the
resonance compensation strategy.
∗ g.franchetti@gsi.de
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Low Intensity Coasting Beams
The experimental campaign consisted in measuring the
time evolution of a well controlled bunched beam for several tunes taken in the neighborhood of the resonance
3Qx = 13. The beam used is composed of 40 A18+ with
KV emittances at injection of  x = 19 mm-mrad,  y = 14
mm-mrad. The injection energy is of 11.28 MeV/u. In order to be able observe a beam distribution broadening, a
beam smaller than the SIS18 acceptances (A x  200 mmmrad, Ay  50 mm-mrad) was created. Transverse beam
profiles are measured with the intra-beam profile monitor
(IPM) [9], while the longitudinal profile is measured with
a beam position monitor. The operational condition of the
full campaign have been set so to compensate the natural
chromaticity in order to study only the pure space charge
driven effects. The third order resonance in this experiment is already excited by natural errors, which are not
known by previous measurements. We have used data on
beam loss in order to construct a model of the nonlinear lattice of SIS18. In Fig. 1a we show a tune scan of the beam
response after 1 second storage, the curves show the emittance ratio and the beam survival. Around the third order
resonance beam loss becomes substantial because of the
reduction of the separatrix [10]. The pattern of beam loss
and the beam loss stop band can be modeled when the resonance is driven by one localized sextupolar error, which we
assume as the source of the resonant dynamics. By monitoring the beam loss a stop-band of ΔQ x  0.12 due to the
3rd order resonance 3Q x = 13 was found. The titled shape
of the beam loss curve around the third order resonance is
created by some extra detuning made by the chromatic correction sextupoles and other high oder nonlinearities. From
the simplified model we find that the presence of only the
chromatic correction sextupoles creates a too strong effect
on the simulated tilting of the beam loss curve. Hence we
have included and properly excited an octupolar error in
the same location of the sextupolar error. The location of
these two nonlinear components has been taken arbitrary
as we do not posses more information on the machine nonlinearities and their location. However, with this model,
we simulated the experiment with results shown in Fig. 1b.
Note in both pictures Figs. 1a,b the error-bars, which are
estimated as described in Ref. [6]. The large error-bars in
Fig. 1a are the results of beam fluctuation typical of low
intensity. The error-bars in Fig. 1b are originated by the
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the UNILAC avoiding so to affect the beam size. We
should mention here that the Linac-Synchrotron injection
scheme based on the “multi-turn injection” is affected by
the change of the horizontal tune Q x . On our range of
tunes explored, the variation of the beam intensity is found
∼ ±15%. The experimental results are shown in Fig. 2a
and the correspondent simulations in Fig. 2b. We note that
the minimum of the beam survival shifts on the left because
of the effect of the space charge. We estimate the peak incoherent tune-shift as ΔQ x/y = −0.025/ − 0.03. These
measurements show that the high intensity diminishes the
beam loss, the same result is found in the simulations. For
this particular resonance this is due to the detuning of the
space charge, which brings particles out of the resonance
when the bare tune is set on the resonance. In this measurement the region of emittance growth is a little larger
with respect to Fig. 1b. A detailed analysis of the position
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Figure 1: Emittance growth and beam survival after 1 second storage. In picture a) the experimental results are
shown as function of working points around the third order resonance. In picture b) are shown the corresponding
simulations. These results are obtained for the low intensity coasting beam.

limited number of macro-particles used in the simulations
(2000 macroparticles, see in Ref. [6]). In spite of the coarse
modeling, we obtain a decent reproduction of the measurements. Note that the emittance growth at Q x  4.36 is not
found in the simulation as result of the incomplete modeling of the nonlinearities, which we have been set only to
reproduce the third order resonance 3Q x = 13 beam loss.

High Intensity Coasting Beams
After the measurement of the low intensity coasting
beam we increased the intensity and again investigated the
beam response. The experimental procedure to rise the
intensity was made via changing the beam current from
616
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Figure 2: The pictures shown here are the correspondent of
Fig. 1a,b but now for a high intensity coasting beam. The
peak tune-shift is ΔQ x/y = −0.025/ − 0.03.
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of the transverse third order islands reveals that their outer
position is controlled by space charge and the machine bare
tune: The islands at Q x = 4.34 are located at the outer position, but still touching the tail of the beam, hence the large
emittance increase. At the tune Q x = 4.35 the location of
the islands is completely inside the beam, hence the emittance growth practically disappears.
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The longitudinal focusing necessarily creates an oscillation of the longitudinal particle momentum. After injection the beam is left to coast for 100 ms as prior to being
bunched in 10 ms with a final RF voltage of 4 kV. This
bunch, characterized by a bunching factor B F  0.335 and
(δp/p)rms = 1.3 × 10−3 , is stored for 0.9 seconds, then
adiabatically de-bunched in 100 ms (before a final bunching with acceleration and extraction). In ideal conditions,
the single particle off-momentum should not play any role
once the machine has chromaticity compensated. Only the
dispersion affects the beam sizes according to the bunch
length and RF voltage. We proceeded with our systematics by repeating the tune scan as made for the other two
types of beam. The results and simulations are shown in
Fig. 3a,b. In these measurements we also included the monitoring of the longitudinal distribution and in Fig. 3a this is
shown with the rms bunch length (green curve). The results show that no relevant effect occurs to the beam loss
and emittance ratio. A slight enlargement of the beam loss
stop band takes place, and the maximum beam loss decreases. Some effect on the bunch length is detected in
a form of shortening. Our simulations retrieve a similar effect, the maximum beam loss are mitigated, while on the
left of the stop band an emittance growth, consistent with
our modeling (Fig. 1b) is still found. The main finding of
this measurement is that some residual chromaticity mildly
affect the beam loss stop-band, and also that the chromaticity does not enlarge significantly the beam size.
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Figure 3: Low intensity bunched beam. a) measurements,
b) simulations. We plot in both pictures also the change in
bunch length (green curve).

High Intensity Bunched Beam
The average peak space charge tune-shift directly measured from the IPM data yields ΔQ x  −0.04, and
ΔQy  −0.06. In Fig. 4a we show the experimental
finding. We find as in the CERN-PS experiment (Fig. 4c
solid lines) that a region of beam loss (red curve) is located on the right side of the resonance [4]. In absence of
beam loss (Qx ∼ 4.3425) an emittance growth is observed
(Fig. 4a black curve): This result is consistent with trapping/scattering regimes discussed in Ref. [11]. The green
curve shows the relative bunch length, which becomes
shorter close to the maximum beam loss at Q x = 4.3365.
In Fig. 4b is shown the simulation of the measurements
presented in Fig. 4a. Note that beam loss is reproduced
with acceptable accuracy, but differs by a factor of 2 at
Qx = 4.3365. The peak of beam loss is located on the
left side of the low intensity stop-band. Note that above the
resonance, in absence of beam loss, both measurement and
Beam Dynamics in High-Intensity Circular Machines

simulation exhibit maximum of emittance increase. On the
other side of the single particle stop-band at Q x = 4.375 no
bunch shortening or beam loss is observed. The correlation
beam loss / bunch shrinkage shown in Fig. 4a was already
observed in the CERN-PS experiment [11], but only for a
few bunch profiles. Here it is confirmed for the full storage
time and it is consistent with the interpretation that particles
with large synchrotron amplitude are lost because they are
trapped/scattered into the stable islands [11]. In absence
of beam loss (Q x ∼ 4.3425) an emittance growth without bunch shrinking is observed (Fig. 4a black and green
curves).

DISCUSSION/OUTLOOK
In this experiment we have studied the interplay between
the high intensity of a bunched beam and the presence of
617
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Figure 4: High intensity bunched beam. a) Transverselongitudinal beam response to the long term storage as
function of working points around the third order resonance; b) Simulation of picture a); c) Result of CERNPS measurements, and in dashed lines simulation result on
modeling (case where chromaticity is included).
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the 3rd order resonance.
The nonlinear dynamics is in this case different from that
one of the CERN-PS experiment. The octupole induced 4th
order resonance is always stable, even for very weak space
charge, which is not the case for a sextupole resonance for
which at low intensity the three stable fixed points can be
found at very large amplitudes. Nonetheless we retrieve
similar features of emittance growth and beam loss in both
cases. In spite of the different resonances, space charge
tune-shift, beam emittances and storage time, our retrieving of similar patterns in the beam response allows us to
interpret on a solid base that in both experiments the underlying beam physics is the same. Clearly in both experiments the lack of complete knowledge of the experimental
conditions is still a source of the differences found with the
simulations.
Our work also allows to conclude on an experimental
basis that only the simultaneous presence of high intensity
and synchrotron motion and a resonance (Fig. 4a) is responsible of the long term emittance growth and beam loss.
All other cases (Fig. 1a, Fig. 2a, Fig. 3a) do not exhibit the
same beam pattern. The simulations of the measurements
for the 4 types of bunches provides good agreement considering the complexity of the beam dynamics under study.
While the emittance growth prediction is relatively close
to the measured data, the beam loss shows a gap between
simulations and experiment which can be up to a factor of
2 for cases of maximum beam loss.
These differences might be partly due to self consistency
effects, but further theoretical/numerical studies are necessary to support this interpretation.
We thank the support of O. Boine-Frankenheim, P.
Spiller, and all the S317 collaboration.
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HIGH INTENSITY STUDIES ON THE ISIS SYNCHROTRON, INCLUDING
KEY FACTORS FOR UPGRADES AND THE EFFECTS OF HALF INTEGER
RESONANCE
C.M. Warsop, D.J. Adams, I.S.K. Gardner, B. Jones, R.J. Mathieson, S.J. Payne, B.G. Pine,
C.R. Prior*, G.H. Rees*, A. Seville, H.V. Smith, J.W.G. Thomason, R.E. Williamson, ISIS and *ASTeC,
Rutherford Appleton Laboratory, Oxfordshire, UK
Abstract
ISIS is the spallation neutron source at the Rutherford
Appleton Laboratory in the UK. Operation centres on a
high intensity proton synchrotron, accelerating
3×1013 ppp from 70-800 MeV, at a rep. rate of 50 Hz.
Studies are under way looking at many aspects of high
intensity behaviour with a view to increasing operational
intensity, identifying optimal upgrade routes and
understanding more about fundamental intensity
limitations. Present work is assessing the possibility of
increasing beam power by raising injection energy into
the existing ring (to ~180 MeV), with a new optimised
injector. Progress on calculations and simulations for the
main high intensity topics is presented, including: space
charge and emittance evolution in the transverse and
longitudinal planes, beam stability, and injection
optimisation. Of particular interest is the space charge
limit imposed by half integer resonance, for which the
latest experimental and simulation results are reviewed.

HIGH INTENSITY STUDIES AT ISIS
Present ISIS Status and Operations
Following the commissioning of the ISIS second target
station in 2008, the ISIS accelerators now supply beam
for two neutron target stations [1]. Beam power is being
increased to accommodate the new users, and central to
this is the high intensity optimisation of the ring,
particularly the dual harmonic RF (DHRF) system and
associated beam dynamics. Typical operational beam
intensities are now 220-230 μA with well controlled
losses (~5%). As machine performance is better
understood, intensities should approach 240 μA.
The ISIS synchrotron has a circumference of 163 m,
composed of 10 superperiods. It accelerates ~3×1013 ppp
(protons per pulse) from 70-800 MeV, on the 10 ms rising
edge of the sinusoidal main magnet field. At a repetition
rate of 50 Hz this corresponds to an average beam power
of ~0.2 MW. Charge-exchange injection takes place over
130 turns, with painting over both transverse acceptances,
which are collimated at about 300 π mm mr. Nominal
tunes are Qh,v=(4.31, 3.83), but these are varied during the
cycle using trim quadrupoles. Peak incoherent tune shifts
due to space charge are estimated at ΔQinc≈-0.4. The beam
is essentially unbunched at injection, and is ‘adiabatically’
captured by the DHRF system. Two bunches are
accelerated by the h=2, 4 systems, with peak design
voltages of 160 and 80 kV/turn respectively. The h=2
frequency sweep is 1.3-3.1 MHz. The second harmonic
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system increases trapping efficiency and improves the
bunching factor. The machine operates below transition
(γt=5.034) and with natural chromaticities (ξh≈ξv≈-1.4).
Three fast kickers extract the beam in a single turn, via a
vertical septum magnet.
High intensity rings studies address three main areas:
increasing intensity for present operations, studying
higher intensity potential for the existing ring with a new
injector, and assessing options for adding a new ring
aiming at ≥1 MW beam powers. Underpinning this work
is a programme of code development, experiments and
diagnostics improvements to allow study of beam loss
mechanisms. Many of the concerns for future upgrades
coincide with those for current operations.

ISIS Injection and Megawatt Upgrades
The age and associated risk of breakdown are
motivating plans to replace large sections of the ISIS
70 MeV linac. Such a replacement could be combined
with an overall upgrade to the injector and injection
system into the existing ISIS ring. If the injection energy
were to be increased (~180 MeV), and injection
optimised, there is the prospect of substantially increased
beam power (perhaps ~0.5 MW). Although there are
numerous potential problems with such a scheme, it could
offer a high value upgrade path. Increases in beam power
may also carry through to later upgrades. This option is
the subject of current studies and is discussed below.
For beam powers in the megawatt regime, ISIS
upgrades would make use of an additional 3.2 GeV RCS.
Direct injection from the present 800 MeV ring would
provide beam powers of ~1 MW. The 3.2 GeV ring could
then be adapted for multi-turn charge-exchange injection
from a new 800 MeV linac, and provide beam powers of
2-5 MW. Appropriate designs have been described in [2]
and will be studied in more detail in due course.

HIGH INTENSITY ISSUES FOR
INJECTION UPGRADES
A set of working parameters is assumed for the
injection upgrade study: whether these are optimal, or the
proposed intensities are practical, is to be determined. The
starting point is a new 180 MeV injector, with chopped
beam injection into the present ring. A suitable linac
design has been established [2], which defines the
injected beam parameters. Provisional working values for
intensity are 8×1013 ppp, corresponding to 0.5 MW. Other
(flexible) working assumptions are: acceleration from
180-800 MeV, a sinusoidal main magnet field, injection
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from the outside of the ring, increased extraction
acceptance, and an unchanged rep rate of 50 Hz.
There are numerous practical and beam dynamics
issues to be addressed. Practical issues include: a design
for a new 180 MeV injection straight, increased activation
associated with higher energy loss, loss control, managing
foil derived losses, extraction loss, and RF beam loading.
These are currently under study [3], with workable
solutions looking likely in most areas. Beam dynamics
concerns are principally focused on losses related to space
charge, instabilities and achieving optimal injection: these
are discussed further below.

times the intensity, with similarly scaling growth rates.
Pushing Q’s down further will excite half integer loss:
Figure 1. Solutions being considered are damping systems
and moving Qv< 3.5. However, simulation studies (below)
suggest there may be a structure resonance near this lower
working point.

Transverse Dynamics Considerations
The main concerns for transverse dynamics are losses
associated with space charge and instabilities. Here we
address what are expected to be the main mechanisms,
but systematic checks for others are under way.
The increase in injection energy gives a reduction in the
space charge force as typically characterised by the
incoherent tune shift (1), scaling by a factor β2γ3. On the
present machine space charge peaks during trapping
(80 MeV), whilst on the upgrade it peaks at injection
(180 MeV). This gives a scaling factor of 2.6, all other
parameters being constant, which multiplies the current
operational beam power of ~0.2 MW to suggest the
upgrade working value of 0.5 MW.

ΔQinc =

rp N

1
2πβ γ ε B
2 3

(1)

Equation (1): the incoherent tune shift for a KV beam,
with rp proton radius, N intensity, ε=4εrms, β,γ are
relativistic parameters, B bunching factor. Additional
scaling is required for peak shifts of non-KV beams [4].
The change of injection energy also has some
potentially less beneficial implications. Transverse
emittance damping from 180-800 MeV reduces by 0.6
relative to 70-800 MeV (assuming conserved ε*=βγε).
This could imply a significant reduction in useful
acceptance at injection, if the same extracted emittance is
to be preserved. This would substantially reduce ε when
space charge peaks, thus reducing the gains assumed
above. However, it is expected that upgrades to the ISIS
extraction system could allow for acceptances near those
of the ring collimated limits (~300 π mm mr), thus
removing this restriction. More detailed checks of the ring
and extraction acceptances are under way. Bunching
factor is also critical, optimised via the DHRF system, see
below.
While space charge is reduced substantially by the
injection energy increase, growth rates of important
instabilities can be expected to scale most strongly with
intensity. The vertical head-tail instability, driven by the
resistive-wall impedance, is the most obvious problem
already observed on ISIS [5]. At present intensities this
instability is avoided by setting Qv lower, away from
Qv=4. This solution will probably not be effective at 2.6
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Figure 1: The ISIS Working Point and Main Resonances.
Other potential instabilities and resonances are being
assessed. Electron cloud effects are a potential problem,
although not yet seen on ISIS: electron monitors are being
installed to explore this further. Wideband damping
systems are a possible solution. The effects of different
transverse painting schemes on halo generation and
stability are also under study.

Transverse Dynamics Simulations
Extensive 2D simulation studies of beam behaviour
under expected space charge levels have been undertaken
using the code Set [6]. These include the ISIS AG lattice,
half integer error terms, closed orbits and the image
effects of the rectangular, varying aperture vacuum
vessels. These have, so far, identified half integer
resonance as the main intensity limiting factor, with a
possible image driven structure term near a proposed new
working point.
A number of simulations have been used to understand
the half integer intensity limit. The main parameters used
were: coasting beams of 1-2×1014 ppp, in a 4D waterbag
distribution, with εrmsx=εrmsy=50 π mm mr, representative
half integer stop band widths (δQsb≈0.02, for 2Qh=8,
2Qv=7) and beam energy of 180 MeV. A nominal working
point of Qh,v=(4.31, 3.83) was assumed. Beams were rms
matched and tracked for 100 turns at various intensities:
beam motion and loss were analysed. Development of
coherent modes and emittances were studied with
collimation limits removed. However, intensity limits
were estimated using loss levels (5%) with collimators at
realistic apertures. Results for the vertical plane are
shown in Figure 2. These show the depression of the
coherent envelope mode, with the corresponding increase
in its amplitude as resonance is approached. The inset
shows characteristic halo formation as the beam blows up.
Simulation results with realistic collimation limits
suggest half integer limits occur in the vertical plane first,
2Qv=7, at about 1.5×1014 ppp; horizontally 2Qh=8 at
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similar, but slightly higher levels. These correspond to
6×1013 ppp at a bunching factor of 0.4. Parameters
assumed for these simulations are still under study, in
particular working points, acceptances and bunching
factors. Variations of these may allow higher intensities,
e.g. raising the working points. However, as described
above, in the vertical plane this is severely constrained by
vertical instability near Qv=4. Moving Qv<3.5 is being
studied as a possible solution, but the appearance of a
possible structure resonance at 3Qv=10 described next,
may compromise this option.

THO2B05

Parameters are similar to the present machine, with two
bunches and RF harmonic numbers h=2, 4. Peak volts of
V1=160 and V2=80 kV/turn are required, with θ sweeping
0 to -70°. The h=2 frequency sweep is 2.0-3.1 MHz, and
each bunch occupies an emittance of ~1 eV s. Particle
simulations using the Hofmann-Pedersen distribution
confirm the satisfactory evolution of parameters,
controlled bunch lengths and emittances. In particular,
bunching factors are ~0.4 and the ratio of induced to
applied focusing accelerating voltage is <0.4, preventing
appearance of the microwave instability [7], Figure 4.

Figure 2: Quadrupole Coherent Frequency and Amplitude
vs Intensity; Single particle phase space near resonance.
Simulations at the standard working point, but at higher
intensities, suggest an image driven, structure, 3rd order
resonance 3Qv=10, giving significant loss at 2×1014 ppp.
At the nominal working point, half integer losses limit
intensity first, but if Qv<3.5 it is likely this systematic
resonance would be a significant problem. Results from
the simulation are shown in Figure 3: again the coherent
frequency depresses with intensity, and amplitude grows
as resonance is approached. The expected threefold
symmetry is seen in particle phase space once the beam
redistributes. Further study of the simulation results, and
experimental work, will explore this effect further. The
2D simulations above will be extended to include
momentum spread and 3D motion in the near future.

Figure 4: Acceleration of test distribution at 0, 3, 10 ms,
at 8×1013 ppp, with corresponding evolution of space
charge ratio and bunching factor.
Studies now need to demonstrate stable acceleration of
more realistic distributions, as generated by injection
painting. Trials are currently looking at injection
symmetrically around the minimum of the main magnet
field, with appropriate RF steering, momentum ramping
and manipulation of DHRF parameters to maximise
bunching factor. Initial results are promising, with losses
<1%, bunching and space charge factors approaching
plausible values. However, achieving the intensities
proposed is challenging.

High Intensity Challenges
Figure 3: Sextupole Coherent Frequency and Amplitude
vs Intensity; Single particle phase space near resonance.

Longitudinal Dynamics
The first stage of assessing the longitudinal dynamics
was ensuring beams of 8×1013 ppp could be accelerated
with realistic RF systems, and satisfying basic beam
dynamics requirements. The requirements are: control of
space charge, beam stability, maximum bunching factor,
momentum spread and pulse length control. Analytical
and simulation studies with the idealised HofmannPedersen distribution [7] indicate that stable acceleration
of 8×1013 ppp should be possible with a dual harmonic
RF system defined by:
V = V1 sin ϕ − V2 sin ( 2ϕ + θ )

The work above highlights some of the significant
issues in the transverse and longitudinal planes. Studies
next need to incorporate the effects of realistic 3D
painting and likely implications for stability and losses.
While the chopped injected beam should offer substantial
benefits compared to unbunched trapping of the present
machine, control of beam distributions and space charge
will be critical. Simulation studies of injection with space
charge will help predict beam growth and loss. Many
aspects of the proposed upgrade look plausible, but there
is important work to be done on some major issues. It
remains to be seen if the suggested powers of 0.5 MW
will be achievable.

(2)
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EXPERIMENTS ON ISIS
Storage Ring Mode Experiments
Experiments putting the ISIS ring into storage ring
mode (SRM) are useful for studying aspects of key loss
mechanisms. With the RF off, and the main magnet field
on a constant DC, observation of a “steady state” coasting
beam gives valuable information on instabilities and
space charge effects.

Instabilities of Coasting Beams
In normal RCS operation, the resistive-wall impedance
can drive a vertical head-tail instability [5], which may be
a major intensity limitation in proposed upgrades. It is
therefore useful to learn more about vertical stability and
impedances using coasting beam experiments.
Once the machine is in SRM, at nominal Q values,
(Qv≈3.8) the first effect seen as intensities approach
3×1012 ppp is beam loss associated with vertical beam
growth. This is indicated on profile monitors and position
monitors. The latter show strong coherent motion at the
lowest betatron side band frequency (Qv-4)ω0=qω0: the
amplitude of this is seen to grow exponentially (growth
time ~1 ms), Figure 5. Growth times increase quickly as
Qv→ 4, and with intensity. The beam rapidly stabilises as
Qv is lowered. Interestingly, it can be seen on Figure 5,
that once beam loss is induced (after 5 ms), other, higher
modes appear on the spectrum.

beam current. The impedance becomes large for small ω,
predicting large growth rates for the low frequency
betatron sidebands. That is, where ω=(Q+n)ω0=qω0, and
q is the fractional part of Q; the impedance is negative
when Q is below the integer (q<0). This explains the
dominance of the low frequency sideband, and
dependence of growth rate on Q as observed. This
estimate (not including the varying, rectangular vessels of
ISIS) suggests values of Re[ZTrw]~50 kΩ/m at Qv=3.83.
Use of measured growth rates and equation (3) implies
corresponding estimates of Re[ZTrw]~200 kΩ/m, with a
factor 4 variation with beam size (εrmsy~20-50 π mm mr).
Observed growth rates are thus higher than predictions.
The measurements and experimental techniques above
will now allow much more detailed study of impedances.
Measurements of frequency shifts and growth rates as a
function of Q and I will give information on real and
imaginary components of the impedance ZT. This will be
useful for RCS mode optimisation, and has also allowed
stabilisation of beams for space charge experiments.
Similar studies of longitudinal stability are planned.

Half Integer Resonance with Coasting Beams
The action of the half integer resonance under space
charge is thought to be a main loss mechanism on ISIS.
Studying the loss process under DC conditions allows
complications of longitudinal motion to be removed, and
the basic process to be studied.
With the ISIS ring in SRM, injection painting can be
adjusted to provide a range of beam emittances and
intensities suitable for studying envelope resonance.
Selecting roughly equal emittances in both planes,
εrms≈20±4 π mm mr, and intensities of 1×1013 ppp gives
envelope tune shifts of ≈0.3±0.04. These can be found
from the round beam, large tune split formulae for
envelope frequencies [4]

ω x2 = 4Q02x − 5Q0 x ΔQinc , x

(4)

ω y2 = 4Q02y − 5Q0 x ΔQinc, x

where ΔQinc is defined in equation (1), and Q0’s are zero
intensity values. Expected shifts are plotted in Figure 6.

Observations correspond reasonably well with
expectations from basic theory. The transverse frequency
shift for a coasting beam (without Landau damping) and
the low frequency estimate for transverse resistive-wall
impedance are [8]
Δω = i

ec
Z I;
4π Qγ E0 T

Re[ ZTrw ] ≈

2cR
b σω d
3

(3)

The associated growth rate is τ−1=−Im[Δω], and so
instability corresponds to a real negative impedance.
Parameters are standard, with R the machine radius, b the
circular pipe aperture, σ conductivity, d the skin depth, I
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Coherent Frequency

Calculated Vertical Envelope Tune Shift

Figure 5: Vertical Dipole Spectrum vs Time.
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Figure 6: Calculated Envelope Frequency Shift.
ISIS has 20 programmable trim quadrupoles, which
allow application of harmonic quadrupole driving terms
(i.e. 2Qv=7) and independent adjustment of the machine Q
values. Profile monitors, with suitable corrections for
space charge [9], provide measurements of emittance, and
spectra from position monitors allow measurements of
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coherent, dipole Q values. The latter are used to deduce
zero intensity envelope tunes.
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Figure 8: Vertical Head-Tail Motion in RCS Mode.
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Figure 7: Loss vs Intensity and Loss vs Q, Vertical red
line is the predicted envelope resonance.
By varying intensity and Q values it is possible to see if
loss occurs where envelope resonance is predicted from
equation (4). Two experiments are summarised in Figure
7: fixed Qv (3.60) and variation of intensity; fixed
intensity (1.0×1013 ppp) and variation of Qv. The red line
shows the calculated location of envelope resonance, with
estimated uncertainty.
Results indicate large losses, and reduction in possible
circulating beam intensity, coincident with predicted
coherent envelope resonance. These experiments are a
useful first step in observing and manipulating the half
integer resonance, but more work is required to establish
unequivocal measurement. Scheduled calibration work on
profile monitors will reduce the main uncertainty, that in
the emittances. In the long term, it is hoped that refined
beam control and profile measurement will allow
observation of parametric halo. In addition, quadrupole
kickers and monitors are planned, which should allow
direct excitation and observation of the envelope modes.
Such observations will be valuable for verification of
theory and codes.

Some Measurements from RCS Mode
The resistive-wall, head-tail instability is a key issue for
injection upgrades, and may be important for current
operations as intensities increase. At the moment,
however, beam is stabilised by lowering Qv. Detailed
studies of this instability were undertaken 18 years ago
during initial ISIS operations [5]; work is now starting to
pick this up again. Interestingly, the m=1 mode is
observed, not the m=2 as predicted by theory [5, 8].
Recent measurements of the head-tail motion have been
taken in RCS mode at 210 μA, induced by raising Qv:
Figure 8 shows vertical motion of the two ISIS bunches.
Manipulation of DHRF parameters was seen to affect the
motion. Interaction between head-tail stability and
longitudinal motion made possible with DHRF are an
interesting avenue of study. There are also plans to install
strip line monitors and kickers which could form part of a
damping system.
Beam Dynamics in High-Intensity Circular Machines

SUMMARY & PLANS
Study of many aspects of high intensity beam
behaviour are under way at ISIS, as required by
operational and upgrade requirements. Beam dynamics
study, code development, experimental work and
diagnostics developments are all essential to this work,
and essential for improved and consistent ISIS
performance. Present and proposed upgrades demand an
ever improving understanding of the ISIS ring.
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TUNE RESONANCE PHENOMENA IN THE SPS AND RELATED
MACHINE PROTECTION
T. Baer∗ , CERN, Geneva, Switzerland and University of Hamburg, Germany
B. Araujo Meleiro, T. Bogey, J. Wenninger, CERN, Geneva, Switzerland
Abstract
The 7 km long CERN Super Proton Synchrotron (SPS)
is, apart from the LHC, the accelerator with the largest
stored beam energy worldwide of up to 3 MJ. In 2008,
an equipment failure led to a fast tune shift towards an integer resonance and an uncontrolled loss of a high intensity
beam, which resulted in major damage of the accelerator.
Distinct experimental studies and simulations provide clear
understanding of the beam dynamics and the beam loss patterns at different SPS tune resonances. Diverging closed
orbit oscillations, a resonant dispersion and increased beta
beating are the driving effects that lead to a complete beam
loss in as little as 3 turns (69 μs). At the moment, the commissioning of a new turn-by-turn position interlock system
which will counteract the vulnerability of the SPS is ongoing.
In this paper, mainly the dynamics of beam losses at different tune resonances and machine protection related aspects are discussed. The beam dynamics at tune resonances
are only briefly addressed, a more detailed description is
given in [1]. A very comprehensive description of theory,
methodology, experiments, simulations and results is given
in [2].

INTRODUCTION
On June 27th , 2008 an equipment failure in the SPS led to
the uncontrolled loss of a high intensity beam at 400 GeV
with a total beam energy of about 2.1 MJ. The vacuum
chamber of a main bending magnet was punctured in the
vertical plane (cf. Fig. 1) and the magnet had to be replaced. Cause of the incident was a freeze of the main
timing system that inhibited the beam extraction after acceleration and resulted in an unintended tune shift towards
the Q = 26 integer tune resonance during the ramp down
of the magnets. An analysis of the data from the beam loss
monitoring system revealed that the beam was lost in less
than 20 ms which is the time resolution of the system [3].
The incident points out a vulnerability of the SPS to
fast beam losses and the challenge of machine protection
against tune resonances.

BEAM DYNAMICS AT TUNE
RESONANCES
Dedicated experiments were made to understand the
beam dynamics at different tune resonances in the SPS.
∗ contact:
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Figure 1: Impact of a 2.1 MJ beam. Over a length of about
10 cm the vacuum chamber is punctured. Metal droplets
contaminate the vacuum chamber.
Figure 2 depicts the special threat of beam losses due to
integer tune resonances.

Figure 2: Beam intensity and horizontal turn-by-turn
beam position at three particular beam position monitors
(BPMs). The horizontal tune is decreased linearly by about
−2 · 10−3 /turn. The beam is lost at a tune of about
QH = 26.015. The complete beam is lost within 3 turns
after the first beam losses start.
Measurement conditions: beam energy: 450GeV,
bunch intensity: 1.0 · 1010 protons, 12 bunches.
The graph shows the horizontal beam position at three
particular BPMs close to the QH = 26 integer tune resonance and the corresponding beam intensity. The horizontal tune is decreased linearly and the beam position starts

Beam Dynamics in High-Intensity Circular Machines
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to diverge about 40 turns before the resonance is reached,
leading to a complete beam loss about 8 turns before the
resonance peak would have been reached. Most challenging is the fact that it takes only 3 turns (= 69 μs) to loose
the complete beam after the first beam losses start. This
leaves practically no reaction time for an adequate machine
protection based on beam loss monitors (BLMs).
Besides these effects, tune resonances lead to a large variety of resonance phenomena. The effect on the closed
orbit and the dispersion are described in the following sections. A detailed discussion is given in [1] and [2].
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superperiodic5 tune resonance (cf. Fig. 4). Due to the
momentum-spread of about Δp
p = 1 in the SPS, this
enormous dispersion resonance leads to a diverging transverse beam size and related beam losses.

Closed Orbit
Dipolar field errors lead to a distortion of the closed
1
orbit which has a sin(πQ)
resonant behavior for integer
tune values [2, p. 15]. The closed orbit resonance is
the major cause of the diverging beam positions shown in
Fig. 21 . Measurements and simulations2 reveal that especially the nominal tunes of LHC-type beam (QH = 26.13
and QV = 26.18)3 are particularly close to the Q = 26 integer tune resonance (cf. Fig. 3). An erroneous decrease of
the tune will directly drive the closed orbit into resonance.

Figure 3: Simulation and measurement of the horizontal
rms closed orbit as a function of the horizontal tune. The
vertical tune is at nominal LHC-beam settings: QV =
26.18.
Measurement conditions: beam energy: 26 GeV,
bunch intensity: 4 · 1010 protons, 12 bunches.

Dispersion
1
Like the closed orbit, the dispersion has a sin(πQ)
resonant behavior for integer tunes [2, p. 15]. However, simulation and measurement4 reveal an enormous QH = 24
1 Nevertheless,

it needs to be pointed out that other resonance phenomena like diverging beta beating (cf. [2, p. 29]) increase the divergent
behavior of the transverse beam position.
2 cf. [2, p. 75] for details on the simulation.
3 Since the horizontal working point is closer to the Q = 26 integer
tune resonance, the following discussion focuses on the horizontal plane
only.
4 The dispersion D = D is determined by measuring the beam posix
tion for different RF frequencies as described in [4, p. 152]. It is crucial to
take into account that second order dispersion and momentum compaction

Beam Dynamics in High-Intensity Circular Machines

Figure 4: Simulation and measurement of the horizontal
dispersion as a function of the horizontal tune.
Measurement conditions: beam energy: 26 GeV,
bunch intensity: 4 · 1010 protons, 12 bunches.
Whereas the resonance condition for closed orbit distortion and dispersion are the same, the origins of both effects are different, what accounts for the different resonance behavior. The dispersion has its origin in dipolar
fields that are dominated by the main bending fields that
are distributed periodically around the accelerator. This
leads to an extreme superperiodic dispersion resonance. In
contrast, the closed orbit distortion is generated by dipolar
field errors that are predominantly induced by quadrupole
misalignments [5, p. 292]. These misalignments are to
first approximation distributed randomly. As a result, the
superperiodic QH = 24 closed orbit resonance shown in
Fig. 3 is far less pronounced than the superperiodic dispersion resonance. An analytical explanation is found in [2, p.
31 ff.].

BEAM LOSS PATTERN
Experiments and MAD-X tracking studies have been
done to understand the beam loss patterns of different
equipment failure scenarios. A fast decrease of the
quadrupole currents turned out to be especially threatening
and is discussed in the following.

Dynamics of Beam Losses
Because of the very different beam dynamics for different tune resonances, it is crucial to understand which tune
resonances determine the beam losses. Under certain conditions, the crossing of an integer tune resonance is also
factor also have a diverging behavior for tune values around QH = 24.
The latter results in a tune dependent relation between relative RF frequency trim and momentum offset.
5 The SPS is constructed of six similar sextants, each consisting of 18
FODO cells.
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possible. Figure 5 depicts a case where the QH = 26 integer resonance is crossed without a measurable decrease
of beam intensity. The beam is strongly excited by the
resonance, which leads to large beam oscillations of up to
20 mm amplitude.

(a) relative decay of quadrupole strengths of 1 · 10−5 per turn (tune slope
≈ 3 · 10−4 per turn).

Figure 5: Horizontal turn-by-turn beam position at three
particular BPMs and beam intensity. The horizontal tune
is decreased linearly by about −4 · 10−4 /turn. The beam
crosses the QH = 26 integer resonance without measurable losses but is strongly excited.
Measurement conditions: beam energy: 200 GeV,
bunch intensity: 1.0 · 1010 protons, 12 bunches.
MAD-X tracking studies with a dynamic change of the
quadrupole strengths were done. A detailed description of
the tracking code is given [2, p. 34, 77].
Basically, three different types of loss patterns are observable for fast changes of the quadrupole strengths:

(b) relative decay of quadrupole strengths of 5 · 10−5 per turn (tune slope
≈ 1.5 · 10−3 per turn).

1. For tune changes of up to ≈ 3 ·10−4 per turn the beam
is completely lost when reaching the QH = 26 integer
resonance (cf. Fig. 6a).
2. When the tune decreases faster than ≈ 1.5 · 10−3 per
turn, the beam is able to partly cross the QH/V =
26 integer resonance with significant beam losses at
integer and half integer tune resonances (cf. Fig. 6b).
3. For even faster tune decreases the beam losses are determined by the Q = 24 superperiodic tune resonance.
Due to the extreme width of the superperiodic tune
resonance the beam is lost well before the resonance
maximum (cf. Fig. 6c).
The simulations are well consistent with experimental
data [2, p. 34].
Fast failure tests of the main power converters
showed that the slope of the tune is limited to about
−3
[2, p. 46] at the Q = 26 integer tune
−3.4+1.6
−0.3 · 10
resonance due to the inductance of the circuits. This confirms that at least parts of the beam are able to cross the
QH/V = 26 integer tune resonance and are lost at lower
tune resonances. In any case, the beam is strongly excited
when crossing the integer resonance and significant orbit
oscillations are observable.

626

(c) relative decay of quadrupole strengths of 1 · 10−4 per turn (tune slope
≈ 3 · 10−3 per turn).

Figure 6: Horizontal and vertical machine tune and a histogram of the particle losses. Depending on the slope of
the tune, the integer tune resonances can be crossed. 1000
particles are tracked.

Spatial Beam Loss Pattern
The SPS has a non-uniform aperture.
Focusing
quadrupoles are enlarged in the horizontal plane, defocusing quadrupoles in the vertical plane. There are also two
groups of main bending magnets (MBA and MBB) with
different apertures, depending on the local beta functions.
The global aperture is limited by special elements like collimators or the internal beam dumps. Table 1 gives an
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Table 1: Half-aperture of the main elements and special aperture-limiting elements in mm and multiples of the beam size
σ for nominal LHC-beam (n,1σ
H,V = 3.5μm · rad) at injection energy (26 GeV).
Element

Main
Elements

MBA (close to QF)
MBB (close to QD)
QF
QD6

Special
Elements

TIDP (Scraper)
TIDH (Beam Dump)
TIDV (Beam Dump)
TCE (Collimator)
TPST (Collimator)7
TPSG (Collimator)7
TPSG (Collimator)7

overview of the most important elements.

(a) horizontal plane.

Position
[m]

456
573
603
1692
1713
4038
6325

Half-Aperture HxV
[mm] × [mm] [σ] × [σ]
71x17
60x24
76x19
42x42

21x8
25x7
21x12
26x12

41x15
55x27
43x20
65x24
39x78
46x78
46x78

13x8
16x16
24x6
37x7
15x32
14x42
16x36

The MAD-X tracking studies on the dynamics of the
beam losses also provide information on the spatial loss
patterns. Figure 7 depicts a typical spatial beam loss pattern. Noteworthy is that the beam losses in the horizontal
plane occur at very distinct aperture limiting elements. This
is different for losses in the vertical plane: The B-type main
dipoles have a very small aperture which is only 1σ larger
than the global aperture limit (cf. Table 1). Thus, increased
beam losses occur at B-type main dipoles throughout the
whole accelerator.
This shows that there is not always a clear beam loss hierarchy. The margin between aperture limit and protection
devices is too small and not the whole phase space is covered, which underlines the need of an a priori protection
against beam losses due to fast tune changes.

MACHINE PROTECTION

(b) vertical plane.

Figure 7: Spatial beam loss pattern of 1000 tracked particles. The crosses indicate the positions where the particles
exceed the aperture (in black) for the first time. Crosses
within the aperture limit are related to beam losses in the
other plane. The color coding indicates the turn of the particle losses after the start of the simulation. A red histogram
below the aperture indicates the amount of particles lost at
the corresponding position.
The tracking conditions are the same as in Fig. 6b.
6 The defocusing quadrupoles in the injection and extraction region
have an increased half-aperture of 76 mm in the horizontal and 46 mm in
the vertical plane.
7 The TPST and TPSG collimators are fixed to the septum girders and
can be retracted together with the septum magnets if no extraction is
needed.
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The experiments and simulations as well as the 2008 incident underline the threat of fast beam losses due to tune
resonances. Very localized beam losses in as little as 3 turns
make the Q = 26 integer tune resonance under nominal
conditions the most critical one.

Present Machine Protection Systems
The BLM system in the SPS has a time resolution of
20 ms=870
ˆ
turns. It is by no means capable of protecting
the SPS against fast beam losses in a few turns.
The SPS main quadrupole circuits are protected by an
interlock on the quadrupole currents. Tests at 400 GeV revealed that the interlock system has a delay of 12 ms. In
contrast, an experimental power cut of the main quadrupole
circuits showed that under nominal LHC-beam conditions
the QH = 26 integer tune resonance would be reached
in 7.7+0.4
−0.5 ms [2, p. 43]. Thus, no protection against fast
equipment failures is provided.
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New Fast Turn-by-turn Position Interlock
The experimental studies showed that in the vicinity of
an integer tune resonance the beam position starts to oscillate typically 30 turns before beam losses are measurable.
Based on this, the new fast beam position interlock system
will counteract the vulnerability of the SPS (cf. Fig. 8).

For post analysis, it is planned that a post mortem buffer
stores the data of all three BPMs of the last 1000 turns. The
buffer is frozen when a beam dump request is sent by the
system. The data is automatically transferred and stored in
the logging data base.
The system also provides a new robust extraction interlock to LHC and CNGS target on the beam position. For
each BPM, it compares the average position of about 50
turns to a reference window. The interlock processing is
done by the middleware.
The whole system is currently in the commissioning
phase.
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Figure 8: Layout of the new position acquisition and position interlock system. The turn-by-turn position interlock
is processed in the hardware, the extraction interlock by the
middleware software. The control room software provides
the user interface including an analysis module.
A detailed description of the new interlock system is given
in [2, p. 51 ff.].
For the position acquisition six stripline coupler BPMs
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Abstract
We report on progress of studies of transverse and
longitudinal space-charge beam physics at the University
of Maryland electron ring (UMER), a low-energy, high
current recirculator. The transverse beam dynamics
studies include measurements of betatron and dispersion
functions as well as linear resonances for a number of
beam currents. We also discuss the implementation of
induction focusing for the longitudinal containment of the
lowest current beam. When complemented with
optimized orbit steering, this longitudinal beam focusing
has made possible to extend the number of turns from 100
to more than 1,000, limited mostly by electronics. Some
of the results presented are compared with calculations
and simulations with the computer codes ELEGANT and
WARP.

In one case (0.6 mA), we have the additional capability
of longitudinal confinement of the beam through
inductively-produced voltage pulses applied at the bunch
ends. As discussed below, longitudinal focusing
dramatically increases the transport distance. Additional
details of this topic can be found in Ref. [3].
The paper is organized as follows: in the first two
sections we present results of transverse beam dynamics
(lattice functions and linear resonances); in the third
section we summarize the implementation of longitudinal
focusing for the low current beam, including a brief
discussion of a simple 1D model and space charge waves,
and in the last section we present the summary and
conclusions.

INTRODUCTION

The techniques employed for measuring betatron and
dispersion functions in UMER are standard [4], but the
space-charge tune depressions at injection are not (see
Table 1).
We use quadrupole-current scans to determine the
betatron function, and energy scans to calculate the
dispersion function. The following well-known
approximation [4], as applied to UMER, relates the
betatron function at a given quadrupole to the changes in
coherent tune (Δν) and quadrupole strength (Δk α ΔΙQuad)
when the latter is sufficiently small:

The University of Maryland Electron Ring (UMER) is
a high intensity circular machine that is dedicated to the
study of long path length space-charge dominated beam
and accelerator physics on a small scale [1].
Understanding how space-charge modifies beam transport
from the “zero current” linear optics theory to a regime of
highly depressed tune is of fundamental interest to
transporting high current bright beams for long distances.
Table 1 summarizes the parameters of the beams
currently under study in UMER. The values in the last
two columns result from calculations in a uniform
focusing model [1]. All beams have pulse duration close
to 100 ns, with a 60 Hz repetition rate. Further, the beams
are injected with a single-turn scheme involving a fast
magnetic kicker and 2 wide-aperture magnetic
quadrupoles [2]. The diagnostics employed consist of 14
fast capacitive beam position monitors (BPMs) located
every 64 cm around the 11.52 m-circumference ring
except for three locations that are fitted with glass breaks.
At one of these locations, roughly half way around the
ring and labelled “RC10”, a fast wall current monitor is
employed to measure the AC component of the
circulating beam current.
Table 1: Parameters of 3 Electron Beams in UMER at 10
keV and Nominal Operating Bare Tune of 6.6
Beam
Current

Norm. RMS
Emittance

Av. Beam
Radius

Tune
Depression

0.6 mA

0.4 ± 20% μm

1.6 mm

0.86

6.0

1.3 ± 10%

3.4

0.63

21

1.5 ± 10%

5.2

0.31
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LATTICE FUNCTIONS

β X ,Y [cm] = ± 317

Δν X ,Y
ΔI Quad [ A]

.

(1)

We obtain βX = 13.7 ± 4.6 cm, βY = 18.2 ± 1.9 cm from a
quadrupole scan near halfway around the ring at the
standard operating point (ring quadrupole current equal to
1.819 A) for the 6.0 mA beam. Calculations with the code
Elegant [5] yield βX = 23.9 cm, βY = 41.3 cm. Betatron
beating from mismatch is most likely the reason for the
differences, with a small contribution (not included in
Elegant) from defocusing by image forces.
With 72 quadrupoles in UMER, measuring the betatron
function is clearly tedious, even more so if this has to be
repeated for all beam currents. Thus, other techniques like
those based on the response matrix are being explored.
But other questions arise when applying standard
techniques to beams with high space-charge. For
example, if we consider Eq. (1), it could be assumed that
to first order there is no change in the contribution to
focusing from space charge as the external focusing is
varied. In addition, the contribution from linear spacecharge to the tune variation (numerator in Eq. (1)) would
629

Proceedings of HB2010, Morschach, Switzerland

THO1C02

cancel out. Therefore, we would end up with the same
zero-current betatron function. In a real situation,
however, the beam may be so mismatched from a small
change in external focusing that the contribution from
space-charge also changes; in this case, there would be no
straightforward way to determine Δν/Δk. Further, a
simple analysis shows that linear space charge leads to a
larger, current-dependent betatron function equal to the
zero-current one divided by the tune depression.
Therefore, unless special beam diagnostics are
implemented to detect incoherent tune, standard
techniques based on beam position monitors alone would
only yield the “undepressed” betatron function. In any
case, the information provided by this function for
different beam currents is of interest for testing the ideas
just presented as well as for machine characterization.
We have also measured the dispersion function for the
0.6 mA and 6.0 mA beams at the locations of the 14
BPMs around the ring. Figure 1 below shows preliminary
results of horizontal dispersion for the two beam currents
at an operating ring quadrupole current of 1.840A
(ν0 = 6.70), slightly higher than the standard.
0.15

Horizontal Dispersion (m)

EtaX Exp. 0_6 mA (m)
EtaX Exp. 6_0 mA (m)

0.10

0.05

0.00

-0.05

-0.10

2

4

6

8

10

12

14

16

Ring Chamber No.

Figure 1: Measured horizontal dispersion in UMER for
0.6 mA (solid line) and 6.0 mA (dashed line) beams at 10
keV. The nominal bare tune is close to 6.70.
From Fig. 1 data, the average dispersions for the 0.6 mA,
6.0 mA cases are 4.9 cm, 3.1 cm, respectively. The
calculated average zero-current dispersion at the same
operating point is ρ/ν02 = 4.1 cm (ρ = 1.83 m, average
bending radius). The differences between the two
dispersion functions in Fig. 1 can be qualitatively
understood by 1) the different conditions of the wideaperture quadrupoles at injection, 2) the resulting
differences in degrees of mismatch of the dispersion
function, and 3) measurement errors (larger for 0.6 mA).
Calculations with the code ELEGANT, on the other hand,
show only fair agreement with measurements; the average
dispersion in the ELEGANT calculation is 5.8 cm.
As for the betatron function, there are questions about
the validity of the standard techniques for dispersion
function measurements when space-charge is significant.
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Since the BPMs in UMER are currently sensitive to beam
dipole moment alone, the only effect from space charge
forces that can be detected is from image forces. Thus, to
measure the effect of incoherent space charge forces on
dispersion, second moments of the beam distribution
would have to be determined and supplemented with
measurements of energy spread of the beam. For a given
uncorrelated energy spread, the theories developed
independently some years ago by Venturini-Reiser and
Lee-Okamoto [6] for continuous beams predict a larger
average dispersion for larger space charge intensities, but
not as large as ρ/ν2, where ν is the depressed tune.

LINEAR BETATRON RESONANCES
We have extended the resonance studies reported in
Ref. [7] to include 2-dimensional tune scans for 0.6, 6.0
and 21 mA beams at 10 keV. As before, we measure the
transmitted current at a given turn (typically the 5th, 10th,
and 20th turns) over a broad range of quadrupole
strengths. For the new studies, the currents of both
focusing and defocusing quadrupoles are varied from 1.65
to 2.09 A in steps of 10 mA, keeping the same matching
solution for the rms-envelope throughout, i.e., the solution
employed at the default operating point (quadrupole
current of 1.819 A, or bare tune ν0 = 6.56). In addition,
we measure the tune at 10-12 points of good current
transmission and fit a model calculation in order to
generate a simple algorithm to translate all quadrupole
current pairs into bare tunes. The simplest model for tune
calculations involves a ring lattice of identical
quadrupoles with an effective quadrupole gradient
strength of 3.84 G/cmA. The model yields good
agreement with horizontal tune measurements but
systematic lower tunes for the vertical plane; this is in
agreement with the expected contribution of image forces.
Initial identification of resonances is possible with the
simple model, but refined calculations are underway
involving more realistic magnets and image force effects.
In Figure 2 we present examples of tune charts of
transmitted-current for the 0.6 and 6.0 mA beams.
We observe strong integer resonances within 5-10
turns, particularly in the vertical plane, ν0Y = 6.0, 7.0, for
all beams. Half-integer resonances, ν0Y = 6.5, 7.5, appear
early for the low-current beam mostly in the vertical plane
and develop gradually for 6.0 mA. There is also a sum
(coupling) resonance that develops for the 6.0 mA beam
and is clearly seen at the 20th turn (not shown in Fig. 2.)
As expected, the integer resonances are very strong and
their early appearance is in agreement with calculations
employing standard single-particle theory and reasonable
assumptions for dipole strength and quadrupole transverse
displacement errors in UMER [8]. The only noticeable
difference between the beams is the wider stopband at ν0Y
= 7.0 for the pencil beam. The half-integer resonances, on
the other hand, are seen for 0.6 mA and 6.0 mA at bare
tunes close to the expected values in both horizontal and
vertical planes, except for ν0Y = 6.5 near the standard
operating point.
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understood as RMS-equivalent quantities for non-uniform
beam distributions, there are also anisotropies in
emittance and focusing as well as possible effects from
transverse-longitudinal coupling.
At this stage in our studies, better understanding of
envelope and dispersion matching and beam losses is
perhaps more important for unravelling the complicated
situation of resonances in UMER than invoking refined
models of mode excitation.

LONGITUDINAL CONFINEMENT
Horizontal Tune
Horizontal Tune
6.0
6.0

7.0

8.0

(b)
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Figure 2: Fractional transmitted current as a function of
bare tunes at the 10th turn for two beams: (a) 0.6. mA, and
(b) 6.0 mA. Linear resonance bands are clearly seen. The
blue circle indicates the standard operating tunes at 10
keV.
When space charge plays a significant role, resonances
are properly understood in terms of frequencies of
collective beam modes and the harmonics of the lattice
error spectrum. As an example, the conditions for
excitation of a quadrupole mode are approximately
satisfied for the 0.6, 6.0 and 21 mA beams in the
neighbourhood of a bare tune ν0 = 6.20, but with different
modes being excited (envelope tunes of 11, 9 and 7 for
0.6, 6.0 and 21 mA, respectively.) In principle, a single
quadrupole gradient error such as from one of the wideaperture quadrupoles in the UMER injector could excite
all envelope modes. However, we do not have evidence
so far of such mode excitation, from a single gradient
error or otherwise. Several factors can explain this:
emittance may be rapidly evolving such that mode
excitation does not have time to develop, or any modes
that are excited are quickly damped by collective
mechanisms involving nonlinear space charge and other
factors from, e.g., longitudinal beam dynamics. In
addition, although the equations used to calculate
envelope tunes are valid for arbitrarily large tune shift,
they also assume small mismatch and a K-V beam
distribution; these last two conditions are generally not
satisfied in UMER. Finally, although tunes can be
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Another important aspect to consider for improved
beam transport particularly with high intensity beams is
the effect of space charge on the longitudinal beam
dynamics.
Under the influence of longitudinal space charge forces
the beam ends expand until the front of the bunch
overtakes the rear of the bunch, filling the ring with
charge. Then, the ability to resolve peak currents per turn
using the AC coupled diagnostic is lost and an apparent
current loss is detected as the beam becomes DC. The
lifetime of the 0.6 mA (peak current) beam is
approximately 25 μs (i.e. 125 turns) with no confinement.
This is illustrated in Figure 3 below.

0.0
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-0.6

0

5

10
15
Time (μs)

20
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Figure 3: Beam current measured at the RC10 wall
current monitor without the application of longitudinal
focusing. The signal is baseline restored using a circuit
solver.
Induction focusing is employed to contain the bunch
longitudinally via synchronized periodically-applied
electric fields. Figure 4 illustrates the focusing
synchronization at a rate of one application for every 5
turns or 1013.1996 kHz.
When longitudinal confinement is applied to the beam,
the beam ends are unable to overtake each other. This
assists in maintaining the AC structure of the beam; the
resulting signal from the RC10 wall current monitor is
shown in Figure 5. With the longitudinal confinement, the
beam lifetime is extended by a factor of ten or beyond
200μs (greater than 11.52 km) [3].
The axial fields necessary to contain the beam bunch
can be calculated using a model for longitudinal enderosion that represents the beam as a 1-D fluid. In this
model, the beam is assumed to be a cylinder of charge
with radius R , line-density λ and beam velocity v (so
beam current is I = λ v ) inside a pipe of radius b.
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the ends which erode into the bunch at a rate of Cs .
Beam Current and Focusing Fields

Particles at the head are accelerated forward while
particles in the tail are accelerated backwards from the
main bunch, within the beam frame. By solving the onedimensional fluid equations, we can obtain line-density
and velocity analytical wave solutions describing the
current and velocity profiles as they evolve [9, 12]. Table
2 summarizes results of sound speed [Eq. (2)] and the
number of turns that the bunch ends take before they
meet. The initial bunch’s duration is 100 ns.

0

0

1

Time (μs)

2

3

Figure 4: Axial focusing field burst pattern for the 0.6 mA
beam. The bottom curve represents the beam revolving at
5.066 MHz measured at the current monitor, and the top
curve represents the confinement fields applied once
every five revolutions or 1013.1996 kHz. Vertical axes are
in arbitrary units.

Table 2: Sound Speeds from Eq. (2) and Number of Turns
for Bunch Ends to Meet
Beam Current
0.6 mA

2.9 × 105 m/s

6.0

8.0 × 105

21

-0.1
-0.2

25
9

5

5

-0.3
-0.4

Figure 5: Beam current measured at the RC10 wall
current monitor with longitudinal focusing applied every
five beam revolutions.
The phase velocity of space charge waves in the beam
frame is the sound speed given by

Time (ns)

-0.5
-0.6

0

50

Cs =

100
Time (μs)

150
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q
g
λ ,
5
γ 0 m 4πε 0 0

where q is the electron charge, m the electron mass,
the Lorentz factor,

ε0

(2)

γ0

the permittivity of free space and

the variable g =2 ln(b/R) is the geometry factor. This
factor accounts for the beam pipe shielding of the
longitudinal
electric
fields
[1].
Assuming that a bunch with constant line-density and
velocity is injected into the ring, the longitudinal electric
fields in the central region of the bunch will be equal to
zero (from the derivative of the line-density [1].)
However, gradients in the line-density near the bunchends lead to longitudinal electric self-fields that push
particles in the bunch ends away from the central region,
causing the bunch to expand longitudinally at a rate of
2Cs [9-13]. This is also accompanied by a rarefaction of
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13.8 × 10

No. of Turns for
ends to meet

Figure 6 shows the evolution of the beam’s bunch over
100 turns without longitudinal containment. It takes about
25 turns for the bunch ends to meet.

0.0

Beam Current (mA)

Beam Current (mA)

0.1

Sound Speed CS

No. of Turns
Figure 6: Evolution over 100 turns of an initially 100 ns
square beam pulse for the 0.6 mA (initial peak current)
beam.
As already mentioned, the expansion of the head and
tail can be counteracted through the periodic application
of axial electric fields with the appropriate parameters to
re-establish and preserve the rectangular beam current
profile over a long distance (see Fig. 5). However, proper
synchronization and frequency of the axial fields is
required to optimize the longitudinal containment and
minimize the appearance of space charge waves inside the
bunch. An example of the latter is shown in Fig. 7 below.
Similar longitudinal focusing is necessary to extend the
propagation distance of the high current beams in UMER.
These beams would require an application of stronger and
more frequent axial fields. The improved transport of
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these beams should prove crucial for additional studies of
both longitudinal and transverse dynamics.

Figure 7: Evolution over 180 turns of space charge waves
induced by mismatch of longitudinal focusing of the 0.6
mA (peak current) beam.

SUMMARY AND CONCLUSIONS
We have presented results of studies on both transverse
and longitudinal beam dynamics in UMER. We have
discussed our preliminary measurements of betatron and
dispersion functions as a function of beam current and
shown that measurements based on beam centroid can
only yield “undepressed” quantities. Further, we have
described our observations of linear resonances for low
and high current; beam losses and longitudinal expansion,
particularly for high current, limit the number of turns we
can achieve, but clear differences in the stopbands of the
low and high current beams is detected nonetheless.
We have also presented successful results on the
longitudinal confinement of a low current electron beam.
This achievement has given us the capability of extending
beam transport by at least a factor of 10, allowing us to
study long path-length space-charge dominated physics in
a small scale ring.
We are still in the process of understanding the
mechanisms responsible for beam losses within the first
few hundred turns and how mismatch of the applied
confinement fields at the edges of the bunch induce
space-charge waves within the bunch. This understanding
will help us to extend longitudinal focusing to higher
current beams.
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Abstract
Operation of a collider at low energy or use of cooling
techniques to increase beam density may result in
luminosity limitation due to the space-charge effects.
Understanding of such limitation became important for
Low-Energy RHIC physics program with heavy ions at
the center of mass energies of 5-20 GeV/nucleon. For a
collider, we are interested in a long beam lifetime, which
limits the allowable space-charge tune shift. An additional
complication comes from the fact that ion beams are
colliding, which requires careful consideration of the
interplay of direct space-charge and beam-beam effects.
This paper summarizes our initial observations during
experimental studies in RHIC at low energies.

INTRODUCTION
Design of several projects which envision hadron
colliders operating at low energies such as NICA at JINR
[1] and Electron-Nucleon Collider at FAIR [2] is under
way. In Brookhaven National Laboratory (BNL), a
physics program, motivated by the search of the QCD
phase transition critical point, requires operation of the
Relativistic Heavy Ion Collider (RHIC) with heavy ions at
very low energies corresponding to γ=2.7-10 [3].
In a collider the maximum achievable luminosity is
typically limited by beam-beam effects. For heavy ions
significant luminosity degradation, driving bunch length
and transverse emittance growth, comes from Intrabeam
Scattering (IBS). For Low-Energy RHIC such IBS growth
can be effectively counteracted with electron cooling [4].
If IBS were the only limitation, one could achieve a small
hadron beam emittance and bunch length with the help of
cooling, resulting in a dramatic luminosity increase.
However, as a result of low energies, direct space-charge
force from the beam itself is expected to become the
dominant limitation [5]. In fact, similar limitations may
become important even in future high-energy electron-ion
colliders when strong cooling is employed to boost the
luminosity [6, 7].
Also, the interplay of both beam-beam and spacecharge effects may impose an additional limitation on the
achievable luminosity lifetime. Thus, the understanding at
what values of the space-charge tune shift one can operate
in the presence of beam-beam effects in a collider is of
great interest for all of the above projects.

Operation of RHIC for Low-Energy physics program
started in 2010 which allowed us to have a first look at the
combined impact of beam-beam and space-charge effects
on beam lifetime experimentally.

LUMINOSITY LIMITATIONS
Space Charge
In general, the space-charge force can change the
oscillation frequencies of individual particles (incoherent
effect) as well as frequencies of collective beam
oscillations. This can lead to rather complex phenomena
of space-charge driven resonances, as well as complicates
response to the resonances driven by other mechanisms.
These effects are mostly of concern for space-charge
dominated beam transport and high-intensity storage rings
operated close to the space-charge limit associated with
low-order machine resonances. Although some of the
effects may become important for long beam lifetime in a
collider. For discussion of these effects see, for example,
Refs. [8-10] and references therein.
A convenient figure of merit for direct space charge
effects in circular accelerator is the incoherent direct
space-charge tune shift. For a Gaussian transverse
distribution, the maximum incoherent space-charge tune
shift can be estimated using the following formula:

ΔQsc = −

Z 2 rp

Ni

Fc
,
A 4πβ γ ε B f
2

3

(1)

where Fc is a form factor which includes correction
coefficients due to beam pipe image forces (the Laslett
coefficients), rp is the proton classical radius, A and Z are
the atomic mass and charge numbers, Ni is the number of
ions per bunch, ε is the un-normalized RMS emittance
and Bf is the bunching factor (mean/peak line density).
Here we assume Fc =1.
When the space-charge tune shift becomes significant,
the beam can overlap resonances, leading to large beam
losses and poor beam lifetime. For machines where the
beam spends only tens of milliseconds in the high spacecharge regime, the tolerable space-charge tune shift can
be as large as ΔQsc=0.2-0.5. However, for a long storage
time, the acceptable tune shifts are much smaller. Beam
lifetimes of a few minutes have been achieved with tune
shifts of about 0.1 [11].

Beam-beam
____________________________________________
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Each time the beams cross each other, the particles in
one beam feel the electric and magnetic forces due to the
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particles of the other beam. For a round beam, the linear
incoherent beam-beam tune shift for hadrons is:

ξ =−

Z 2 rp

1+ β 2
A 4πβ 2γε
2
Ni

.

(2)

Here we assumed colliding beams moving with the same
velocity. The positive sign of β 2 corresponds to the case
of the test particles and the bunch moving in opposite
directions.
The periodicity of the beam-beam interaction and the
fact that beam-beam force has a nonlinear dependence on
the particle amplitude causes two important effects: an
excitation of the nonlinear resonances and a tune
dependence on particles amplitude. As a result, one has to
consider the full tune spread within the beam similar to
the tune spread due to direct space charge. The beambeam interactions are very complex phenomena and,
similar to direct space charge, involve both incoherent and
coherent effects.
If the beam-beam tune shift parameter ξ exceeds some
threshold value, beam-beam-driven diffusion can
significantly increase the transverse emittance. In hadron
colliders, the total achieved tune spread due to beambeam interactions is much smaller than in electron
machines, which is believed to be due to a negligible
effect of strong damping mechanism through synchrotron
radiation which counteracts beam-beam diffusion in
electron machines. The largest total tune spread due to
several beam-beam interactions per turn which was
achieved in Tevatron is about 0.03.
When the single-bunch luminosity is limited by the
beam-beam effect it can be expressed in terms of ξ as:

L=

A N i c 2γβ 2 ⎛ σ s ⎞
f ⎜ ⎟ξ ,
Z 2 rp β *C r 1 + β 2 ⎜⎝ β * ⎟⎠

(3)
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Accelerator Physics Experiments (APEX) and during
2010 RHIC physics Run at low energies which are briefly
summarized in next section.

RHIC EXPERIENCE

Experiments with Protons
An experimental investigation of the interplay of beambeam and space-charge effects in RHIC started with
APEX experiments in May 2009 using protons beams at
γ=25. In these experiments the beam-beam parameter per
interaction was up to ξ=0.01 (with a maximum of two
interaction points) and a space-charge tune spread up to
ΔQsc=0.03 (either horizontal or vertical).
For discussions in this paper both beam-beam and
space-charge tune shift values are calculated using the
simple formulas in Eq. (1)-(2), with bunch intensity and
bunch length taken from the wall current monitor
measurements while values of transverse emittance are
taken from the ionization profile monitor (IPM)
measurements. Although IPM records values of both
horizontal and vertical emittance, as well as emittances of
bunches in one of the collider’s ring could be different
from the other, throughout this paper we assume that the
horizontal and vertical emittances are approximately the
same (which was true for most of the measurements),
unless specified otherwise.
Figure 1 shows time evolution of the vertical emittance
of bunches in the Yellow and Blue RHIC rings before and
after beams were put into collisions. Rapid peeling of
large amplitude particles right after the beams were put
into collisions was observed, which was attributed to the
excitation of beam-beam resonances. Resulting reduction
of beam intensity is shown in Fig. 2.

where Cr is the ring circumference, β * is the beta-function
at the IP, σs is the RMS bunch length, and the factor
f(σs/β*) describes the “hourglass effect”.
When the single-bunch luminosity is limited by the
space-charge tune shift ΔQsc, it can be expressed as:

L=

A Nic B f 3 2 ⎛ σ s ⎞
γ β f ⎜⎜ * ⎟⎟ΔQsc .
Z 2 rp β * C r
⎝β ⎠

(4)

For RHIC parameters, the maximum achievable
luminosity is expected to be limited by the space-charge
tune shift for energies corresponding to γ < 11 and by
beam-beam for higher energies [5]. For low energies
where space charge dominates, luminosity and event rates
scale with γ3, without taking into account limitation due to
the transverse acceptance.
A mostly unexplored effect at this moment is the
interplay of direct space-charge and beam-beam effects,
which takes place when beams with significant spacecharge tune spread collide. In such a case, in its most
simple manifestation beam-beam can excite resonances
which will be crossed as a result of the space-charge tune
spread. We started to explore these effects in dedicated

Beam Dynamics in High-Intensity Circular Machines

Figure 1: Time evolution of beam emittance. Vertical axis
- emittance values (95% normalized [mm mrad]);
horizontal axis – time. Brown rectangles and light blue
star symbols show emittances in separate collider rings.
Fortunately, for such rather modest space-charge tune
spread it was possible to find a working point in the
machine where the effect of beam-beam resonances was
minimized [12]. An example of a beam lifetime
measurement in a subsequent APEX study in June 2009

635

THO1C03

Proceedings of HB2010, Morschach, Switzerland

with a better working point is shown in Fig. 3. Although
the effect of beam-beam on lifetime was still observed,
the dramatic situation shown in Figs. 1-2 was avoided.

Figure 2: Measurements of total beam intensity loss
corresponding to Fig.1 (ΔQsc,y=0.03, total ξ=0.01).

Figure 3: Beam intensity loss during June 2009 RHIC
APEX with proton beams for a working point where
strong beam-beam resonances were avoided (ΔQsc,y=0.02,
total for two IP’s ξ=0.014).
Although of general interest, the regime of large and
comparable space-charge and beam-beam tune spread
which we had with protons at γ=25 is not directly relevant
for Low-Energy RHIC program. For this regime of
interest dominant limitation comes from the space charge
due to low energies. Such regime was studied with Au
ions in 2010.

Experiments with Au Ions

one should be able to accommodate relatively large spacecharge tune spreads.
In March 2010, APEX experiments were done at
typical injection energy for heavy ions at γ=10 with a
space-charge tune shift of about ΔQsc=0.03. Before
beams were put into collisions the beam lifetime was
1600-2000s, which could be further improved with
additional machine tuning. In the past, during dedicated
measurement of IBS growth rates in RHIC, beam lifetime
of more than 2 hours was measured for comparable spacecharge tune shifts of 0.02-0.03.
When beams were put into collisions the lifetime of
individual bunches was affected despite the fact that
beam-beam tune shift was rather small ξ=0.002. Our
attempts to produce beams with larger space-charge tune
shifts at this energy by injecting bunches with smaller
bunch length were unsuccessful due to insufficient RF
voltage in RHIC needed for the longitudinal matching. As
a result, the regime with higher space charge was studied
in the experiments which followed at lower energy.
For larger space-charge tune spread it appeared more
difficult to find sufficient space free from dangerous
resonances on the tune diagram to achieve long beam
lifetime even without beam-beam. An additional effect of
beam-beam made the lifetime worse, which is
summarized below.
Low-energy RHIC operation in May-June 2010 at
γ=6.1 and γ=4.1 provided measurements of beam lifetime
with higher space-charge tune shifts, different transverse
acceptance limitation by collimators,
different
synchrotron tunes and different values of RF voltage. All
these effects are important to understand beam lifetime in
RHIC at low energies. Below we present only an overall
summary of some typical observations and conditions
which led to the beam lifetime recorded rather than trying
to provide detailed description of each individual
experiment.
Table 1 shows calculated space-charge tune shifts at the
start of the measurement and the corresponding beam
lifetime when beams were not colliding. Other effects
which are different for different energies are indicated
under comments. Also, values of the synchrotron tune Qs
are provided for the lowest energies since they become
large and could be important for understanding of beam
lifetime due to the mechanisms related to synchrotron
modulation. Generally, for the calculation of tune shift
values we assume equal horizontal and vertical emittances
unless values measured with the IPM were significantly
different.
Table 1: Beam lifetime for low-energy gold ion beam for
different space-charge tune shifts without collisions

In 2010 experimental studies continued during RHIC
operation with Au ion beams at low energies γ=4-10.
Since due to very low energies the space-charge tune
spread was much larger than the beam-beam parameter, it
was expected that beam-beam effects should be small, and

ΔQsc (x,y)
0.03
0.05, 0.04
0.09, 0.06
0.1
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τ [s]
2000
1600
700
70

γ
10
6.1
6.1
4.1

Comments
5σ acceptance
3σ acceptance
3σ acceptance, Qs=0.006
2.2σ acceptance, Qs=0.013
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Beam lifetime values reported in Tables 1- 4 are the
result of fitting the intensity decay measured for
individual bunches. In many cases, especially for beams
under collisions, the intensity is better fitted with two time
constants: fast and slow. In such a case, only the fast
component of the time decay constant is reported in the
Tables. Detailed discussion of fitting results requires a full
description of the settings of each individual
measurement, which is outside the scope of the present
paper and will be reported elsewhere.
Table 2 shows calculated space-charge tune shifts and
the corresponding beam lifetime after beams were put into
collisions. We should note that the effect of beam-beam
was different for the bunches which were injected first in
one of the collider’s rings compared to the bunches which
were injected later in the other collider ring. Bunches in
the ring which were injected first suffered stronger beambeam effect which is consistent with a typical observation
for beams colliding with unequal emittances. In this case,
by the time beams were injected in the second collider
ring and put into collision, the emittance of the beam in
the first ring had already grown.

THO1C03

Significant limitation of dynamic aperture at γ=4.1 was
expected due to large measured sextupole component in
RHIC dipole magnets when they operate at low currents
needed for this energy [13]. As a result, sextupole
correctors were used to improve the beam lifetime. At the
same time it was found that the use of octupoles to
compensate the amplitude-dependent tune spread is
essential as well. However, measured values of sextupole
errors in the dipoles at the slightly higher energy of γ=6.1
are approximately the same, and thus similar limitation in
the dynamic aperture could be expected. In addition, the
synchrotron tune Qs was significantly different at these
two low energies, which leads to tune modulation with
nonzero chromaticity, and can contribute to the resonance
trapping mechanism and beam loss as well.

Table 2: Beam lifetime for low-energy gold ion beam for
different space-charge tune shifts with collisions
ΔQsc
0.03
0.05
0.1
0.1

τ [s]
600
400
260
70

γ
10
6.1
6.1
4.1

Comments
5σ acceptance
3σ acceptance
3σ acceptance, Qs=0.006
2.2σ acceptance, Qs=0.013

Figure 5: Lifetime of individual bunches in Yellow ring
before and after collisions at γ=4.1 (bunches were injected
in Blue ring and put into collisions at about 10:14).

Figure 4 and Table 1 show that without collisions beam
lifetime of individual bunches at γ=6.1 was pretty good.
Even for the space-charge tune shifts close to 0.1 (highintensity bunches) the lifetime was about 700 sec. On the
other hand, for the same space-charge tune shifts of about
0.1 initial beam lifetime without collisions was much
worse at γ=4.1 compared to γ=6.1, as shown in Fig. 5.

Figure 6: RF voltage scan at γ=4.1. Four stores with
450, 300, 200 and 100kV RF voltage per ring,
subsequently. Upper (blue and yellow) curves – total
current in the Blue and Yellow rings; lower (light blue
and brown) curves - bunched beam current.

Figure 4: Lifetime of individual bunches with different
intensities at γ=6.1 without collisions.

Beam Dynamics in High-Intensity Circular Machines

For energies with γ=4.1 and γ=6.1 additional
experiments were done with different values of the RF
voltage. Figure 6 shows such measurement at γ=4.1. The
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lifetime of de-bunched beam in the Blue ring is
summarized in Table 3 and Fig. 7.
Table 3: Measured beam lifetime of de-bunched beam of
gold ions in RHIC for different RF voltages at γ=4.1
τ [s]
80
200
300
500

Vrf
[kV]
450
300
200
100

As [eV-s/n]

Δp/pmax (bucket height)

0.2
0.165
0.135
0.095

0.0019
0.0015
0.0013
0.0009

RHIC in order to understand what beam lifetime can be
expected for different values of the space-charge tune
shift with and without beam-beam effects. Our
observations and initial analysis are summarized in this
paper.
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APPLICATION OF A LOCALIZED CHAOS GENERATED BY RF-PHASE
MODULATIONS IN PHASE-SPACE DILUTION∗
S.Y. Lee, Indiana University, Bloomington, IN 47405, USA
K.Y. Ng, Fermilab, Batavia, IL 60510, USA
Physics of chaos in a localized phase-space region is
exploited to produce a longitudinally uniformly distributed
beam. Theoretical study and simulations are used to study
its origin and applicability in phase-space dilution of beam
bunch. Through phase modulation to a double-rf system,
a central region of localized chaos bounded by invariant
tori are generated by overlapping parametric resonances.
Condition and stability of the chaos will be analyzed.
Applications include high-power beam, beam distribution
uniformization, and industrial beam irradiation.

INTRODUCTION
ALPHA, under construction at IU CEEM, is a 20-m
electron storage ring. [1] The project calls for storing a
tiny synchrotron-radiation-damped bunch to be extended to
about 40 ns with uniform longitudinal distribution. RF barriers should be the best candidate for bunch lengthening.
Unfortunately, this ring is only 66.6 ns in length, and the
widths of the barriers must be of the order of 10 ns or less.
The risetime of the barrier voltage will therefore be a few
ns, or the rf generating the barrier voltage will be in the frequency range of a few hundred MHz. Ferrite is very lossy
at such high frequencies and is therefore unsuitable for the
job. Even if another material could be substituted, the barriers of such narrow widths would require very high rf peak
voltage; the rf system would be very costly.
Another way to achieve bunch lengthening is to perform
phase modulation of the rf wave so as to produce a large
chaotic region at the center of the rf bucket, but bounded
by well-behaved tori. The beam at the bucket center will
be blown up to the much larger chaotic region. If true
chaoticity is achieved, the particle distribution will be uniform. Such an idea has been demonstrated experimentally
at the IUCF Cooler ring in 1997, [2] where a double-rf system was used and the diffusion was found rather sensitive
to the phase difference Δφ 0 between the two rf waves. In
this paper, the modulation method is further investigated by
first determining the choice of Δφ 0 , and next analyzing the
condition and stability of the localized chaotic region.

THE MODEL
The model to be studied is described by the Hamiltonian
H = H0 + H1 , where [3]


r
1
H0 = νs δ 2 +νs 1−cos φ− 1−cos(hφ+Δφ0 ) ,
2
h
H1 = aδνs sin(νm θ + η).
(1)
∗ Work

supported by the US DOE under contracts DE-FG0292ER40747, DE-AC02-76CH030000, and the NSF under contract NSF
PHY-0852368.
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Here r is the ratio of the two rf voltages, h is the ratio of
the two rf harmonics, ν s is the small-amplitude synchrotron
tune in the absence of the second rf, ν m is the phase modulation tune, η is the modulation phase, a is the modulation
amplitude, φ is the rf phase, δ is the canonical momentum offset, and θ advances by 2π per revolution turn. This
model entails a number of parameters. In this paper, however, we restrict ourselves to the special case of r = 1/2,
h = 2, νm /νs = 2, and η = 0, thus leaving behind only
the phase offset Δφ0 and the modulation amplitude a.

Choice of Δφ0

The action at the bottom of an rf potential well V (φ) is
zero and so are the resonance strengths generated by phase
modulation (see Fig. 4 below). Since the bunch will be tiny,
it will be difficult to be driven into parametric resonances
if it sits at the bottom of the rf potential. This explains why
a two-rf system is necessary. The phase difference Δφ 0
between the two rf’s shifts the potential-well bottom away
from the center of the longitudinal phase space, where the
tiny bunch is located. The action at the bunch is now finite.
Thus the farther the potential-well bottom is shifted, the
larger the resonant strengths.
To generate a large region of chaoticity, the eventual
modulation amplitude a will be large. However, a perturbative approach is taken in the analysis so as to get a ballpark understanding of the mechanism. For the unperturbed
Hamiltonian, the position of the potential-well bottom φ 0 is
given by V  (φ0 )/νs = sin φ0 −r sin(hφ0 +Δφ0 ) = 0, and
is at a maximum when V  (φ0 ) = 0. This leads to the solution φ0 = ± sin−1 r. The corresponding phase difference
between the two rf’s is therefore (see Fig. 1)
π
Δφ0 = − h sin−1 r.
(2)
2
When h = 1/r = 2, the largest offset of well bottom is φ 0 =
±30◦ and the corresponding phase difference between the
two rf’s is Δφ0 = ±30◦ . Simulations show that diffusion
of a tiny bunch at the phase-space center is possible when
20◦  |Δφ0 |  50◦ . In below, we first study the case of
Δφ0 = 30◦ , and attempt another value later.
40

Figure 1:
Offset of
potentialwell bottom
φ0 as a
function of
rf phase
difference
Δφ0 at h =
1/r = 2.
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Synchrotron Tune and Resonance Strengths
For the unperturbed Hamiltonian, the action and angle of
an oscillatory orbit are given by


1
Qs φ dφ
,
(3)
J=
δ(φ)dφ, ψ =
2π
νs φ1 δ(φ )
where φ1 is smaller end of the phase excursion. When φ
reaches the larger end of the phase excursion φ = φ 2 while
ψ advances by π, the synchrotron tune Q s of the oscillatory
torus can be extracted, and is depicted in Fig. 2, where the
asymmetric rf potential is also plotted in dot-dashes. With
the modulation tune ν m /νs = 2 (horizontal line), we see
that the tiny bunch at the phase-space center will be driven
into 3:1 and 5:2 resonances. The synchrotron tune can also
be computed as a function of the action J, and this is depicted in Fig. 3. It is important to point out that we require
the synchrotron tune to be large at the central part than the
edges of the phase space, because we wish to have a central
chaotic region bounded by well-behaved tori.
To express the perturbative Hamiltonian H 1 of Eq. (1)
in terms of action-angle variables, the reduced momentum
3x

νm/νs

2.0

5/2x
2x

1.5

1.0

o

Δφ0=30

h=1/r=2

V(φ1,2)
1x
−3

−2

−1

0

1

2

3

Ends of Torus φ1 or φ2 (rad)

Figure 2: (color) Synchrotron tune Qs /νs versus oscillating

torus smaller end φ1 or larger end φ2 , with h = 1/r = 2 and
Δφ0 = 30◦ . Some multiples are also plotted to illustrate the
possible parametric resonances driven the phase modulation tune
νm /νs = 2 (horizontal line.) The asymmetric rf potential is shown
in dot-dashes.
2.5

3x

νm/νs

2.0

5/2x
Qs/νs

n>0

+ sin(νm θ+η+χn −nψ) + g0 (J) sin(νm θ+η) , (5)
with χn the phase of g n , showing all the first-order parametric resonances. The resonance strength function |g n | is
a measure of its ability to drive the n : 1 parametric resonance, and is depicted in Fig. 4 for n = 1 to 4. Note that all
the strength functions vanish at J = 0, which is the reason
why we need to shift the potential-well bottom away from
the center of the phase space. Because of the asymmetry of
δ(φ), gn (J) no longer vanishes when n is even, implying
that both 2:1 and 3:1 resonances can be excited depending
on the choice of the modulation tune ν m .
.
Resonance Strength |gn(J)|

Qs/νs or RF Potential

4x

1.5

1.0

2x
position of
origin
1x

0.5
0.0

0.2

0.4

V(J)
h=1/r=2

0.6

0.8

Action J

Δφ0=30

1.0

o

1.2

1.4

Figure 3: (color) Synchrotron tune Qs /νs and its multiples as
functions of action J, with h = 1/r = 2 and Δφ = 30◦ . The rf
potential V (J) is shown in dot-dashes.
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Keeping only the first-order perturbative terms, the Hamiltonian can now be expressed as

|gn (J)| sin(νm θ+η+χn +nψ)
H =H0 (J) + aνs

1.5

2.5

0.5

offset δ is expanded into Fourier series,

∞

1 π −inψ
inψ
δ=
gn (J)e , gn (J) =
δe
dψ. (4)
2π −π
n=−∞

h=1/r=2

o

Δφ0=30
n=1

1.0

position of
origin

n=2

0.5

n=3
n=4
0.0
0.0

0.5

1.0

1.5

Action J

Figure 4: (color) Resonance strengths |gn (J)| as functions of the
action J for n : 1 parametric resonances, with n ≤ 4, h = 1/r = 2.

SIMULATIONS WITH Δφ0 = 30◦
Simulation is performed by tracking each macro-particle
from the k-th turn to the (k + 1)-th turn according to the
Hamiltonian of Eq. (1):


φk+1 = φk +2πνs δk +a sin(2πkνm ) ,


δk+1 = δk −2πνs sin φk+1 −r sin(hφk+1 + Δφ0 ) , (6)
where the assumption of slowly varying particle position
within a turn has been applied. The modulation period has
been chosen to be exactly 515 turns with ν m /νs = 2. The
modulation phase has been taken to be η = 0. Other values
of η will lead to different rotated stroboscopic views of the
tracking results. However, all the conclusions on diffusion
and beam enlargement will not be affected.
We first study the structure of the phase space at modulation amplitude a = 8 ◦ and Δφ0 = 30◦ , as depicted
in Fig. 5. This is the cumulative stroboscopic modulationperiod views in half million turns. The central stable region is bounded by the 5:2 resonance. After that we see
Beam Dynamics in High-Intensity Circular Machines
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Figure 5: Structure of phase space at a = 8◦ and Δφ0 = 30◦ .
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Figure 7: (color) Longitudinal bunch size versus turn number at
a = 58◦ and Δφ0 = 30◦ as diffusion develops.

Fig. 7. We see that the rms-bunch-size squared, σ φ2 or σδ2 ,
grows linearly with turn number, signaling that the bunch
enlargement is indeed a diffusion process. The growth levels off after about 1 × 10 5 to 2 × 105 turns. The rms phase
and momentum spreads increase to σ φ = 0.81 ± 0.03 rad
and σδ = 0.57 ± 0.01, respectively.
We next continue the tracking by doubling the number
of turns; the distribution remains bounded and the pattern does not change. We also track a particle initially at
φ = 0.94 rad and δ = 0 for 1 × 10 5 turns. Its positions at
every modulation period are shown as red dots in Fig. 6.
These red dots constitute a well-behaved chain of islands,
confirming that the diffused bunch will be well-bounded.
Figure 6: (color) Black: Diffusion of a tiny Gaussian bunch

the remnant of the 8:3 resonance which merges partially
with the 3:1 resonance. Then comes the 25:8 resonance
and the well-behaved tori. In order for the bunch, initially
at the phase-space center, to be enlarged via diffusion, we
require the 5:2 resonance to collapse and the central stable
region to shrink so that the bunch is inside the chaotic region initially. This occurs when the modulation amplitude
increases to a = 46◦ .
Next a Gaussian distributed bunch of rms spread σ φ =
0.001 rad consisting of 10000 macro-particles at the center
of the longitudinal phase space is tracked. The particle distribution with modulation amplitude a = 58 ◦ is shown in
Fig. 6 at the last modulation period in 1.2 million turns. Essentially, the tiny bunch at the phase-space center is driven
into the thick stochastic layers surrounding the separatrices of the 3:1 resonance. The thick stochastic layers, on
the other hand, come from the overlapping of the 5:2, 8:3,
and possibly many other higher-order resonances, which
are not included in the first order perturbation of the modulation presented in Eq. (5). The distribution appears to be
uniform except for the four big empty space, where the four
stable fixed points of the 3:1 resonance are located. The
rms beam size is computed turn by turn and is depicted in
Beam Dynamics in High-Intensity Circular Machines

Variation of Modulation Amplitude
When the modulation amplitude is varied from a = 46 ◦
to 70◦ , there is not much difference in the shape of the final
diffused bunch distribution. The only significant change
is the gradual left-shifting of the chaotic pattern in Fig. 6,
which is a consequence of the detuning of the synchrotron
tune Qs as the modulation amplitude a increases. The diffused rms phase and momentum spreads are still roughly
at σφ ≈ 0.8 rad and σδ ≈ 0.58, respectively, as depicted
in Fig. 8. When the modulation strength is increased past
a = 70◦ , suddenly no diffusion is observed independent of
1.0

σφ and σδ After Diffusion

of rms spread σφ = 0.001 rad at phase-space center at the last
modulation period in 1.2 million turns. Modulation amplitude
is a = 58◦ . Red: Stroboscopic plot of one particle initially at
φ = 0.94 rad and δ = 0 at every modulation period.
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Figure 8: (color) Bunch spreads after diffusion at various modulation amplitudes with Δφ0 = 30◦ .
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Figure 9: Stroboscopic plot of phase-space structure at a = 104◦

and Δφ = 30◦ , showing that the bunch original position lies on a
well-behaved torus completely outside the chaotic region.

how long the simulations are performed. This turns out to
be the moment when the rightmost empty region in Fig. 6
has been left-shifted to include the phase-space origin. The
bunch is now inside the rightmost island of the 3:1 resonance making small tori around the stable fixed points of
the 3:1 resonance.
The diffusion of the bunch does return when the modulation strength increases up to a ≥ 85 ◦ . Now the three
outside islands of the 3:1 resonance are completely filled
up by higher-order resonances so that the tiny bunch initially at the phase-space center can diffuse outward again.
As the modulation amplitude continues to increase, the
phase-space structure tends to contract and shift further to
the left. As a > 94◦ , the bunch original position moves
out of the chaotic region and no diffusion occurs. A typical
phase-space pattern at a = 104 ◦ is shown in Fig. 9. As a
increases past 110◦ , beam loss occurs.

SIMULATIONS WITH Δφ0 = 45

◦

Figures 2 and 3 shows that the approximate intercepts
of horizontal line ν m /νs = 2 with the 3 × Qs /νs curve
are far away from the initial location of the particle bunch.
In other words, the bunch is initially far from the unstable
fixed points of the 3:1 resonance. This limits the bunch
from falling inside the stochastic layers surrounding the
separatrices unless the modulation amplitude is sufficiently
large. Figure 4 shows that the strength function of the 3:1
resonance is much smaller than that of the 2:1 resonance
and as a result very large modulation amplitude has to be
employed. All these reasons educe us to a deviation from
the maximum potential-well-bottom offset. Here, we try
the rf phase difference Δφ 0 = 45◦ , which leads to a wellbottom offset of φ 0 = 29.12◦ , which is only 3% less than
the maximum value of 30 ◦ . This explains why the range of
Δφ0 that can produce bunch lengthening is not too narrow.
Corresponding to Fig. 3, the synchrotron tune as a function of action for Δφ 0 = 45◦ is shown in Fig. 10. Observe
that where the horizontal line ν m /νs = 2 cuts the 2×Qs /νs
curve is extremely close to J = 0.053, the initial location of
642

Figure 10: (color) Synchrotron tune Qs /νs as a function of action J, with h = 1/r = 2 and Δφ0 = 45◦ . 2×, 5/2×, and
3×Qs /νs are also plotted to illustrate the possible parametric resonances driven at the phase modulation frequency νm /νs = 2.
The rf potential V (J) is shown in dot-dashes.

Figure 11: Structure of phase space at a = 7◦ and Δφ0 = 45◦ .
bunch, implying close proximity of the bunch from an unstable fixed point of the 2:1 resonance. We should expect
diffusion to occur at relatively smaller modulation amplitudes. The resonance strength functions for Δφ 0 = 45◦ do
not differ much in value from those for Δφ 0 = 30◦ in Fig. 4.
The phase-space structure when Δφ 0 = 45◦ and a = 7◦
is illustrated in Fig. 11. We first notice that the phasespace center is very close to the 2:1 resonance as speculated. However, the tiny bunch there can only spread out
inside the thin stochastic layers of the 2:1 resonance, and
cannot reach the larger chaotic region between the island
chains of the 8:5 and 7:3 resonances. The bunch can diffuse into this region only when the chains of higher-order
islands enclosing the 2:1 resonance collapse. This happens
when a ≈ 9◦ , which explains the rapid jump of simulated
bunch-spread results from a = 8 ◦ to 10◦ in Fig. 12.
A typical diffused bunch distribution is shown in Fig. 13,
corresponding to modulation amplitude a = 28 ◦ at the last
modulation period after roughly 0.5 million turns. Compared with Fig. 6 at Δφ 0 = 30◦ , it is evident that the chaotic
area is much larger and the empty space inside is very much
smaller. It also looks much more rectangular, and will provide a more uniform linear density. At the same time the
Beam Dynamics in High-Intensity Circular Machines

Proceedings of HB2010, Morschach, Switzerland

THO1C04

1.0

σφ(rad) or σδ

0.8

0.6

beam loss
σφ(rad)
σδ

0.4

0.2

0

10

20

o

Δφ0=45
30

40

50

Modulation Amplitude a (deg)

Figure 12: (color) Bunch spreads at various modulation ampli-

Figure 14: (color) Longitudinal bunch-size squared turn by turn
at a = 28◦ and Δφ0 = 45◦ as diffusion develops.

Figure 13: (color) Black: Bunch distribution at the last modulation period after ∼ 0.5 million turns with a = 28◦ and Δφ = 45◦ .
Red: Stroboscopic plot of one particle initially at φ = 0.94 rad
and δ = 0 at every modulation period.

Figure 15: (color) Black: Bunch distribution at the last modulation period after ∼ 0.5 million turns at a = 9.8◦ and Δφ0 = 45◦ .
Red: A chain of 8 islands forming a boundary for the diffused
region. At an increase to a ≈ 20◦ , the separatrices of the island
chain collapse, and the islands join the region of diffusion.

tudes with Δφ0 = 45◦ .

modulation amplitude a = 28 ◦ is about one-half smaller.
The red dots are stroboscopic loci of one particle initially
located at φ = 1.46 rad and δ = 0. These loci provide a wellbehaved torus bounding the diffused bunch. The rms phase
and momentum-offset spreads shown in Fig. 14 reveal linear growths of σ φ2 and σδ2 , demonstrating the occurrence of
diffusion. Compared with Fig. 7 at Δφ 0 = 30◦ , equilibrium
is reached much earlier. This is understandable because the
bunch initially is much closer to the separatrices of the 2:1
resonance, and obviously, will take less time to diffuse. As
illustrated in Fig. 12, there is another jump of beam size
around a ≈ 20 ◦ . This can be explained by the hump of the
synchrotron frequency around action J ≈ 0.7 in Fig. 10.
As a result, there are two sets of 8:3 resonances, one going out and one coming in as the modulation amplitude a
increases. The one going out has already broken at a ≈ 7.
The incoming set encircling the chaotic region starts collapsing around a = 20 ◦ , and the chaotic region is increased
after that. This is illustrated in Fig. 15.

CONCLUSION
We have devised a method of phase modulation of the rf
wave to create a large chaotic region in the central longitudinal phase space bounded by well-behaved tori. To acBeam Dynamics in High-Intensity Circular Machines

complish this, we require (1) large modulation amplitude
so that the higher-order parametric resonances collapse to
form a large chaotic area, and (2) the initial position of
the tiny bunch inside part of this chaotic region. Since the
bunch is initially located at the phase-space center, we must
offset the relative phase of the two-rf system so that the
potential-well bottom is shifted away from the phase-space
center. The maximum well-bottom offset and the corresponding relative phase difference between the two rf’s are
computed.
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OPTICAL STOCHASTIC COOLING IN TEVATRON*
V. Lebedev#, Fermilab, Batavia, IL 60510, U.S.A.
Abstract
Intrabeam scattering is the major mechanism resulting
in a growth of beam emittances and fast luminosity
degradation in the Tevatron. As a result in the case of
optimal collider operation only about 40% of antiprotons
are used to the store end and the rest are discarded. Beam
cooling is the only effective remedy to increase the particle burn rate and, consequently, the luminosity. Unfortunately neither electron nor stochastic cooling can be
effective at the Tevatron energy and bunch density. Thus
the optical stochastic cooling (OSC) is the only promising
technology capable to cool the Tevatron beam. Possible
ways of such cooling implementation in the Tevatron and
advances in the OSC cooling theory are discussed in this
paper. The technique looks promising and potentially can
double the average Tevatron luminosity without
increasing its peak value and the antiproton production.

COOLING REQUIREMENTS
The Tevatron luminosity evolution is driven by
interplay of the following major effects: the intrabeam
scattering, the residual gas scattering, the RF noise and
the beam-beam effects. They determine the initial
luminosity lifetime of about 5-7 hours. The optimal store
duration is about 16 hours and about 40% of antiprotons
are burned in the particle interactions (due to luminosity).
The rate of antiproton production has achieved its design
value and its further growth looks extremely challenging
and impossible without a major upgrade to the Antiproton
source. Thus a further luminosity growth cannot be
attained without beam cooling. The cooling should result
in a controlled decrease of emittances so that the beams
would stay at the maximum acceptable beam-beam
parameter, [, in the course of entire store. That would
allow us to burn in the luminosity ~80% of antiprotons
and, consequently, to double the average luminosity. The
required cooling times (in amplitude) are: for protons - 4
and 8 hour, and for antiprotons - 4.5 and 1.2 hour for the
longitudinal and transverse degrees of freedom,
correspondingly. Typical Tevatron store has 2.7·1011
protons and 1011 antiprotons in a bunch with the rms
bunch length increasing from 45 to 60 cm. Achieving the
required cooling rates with stochastic cooling calls for the
bandwidth of ~200 MHz which cannot be obtained in the
presently tested micro-wave stochastic cooling. Electron
cooling of 1 TeV (anti)protons requires ~500 MV
electrons which is an expensive and extremely
challenging project.
In this paper we consider a possibility of OSC
suggested in Ref. [1] and later developed in Ref. [2]. Its
use for the Tevatron was considered in Refs. [3] and [4].
___________________________________________
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A suggestion to test it experimentally is reported in Ref.
[5]. First we consider theory developments required for a
beam optics optimization and, then, possible
implementations for undulators and optical amplifiers.
Note that the OSC damps normally only horizontal and
vertical degrees of freedom and the vertical cooling is
achieved through the x-y coupling. In this case the
horizontal motion has to be damped twice as fast resulting
in the required horizontal cooling time of 4 and 0.6 hour
for protons and antiprotons, correspondingly.

TRANSFER MATRIX
The OSC of an ultra-relativistic beam assumes [1] that
the beam radiates an electromagnetic radiation in a pickup
undulator. Then, the radiation is amplified in an optical
amplifier (OA) and produces a longitudinal beam kick in
a kicker undulator. The path length difference between the
light and the beam is adjusted so that a particle would
interact with its own radiation. The kick is always in the
longitudinal direction and the transverse cooling is
achieved by coupling between transverse and longitudinal
motion. The longitudinal - horizontal coupling is assumed
below. The motion symplecticity binds up the transfer
matrix elements so that only 10 of 16 of them are
independent. In the absence of RF between points 1 and 2
the matrix between them can be expressed through the
Twiss parameters of the points and the partial slip-factor
between them, K12, so that:
ª M 11 M 12 0 M 16 º
ª x º
«M
»
« T »
M
0
M
(1)
22
26 »
M « 21
, x « x »,
« M 51 M 52 1 M 56 »
« s »
«
»
«
»
0 0 1 ¼
¬ 0
¬ 'p / p ¼
M 11

E2
cos P  D1 sin P ,
E1

M 22

E1
cos P  D 2 sin P ,
E2

M 12

E1E 2 sin P ,

M 21

D1  D 2
1  D1D 2
cos P 
sin P ,
E1E 2
E1E 2

M 26

D2  M 11 D1  M 12 D1c ,
D2c  M 21 D1  M 22 D1c ,

M 51

M 21M 16  M 11M 26 ,

M 16

(2)

M 52 M 22 M 16  M 12 M 26 .
Here E1,2 and D1,2 are the beta-functions and their negative
half derivatives at the points 1 and 2, D1,2 and D′1,2 are
the dispersions and their derivatives, and P is the betatron
phase advance between points 1 and 2. The matrix
elements are enumerated similar to a 6x6 matrix but the
elements related to the vertical motion (decoupled from
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other two degrees of freedom) are omitted. For an ultrarelativistic beam the partial slip factor is related to M56 as:
M 51 D1  M 52 D1c  M 56
(3)
K12
2S R
where R is the average ring radius. Note that the motion
symplecticity requires M56 sign being positive if a particle
with positive 'p moves faster than the reference particle.
Substituting the matrix elements from Eq. (2) one obtains:
§ 1  D1D 2
·
D  D1
2S RK12 M 56  D1 D2 ¨
sin P1  2
cos P1 ¸
¨ EE
¸
E1E 2
1 2
©
¹
(4)
E2
 D1 D2c
cos P1  D1 sin P1
E1
 D1cD2

E1
cos P1  D 2 sin P1  D1cD2c E1E 2 sin P1
E2

where E1,2, D1,2, D1,2 and D′1,2 are the Twiss parameters at
the pickup and kicker locations, correspondingly.

Figure 1: Layout of the cooling system.

DAMPING RATES
The layout of the cooling system is presented in Figure
1. The longitudinal kick to this particle due to interaction
with its own radiation in the kicker is:
Gp
(5)
N sin k 's
p
where k is the wave vector of the amplified particle wave,
's is the particle longitudinal displacement relative to the
reference particle, and N is the kick maximum. Leaving
only linear term in the expansion of sin(k 's) in Eq. (5)
and expressing 's through the particle positions in the
pickup and the elements of the transfer matrix from
pickup to kicker, M1, one obtains:
§
Gp
'p · ,
(6)
N k ¨ M 151 x1  M 152T x 1  M 156
¸
p
p
©
¹
or in the matrix form
0
0
0 º
ª 0
« 0
0
0
0 »» (7)
δx 2 M c x1 , M c kN «
« 0
0
0
0 »
«
»
M
M
M
0
1 52
1 56 ¼
»
¬« 151
where x1 is the vector of particle positions in the pickup.
Taking this into account one can write down a kicker-tokicker one turn map:
(8)
x 2 n 1 M1M 2 x2 n  δx2 n M 0  M c M 2 x2 n ,
where n enumerates turns, M2 is the kicker-to-pickup
transfer matrix, M0 = M1 M2 is the entire ring transfer
matrix, and (x2)n is related to the n-th turn origin
Beam Dynamics in High-Intensity Circular Machines

THO1C05

beginning immediately downstream of the kicker.
The perturbation theory developed in Ref. [6] for the
case of symplectic unperturbed motion yields that the
tune shifts are:
1
(9)
G Qk
v k  U M c U M1T U v k
4S
where vk are two of four eigen-vectors of unperturbed
motion chosen out of each complex conjugate pair and
normalized so that v k  U v k 2i (k = 1,2), and
ª 0 1 0 0º
« 1 0 0 0 »
(10)
»
U «
« 0 0 0 1»
«
»
¬ 0 0 1 0 ¼
is the unit symplectic matrix. Performing matrix
multiplication and taking into account that the
symplecticity binds up M51, M52 and M16, M26 one finally
obtains:
0
0
0 º
ª 0
« 0
0
0
0 »»
(11)
kN  «
vk
vk
G Qk
« M 126  M 116 0 M 156 »
4S
«
»
0
0
0 ¼»
¬« 0
In the case of small synchrotron tune, Qs << 1, one can
neglect the effect of RF cavities on components of the
eigen-vector related to the horizontal betatron motion.
Then the eigen-vector it is equal to:
ª
º
E2
«
»
(12)
 i  D 2 / E2
«
» ,
v1 «
»
«  iD2 1  iD 2  D2c E 2 / E 2 »
«
»
0
¬
¼
Substituting Eq. (12) to Eq. (11) one obtains the damping
decrement of the betatron motion:
kN
O1 2S Im G Q1 
D2 M 12,6  D2c M 11,6
(13)
2
kN

M 156  2S RK12 .
2
The condition Qs << 1 also allows one to neglect the
betatron motion on the synchrotron motion.
Consequently, for the second eigen-vector (related to the
synchrotron motion) one obtains:
ª iD2 / E s º
«
»
(14)
« iD2c / E s »
v2 «
»
Es »
«
«
»
¬ i / E s ¼
where E s RK / Q s is the beta-function of the longitudinal
motion introduced so that 'smax = Es ('p/p)max. That yields
the damping decrement of the synchrotron motion:
(15)
O2 2S Im G Q2 S kN RK12 .
Summing Eqs. (13) and (15) one obtains the sum of the
decrements:
kN
(16)
O1  O1  M1 .
2

56
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THE COOLING RANGE
The cooling force is linear for small amplitude
oscillations only. Combining Eqs. (5) and (6) one obtains:
Gp
(17)
N sin ax sin(\ x )  a p sin(\ p )
p
where ax, ap, \x and \p are the amplitudes (expressed in
the phase advance of laser wave) and phases of pickup-tokicker path lengthening due to betatron and synchrotron
motions
ax sin\ x k M 151 x1  M 152T x 1 ,
(18)
'p
a p sin\ p k M 151 D1  M 152 D1c  M 156
.
p
Expressing x1 and Tx1 through the particle Courant-Snyder
invariant, H, and introducing the amplitude of momentum
oscillations, ('p/p )max, one obtains:
ax

k H E1M 151 2  2D1M 151 M 152  1  D12 M 152 2 / E1 ,

(19)
§ 'p ·
a p k M 151 D1  M 152 D1c  M 156 ¨
¸ .
© p ¹ max
Averaging momentum kicks over betatron and
synchrotron oscillations one obtains the fudge factors for
the transverse and longitudinal damping rates
ª O1 ( ax , a p ) / O1 º ª F1 ( ax , a p ) º ª 2 / ax cos\ c º
»
« O (a , a ) / O » { « F (a , a ) » «
2 / ap
(20)
2¼
¬ 2 x p
¬ 2 x p ¼ ¬
¼
ª sin\ x º d\ x d\ p
,
u v³ sin ax sin \ x  \ c  a p sin\ p «
»
¬sin\ p ¼ 2S 2S

where \c is the phase shift of the transverse cooling force.
Computation of the integrals yields
ª F1 (ax , a p ) º
ª J 0 ( a p ) J1 ( a x ) / a x º ,
(21)
« F (a , a ) » 2 « J (a ) J (a ) / a »
2
x
p
0
x
1
p
p
¬
¼
¬
¼
where J0(x) and J1(x) are the Bessel functions. One can
see that the damping rate oscillates with growth of
amplitudes. For a given degree of freedom it changes the
sign at its own amplitude equal to P11|3.832 and at the
amplitude ofP01|2.405 for other degree of freedom.
Taking into account that the both cooling rates have to be
positive for all amplitudes one obtains the stability
condition, ax , p d P01 | 2.405 . That yields the stability
boundaries for the emittance and the momentum spread:
P012
(22)
,
H max
k 2 E p M 151 2  2D p M 151 M 152  J p M 152 2
§ 'p ·
¨
¸
© p ¹ max

P01
.
2S kRK12

(23)

BEAM OPTICS
To minimize the optical amplifier power K12 has to be
chosen as large as possible, i.e. at the maximum allowed
by the stability boundary of Eq.(23):
P01
.
(24)
2S RK12
k 'p / p max
The ratio of the cooling rates is set by the cooling
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scenario. That allows one to determine M156. Combining
Eqs. (13) and (15), and using Eq. (24) one obtains:
P01 O1  O2 .
(25)
M 156
k O1 'p / p max
The Tevatron cooling scenario implies the initial rms
momentum spread and the rms normalized emittance
being equal to 1.2·10-4 and 3.3 mm mrad,
correspondingly. Requiring 4V and 5V cooling ranges for
the longitudinal and transverse motions, correspondingly,
one obtains: JHmax = 83 mm mrad and ('p/p)max = 4.8·10-4.
Corresponding values of M 156 and K12 for equal damping
rates (O1 = O2) are shown in Table 1 for the wavelengths
of 2 and 12 Pm.1
Table 1: Major Optics Parameters
2
12
Optical amplifier wavelength [Pm]
M56 [mm]
3.2
19.2
1.6
9.6
2SRK12 [mm]
Total chicane length [m]
69.6 59.3
0.45
1.7
'D for 10% damping rate change [cm]
-3
2
1.2
'D′ for 10% damping rate change[10 ]
A particle and its radiation from the pickup undulator
have to arrive to the kicker undulator simultaneously. But
an optical amplification results in a delay of the beam
signal. The study presented in Ref. [2] shows that a delay
of 5 to 10 mm is required. To compensate this delay the
beam path lengthening by a four-dipole chicane was
proposed in Ref. [1]. The 5.3 mm delay created by a
chicane with 6 T dipoles is implied in the below
estimates. In the absence of quadrupole focusing in the
chicane its delay, 'L, and M56 are approximately related
so that: M56 | 2'L. It also results in that M56 and 2SRK12
are equal and, consequently, there is no horizontal
damping. Therefore focusing in the chicane is required.
As one can see from Table 1 the required M56 is almost 4
times larger than 'L for 12 Pm wavelength and moderate
focusing is sufficient. For the case of 2 Pm wavelength
the required M56 is about 1.5 times smaller than 'L and
strong focusing is required. Figure 2 presents the betafunctions and dispersions in the chicane for both cases.
For both of them the dispersion is much smaller than the
dispersion in the Tevatron utility straights and additional
quads will be required to match the cooling section to the
Tevatron optics. In this example a periodic solution for
beta-functions was used. For a practical proposal an
additional beta-function adjustment is required so that the
sample lengthening described by the top Eq. (19) would
be optimized. The lengthening should not be too small,
which results in an excessive optics sensitivity, and
should not be too large so that particles with large
betatron amplitudes would be cooled (see Eq. (22)).
M56 for the chicane depends only on its structure. It is
not affected by the rest of the ring optics and therefore is
1

Note that the damping in both planes requires the signs of M156 andK12
to be the same. They can be changed by changing the cooling system
phase by 180 deg.
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quite stable. Consequently, the sum of cooling rates
(O1+O2) is stable too. In contrary, the chicane partial slip
factor, K12, is determined by the dispersion in the chicane
and is strongly affected by the ring optics. A requirement
to keep the damping rates within 10% results in a
dispersion accuracy at the chicane entrance being 1.7 and
0.45 cm for 12 and 2 Pm wavelengths, correspondingly
(see Table 1.) It is about an order of magnitude better than
the present optics accuracy. Its further improvement, in
particular for 2 Pm option, presents a very challenging
task.

THO1C05

of the following equation, '( = ∫(E·v)dt, along the
particle trajectory in the magnetic field. For all cases VA
and the wave waist offset in the x and y planes were
adjusted to maximize the kick value. Note that in the case
of short undulator or dipole both Ex and Ez components
make comparable contributions to the integral and have to
be accounted.
Making a harmonic magnetic field (By v sin(kwglz))
with period of many meters is not a practical engineering
choice. Therefore a wiggler consisting of dipoles with
constant magnetic field but changing polarity is
considered. To separate the light and particle beams there
are also dipoles immediately adjacent to the wiggler.
They have the same polarity and strength as the outer
wiggler dipoles. Note that the harmonic undulator has the
same kicker efficiency per unit length as the dipole
wiggler and therefore its use does bring any advantages.
A kick in a dipole (implying no wiggler at all) does not
require additional space and therefore can be an attractive
option. Although there are no wiggles in a dipole a tight
focusing of the wave and its offset from the beam center
in the horizontal plane allow one to obtain a considerable
kick. As can be seen in Figure 3 there is little gain if a
wiggler consisting of three dipoles (total length of ~25 m
for 4 T dipoles and Ow= 12 Pm) is used. A wiggler
consisting of five dipoles is about 2 times more efficient
but requires ~40 m space per wiggler for Ow= 12 Pm.
Taking into account ~60 m required for the chicane it is a
maximum space which can be allocated for the wiggler.

Figure 2: Beta-functions and dispersions in the cooling
chicane for optics optimized for 12 (top) and 2 (bottom)
Pm optical amplifiers.

KICKER UNDULATOR
Because of large relativistic factor of the Tevatron
beam (J = 1045) the period of undulator is large: ~1.5 m
for 2 Pm and ~7 m for 12 Pm wavelength. Therefore a
large number of wiggles cannot be used. Four types of
magnetic field configurations were considered: (1) kick in
a SC Tevatron dipole, (2) a wiggler build with alternating
sign dipoles, (3) a standard harmonic undulator, and (4) a
Figure 3: Dependence of kicker efficiency on the
helical dipole.
The electric field of electromagnetic wave propagating magnetic field for 12 Pm wavelength with a kick in a
along z axis and polarized in the x-plane can be expressed dipole (red) and in wigglers build from 3 (blue) and 5
(red) dipoles.
in the following form
2
2
2
§
§ 1 x  y ··
VA
i Zt  kz
A helical undulator with a circular polarized electroEx ( x, y, z , t ) Re ¨¨ E0 e
exp ¨ 
¸ ¸¸ ,
2
2
(
z
)
V
magnetic
wave is ~ 2 times more efficient than the flat
© 4 V ( z) ¹ ¹
©
(26)
ones. For large number of periods its kick amplitude can
E y ( x, y , z , t ) 0 ,
be expressed by the following expression
§
§ 1 x2  y2 · ·
V A2 x
i Zt  kz
'( max
Ku 2
Ez ( x, y, z , t ) Re ¨¨ iE0 e
exp ¨ 
¸ ¸¸ ,
(27)
2
| 8.837 nwgl PZ 0
,
4kV 4 ( z )
© 4 V ( z) ¹ ¹
©
e
1  Ku 2
where E0
4 P / cV A 2 is the electric field in the waist,
where e is the electron charge, nwgl is the number of
V 2 ( z ) V A 2  iz / 2k , k 2S / Ow , Ow is the wavelength, wiggler periods, Z0 is the free space impedance,
K u eBOwgl / 2S mc 2 is the undulator parameter, and Owgl
and VA is the rms size at the waist (power density). The
longitudinal kick was obtained by numerical integration is its period. The above equation implies that the
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radiation is focused into the rms spot size equal to
V A | 0.473LOw , and the wavelength and the period of
2
2
undulator are related so that Owgl 2J Ow / 1  K u . As
can be seen in Figure 4 the efficiency is somewhat
smaller than predictions of Eq. (27) for small number of
periods.

efficiency introduced so that '( max / e Gkick P . The
results of calculations are summarized in Table 2, where
we assume that nb =36, Np = 3·1011, Vp =1.2·10-4, the
relative optical amplifier bandwidth of 6% (FWHM), and
the longitudinal damping time, (O2f0)-1, equal to 4.5 hour
corresponding to the rms single particle kick '(max = 0.66
eV. As one can see a usage of Tevatron dipole as a kicker
does not look attractive because of too high power of
laser amplifier. However a dipole can be used instead of
pickup undulator in the case of insufficient space. It
requires additional ~15 Db gain for the OA.

DISCUSSION

Figure 4: Dependence of helical undulator efficiency on
the magnetic field and the number of periods for Ow = 12
Pm. The black line represents an asymptotic for nwglof.
Table 2: Parameters of Possible Cooling Schemes
Pl†
B
Length
Gkick
Wiggler
Ow
[T]
[m]
[eV/W] [W]
[Pm] type/nwgl
12
Tevatron
26
125
dipole
6
4.2
N/A
18
133
/(N/A)
2
14
71
HD/2.5
2
40
56
28
12
HD/8
8
44
132
5
6
HD/7
6
38
110
3.5
2
HD/12
6
36
116
1.05
* HD – helical dipole
† It is the average power. The peak power is about 100
times higher

POWER OF OPTICAL AMPLIFIER
Expressing N in Eq. (15) through the kick amplitude
one can express the damping rate in the following form
1 '(max P01 § P01 P01 ·
(28)
O2
,
F2 ¨
¸
2 (0V p nV p ¨© nV x nV p ¸¹
where nVp and nVx are the cooling ranges (expressed in the
beam V‘s) for longitudinal and transverse degrees of
freedom, (0 is the beam energy, and Vp is the relative rms
momentum spread.
Assuming that the dependence of optical amplifier gain
on the frequency can be described by a Gaussian we
obtain the average power of laser amplifier:
Pl

nb N p f 0
'f FWHM

ln(2) § '( max ·
¨
¸
S © eGkick ¹

2

(29)

where nb is the number of bunches, Np is the number of
particles per bunch, f0 is the revolution frequency, 'fFWHM
is the bandwidth of OA (FWHM), and Gkick is the kicker
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Potentially, the OSC allows one to double the average
Tevatron luminosity. The system can be located in the
Tevatron C0 straight section which has sufficient space.
Its installation requires significant investment and
downtime. In particular it requires a modification of beam
optics which includes: new quadrupoles and new quad
circuits for existing ones, a relocation of existing and
installation of new dipoles. The optics work will be
complicated by a requirement to keep the same fractional
tunes and to support helical orbits separating protons and
antiprotons in the cooling section. Cooling of protons was
only discussed above but doubling the luminosity integral
also implies aggressive cooling of antiprotons. Their
cooling time should be ~4 times faster; but because they
normally have 4 times smaller intensity the same power
of OA is required.
The 2 Pm wavelength looks attractive because the OA
was already demonstrated [7] but that requires very high
accuracy of optics control. A 12 Pm OA considered in
Ref. [2] with its first tests reported in Ref. [8] requires an
additional investment and considerable time for further
development. For both wavelengths the power of OA
stays below 10 W if the helical undulator is used.
This study showed that there is no fast way (2-3 years)
to introduce the OSC in Tevatron so that it could be
implemented in the course of the Tevatron Run II.
However it demonstrates a high potential of the OSC for
the Tevatron luminosity increase.
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ELECTRON COOLED BEAM LOSSES PHENOMENA IN COSY
Yu. Senichev, R. Gebel, B. Lorentz, R. Maier, M. Nekipelov, D. Prasuhn, F. Rathmann,
H.Stockhorst, Institute for Nuclear Physics, FZJ, Julich, Germany
Abstract
Experimentally it has been shown the achievable
intensity of electron cooled beams at COSY is restricted
by three main beam loss phenomena: the initial losses just
after injection during 5-10 s of beam cooling, the coherent
self-excited oscillation of cooled beam and the long-term
losses ~n x 1000 s. In this work we study the first and
third types of loss and compare the theoretical and
experimental results.

INTRODUCTION
The problem of the electron cooled beam losses in
COSY leading to not clearly short lifetime of a beam was
already repeatedly investigated [1]. For the first time one
has sounded, that the electron beam can not only cool the
ion beam, but also heat it up in paper [2], where this
phenomena was named “electron heating”. Many authors
suggest explaining it by the nonlinearity of an electron
beam field but not specifying what it does mean [3],
except [4] in which the assessment of nonlinear
resonances influence due to an electron beam is made.
The COSY ring is operating for medium energy
experiments in the energy range 45-2500 MeV. During
regular operation of the ring for experiments, the time
spend at injection energy is about 100 ms short enough,
that in the past no optimization of beam lifetime was
carried out. At higher energies the beam lifetime is
significantly longer, and no special measures are needed.
To investigate the situation for the planned spin filtering
studies, the status of beam lifetime at injection energy was
studied. Recently the careful study to understand the
beam lifetime of the proton beam at COSY injection
energy of 45 MeV was undertaken.
In given work the results can be divided on two parts:
experimental on measurement of beam lifetime and the
theoretical part which has been directed on creation of
mathematical model and treatment of experimental
results. Following chronology of results receiving we
begin with an experimental part. In theoretical
investigation we are based on the concept of the isolated
resonances with bridge between them due to diffusion
arising because of scattering on residual gas. Besides it is
assisted also with the additional e-beam chromaticity
induced by an electron beam itself. In addition very low
relative displacement of e- and p-beams can play
strengthening role in losses of p-beam since it leads to
excitation of odd resonances and decreases the distance
between adjacent separatrix.

PROBLEM STATEMENT
At carrying out of experiments we at once tried to
allocate the possible reasons for beam losses: fast
immediate loss of particles in a single collision and
Beam Dynamics in High-Intensity Circular Machines

leaving of stable region (dynamic or physical aperture)
and slow blow-up of a beam which is caused by multiacts process. Against the slow blow-up of beam there was
an argument that it can be compensated by suitable
cooling systems whereas the immediate loss of particles
can not. In other words the real reason for particle losses
maybe one-act process resulting in the output of a particle
from under influences of cooler. The processes which
cause immediate loss of particles are: hadronic
interaction, single Coulomb scattering, multiple
scattering, recombination and energy loss. We have
compared possible probability of each process and have
concluded the dominant processes which determine the
achievable beam lifetime are the single Coulomb and
multiple scattering. In presence of a sufficient electron
cooling in COSY the multiple scattering can also be
neglected, as scattered particles will be cooled back to the
core of the beam before the next collision takes place.
However this process also is left among candidates as
under certain conditions electronic cooling cannot
compensate this process.

FIRST BEAM LIFETIME
MEASUREMENTS AT COSY
The 184 m long COSY ring is divided into 8 sections.
In each section one quadrupole mass spectrometer
measurement was taken to determine the partial pressure
distribution of the rest gas. This gas distribution was then
scaled with the overall 40 total pressure gauge
measurements to obtain a realistic distribution of partial
pressures all around the ring. The contribution of the 9
most abundant gases was used together with the Twiss
parameters from a MAD code of the ring to calculate the
contributions to the beam lifetime τ=1/(ΔσCdtfb) with the
real target density dt, the revolution frequency of the
beam fb and Coulomb loss cross section ΔσC.
Measurements of the beam lifetime were carried
through with and without a D2 target of density 2 1014
atoms/cm2. The time behaviour of the stored beam current
measured by a beam current transformer (BCT) was fit
with an exponential decay function to yield the beam
lifetime. The measured beam lifetimes are τ(with target) =
(321.3 ± 0.4)s and τ(without target) = (4639 ± 69)s, which
is about a factor ~15 smaller than the calculated beam
lifetime. More details can be found in [5,6].
The possible explanations of the discrepancy of
measurement and prediction based on single Coulomb
scattering losses are: overestimation of the local
acceptance or/and insufficient beam cooling.
Two different methods to measure the acceptance of the
COSY ring were used: measurements with a single turn
angle kick of the beam using a fast kicker magnet and
measurement of beam lifetime versus position of scrapers.
649
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The measurements with a fast kicker magnet used to
determine the geometric acceptance of the COSY ring
yields approximately 40 μm (see Fig. 1).
Remaining Beam Intensity

Beam Intensity after Kick /
%

120,00%
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0,00%
0
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Figure 1: Acceptance measurement with fast kicker
magnet. Fractional beam intensity versus acceptance, the
acceptance is calculated from the used kick angle and the
Twiss functions at the location of the kicker.
The second method [7] uses scrapers to restrict the
acceptance of the ring (Fig. 2). Plotted results are the
inverse of the beam lifetime τ-1 versus scraper position.
The scraper consisted of a rectangular aperture, the beam
passes through its centre. When the aperture is moved
from the centre, no change in beam lifetime is observed
until the edge of the aperture reaches the beam. When the
scraper is moved more, the beam lifetime gradually goes
to zero, and the distance determines the acceptance of the
ring. To calculate the acceptance the Twiss functions at
the scraper position are taken from a MAD.

beam lifetime calculation, and the actual machine
acceptance for a cooled beam is significantly lower.

PHYSICAL AND DYNAMIC APERTURE
WITHOUT ELECTRON BEAM
First of all we have calculated the dynamic aperture of
COSY with the non-linearity caused by the optical
channel only and without of electron beam. From the
tracking we have found out the dynamic aperture value in
all options is about of ~1000 μm, which one gives a hope
to be sure that it is not reason for the lifetime decreasing.
On a following step we have defined the physical aperture
of the COSY channel with installed collimators. These
sizes have appeared such value of 300 and 100 μm in the
horizontal and vertical planes accordingly. Thus the
dynamic and physical apertures without electron beam
should be excluded from candidates of the particle losses
source.

ELECTRON BEAM INFLUENCE ON
DYNAMIC APERTURE
The electron beam used to cool the proton beam has
two components of interaction: the particle-particle
interaction and the particle-collective field interaction.
The first one is the main component allowing the proton
beam cooling and the second one is the effect acting on
the proton beam as the multi-pole focusing/defocusing
element. Here we investigate just second component.
From the COSY e-cooler parameters we know that the
electron beam has 175 mA and the uniform distribution in
the transverse plane with the radius of cylinder of ±12.5
mm. In numerical calculation we consider two cases,
when the electron beam has the uniform and Gaussian
distributions with the current I el , the radius rel , the
dispersion σ el and the relative velocity β . For the ebeam with axial symmetry the radial force of electrical
and magnetic fields of e-beam for the Gaussian
distribution is:
eI el
1
2
FGauss =
⋅ 1 − exp( − r 2 / 2σ el
)
(1)
2 r
2πε 0 cβγ

(

Figure 2: Acceptance measurement with scrapers.
The beam lifetime was determined from the exponential
decay of the beam current measured with the BCT.
During these measurements the circulating beam
undergoes many revolutions in the ring. Therefore here
also dynamic effects will be present. The measurements
were done with uncooled and electron cooled beam. The
results from these measurements agree well with the
kicker measurements in the case without electron cooling.
However, for electron cooled beam the measured
acceptance has appeared 14 μm, which significantly less
than value expected from estimation. We conclude from
this, that the machine acceptance was overestimated in the
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)

and for the uniform distribution:
eI el
⎧
for r < rel
⋅ r,
⎪
⎪ 2πε 0 cβγ 2 rel2
,
Funif = ⎨
eI el
⎪
for r > rel
⎪⎩ 2πε 0 cβγ 2 r

(2)

First we construct the N-order polynomial approximation
of the e-beam force by the minimization of the meansquare deviation in some range r<Rmax<Aperture of the
space charge force averaging for the uniform and
Gaussian distribution correspondingly [8]. Then it is
approximated by the set of N=1÷10 multi-poles fields:

[

]

2⎫
⎧
Min r < Rav ⎨ Er ( r ) − b1 ⋅ r − b3 ⋅ r 3 − b5 ⋅ r 5 + ... ⎬
⎭
⎩

(3)
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Within the frame of such approximation an electron beam
is presented, as the periodic nonlinear short kick with a
period of orbit circumference Corb and at L/Corb<<1:

[

] C2L

F ( r, ϑ ) = b1 ⋅ r + b3 ⋅ r 3 + b5 ⋅ r 5 + ... ⋅

orb

⎡1
⎤
⎢ + ∑ cos pϑ ⎥ (4)
2
p
=1
⎥⎦
⎣⎢

2

where all coefficients bn ∝ I el /( βγ σ el2 ) . Then using the
asymptotic method of Bogolyubov-Mitropolsky [9] we
d 2r
+ K (ϑ ) r = 0
seek a solution of equation in form
dϑ 2
after
Courant-Snyder
transformation
in
form
r = ε βˆ ⋅ cos(ν ϑ + Φ ) :
0

(

)

dε
1 2π
=
∫ sin Φ ⋅ F ε cos Φ,ϑ dΦ
dϑ 2π 0

(

)

dΦ
1 2π
=
∫ cos Φ ⋅ F ε cos Φ,ϑ dΦ
dϑ 2πε 1 / 2 0

(5)

Conditions of n-th order resonance are standard:
ν ( r ) ⋅ n = p , where n-resonance order, p-arbitrary integer

(a)
(b)
Figure 3: Phase trajectory in vicinity of 10-th order
resonance with tune νy =3.640 (a); 3.612648 (b).
Thus, the e-beam affects on the proton beam as the
multi-pole field and together with magneto-optic elements
can influence on the dynamic aperture. To investigate this
problem the multi-pole element has been inserted in
MAD file in the place of e-cooler location. The strength
of each multi-pole component was determined by the
mentioned above method.
First of all it was interesting to study, how the current
value of e-beam influences character of single particle
motion of a cooled beam. Figure 4 shows as the stable
area changes versus e-beam current increased from 175
mA up to value in 7 times of higher.

dΦ
dΦ
. The total tune shift
is a sum of
dϑ
dϑ
coherent and incoherent non-linear tune shifts:

and ν ( r ) = ν 0 +

dΦ
= Δν coh + δν (r ) .
dϑ

(6)

The coherent tune shift and the non-linear tune shift of nth order resonance are:
Δν coh ~

δν ( r ) ~

I el

βγ 2σ el2
I el

βγ

2

σ el2

⋅ βˆ ⋅ L

⋅ n ⋅ ε n / 2 −1 ⋅ βˆ n / 2 ⋅ L

(7)
(8)

At equality of a total e-beam current over cross section
and equal dispersion the coefficients in the Gauss
distribution about in 2 times are more than the uniform
distribution. If beams are strictly on one axis at both
distributions even resonances are raised only. In case of
absence of a resonant condition nevertheless the electron
beam brings nonlinear tune shift:
dΦ 3b3 ⋅ν 0 ⋅ Lβˆ ⋅ r 2
=
,
(9)
δν oct ( r ) =
16π
dϑ
and causes the displacement and smearing of a working
point on the diagram of stability and excites all crossed
resonances.
Walking in the stability diagram it is interesting to
observe as phase trajectories change (see Fig. 3). Varying
slightly tune νy value from 3.640 (a) to 3.613 (b) by the
gradients in quadrupoles we cross different resonances
modifying the phase trajectories.
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(a)
(b)
(c)
Figure 4: Phase trajectories of cooled beam at uniform ebeam with σel= 6 mm and current: 175mA (a), 3 x 175
mA (b), 7 x 175 mA (c)
In the further we shall discuss a definition of the
maximal stable area with e-beam, but at the moment we
shall define it as the maximal phase area within the limits
of area up to the nearest resonance. Then, proceeding
from this definition we shall calculate the dependence of
stable area on a current value (see Fig. 5). Apparently,
with current increasing the stable area should shrink.

Figure 5: DA vs e-beam current (monochromatic p-beam
and uniform e-beam).
Certainly also it is interesting to test on our model how at
reduction of the electron beam sizes and constant value of
a current the border of stability moves to the center (see
Figs. 6 and 7).
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We can see that e-beam induces the huge chromaticity,
and we should expect a change of particles phase
trajectories of cooled beam. Besides, chromaticity leads to
emittance growth Δε / ε = 0.5 ⋅ ς 2 (Δp / p )2
smearing of trajectories.

due

to

(a)
(b)
Figure 6: Phase trajectories for monochromatic p-beam
cooled by the Gaussian e-beam with σel= 6 mm (a), 3 mm
(b) and current 175mA.

(a)

(a)
(b)
Figure 7: Phase trajectories for monochromatic p-beam
cooled by the uniform e-beam with σel= 6 mm (a), 3 mm
(b) and current 175mA.

Non-monochromatic Beam
In a reality the beam has final momentum spread, and
at injection in COSY it is Δp/p~ 10-3. Therefore it is
reasonable to consider what new instants appear for nonmonochromatic beam. For this purpose let us write
Hamiltonian with momentum spread and see its additional
members arising owing to e-beam field:
H = H 0 ( p x , p y , δ ) + V ( x, y , s )
p 2x + p 2y

x2
y2
− K y + ΔK y ⋅
,
2(1 + δ )
2
2
S ( z ) 3 S xy ( z )
O ( z) 4 O y 4
⋅x +
⋅ xy 2 + x
⋅x +
⋅y ,
V(x,y,s) = x
6
2
24
24
Kx = K,
H 0 ( p x , p y , x, y , z ) =

+ (K x + ΔK x ) ⋅

(

)

(10)

ΔK x = δ ⋅ D ⋅ S ,

(b)

(c)

(d)
(e)
(f)
Figure 8: Phase trajectories of non-monochromatic pbeam with Δp/p=0.0 (a); ±1·10-4(b); ±3· 10-4(c);±5·10-4(d);
±8· 10-4(e); ± 1·10-3(f) cooled by the Gaussian e-beam
with σel= 6 mm and current 175mA .
In order a process of particle smearing was visible we
have marked particles in different layers with different
color (see Fig. 8), and we can see that the process of
chromatic smearing leads to the diffusion of particles
from the centre. It is observed during several thousand
turns by tracking (in real machine it is few seconds), and
coincides with that we saw in experiment directly after
injection of a beam in COSY at beginning of cooling.
Thus, at an initial stage of cooling the particle with a
larger momentum deviation have to be lost, that most
likely we also see in experiment and call as “fast
losses”[10]. Figure 9 shows the stable area versus a
momentum spread.

K y = −K,
ΔK y = −δ ⋅ D ⋅ S ,
S x = S + δ ⋅ D ⋅ O,
S xy = − S − δ ⋅ D ⋅ O,
Ox = O,
O y = O,
K=

1 ∂E x

βc ∂x

;S =

1 ∂2Ex

βc ∂x 2

;O =

1 ∂ 3E x

βc ∂x 3

where K, S and O are multipoles of e-beam field. From
Hamiltonian we can see that each multipole of n-th order
gives all multipoles of 1÷ (n-1)-th order in the place
where D≠0. In particular, the octupole component of ebeam generates sextupole. Therefore both even and odd
resonances are raised. For COSY we have defined
numerically the chromaticity without e-beam:
Δp
Δp
ς x = −8.5 − 400 ⋅
;ς y = −0.2 − 1.0 ⋅
p
p
and with e-beam:
Δp
Δp
.
ς x = −9.1 − 7300 ⋅
;ς y = −0.8 − 12000 ⋅
p
p
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Figure 9: Stable area vs momentum spread.

Optics with Misalignments of p,e-Beams
In one of experiments [11] the e-beam was displaced
relatively of a cooled beam and p-beam loss immediately
grew. For comparison with results of experiment we have
done the same on model. Apparently, that at e-beam
displacement from axis xco=Δx+x, yco=y+Δy the n-th
order multipole of e-beam field gives all multipoles of
1÷(n-1)-th order. In particular, for a octupole component
it is:
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(

b3 4
b
4
x co + y co
= 3 ( x 4 + y 4 4 x 3 Δx + ... + y 4 + 4 y 3 Δy + ..)
4
4
(11)
As a result odd resonances will be raised at zero
dispersion in the cooler location too. Here we do accent
on odd resonances excitation, since process of diffusion
of particles is proportional to density of resonances. We
modelled displacement of e-beam relatively of a proton
beam. Figure 10 shows how in process of p-beam egress
from e-beam field the even resonances disappear, and
they are replaced by stronger odd resonances quickly
reducing a stable area. However after beams fully
splitting the phase trajectories take a form of linear
oscillator. Figure 11 shows this process in numerical
expression. It is visible, that at displacement of e-beam
precisely on edge p-beam (shift=12 mm) the stable area
decreases at the most.

(a)

(b)

(c)
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trajectories due to the induced e-beam chromaticity or
both ones. The displacement of one beam relatively
another is additional strengthening effect. In Fig. 12 two
cases for shifted e- beam and monochromatic and nonmonochromatic p-beam are shown for comparison.

(a)
(b)
Figure12: Phase trajectories for monochromatic (a) and
non-monochromatic (b) beam.
In the first case a continuous deviation of a single
particle is probable only at scattering on residual gas. In
the second case it is provided by induced e-beam
chromaticity.
Passing to the technical parameters of the accelerator
the major factors leading to reduction of stable area and
consequently to reduction of a cooled beam lifetime are:
the values of dispersion and β-functions in a cooler, the
relative displacement of beams and the uncorrected
chromaticity induced by e-beam.
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(d)
(e)
(f)
Figure 10: Phase trajectories vs e-beam shift: 0mm (a), 4
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Figure 11: Stable area vs e-beam shift.
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TESTING MATERIAL PROPERTIES WITH HIGH ENERGY BEAMS IN
HIRADMAT AT CERN
R. Losito, O. Aberle, A. Bertarelli, R. Catherall, F. Cerutti, A. Dallocchio, I. Efthymiopoulos,
S. Evrard, B. Goddard, C. Hessler, C. Maglioni, M. Meddahi, T. Stora, V. Vlachoudis,
CERN, Geneva, Switzerland
Abstract
HiRadMat is a new facility under construction at CERN
that will provide the users with the possibility to
investigate the behavior of materials when irradiated with
pulsed high energy and high intensity beams extracted
from the CERN SPS. The need for such a facility was
raised by the LHC collimation project to expand our
present knowledge about the resistance of materials under
impact with high energy protons. This paper will discuss
the material parameters for which a deeper knowledge
would be needed for extensive use in high-energy
accelerators, and the kind of test that can be conducted in
HiRadMat to improve this knowledge. In particular we
will discuss destructive testing, meaning test of materials
beyond the limit of rupture or at phase change, and
damage testing that should reveal changes in materials
properties due to long term irradiation below the rupture
limit. The facility could be used as well for calibration of
radiation detectors like BLMs. The main difficulty
connected with the test is how to observe material
changes. Some preliminary ideas on on-line and postirradiation tests will be outlined.

INTRODUCTION
The construction of the LHC at CERN has raised
interesting questions about the resistance of materials to
accidental beam impact. The energy stored in the beams,
already at a very early stage of operation, is such that
even a single nominal bunch (~1011 protons) can cause
significant damage to the materials used for the most
common equipment. For this reason the LHC has been
equipped with a complex protection system where the
level of protection of the machine depends on several
factors, the main being beam energy and intensity. In
order to understand how to fix the limits among the
different levels of protection, several studies and tests
have been performed [1].
The first question in the line was to decide how to
classify damage to materials. Several laboratories classify
radiation damage according to the DPA (Displacement Per
Atom) calculated through simulation codes like
MARS [2] or PHITs [3]. CERN groups pragmatically
decided to consider that, at least for metallic materials, “a
clear sign of melting” [4] could be more convenient. It is
in fact not possible to measure the DPA, and the estimate
through different codes may bring results that differ by
orders of magnitude [5], and would oblige to include in
the limits large safety factors that may become
overwhelming for practical use. In addition, for accidental
beam impact, melting or structural damage are much
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more of concern than DPA, which is an effect depending
rather on integrated dose.
The pragmatic approach has the advantage to be
verifiable by testing materials in a beam with known
characteristics. An experiment conducted in 2004 by the
LHC Machine Protection team (see [4]) assessed this
limit on different materials (Copper, different grades of
stainless steels, Zinc) at 450 GeV finding that already
1012p+ can create serious damages to metallic structures.
By simulations, this result was extrapolated to 7 TeV
finding that at the nominal emittance damage would start
occurring at an even lower intensity (1010p+). This result,
while important for the design of the machine protection
system, was not exhaustive of all the possible damage
cases in the LHC, therefore a thorough discussion about
how to measure material damage following the impact of
a beam started. R. Assmann, leader of the LHC
collimation project [6], proposed and pushed for the
creation of a facility where candidate materials as well as
full collimator assemblies could be tested in controlled
conditions, as important validation test before their
installation in LHC.
The facility, called HiRadMat [7], was approved by the
CERN management and is presently under construction,
expected to become operational by Autumn 2011. It
would allow testing of materials at 440 GeV for protons,
and 173.5 GeV/u for lead ions extracted from the CERN
SPS.
At the same time, HiRadMat has been proposed as a
trasnational access facility within the European Project
EUCARD [8], to make it easily accessible to European
teams wishing to perform experiments there. As all other
beam facilities at CERN, HiRadMat will be open to all
CERN users. Experiment proposals will be evaluated by a
dedicated committee and scheduled in the available slots
in the yearly planning of the CERN accelerators. Details
on the application procedure and conditions can be found
in [7] .

THE HIRADMAT FACILITY
The HiRadMat Facility will be located in the TNC
tunnel in the SPS BA7 area, used in the past by the West
Area Neutrino Facility (WANF). CERN is presently
dismantling the WANF components before installation of
the new irradiation area, the new beam dump, and the
new primary line, specially designed to shape the beam
according to the user requirements and equipped with all
the instrumentation necessary to measure the beam
conditions.
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HiRadMat will provide proton and ion beams through a
fast extraction channel from the SPS already used to
inject into the LHC the clockwise rotating beam 1. The
momentum of the beams will therefore be close to that
used for injection in the LHC, namely 440 GeV/c for
protons and 173.5 GeV/c per nucleon for heavy ions.
Table 1 shows the key parameters for the beam [7]:
Table 1: Beam Parameters for Proton Tests in HiRadMat.
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The key issue to be faced for the execution of any
experiment is the definition of the parameter to be
measured, and the method to measure it. A few examples
of experiments that may be conducted in HiRadMat, or
components that require testing in HiRadMat will be
presented in the following. In most of the examples,
CERN groups may be able to perform some of the on-line
measurements needed, but not the post-irradiation
analysis, due to lack of hot-cells and workshops for
radioactive materials and of experience in this kind of
analysis. Establishing close collaborations with external
institutions is therefore essential for the success of the
facility.

Beam Energy

440 GeV

Pulse Energy

up to 3.4 MJ

Bunch intensity

3.0·109 to 1.7·1011 p+

Number of bunches

1 to 288

RADIATION DAMAGE IN MATERIALS

Bunch length

11.24 cm

Bunch spacing

25, 50, 75, or 150 ns

Pulse length

7.2 µs

Beam size at target

variable around 1 mm2

Radiation damage in materials has been extensively
studied since decades for nuclear power generation,
particle accelerators, aerospace etc. A huge amount of
data is available in different compilations, books, and
journals. However most of the data concern long term
exposure to (even relatively low) radiation fields,
inducing damage essentially by the modification of the
material structure, that changes in turn also its physical
and chemical properties. The visible effect of the
modification of the material structure (e.g., displacement
of atoms in crystalline materials), are increased
brittleness, creep, volume growth, increase of hardness
etc.
In particle accelerators, in addition to that, it is
important to understand the resistance of materials to an
accidental impact of the beam on an accelerator
component (typically the vacuum pipe, but also beam
intercepting devices like wire scanners, slits, collimators,
targets, dumps and beam windows). In this case the
modification of the material structure is not necessarily
the cause of the damage, but rather its consequence, while
the cause has to be looked for in the high energy
deposition rate in the material. Energy deposited in very
short timescale causes on one side a temperature increase
that is difficult to evacuate for a standard cooling system,
and on the other side shock waves that can create critical
stress conditions in localised parts of the material.
For the LHC in particular, given the high energy stored
in the beams and the heavy consequences that damage to
one of its components might induce on the rest of the
machine, it is important to understand the risk of failure
as the intensity increases. We may divide the problem in
two classes, presented in the next two paragraphs.

The 1σ radius of the beam at the target point can be
varied from 0.1 mm up to 2 mm, to provide the possibility
to test within the same experiment the effect on a material
of different energy densities.
Two experimental configurations have been designed,
allowing for the installation of either a single 9 m long
device, or two 2,2 m long devices that can be tested at the
same time, however other configurations can be
envisaged. It will be possible to tune the beam waist
position along the experimental area and to tweak the
beam size according to the requests of the user as shown
in Table 1.
A survey has been launched with potential users by the
HiRadMat Project Leader to understand the possible uses
of the facility. The main proposals are coming from
groups working in Machine Protection, near beam
devices, high-power targetry, and radiation test of
materials.
Radioprotection aspects have been considered from the
very beginning. Starting from the maximum number of
protons available per year, (1016), it has been decided to
provide 10 slots per year for experiments with a
maximum of 1015 protons each. In average, it will be
necessary to wait two weeks before accessing again (in a
controlled way) the zone after an experiment. Remote
handling
facilities
will
be
provided
for
mounting/dismantling operations including an overhead
crane.
The experimental conditions shall have to comply with
strict safety requirements, the main being the confinement
of the material or device under test. Any spray of melted
(or sublimated, or evaporated) material in the area shall
have to be prevented. The experiment shall have to
foresee a containment vessel for any material or device
under test, and provide a detailed risk analysis with the
experiment proposal.

Beam Material Interaction

IMPACT OF BEAM INDUCING
INSTANTANEOUS STRESSES BELOW
THE ELASTIC (OR RUPTURE) LIMIT OF
THE MATERIAL.
This case does not necessarily damage the material at
the moment of the impact, but can be as dangerous as a
destructive event on long term, since repeated impact of
beam on a material may modify its characteristics due to
fatigue, and modify its intimate structure by DPA and

655

THO2C01

Proceedings of HB2010, Morschach, Switzerland

therefore proovoke a dramaatic breakage after
a
some yeaars of
smooth operration. That is, for instaance, the casse of
vacuum winddows that inteerface the macchine vacuum
m with
downstream components (e.g. experriments, or bbeam
dumps).
Experimennts with neutrrons, for exam
mple, require very
tiny window
ws to reduce thhe probability
y of capture oof the
neutrons in a thick winddow material. The thin winndow
often constittutes a high riisk since a drramatic failuree due
to fatigue m
may cause sevvere damage to
t the installaations
but also creeate danger too humans if happening dduring
beam off moode. Calculatiion of rupturee due to fatiggue is
usually perfoormed taking into account estimated
e
DPA
A and
classic fatiguue, but no syystematic exp
perimental daata is
available for practical use.. The possibiliity to perform
m such
tests in HiiRadMat is under discu
ussion. The main
difficulty is that a muchh larger numb
ber of pulses than
available in a standard two-week experriment is needded to
provoke anyy observable change in material
m
propeerties.
One of the poossible approaaches is to age the materiall with
some other kind of irraadiation camp
paign and theen to
measure the modificationns in material properties affter a
given numbeer of pulses in HiRadMatt. The questioon of
course is how
w to determinne the level of
o material dam
amage
before the irradiation in HiRadM
Mat (DPA?). The
possibility too have in HiR
RadMat a tesst station for long
term irradiattion tests off small samp
ples is not iin its
baseline butt could be ennvisaged at the
t request oof an
experiment.

simp
ple energy dep
position consiiderations, in a steady statee
analy
ysis performed with AN
NSYS® [10], provide thee
distrribution of tem
mperature inddicated in Fig
g. 1, and thee
maximum stress starts after aabout six or seven
s
blocks,,
wherre the bragg peak
p
determinnes the maxim
mum of energyy
depo
osition. The block
b
tends too expand and
d stresses aree
thereefore mainly compressive.
c

Figu
ure 1: temperaature distributiion in one of the blocks off
the TCDQ
T
after im
mpact of 28 buunches.

IMPACT
T INDUCIN
NG STRES
SSES ABOV
VE
THE EL
LASTIC (O
OR RUPTU
URE) LIMIIT.
This is thee case for whicch HiRadMat may give the most
profitable results. Two maain types of different
d
test cases
can be imagiined:
material sampples in well defined conditioons.
• Test of m
• Test of m
mechanical asssemblies.
The first ccase will be driven by stu
udies for maachine
protection, annd for the chooice of materiaals in the desiign of
systems thaat have to sustain
s
beam
m impact (tar
argets,
collimators ddumps etc...). The most im
mportant pointt is to
crosscheck oour capabilityy to simulate the behaviouur of
materials unnder those exxtreme condiitions. The aadded
value of HiR
RadMat will be
b to providee the experim
menter
with very w
well defined and adjustable conditionss like
beam size, current and a number
n
of deetectors to meeasure
the effect off the impact. HiRadMat will
w be particuularly
useful to undderstand and crosscheck dy
ynamic modeels, in
which the stress level will be locaally enhancedd by
constructive interference of
o multiple sh
hock waves. A
As an
g the case oof the
example wee present in the following
TCDQ [9], a single sided collimator installed in the LHC
to protect the machinne elements downstream
m the
b
dumps.
extraction chhannel from assynchronous beam
The TCDQ
Q is a 6 m collimator
c
maade of 12 graaphite
blocks, desiggned to interrcept up to 36 nominal LHC
bunches (1.667 1011p+ each) during an assynchronous ddump.
Under thosee circumstancces, the stressses calculateed by
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Figu
ure 2: distributtion of dynam
mic stresses caalculated withh
AUT
TODYN®.
Dy
ynamic simu
ulations (maade in this case withh
AUT
TODYN® [11
1]) provide a better interprretation of thee
energ
gy deposition process. Thee power depossited has beenn
comp
puted with FLUKA [122] using a longitudinally
l
y
unifo
orm beam with
w
the energgy distributed
d in about a
micrrosecond period (i.e., the bbunch structu
ure inside thee
train
n of 36 bunch
hes is, for thhe moment, not
n taken intoo
acco
ount to simplify the simulaation). The beeam energy iss
depo
osited instantaaneously, in a time period that does nott
allow
w heat to bee transferred adiabatically
y: the energyy
depo
osition period is much shorrter than the time constantt
of heat
h
transfer. The area of material hit by
b the beam,,
wherre the energy is deposited w
will increase in
n temperaturee
and expand quick
kly. The materrial around, due
d to the factt
that heat has not had the timee to be transfferred, is stilll
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cold and does not expand, creating a resistance to the
expansion of the inner material. The stresses are therefore
mainly compressive, and a shock wave starts (see Fig. 2).
AUTODYN® simulations provide the time evolution and
the maximum stress due to the shock wave. Similar
results may be obtained with other codes dedicated to
dynamic stress analysis.
It is clear that the shock wave evolution will not only
depend on the material properties, but also on the
geometry of the block and of the mechanical assembly.
Anticipating the evolution of such a shock wave is
therefore a very complex problem, and validating the
simulation process with one (or more) real-life
experiments is fundamental to allow robust design of
beam intercepting devices.
In addition it is necessary to correctly understand the
real impact of local material damage on the functionality
of a system. Very localised damages in a thick target may
not necessarily compromise the function of the target,
meaning that particle production yield may not be
affected in a measurable way. Measurements of
production yields after this kind of damage, as well as
analysis of structural resistance, may improve the
understanding of such cases.
Test of complete assemblies also provides information
that may be difficult to simulate due to the complexity of
an assembly. As an example we may quote the experiment
done in 2004 on an LHC collimator prototype in the TT40
tunnel, along the injection line to the LHC [13]. The
collimator was made of a 1.2 m graphite block, brazed on
a copper substrate used to evacuate heat towards a cooling
channel welded on it. The collimator was hit with a
number of bunches representing typical accident
scenarios in the LHC, for which the collimator was
designed to survive. After the experiment, the collimator
was dismantled and the graphite block found indeed
without visible damage. However, a measurement of the
planarity of the side exposed to the circulating beams
revealed a permanent deformation of the block in the
form of a banana. Detailed analytical and numerical
(ANSYS) simulations were performed to understand the
reasons of this deformation, and the conclusion was that
the heat deposited on the copper substrate had created
compressive stresses that drove copper beyond the elastic
limit, inducing the permanent deformation. Such an effect
may be easy to simulate a posteriori, but more difficult to
anticipate in a complex mechanical system. A test in
HiRadMat may therefore validate complex numerical
simulations or reveal unexpected weak points of
mechanical design due to a complex interaction of the
different mechanical subsystems, which cannot be
classified as direct material damage.

TEST OF LIQUIDS, POWDERS, JETS
HiRadMat will be able to host experiments of special
targets like liquid metal targets, powder targets, gas jets
etc... Here the aim of the test may be to evaluate the yield
production from such a target, to measure heat evacuation
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in the circuit, and to observe the disruption of the flow in
the impact area, or explosion of the powders (or minispheres) following the impact. CERN has already a
relevant experience with liquid target experiments in
ISOLDE, and following the MERIT experiment
conducted in the TT2 line of the Proton-Synchrotron,
now used for the nTOF facility. Information about
MERIT can be found in [14].
HiRadMat may also be useful for the study of material
damage in thick targets for the production of radioactive
ion beams as in ISOLDE, where lifetimes of the targets
get close to the available number of protons in HiRadMat.
The interest in this case is again both in the direct
observation of thermomechanical phenomena, and in the
measurement of lifetime under well defined beam
conditions.

ON-LINE AND OFF-LINE OBSERVABLES
In order to extract the maximum information from an
experiment, it is important to precisely define in advance
which are the observables to monitor during the
experiments and the post-irradiation analysis. In fact, the
intellectual effort to prepare an experiment where access
to the experimental area will not be easy during the two
weeks of execution should not be underestimated. As part
of the facility, CERN will provide all the information
about the beam characteristics, plus radiation detectors
and remote handling equipment. Some basic
instrumentation, detectors and measurement equipment
for the experiment may be provided but they strongly
depend on the specifics of each experiment.
For on-line analysis, equipment that has proven its
effectiveness in such kind of experiments, and that may
be made available from CERN in the future are:
• Any kind of radiation detectors, either counters and
triggered on the event.
• Laser vibrometer, to precisely measure instantaneous
deformations of materials.
• Laser scanner, to measure remotely permanent
deformations of materials without exposing humans
to radiations.
• Fast
cameras,
to
visualise
instantaneous
deformations of materials, liquids, powders etc...
Fast cameras can provide images at a rate of
few kHz.
• Accelerometers, to measure the propagation of shock
waves.
• Local and remote thermometers and infrared cameras
to measure the propagation of the heat wave, and the
steady state temperature distribution.
• Pressure measurements and flow meters on circuits
for liquids (especially water cooling, to verify that
the heat transferred to the water circuits does not
create a dangerous pressure wave in the hydraulic
circuit).
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Presently CERN has very limited capabilities of postirradiation analysis, and has no specific plans for the near
future to provide hotcells, while work in radioactive
workshops for slightly radioactive materials may be
authorised on case by case. Collaborations shall therefore
have to be established with laboratories that have those
kinds of facilities. A hot cell will be available in the
ISOLDE area in 2013, but will be dedicated to the
dismantling of spent ISOLDE targets and be made
available only in exceptional cases.

CONCLUSIONS
HiRadMat will be a very powerful tool for material and
system studies, and will provide more insight into the
damage process of materials exposed to beam impact.
It is in general expected that every experiment will
involve considerable resources in terms of manpower, but
may easily attract universities due to the potential of
scientific research on materials. In particular one can
easily expect that each experiment (or family of
experiments) may constitute the subject of one or even
several PhD thesis. Institutes and Universities are
therefore strongly encouraged to submit proposals, or to
contact CERN in order to join collaborations for the
execution of specific experiments.
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Abstract
The purpose of this study is to assess the damage caused
to the equipment (beamdump, collimators etc) in case of
an accident involving full impact of the LHC beam. First,
the FLUKA code [1] is used to calculate the proton energy
loss in solid carbon and this energy loss data is used as
input to a two–dimensional hydrodynamic computer code,
BIG2 [2] to study the thermodynamic and hydrodynamic
response of the target. The BIG2 code is run for 5 µs and
the density distribution at the end of this run time is used
in FLUKA to generate new energy loss data corresponding to this density distribution. FLUKA and BIG2 are thus
run iteratively with a time interval of 5 µs. Previously [3],
we carried out hydrodynamic simulations using the energy
loss data calculated by FLUKA using solid carbon density,
but scaled according to the line density in axial direction.
In the present paper, we give a comparison between the results obtained using the two models. Our simulations show
that the latter model overestimates the beam penetration.
Moreover, the density and the temperature distributions are
quite diﬀerent in the two cases.

INTRODUCTION
When the Large Hadron Collider (LHC) will achieve its
full capacity, each beam will consist of a bunch train with
2808 bunches and each bunch comprising of 1.15 × 1011
protons. The bunch length will be 0.5 ns and two neighboring bunches will be separated by 25 ns while intensity
distribution in the radial direction will be Gaussian with a
standard deviation, σ = 0.2 mm. In the center of the physics
detectors the beam will be focused to a much smaller size,
down to a σ of 20 µm. The total duration of the Bunch
train will be of the order of 89 µs while the total number
of protons in the beam will be 3 × 1014 which is equal
to 362 MJ, suﬃcient to melt 500 kg of copper. When the
maximum particle momentum of 7 TeV/c is reached, the
two beams will be brought into collisions.
Safety of operation is a very important problem when
working with such extremely powerful beams. The machine protection systems are designed to safely extract the
beams from the system in case of a failure [4]. However,
it is necessary to assess the damage caused to the equipment if the machine protection systems fail. In this paper,
we study the scenario in which the entire beam is lost at a
single point. Although, the likelihood of happening of an
accident of this magnitude is extremely remote and beyond
Beam Material Interaction

the design of the machine protection systems, nevertheless
it is important to know the consequences, if it ever happens.
Previously, we reported calculations of the full impact
of the LHC beam on solid carbon [3] and solid copper [5]
cylindrical targets. These calculations have been done in
two steps. First, the energy loss of the LHC protons is calculated at solid density using the FLUKA code [1], which
is an established particle interaction and Monte Carlo package capable of simulating all components of the particle
cascades in matter, up to multi-TeV energies. Second, this
energy loss data is used as input to a sophisticated two–
dimensional hydrodynamic code, BIG2 [2], to calculate the
beam–target interaction. The decrease in the generation of
secondary particles as well as decrease in energy deposition due to the density reduction caused by the onset of hydrodynamics is modeled by using the solid density energy
loss scaled with the line density in every simulation cell, at
every time step (“analytic approximation”). Recently, we
have carried out more advanced simulations in which the
FLUKA and the BIG2 codes are run iteratively using an
iteration time interval of 5 µs in case of a solid carbon target having a length of 10 m and a radius of 2.5 cm. It has
been found that the “analytic approximation” overestimates
the beam penetration compared to the iterative calculations.
Moreover, the density, temperature and the pressure profiles are noticeably diﬀerent in the two cases.

PROTON ENERGY LOSS IN CARBON
For the study presented in this paper, the geometry for
the FLUKA calculations was a cylinder of solid carbon
with radius = 1 m and length = 5 m. The energy deposition is obtained using a realistic two–dimensional beam
distribution, namely, a Gaussian beam (horizontal and vertical σrms = 0.2 mm) that was incident perpendicular to the
front face of the cylinder.
The peak energy deposition is 30 GeV/p/cm3 which is
equal to a specific energy deposition of about 0.3 kJ/g per
bunch as shown in Fig. 2 where we plot the specific energy
deposited by a single LHC bunch along the axis.

SIMULATION RESULTS
In this section we present hydrodynamic simulation results of beam–target interaction. The data presented in
Fig. 1 is converted into specific energy deposition (in kJ/g,
Fig. 2) which is used as input to the BIG2 code to study
heating and hydrodynamic motion of the material. The
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Figure 1: Energy deposition in a solid carbon cylinder by
a single 7 TeV proton per unit volume, target length = 5
m, radius = 1 m, and the beam standard deviation, σ = 0.2
mm.
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Figure 3: Comparison between two models: Temperature
along cylinder axis (r = 0.0) at 10 µs.
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Figure 2: Specific energy deposition by one LHC bunch
along the axis (r = 0.0).
equation of state data used to model diﬀerent material
phases in the target is reported in [6]. The target geometry
for the BIG2 calculations is assumed to be a solid carbon
cylinder having a length, L = 10 m and a radius, r = 2.5 cm
with one face irradiated by the LHC beam.
It is to be noted that due to the energy deposited by few
tens of the proton bunches, the material in the absorption
region is strongly heated that generates a high pressure.
This high pressure drives an outgoing radial shock wave.
This leads to density depletion at the cylinder center that
allows the protons in the subsequent bunches to penetrate
deeper into the target material, thereby causing a significant lengthening of the proton range. This so called “Tunneling Eﬀect” can have important implications on the machine protection system, for example, in designing a sacrificial beam stopper. Previously [3] this eﬀect was treated
using an analytic approximation in which the solid density
energy loss of the protons was scaled by the line density in
each simulation cell, at every time step. Recently we have
carried out simulations running the FLUKA and the BIG2
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Figure 4: Comparison between two models: Pressure along
cylinder axis (r = 0.0) at 10 µs.
codes iteratively with an iteration step of 5 µs. A comparison between the results obtained using the two models is
presented in the following. In Fig. 3 we plot the temperature along the cylinder axis (r = 0.0) at t = 10 µs using the
two models. It is seen that the maximum temperature is
about 4800 K in both cases and the top of both curves is
flat. This is due to the fact the material is in a two–phase
liquid–gas state in that region. However, it is clearly seen
that the calculations done using the analytic approximation
show more penetration of the beam as compared to the iterative approach.
The corresponding pressure and density profiles are plotted in Figs. 4 and 5 respectively. It is seen that the pressure
and the density profiles have the same qualitative behavior
in the two cases while the faster penetration of the beam in
case of analytic approximation is clearly evident.
The temperature profiles at t = 50 µs are plotted in Fig. 6
which show a clear deviation in the results in the two cases.
The two phase liquid–gas region (with a constant temper-
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Figure 7: Same as in Fig. 4, but at 50 µs.

Figure 5: Comparison between two models: Density along
cylinder axis (r = 0.0) at 10 µs.
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Figure 6: Same as in Fig. 3, but at 50 µs
ature) has been shifted towards the right, but penetration
shown by use of the analytic approximation is much more
significant compared to the other approach. Moreover, the
temperature profiles in the gaseous region of the target are
also significantly diﬀerent while the temperature in case of
the analytic approximation is higher.
The corresponding pressure profiles are presented in
Fig. 7. It is seen that the maximum pressure achieved using
the iterative approach is about three times lower than the
other case, although the qualitative behavior of the two is
similar.
The density profiles at t = 50 µs are plotted in Fig. 8,
which again show the faster penetration of the beam in case
of the analytic approximation. It is also seen that there is
marked diﬀerence in the shape of the two profiles. So far
we have calculated up to 50 µs and work is still in progress.
Moreover, the density profile obtained using the iterative
approach is very similar to that reported in Ref. [7] (on SSC
beam interaction with C beam dump).
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Figure 8: Same as in Fig. 5, but at 50 µs.
Also the LHC beam can be used as a tool to generate
high energy density matter [5].
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MATERIALS UNDER IRRADIATION BY HEAVY IONS AND
PERSPECTIVES FOR FRIB*
R. Ronningen#, M. Kostin, T. Baumann, NSCL, Michigan State University, East Lansing,
MI 48824, U.S.A.
Abstract
High energy heavy ion beams that are planned for the
Facility for Rare Ion Beams (FRIB) will deliver power at
very high densities and will produce significant radiation
damage in materials with which they interact. Reliable
predictions of material and component life times for FRIB
are needed, yet the tools used to make the necessary
predictions, for example heavy ion radiation transport
codes, provide damage estimates whose levels have in the
past varied significantly. In addition, there are very few
appropriate data sets to validate code predictions. We will
present examples of components, for example the beam
dump system for FRIB, with attending predicted levels of
damage obtained by radiation transport codes. We will
summarize results from an experiment to produce and to
quantify damage in a controlled way. Finally, we will
show examples of targets used in experiments at the
National Superconducting Cyclotron Laboratory (NSCL)
where damage has been observed, and will present results
from transport codes to quantify the damage.

INTRODUCTION
Michigan State University has prepared a conceptual
design for a U.S. Department of Energy (DOE) Office of
Science National User Facility for scientific research with
rare isotope beams. This facility [1], the “Facility for Rare
Ion Beams” (FRIB), will provide intense beams of rare
isotopes to be used for cutting edge nuclear science
research. The rare isotope beams will be created from
intense beams of stable isotopes accelerated in a
superconducting-radio-frequency linear accelerator to
kinetic energies above 200 MeV/nucleon for all ions
including uranium with beam power up to 400 kW. There
are significant technical challenges associated with the
high-power density caused by the interaction of the highpower primary heavy ion beam with matter, and with the
high radiation levels associated with the nuclear
interactions.
The systems most strongly affected by these challenges
are the rare isotope production target, the primary beam
dump, and various magnet systems. Research and
development (R&D) is being performed to develop viable
technical solutions. Even within previous MSU-led R&D
efforts [2], it was recognized that radiation damage by
high power heavy ion beams interacting with target and
beam dump materials will be significant. It was also
recognized that there is scant experimental information
available at power and energy appropriate for FRIB.
Attempts were made to use existing radiation transport
___________________________________________
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codes to predict levels of damage in the developed beam
dump concept, a rotating water-filled aluminum shell.
Stein et al. [3] estimated the damage using the PHITS [4]
code system version available at that time, that for a 320
MeV/nucleon 238U beam having 366 kW (3e13 ions/s)
passing through a 1 – 2 mm aluminum shell over a 5 cm x
220 cm area (in the case of rotation for an approximately
70 cm diameter drum) the resulting radiation damage is
approximately 7e-2 dpa/day. The term “dpa” stands for
displacements per atom. In metallic structures, displaced
atoms result in often undesirable property changes, such
as swelling and embrittlement. If the allowable dose is 5
dpa, this could be reached in about 10 weeks if the beam
position on the dump is unchanged.
Currently available data suggest that the displacement
damage caused by energetic heavy ions has a significant
contribution from electronic stopping of the beam
particles, and this contribution can be orders of magnitude
larger that the damage caused by nuclear stopping. This
“swift heavy-ion effect” has a strong dependence on the
projectile energy. The relation of actual material damage
from heavy ion radiation to dpa values calculated with
commonly available transport codes is practically
unknown. It is very important to FRIB design efforts to
better understand heavy ion radiation damage
mechanisms and to improve models and predictability.

PERSPECTIVES FOR FRIB
The preferred concept for a beam dump for FRIB at
present is a water-filled rotating aluminium-shell system
having approximately 70 cm diameter and approximately
1.5 mm shell thickness. This concept is shown in Figure
1. Damage predictions (in terms of dpa) were carried out
for 1.5 mm aluminium using TRIM [5]. The TRIM code
was chosen because it predicted higher values of dpa
compared to older versions of MARS15 [6] and PHITS
[4]. The representative heaviest ion beam was
approximately 200 MeV/nucleon 238U. The representative
“light” heavy ion was approximately 190 MeV/nucleon
48
Ca. The results are summarized in Table 1. Drum
rotation and variation of beam position on the dump as a
function of beam-target-rare isotope combinations that are
expected during operations increase the lifetime. In
addition, a mix of light and heavy ion beams is expected
to be required to satisfy the science needs. Overall, the
beam dump life is expected to exceed a year if our
assumptions and code predictions of damage are
reasonable. However, if radiation damage estimates are a
factor of 10 too low, dump lifetimes of several months to
several years can still be expected, depending on facility
operation.
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mm thick. The stack was designed to stop the 122
MeV/nucleon 76Ge beam (stopping range is about 4.8
mm). Prior to the experiment the foils were annealed in a
vacuum furnace. The sample is shown in Figure 2. The
stack was cooled with chilled air directed at the sample in
an attempt to keep the temperature below 100o C for a
maximum of 5 W beam power.

Figure 1: Locations and descriptors of the main
mechanical components of the rotating water-cooled
beam dump concept. The left panel shows a cut view of
the assembly. The right panel is slightly rotated and shows
transparent upper and lower assembly housing panels.
Table 1: Summary of damage and lifetime predictions
using TRIM for the FRIB beam dump concept’s
aluminium shell
Beam

Effective
Irradiation
Area

DPA
Rate
(s-1)

Predicted
Lifetime
7 hours
if static and the
beam is on the
same spot

238U
~ 200
MeV/nucleon

4 cm x 0.16 cm

4 e -4

238U
~ 200
MeV/nucleon

8 cm x 70 π cm
Increased by
rotation,
variation of
beam position

1.5 e-7

48Ca
~ 190
MeV/nucleon

0.5 cm x 70 π
cm
Increased by
rotation

4e-10

Approximately
2 years

Life of facility

RESULTS FROM RADIATION DAMAGE
EXPERIMENT AT NSCL
A radiation damage experiment was carried out at
NSCL [7] using a stack of 30 aluminum foils each 0.25

Figure 2: Air-cooled stack of 30 aluminum foils mounted
in copper sample holder.
Transmission
electron
microscopy
(TEM)
measurements were then carried out at Low Activation
Materials Design and Analysis (LAMDA) facility at
ORNL. The images of foil 2, 4, 8, 14, 17, and 20 are
shown in Figure 3. The significant concentration of
dislocation loops observed by TEM in foil 2 indicates that
the high energy ion beam did have a considerable effect
in generating displacement damage through electronic
stopping. However, the number of dislocations appeared
to fall sharply with depth, in contradiction with code
predictions. While displacement damage was observed
through the development of dislocation loops in all the
irradiation samples examined, the network of dislocation
lines, tangles, and subgrain boundaries dominate the
microstructure. Therefore, the level of defect damage
generated during irradiation was not enough to show up
over the statistical averaged values of electrical resistivity
and hardness of the as-annealed samples. It is important
to improve on such heavy ion beam–induced radiation
damage experiments with a goal to induce enough
damage so that one can tie bulk properties to known
levels of displacement damage.

Figure 3: TEM images of irradiated aluminium sample number 2, 4, 8, 14, 17, and 20 (left to right, respectively). Black
arrows help to indicate locations of radiation induced dislocation loops. Foil 2 is the most upstream foil analyzed and
shows many radiation induced dislocation loops. Foil 14 is nearer the stopping depth and shows few loops. Sample 20
was beyond the stopping depth of the ion beam and revealed no radiation induced defects.
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DAMAGE OF RARE ISOTOPE BEAM
PRODUCTION TARGETS AT NSCL
In an effort to prevent damage of rare isotope beam
production targets the NSCL Coupled Cyclotron Facility
Beam Delivery Group routinely performs a priori thermal
calculations for targets designated for use in scheduled
experiments. Nevertheless, damage of targets has been
observed even when levels of power delivered to these
targets were significantly below those where melting
could be expected.

Damage to a Tungsten Target
During a target change it was noticed that a tungsten
target (580 mg/cm2) used with experiment 08024 has a
visible, crater-like surface modification where it was
traversed by a 0.6 – 0.8 mm-diameter 130 MeV/u 76Ge
beam (see Figure 4). Initially it was speculated that the
target temperature exceeded melting temperature of
tungsten (3410º C). However, the power deposition in the
target was 88 W and thermal calculations suggested that
melting temperature would be reached for power
deposition exceeding 250 W (assuming a 1 mm diameter
beam spot size).

Figure 4: 580 mg/cm2 tungsten target damaged by the 88 W, 130 MeV/u 76Ge beam. The left panel shows the target
(front view) in its position as the lower-most target in a water-cooled copper target ladder. The right panel shows the
back view of the target, with a crater-like area around the beam spot. An approximate scale is also shown.
Using the target thickness and density, beam spot size,
and the energy deposition and the total fluence of beam
ions (5.77e16) that impinged on the target, a total
absorbed dose was calculated to be approximately 7.9e12
Gy. Based on the collected data, it appears that the target
was not damaged due to overheating and melting of the
target but rather radiation damage induce swelling and
embrittlement, leading to the observed crack. Another
mechanism that may have contributed is melt layer
erosion. In this process, the radiation induced defects of
the metal lattice reduce the thermal conductivity, and
thereby enable local melting of the tungsten material. Due
to the thermal tension in the material a small crater can
form, such as observed.

Calculations of dpa for the Tungsten Target
A calculation of damage using TRIM, based on the
beam isotope, beam energy, target material and target
thickness, indicates roughly 9700 displacements per beam
ion. Factoring in the total number of beam ions and
number of target atoms in the irradiated volume yields 74
dpa. However, the effects of target damage were noticed
in particle-identification spectra when 51 dpa were
accumulated. Calculations of dpa using then-available
versions of the radiation transport codes MARS15 and
PHITS provided 2.83 and 0.92 dpa respectively. Both
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values are significantly below that obtained using TRIM
(TRIM:MARS15 = 1:0.04, TRIM:PHITS = 1:0.01)
Very recently the dpa models within both MARS15 and
PHITS have been significantly improved [8,9] by
inclusion of and careful consideration of electromagnetic
processes
such
as
Coulomb
scattering
and
electromagnetic showers [9,10]. Much better agreement
between TRIM, MARS15, and PHITS is now reported
[8,9] (TRIM:MARS15, TRIM:PHITS = 1:0.18, 1:0.21).

Damage to Beryllium Targets
Beryllium targets used in experiments 09030 and 09040
at NSCL were also found to be damaged even though
precautions were made with respect to expectations based
on power and absorbed dose. In these experiments a 140
MeV/u 48Ca ion beam was used.

Targets Used in Experiment 09030
Two targets were used, “Be 1269 a” and “Be 1269 b”.
Each consisted of a sandwich of two pieces of Be
(approximately 1175 mg/cm² and approximately 94
mg/cm²). The effective thicknesses of these targets were
determined to be 1273.8 mg/cm² (Be 1269 a) and 1277.9
mg/cm² (Be 1269 b) by measuring energy losses of the
incident beam. The uncertainty in the energy loss
measurement is about 0.02%. Each target received a
similar dose, about 4.5e12 Gy.
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Targets Used in Experiment 09040
Two targets were used, “Be 1316 a” and “Be 1316 b”.
Each consisted of a sandwich of two pieces of Be
(approximately 846 mg/cm² and approximately 470
mg/cm²). The effective thicknesses of these targets were
determined to be 1340.6 mg/cm² (Be 1316 a) and 1341.1
mg/cm² (Be 1316 b) by measuring energy losses of the
incident beam. The uncertainty in the energy loss
measurement is about 0.02%. Each target received a
similar dose, about 4.5e12 Gy.

Observations of Target Damage
The radiation damage of the targets was manifested by
an increased energy loss in the target at the location of
beam spot and by increased energy straggling. By
adjusting the target position so that the beam impinged
either above or below the nominal position, it was found
surrounding areas were not affected. An example of the
beam images at the dispersive mid-plane of the A1900
fragment separator, at the beginning of experiment 09040
and after an accumulated dose of 7.6e12 Gy is shown in
Figure 5.

THO2C03

swapped roughly at the midpoint of the experiment. The
two targets, Be 1269 a and b, received a similar total dose
of roughly 4.5e12 Gy. The measured increases in energy
loss corresponded to a thickness increase of 2.3% (Be
1269 a) and 1.2% (Be 1269 b). The two targets
responded differently to a similar dose.
In experiment 09040 the effective target thickness for
target Be 1316 a was measured about five days into the
experiment, at about the midpoint of the experiment. By
this time, that target had received a dose of 7.6e12 Gy,
and a significant increase in energy loss was observed.
The measured effective thickness increased by 3.9%.
For the second half of the experiment, the second target
was used and the effective thickness was measured once
per day. Each subsequent measurement showed an
increased effective thickness. The second target received
a total dose of 7.5e12 Gy, but the increase in thickness
amounts to only 1.2%.
Figure 6 shows a summary of the measured effective
target thicknesses of the four targets. It is interesting to
note that targets (a) were mounted higher in the target
ladder than targets (b). The higher ladder position is
further away from the water-cooled base of the ladder.

Figure 6: Measured effective target thickness for each Be
target versus accumulated radiation dose.

Calculations of dpa for a Be Target
A calculation of damage [9] using TRIM was
performed for the experimental conditions of 09040 and
target Be 1316 b. The calculation yields 0.31 dpa. A
calculation of dpa [9] using PHITS yields 0.24 dpa
respectively, in very good agreement with TRIM.
Figure 5: Images of the beam going through target Be
1316 a on the viewer at the dispersive mid-plane of the
A1900. The upper image was taken at the beginning of
the experiment; the lower image shows evidence of target
thickness and energy straggling increase due to radiation
damage after receiving 7.6e12 Gy.
In experiment 09030 the effective target thickness was
measured once per day, and the production target was
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SUMMARY
New high energy heavy ion beam facilities currently
planned or being established, for example FRIB, will
encounter significant levels of radiation damage to
materials exposed to beam ions. Even at a currently
operating lower-power heavy-ion-beam rare-isotope
production facility, in this case NSCL, damaged rare
isotope production targets have been experienced in spite
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of planning efforts to avoid this. Not only do thermal
properties of materials change with radiation damage but
so do other fundamental properties necessary for
experiment planning such as target thickness. It is thus
becoming increasingly important for design and planning
efforts that levels of damage can be predicted. Very
recently heavy ion transport codes have made significant
progress to improve models used to predict radiation
damage, such as via levels of dpa. These codes currently
appear to agree very well with each other. However, how
the predicted levels of dpa relate to actual levels of dpa
created by heavy ion beams, and to changes in material
bulk properties, are still open questions. Benchmark
experiments, or even heavy ion induced damaged
materials (for example, targets) where parameters such as
ion energy, fluence, power density, material temperature
were collected, would be extremely valuable for
validation purposes.
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RADIATION HARDNESS OF INSULATING COMPONENTS FOR THE
NEW HEAVY-ION ACCELERATOR FACILITY
T. Seidl, W. Ensinger, Technische Universität Darmstadt, Darmstadt, Germany
R. Lopez, D. Tommasini, CERN, Geneva, Switzerland
E. Floch, E. Mustafin, A. Plotnikov, D. Severin, C. Trautmann, GSI, Darmstadt, Germany
A. Golubev, A. Smolyakov, ITEP, Moscow, Russia
Abstract
The planned International Facility for Antiproton and
Ion Research (FAIR) will consist of a superconducting
double-ring synchrotron offering ion beams of intensity
increased by a factor of 100-1000 compared to the
existing GSI accelerators. Materials close to the beam
tube will be exposed to secondary radiation of neutrons,
protons, and heavier particles, limiting the lifetime and
reliable function of various device components. The
present study investigates the radiation hardness of
insulating components with focus on polyimide as
electrical insulation and thermal barrier. Dedicated
irradiation experiments were performed with different
projectiles. Degradation tests of irradiated materials
include breakdown voltage and low temperature thermal
conductivity measurements. Special attention is given to
effects induced by heavy ions (e.g., Ta, Au), because they
are known to create extensive damage at rather low doses.

INTRODUCTION
During long-term operation of the new FAIR facility,
some parts of the superconducting magnets (sc magnets)
will be exposed to high radiation levels, cryogenic
temperatures, and dynamic mechanical loads (Lorentzian
forces during pulsed operation). Depending on the
position, different components will be hit by secondary
radiation, showing a complex spectrum of gammas,
neutrons, protons and heavier particles [1]. Although the
number of heavy particles is small compared to the
amount of neutrons or light fragments (e.g. alpha
particles), their large energy deposition can induce
extensive damage at rather low fluencies. Dose
calculations show that depending on the angle of beam
loss and position of the magnet component, the
contribution of heavy ions to the total accumulated dose
can reach up to 80%. In contrast to slow projectiles (keV–
MeV), producing primarily elastic collisions with target
atoms, the energy deposition of relativistic ions is
dominated by electronic excitation and ionization
processes. In the MeV to GeV energy regime, beaminduced radiation damage strongly depends on the
material properties. Most metals are rather insensitive [2],
whereas the irradiation of polymeric insulators results in
material degradation [3-7]. The degree of damage
depends on the specific sensitivity of the material and
scales with the electronic stopping power.
Most of the superconducting magnets of the FAIR
project will use polyimide to electrically and thermally
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insulate their conductors or cables. Significant decreases
of the dielectric strength of polymeric insulators are
observed after irradiation with gamma, neutron and
proton of high doses [8-11]. Further, the thermal
conductivity of ion irradiated polymers was found to
decrease with irradiation dose [12]. To the best of our
knowledge not many results are shown in literature with
regard to the radiation hardness of polymeric insulators
under heavy ion irradiation.
In the present work, we present our results on swift
heavy ion and proton induced changes in the dielectric
strength of polyimide as well as heavy ion induced
changes of the thermal conductivity at low temperature.

EXPERIMENTAL
Material
The polyimide (Kapton HN from Du Pont de Nemours,
Apical AV from Kaneka Texas) having a thickness of 50
& 125 (+/- 2) µm were cut into 5x5 cm2 samples from
commercial rolls.

Irradiations
Polyimide samples were irradiated with various ion
beams at different facilities. Table 1 lists all irradiation
experiments and parameters performed. For clarification
only the maximum dose applied is given. It has to be
noted that in each experiment different doses were
accumulated as seen in Fig. 1 to explore the trend of each
irradiation.
In one explicit experiment the temperature rise of a
polyimide sample was measured during irradiation with
11 MeV/u Xe beam having a flux of 108 ions/cm2. The
increase was found to be less than 2°C during 30 min of
continuous ion bombardment. Effects due to a heating
through the ion beam is therefore neglected under the
given conditions.

Breakdown Voltage Measurements
Dielectric strength tests were performed in ambient
atmosphere. Humidity and temperature was controlled
during all the measurements (22-24°C and 35-45%
humidity). Cylindrical stainless steel electrodes 12 mm in
diameter with an edge of 1 mm were used. The voltage
across each foil was ramped at 1.2 kV/s until breakdown
or up to the limit of the supply (18.5 kV). The voltage was
measured by means of a high voltage probe. Current
measurement was performed by a voltage divider and a
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oscilloscope having a minimum current limitation of
about 1uA.
After the measurements, the positions of holes induced
by the breakdown were measured. The majority of holes
was located inside the flat area of the electrodes. This
confirms that increased electrical fields, which arise due
to the geometry of the electrodes, did not disturb the
measurements.
Table 1: Irradiation Experiments
Type of Ion
Max.
-dE/dxel
Kinetic Facility
Dose
(keV/nm) Energy
(MGy)
(MeV)
Protons (H)
82
0.003
21
ITEP
Protons (H)
3
0.0003
800
ITEP
Carbon (C)
4.4
0.21
132
GSI
Nickel (Ni)
50
4
638
GSI
Gold (Au)
10.1
15
2200
GSI
Uranium (U) 4
17
2840
GSI
In our measurements (DC Voltage, ramping rate: 1.2
kV/s) a dielectric strength of about 365 kV/mm is found
for a polyimide foil having 50 µm. For measurements
under standardized conditions (ASTM D149-91, 60 Hz,
AC) [14], the manufacturer specify 240 kV/mm. The
higher dielectric strength measured for DC tests are in
agreement with the literature [10].

Thermal Conductivity Measurements
The apparatus used to measure the thermal conductivity
(λ) of polyimide foils is based on the method of
unidirectional heat flow according to reference [15]. One
of the two copper blocks fixing the specimen is connected
to the cooling finger of a Gifford-McMahon refrigerator
(B in Fig. 1).

3 K. A reproducibility test was performed by cutting 3
different samples out of one pristine polyimide foil. The
reproducibility in all 3 measurements was better than
10%. Thermal conductivity was measured in “through
thickness direction”. The thermal properties of the holder
itself are known from reference measurements without
sample.

RESULTS AND DISCUSSION
Breakdown Voltage of Ion Irradiated Polyimide
Breakdown voltage measurements of ion irradiated
polyimide samples show an overall decrease of the
breakdown voltage with increasing dose (Fig. 1). For light
projectiles, such as protons and C ions of rather small
electronic energy loss (dE/dx between 0.0003 and 0.21
keV/nm), the decrease of the breakdown voltage becomes
significant at doses above 1 MGy. In the case of heavy
ions (dE/dx .> 15 keV/nm), the breakdown voltage
changes at a much lower dose (note the semi-log
presentation of Fig. 2). The expected maximum voltage in
the superconducting coils of the FAIR magnets is about 3
kV. In the tested dose regime up to ~80 MGy, the
degradation due to light ions is insignificant for the
operation voltage. The situation is much more crucial for
heavy ions, where already a dose of a few kGy results in a
severe decrease of the breakdown voltage. At around 0.1
MGy, the values are close to the intended voltage
requirement for the FAIR magnets. At 1-10 MGy, the
material has nearly lost all its insulating properties having
a breakdown voltage slightly exceeding the response of
50 μm of air (~700 V).
These results give a first indication that individual
damaged tracks completely passing through the polyimide
insulation may represent a serious security risk for the
insulation of the FAIR magnet coils. Whereas is can be
noted that in parts of the accelerator were only light
particles or gamma radiation is expected, the insulation is
within the specifications.

Figure 1: Schematic view of the apparatus used for
measuring the thermal conductivity of polyimide foils.
Note that for better clearance no cabling or thermal
shielding is shown in the figure.
The upper copper block (A in Fig. 1) can be heated via
a resistor and the temperature of both blocks is measured
using silicon diodes (Fig. 1). Steady state measurements
on 125 µm polyimide specimen were performed inside of
the cryochamber at a pressure of 2e-6 mbar and mean
temperatures from 6-100 K. The thermal gradient applied
to measure the thermal conductivity was in the range of 2668

Figure 2: Breakdown voltage of 50-µm thick Kapton
foils as a function of dose for various irradiations.
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Thermal Conductivity of Irradiated Polyimide
Several groups reported on the thermal conductivity of
Kapton-type polyimide over a wide temperature range
[16-21]. In all of these works the conductivity is found to
be proportional to T in the investigated temperature range.
In Fig. 3, a fit of our data (blue line) is compared to
plotted fit functions of values given in literature. Due to
the different measuring techniques used for determination
of this material property, direct comparison of the
reported values of λ is difficult. However, it can be seen
that the obtained values scatter by a factor of
approximately 5 and our measurements on a single 125
µm foil are of the same order of magnitude.

Figure 4: Thermal conductivity of pristine polyimide
(black squares) and samples irradiated with 11 MeV/u
Ni-ions. The red point and blue point curve correspond to
irradiation doses of about 1 and 25 MGy respectively.

SUMMARY
The breakdown voltage of various irradiated 50 µm
polyimide foils was investigated. Furthermore, the
thermal conductivity of Ni-irradiated 125 µm polyimide
samples was measured at low temperatures. The results
are summarized as follows.
1.
Figure 3: Comparison of the thermal conductivity of
polyimide measured in this work (blue line) with curves
simulated from the data in Refs. [16-20].
For heavy ion irradiation, the thermal conductivity of
polyimide is decreasing with increasing irradiation dose
(Fig. 4.). At the maximum dose of 25 MGy of Ni-ion
irradiation the thermal conductivity has decreased by
50%, which can be explained by the formation of defects
and amorphization. This result is not unexpected since
Ref. [22] reported a decrease of the thermal conductivity
of polyethyleneterephtalate (PET) irradiated with high
energy protons, but also not obvious since it is known that
the electrical conductivity of ion irradiated polyimide is
strongly enhanced. Since electrons contribute to thermal
transport an opposite trend would have also been
reasonable. Even though this effect is not as drastic as the
change in breakdown voltage it should be considered for
future sc magnets that thermal conductivity of polyimide
insulations could decrease over operation time. In the case
of the quench heater design for the future SIS300
magnets, polyimide is considered for the electrical
insulation. As the heater is necessary to warm up the
superconducting coils, the dose dependent reduction of
the thermal conductivity leads to the conclusion that
higher heater powers need to be taken in consideration for
long beam time operation.
Beam Material Interaction

2.

Breakdown voltage of polyimide was found to
decrease for all irradiations performed. Light ions
make less damage than heavy ions which is
explained by individual damaged tracks completely
passing through the polyimide insulation created
by the heavy ions. For light ions the degree of
damage is still within the specifications of the
insulation of the later machine. For heavy ions the
security limit of the later machine may be reached
but more work on precise failure probability
calculations are needed.
Thermal conductivity at low temperature was
found to decrease within the investigated dose
regime. For the maximum dose applied (25 MGy
of Ni-ions having a kinetic energy of 11 MeV/u)
the decrease of thermal conductivity reaches about
50% and should be considered in the quench heater
design in future superconducting magnets working
in radiation environments.
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HIGH POWER TARGET R&D FOR THE LBNE BEAMLINE:
STATUS AND FUTURE PLANS*
P. Hurh, FNAL, Batavia, IL 60510, USA
O. Caretta, T. Davenne, C. Densham, P. Loveridge, , STFC-RAL, Didcot, OX11 0QX, UK
N. Simos, BNL, Upton, NY 11973, USA
Abstract
The Long Baseline Neutrino Experiment (LBNE)
Neutrino Beam Facility at Fermilab will use a high energy
proton beam on a solid target to produce a neutrino beam
aimed at underground detectors at the DUSEL site in
South Dakota. Initial proton beam power is planned to be
700 kW with upgrade capability to greater than 2 MW.
Solid target survivability at such incident beam power is
of great interest, and an R&D program has been started to
study the relevant issues. Areas of study include
irradiation testing of candidate target materials at the
BLIP facility at BNL, multi-physics simulations of solid
target/beam interactions at RAL, autopsies of used NuMI
targets, and high strain rate effects in beryllium. Status
and results of these studies are presented as well as a
summary of planned future high power target R&D
efforts.

INTRODUCTION
The LBNE Neutrino Beam Facility conceptual design
for a future 2+ MW upgrade includes targeting 60-120
GeV pulsed proton beam (1.6e14 protons per pulse, 1.53.5 mm sigma radius, 9.8 micro-sec pulse length) on a 0.9
m long graphite target rod. Although analysis has shown
the graphite can withstand the thermal shock and resulting
stresses of the beam interaction, concerns over long-term
survivability of the graphite in the high radiation
environment have motivated research into the radiation
damage limits of graphite as well as research into
beryllium as an alternate candidate target material for
LBNE.
To gain an understanding of the material property
changes of various graphite materials under high energy
proton beam irradiation, two efforts have been started.
One is to autopsy failed graphite targets from the NuMI
Target Hall which have shown decreased neutrino yield
during operation with 120 GeV proton beam. The second
is to measure key material properties of various graphite
samples after exposure to 118 MeV proton beam at the
BLIP facility at BNL.
To better understand the viability of using beryllium as
a high power target material, the LBNE project has
entered into an accord with STFC-RAL’s High Power
Targets Group to perform design studies and multiphysics simulations of beryllium targets under LBNE-like
beam parameters. In addition, work has begun at FNAL to
understand the correlation of simulation results with realworld experience of beryllium exposed to high intensity
proton beam.
____________________________________________
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GRAPHITE R&D
Graphite has been chosen as a target material for many
neutrino beam facilities (NuMI, T2K, CNGS) because of
its excellent resistance to thermal shock and other
advantages for neutrino production. However, graphite
degrades rapidly by oxidation when heated in air
environments to temperatures above 400˚ C [1]. This adds
complexity to the target design in the form of an inerted
or evacuated chamber and properly designed and cooled
beam windows. In addition, and perhaps more
importantly, graphite exhibits radiation damage that
changes its material properties significantly at relatively
low dose or Displacements Per Atom (DPA).
Figure 1 shows the significant decrease in thermal
conductivity of three different graphite grades exposed to
neutron irradiation. Moreover, with increased gas
production associated with high energy proton irradiation
(relative to neutron irradiation), the effects on graphite
structure may be more severe as demonstrated by
irradiation tests of graphite at BLIP (BNL) in 2006 [2].
Figure 2 shows a set of graphite samples from the 2006
BLIP test completely destroyed in the central beam spot
area after irradiation to an integrated flux level of ~0.51e21 protons/cm2. This level of structural damage at
relatively low dose is obviously of great concern when
considering graphite as a candidate target material.

Figure 1: Effect of neutron irradiation on thermal
conductivity of 3 grades of graphite [2].
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Plans to autopsy NT-02 include using radiographic
techniques to view the state of the fins through the sheath,
using a bore-scope to view the fins under the sheath, and
cutting and removing the sheath to view the fins unobstructed. It is possible that fins may be recovered for
further testing

Figure 2: Graphite samples after irradiation at BLIP
facility in 2006 (photo courtesy of N. Simos).

Autopsy of NuMI Target NT-02
The structural degradation indicated in the 2006 BLIP
irradiation test is one possible explanation for the
decrease of neutrino yield seen during the operation of the
NuMI graphite target NT-02. Figure 3 shows a plot of the
neutrino event yield as a function of energy bin over a
time period equivalent to about 4.5e20 protons on target.
The decrease in yield in the 2-4 GeV bins is obvious.
When the NT-02 target was replaced with the NT-03
target (identical design to NT-02) the yield was restored to
expected values.

Figure 4: NuMI Target fin assembly with aluminum tube
sheath (top) and without (bottom).
All of these investigations are complicated by the
residual radiation dose of the target and surrounding
structure (several R/hr at 1 ft). Unfortunately a work cell
that would facilitate these investigations is not currently
available at FNAL. Construction of such a work cell is
underway (C-0 Remote Handling Facility) and should be
ready for operations in late 2010 or early 2011.
Meanwhile efforts continue to plan and practice the
autopsy procedures.

Irradiation Tests at BLIP

Figure 3: Normalized neutrino yield versus energy bin for
NuMI target NT-02 operations.
Figure 4 shows a picture of a typical NuMI target with
and without the aluminum sheath that contains the
graphite fins. The fins are constructed of POCO ZXF-5Q
amorphous graphite and brazed at their ends to a thin
walled stainless steel water cooling tube. This tube also
provides the structural mounting for the fins. Maximum
energy deposition in the graphite (referred to as “showermax”) occurs several fins in from the upstream end and
thus any structural degradation would first occur in those
few fins at shower-max. Since downstream fins remain
intact, the shower-max location would shift downstream
as fins were degraded resulting in a gradual reduction in
yield as was observed.
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In order to further explore the structural degradation of
graphite under high energy proton beam, a new test
program was undertaken at the BLIP facility at BNL
under the guidance of N. Simos. In this test, several
grades of graphite and one grade of hexagonal-Boron
Nitride were exposed to 181 MeV proton beam at BLIP.
However, unlike the earlier BLIP tests where cooling
water was in direct contact with the samples, most of the
new samples were encapsulated in stainless steel
containers purged with argon gas. This was done to
separate any effect of the beam interaction with water
from the beam interaction with the samples. One set of
samples in this new test was installed in the water without
a capsule so a direct comparison could be made between
samples in a water environment and samples in an argon
environment.
Figure 5 shows a typical set of graphite tensile and CTE
specimen loaded into an open capsule before welding the
capsule covers on. Tensile specimen have small gauge
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cross-section dimensions of 1mm x 2mm. Planned tests
include tensile tests (yield/ultimate strengths, elastic
modulus) and thermal tests (expansion coefficient,
conductivity).
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Figure 6 shows a post-irradiation picture of the carboncarbon composite samples that were immersed in the
water cooling medium while being irradiated. The central
beam spot area was damaged with broken fibers exposed
and carbon powder granules flaking off the surface. This
damage on the directly water cooled samples while none
was observed on the argon encapsulated samples indicates
that the damage shown in the earlier BLIP tests was due,
at least partially, to the water environment.
Testing of the irradiated samples is currently beginning.
Preliminary results should be available by the end of
2010.

BERYLLIUM R&D

Figure 5: Graphite BLIP samples in capsule prior to
irradiation.
Table 1: BLIP Test Materials
Material
C-C Composite (3D)
POCO ZXF-5Q
Toyo-Tanso IG-430
Carbone-Lorraine 2020
SGL R7650
St.-Gobain AX05 h-BN

Motivation
2006 BLIP failure
NuMI/NOvA target material
Nuclear grade for T2K v2
CNGS target material
NuMI/NOvA baffle material
Hexagonal Boron Nitride

Table 2 shows the materials included in the irradiation
test along with brief descriptions of the motivation for
including the material in the test.
The samples received a peak integrated flux of about
5.9e20 protons/cm2 from the BLIP beam. This is about
half of the integrated flux in earlier BLIP tests. Visual
inspection revealed no evidence of structural degradation
of any graphite samples within the argon filled capsules.

Figure 6: Water immersed C-C composite samples after
irradiation at BLIP showing damage.

Beam Material Interaction

Due to concerns over radiation damage and resulting
target lifetimes, efforts to qualify beryllium as a target
material were undertaken. A design study was
commissioned with STFC-RAL’s High Power Targets
Group to explore the use of beryllium as an LBNE target
for both the 700 kW and 2.3 MW primary beam powers
within the parameter space listed in Table 2.
Table 2: Beam parameters for Be design study.
Energy
(GeV)

Protons
per
Pulse

Rep.
Period
(sec)

Beam
Power
(MW)

Beam
sigma
(mm)

120

4.9e13

1.33

0.7

1.5-3.5

60

5.6e13

0.76

0.7

1.5-3.5

120

1.6e14

1.33

2.3

1.5-3.5

60

1.6e14

0.76

2

1.5-3.5

Analysis included modeling the physics in FLUKA to
calculate energy deposition and simulating the thermal
and structural (static and dynamic) effects in ANSYS and
AUTODYN. In addition, FLUKA was used to gauge the
effect of target/beam geometry variations on particle
production.

Figure7: Equivalent stress in Be target rod from 1 pulse of
700 kW beam (static only).
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Beryllium Target Analysis
Figure 7 shows a representative contour plot of
equivalent stress resulting from a single pulse of 700 kW
primary beam. The stress is caused by the rapid expansion
of the beam heated central region that is constrained by
the surrounding cooler material. Table 3 shows the static
analysis results for various cases of beam power and
target geometry. With the yield strength of Be about 270
MPa (150˚C), the smaller beam spot cases (1.5 mm radius
sigma) are not viable at the higher beam powers (2 and
2.3 MW). Whereas, the larger beam spot cases (3.5 mm
radius sigma) are viable even at the higher beam powers.

clearance of 5 mm, this is clearly not acceptable. In
addition, bending stresses arising from this off-center
beam case exceed comfortable stress limits. Certainly
adding transverse support points and segmenting the
target should reduce this effect.

Table 3: Beryllium Target Rod Static Analysis Results.
Beam
Energy &
Power

Beam
Sigma
(mm)

(GeV, MW)

120, 0.7
120, 0.7
60, 0.7
60, 0.7
120, 2.3
120, 2.3
60, 2
60, 2

1.5
3.5
1.5
3.5
1.5
3.5
1.5
3.5

Peak
Energy
Density

Max
ΔΤ per
pulse

Max
VM
Stress

(J/cc/pulse)

(K)

(MPa)

254
74
243
61
846
245
707
176

76
22
73
18
254
74
212
53

100
27
99
23
334
88
288
68

When dynamic effects are included however, the peak
stresses in the target almost double due to longitudinal
stress-wave propagation. For instance, for the 2.3 MW,
120 GeV, 3.5 mm sigma case, the peak stress is 173 MPa
compared to 88 MPa for static analysis alone. Since the
dynamic stresses are due to longitudinal stress-waves,
segmenting the target into shorter segments can reduce
the resulting stresses. Figure 8 shows equivalent stress in
a 50 mm long segment under the same beam conditions. It
can be seen that stresses have been reduced to 109 MPa.

Figure 9: Deflection of Be target rod in response to a 2
sigma offset beam pulse (2.3 MW case).

Integrated Target/Horn Analysis
A simplified target concept is to combine the function
of the target and the inner conductor of the surrounding
horn as schematically shown in Figure 10. This simplifies
the target design by replacing the target cooling circuit
with the existing horn spray water cooling. In addition,
transverse support of the target for restraint in the case of
off center beam can be provided by the inner conductor
“spider” radial supports. Analysis results (static) of this
configuration, including horn current pulse and beam
pulse (but not including end “bell” magnetic forces) are
shown in Figure 11. It can be seen that stresses are
relatively acceptable, but will likely be higher when
dynamic effects are included. Segmenting an integrated
target is certainly possible, but would require an exterior
containment tube that would also double as the inner
conductor.

Figure 8: Equiv. stress in Be target segment from 1 pulse
of 2.3 MW beam (static and dynamic).
The effect of mis-steered beam on a beryllium target
rod was simulated. Figure 9 shows that, for the 2.3 MW
case, the free end of the target deflects more than 12 mm
for an offset of 2 sigma. Since the LBNE target is
surrounded by the focusing horn inner conductor with a
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Figure 10: Schematic of integrated target/horn concept.
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Some explanations include non-gaussian beam profile
and/or the damage just not being large enough to see
optically. Alternatively, the beryllium could be stronger at
the high strain rates created by the extremely high beam
energy deposition rates. Figure 13 shows how the
ultimate tensile strength of beryllium varies with strain
rate. It can be seen that at strain rates greater than 100 s-1
the UTS increases by up to 40%. Analysis of the P-bar
target conditions predicts strain-rates as high as 6,000 s-1.
Analysis of the LBNE 2.3 MW, 1.5 mm sigma conditions
predicts strain-rates as high as 340 s-1. Additional analysis
of existing beryllium devices in extreme beam conditions
as well as possible future in-beam failure tests are in the
early stages of development.

Figure 11: Multi-pulse stress and temp results for
integrated target/horn at 2.3 MW beam conditions (static).

Simulation Failure Criteria: Correlation with
Experience
Peak energy deposition for the 2.3 MW, 1.5 mm beam
sigma case was calculated as 846 J/cc which resulted in
stresses in the beryllium that exceeded the yield strength.
However, the P-bar target at FNAL has a beryllium target
which regularly sees about 1000 J/cc with no evidence of
damage. An analysis for beryllium under P-bar beam
conditions (120 GeV, 8e12 protons/pulse, 0.2 mm beam
sigma) indicates predicted peak equivalent stress of over
300 MPa, well beyond yield strength. Figure 12 shows a
picture of a p-bar target with beryllium cover that has
seen approximately 5e6 pulses without visible signs of
damage although analysis indicates it should. The target
rotates 17 degrees with each pulse and moved vertically
every 2e17 protons. So, the surface of this cover should
be “peppered” with damage spots.

Figure 13: The effect of strain rate on the ultimate tensile
strength of structural grade beryllium [4].

FUTURE WORK
Both graphite and beryllium remain viable as candidate
high power target materials for LBNE. Near term results
from both the autopsy of NT-02 and the BLIP irradiation
tests will shed light on the longevity of graphite in high
intensity proton beam. Simulation and design work on a
segmented beryllium target and cooling system should
continue in the near future that includes validation of
simulation methods to predict beam induced failure in
beryllium
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NONLINEAR OPTICS AS A PATH TO HIGH-INTENSITY CIRCULAR
MACHINES*
S. Nagaitsev#, A. Valishev, FNAL, Batavia, IL 60510, U.S.A.
V. Danilov, SNS, Oak Ridge, TN 37830, U.S.A.
Abstract
What prevents us from building super-high intensity
accelerators? The answer is case-specific, but it often
points to one of the following phenomena: machine
resonances, various tune shifts (and spreads), and
instabilities. These three phenomena are interdependent in
all present machines. In this paper we propose a path
toward alleviating these phenomena by making
accelerators nonlinear. This idea is not new: Orlov (1963)
and McMillan (1967) have proposed initial ideas on
nonlinear focusing systems for accelerators. However,
practical implementations of such ideas previously proved
elusive [1].

INTRODUCTION
All present accelerators (and storage rings) are built to
have “linear” focusing optics (also called lattice). The
lattice design incorporates dipole magnets to bend particle
trajectory and quadrupoles to keep particles stable around
the reference orbit. These are “linear” elements because
the transverse force is proportional to the particle
displacement, x and y. This linearity results (after the
action-phase variable transformation) in a Hamiltonian of
the following type:
H ( J 1 , J 2 ) = ν x J 1 +ν y J 2 ,
(1)
where νx and νy are betatron tunes and J1 and J2 are
actions.
This is an integrable Hamiltonian.
The
drawback of this Hamiltonian is that the betatron tunes
are constant for all particles regardless of their action
values. It has been known since early 1960-s that the
spread of betatron tunes is extremely beneficial for beam
stability due to the so-called Landau damping. However,
because the Hamiltonian (1) is linear, any attempt to add
non-linear elements (sextupoles, octupoles) to the
accelerator generally results in a reduction of its dynamic
aperture, resonant behavior and particle loss.
A
breakthrough in understanding of stability of Hamiltonian
systems, close to integrable, was made by N.
Nekhoroshev [2]. He considered a perturbed Hamiltonian
system:
H = h ( J 1 , J 2 ) + ε q ( J 1 , J 2 , θ1 , θ 2 ) ,
(2)
where h and q are analytic functions and ε is a small
perturbation parameter. He proved that under certain
conditions on the function h, the perturbed system (2)
remains stable for an exponentially long time. Functions
h satisfying such conditions are called steep functions
____________________________________________
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with quasi-convex and convex being the steepest. In
general, the determination of steepness is quite complex.
One example of a non-steep function is a linear
Hamiltonian Eq. (1).
In Ref. [1] we proposed three examples of nonlinear
accelerator lattices. In this paper we will concentrate on
one of the lattices, which we know results in a steep
(convex) Hamiltonian. We will also describe how to
implement such a lattice in practice.

NON-LINEAR LATTICE
Consider an element of lattice periodicity consisting of
two parts: (1) a drift space, L, with exactly equal
horizontal and vertical beta-functions, followed by (2) an
optics insert, T, which has the transfer matrix of a thin
axially symmetric lens (Figure 1). Alternatively, the T
insert can have a transfer matrix of an opposite sign with
a phase advance of 180 degrees in both planes, which we
use in our implementation below.

Figure 1: An element of periodicity: a drift space with
equal beta-functions followed by a T insert.
Let us assume that we have equal linear focusing in the
horizontal and vertical planes such that the beta-functions
in the drift space are equal to
L − sk (L − s ) .
(3)
β ( s) =
⎛ Lk ⎞
1 − ⎜1 −
⎟
2 ⎠
⎝

2

The insert T can be implemented with regular elements
(quadrupoles, dipoles, drifts) as described below. Let us
now introduce additional transverse magnetic field along
the drift space L. The potential, V(x, y, s), associated with
this field satisfies the Laplace equation, ΔV = 0.
Now we will make a normalized-variable substitution
[1] to obtain the following Hamiltonian for a particle
moving in the drift space L with an additional potential V:
HN =

where

2
p xN
+ p 2yN

2

+

x N2 + y N2
+ U (x N , y N ,ψ ) , (4)
2

(

)

U (x N , y N ,ψ ) = β (ψ )V x N β (ψ ) , y N β (ψ ) , s (ψ ) (5)

and ψ is the “new time” variable defined as the betatron
phase,
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ψ′=

1

.
(6)
β (s)
The potential U in equation (4) can be chosen such that it
is time-independent [1].
This results in a timeindependent Hamiltonian (4). We will now choose a
potential such that the Hamiltonian (4) possesses the
second integral of motion. We will omit the subscript N
from now on.
Consider potentials [3] that can be presented in elliptic
coordinates in the following way
f (ξ ) + g (η ) ,
(7)
U ( x, y ) =
ξ 2 −η 2
where f and g are arbitrary functions,

(x + c )2 + y 2 + (x − c )2 + y 2

ξ=

2c

(x + c )2 + y 2 − (x − c )2 + y 2

η=

(8)

2c
are elliptic variables and c is an arbitrary constant.
The second integral of motion yields

(

) (

I x, y, p x , p y = xp y − yp x
c 2 p x2 + 2c 2

2

)2 +

f (ξ )η + g (η )ξ

2

f 2 (ξ ) = ξ ξ 2 − 1(d + t acosh (ξ )) ,
g 2 (η ) = η 1 − η 2 (q + t acos(η ))

(10)

where d, q, and t are arbitrary constants. Thus, the total
potential energy in Hamiltonian (3) is given by
x 2 y 2 f 2 (ξ ) + g 2 (η )
.
(11)
+
+
U ( x, y ) =
2
2
ξ 2 −η 2
Of a particular interest is the potential with d = 0 and
q=

The multipole expansion of this potential for c = 1 is as
follows:
U ( x, y ) ≈

π , because its lowest multipole expansion term is a
t
2

quadrupole. Figure 2 presents a contour plot of the
potential energy Eq. (11) for c = 1 and t = 0.4.

x2 y2
+
2
2

(12)

2
8
16
⎛
⎞
+ t Re⎜ ( x + iy ) 2 + ( x + iy ) 4 + ( x + iy ) 6 +
( x + iy ) 8 + ...⎟
3
15
35
⎝
⎠

where t is the magnitude of the nonlinear potential.
Since the 2D Hamiltonian with this potential has two
analytic integrals of motion, it is integrable and thus can
be expressed as an analytic function of actions:
H = h( J 1 , J 2 ) ,
(13)
where
1
1
J1 =
pη dη J 2 =
pξ dξ
(14)
∫
2π
2π ∫
Let us now determine the maximum attainable betatron
frequency spread in such a potential. First, this potential
provides additional focusing in x for t > 0 and defocusing
in y. Thus, for a small-amplitude motion to be stable, one
needs 0 ≤ t < 0.5. This, corresponds to the following
small-amplitude betatron frequencies,

ν 1 = ν 0 1 + 2t
,
ν 2 = ν 0 1 − 2t

(9)

ξ 2 −η2
First, we would notice that the harmonic oscillator
potential (x2 + y2) can be presented in the form of Eq. (7)
with f1 (ξ ) = c 2ξ 2 (ξ 2 − 1) and g1 (η ) = c 2η 2 (1 − η 2 ) . Second,
we have found the following family of potentials that
satisfy the Laplace equation and, at the same time, can be
presented in the form of Eq. (7):

THO1D01

(15)

where ν0 is the unperturbed linear-motion betatron
frequency. For arbitrary amplitudes the frequencies are
obtained by
∂h
ν 1 ( J1 , J 2 ) =
∂J 1
.
(16)
∂h
ν 2 ( J1 , J 2 ) =
∂J 2
Figure 3 presents frequencies ν1(J1, 0) and ν2(0, J2),
normalized by ν0 for t = 0.4.

2

1+ 2t
1

0

0

0.2

0.4

0.6

0.8

1

J1j

0.8

0.6

1− 2t

t
0.4

0.2

Figure 2: A contour plot of the potential energy Eq. (11)
with c = 1 and t = 0.4. The repulsive singularities are
located at x = ±c and y=0.
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Figure 3: Oscillation frequencies ν1(J1, 0) (top) and
ν2(0, J2) (bottom), normalized by ν0, for t = 0.4
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By examining the function h in Eq. (13) one can also
demonstrate that it is a convex function and thus satisfies
the Nekhoroshev’s condition for a steep Hamiltonian. In
the next section we discuss how to implement such a
system in a practical accelerator.

blocks have a length of 3 m. There are also four 2.5 m
straight sections for installation of an RF cavity, injection
devices and instrumentation. The lattice functions of the
periodicity element are presented in Fig. 5, and main
parameters of the machine are listed in Table 1.

PRACTICAL IMPLEMENTATION
Since only a part of the accelerator circumference must be
occupied by the nonlinear elements, it is natural to start
with a conventional design machine. The lattice must
satisfy the following design criteria:
•
Be periodic, with the element of periodicity
comprised of a drift space with equal beta-functions,
and a focusing and bending block with the betatron
phase advance in both planes equal to π (T-insert in
Fig. 1).
•
The T-insert must be tunable to allow a wide
range of phase advances (and beta-functions) in the
drift space in order to study different betatron tune
working points.
•
It is preferable that the focusing block is
achromatic in order to avoid strong coupling between
the transverse and longitudinal degrees of freedom.
Currently, a superconducting RF test facility is under
construction at Fermilab’s New Muon Lab [4]. Upon
completion, the facility will consist of an electron linac
delivering bunches with the energy of up to 750MeV and
an experimental area located in a 16x16 m hall. The
experimental program for NML includes advanced
accelerator physics R&D, and a small storage ring for
studies of nonlinear dynamics could be included as a part
of that program. Considering the NML hall space and
beam energy constraints, we restricted the machine to
approx. 13x13 m footprint (Fig. 4).

Figure 4: Layout of the test ring.
In the design of the test ring, the lattice has four periods,
in which a Double Bend Achromat with 10 quadrupoles
represents the T-insert. The drifts for the nonlinear lens
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Figure 5: Test ring lattice functions. The phaseadvances μ are given in units of 2π.
Table 1: Main Parameters of the Test Ring
Electron beam energy
150 MeV
Circumference
38 m
Dipole field
0.5 T
Betatron tunes Qx=Qy
2.4÷3.6
Synchrotron radiation damping time
1-2 s
(107 turns)
Transverse emittance
6×10-8 m
(rms non-normalized)
Such machine can be used to test the nonlinear integrable
optics concept by demonstrating stable operation at superhigh values of the betatron tune spread. In the proposed
lattice design, the phase advance ν0 over the drift space
with nonlinear element can be varied from 0.1 to 0.4 (this
corresponds to the betatron tune between (0.5+0.1)×4=2.4
and (0.5+0.4)×4=3.6). According to Eq. (15), the
maximum attainable tune spread in this case can exceed
1, which means that some particles within the bunch
would cross the integer resonance.
In order to demonstrate the high tune spread, the
transverse beam size must be comparable to the distance
between the poles of the potential U (Fig. 2), located at
x=±c and y=0. For the chosen ring energy and equilibrium
emittance, the beam size σx,σy≈0.25 mm, which would
require an impractically small transverse dimensions of
the nonlinear elements. However, due to the very long
damping time it is possible to “paint” a larger area with
the small emittance linac beam. Hence, we considered
nonlinear elements with the aperture 2c ≥ 2 cm.
It is not practical to realize the continuous variation of
the cross section of the nonlinear element as required by
Eq. (5). Rather, one would construct the nonlinear lens
block of a number of elements with constant cross
section. This modification presents a perturbation of the
ideal integrable system. In addition, the integrability can
be disturbed by optics errors common to conventional
accelerators, such as the beta-function and phase advance
modulation. These factors motivated the study of the
system stability using numerical simulation.

Beam Dynamics in High-Intensity Circular Machines
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Macro particle tracking codes were used to simulate the
effect of various factors on the stability of particle
motion. The simulations also generate the dipole moment
spectra, a quantity that can be used to evaluate the
betatron tune spread and which is reported by common
accelerator instrumentation.
In the simulation, the nonlinear lenses were
implemented as thin kicks, and tracking through the
accelerator arcs was performed with conventional
methods. A typical simulation would track 5000 particles
over 8,000 turns to produce the spectra and 106 turns to
check the particle stability. The initial distribution had the
amplitude of particles limited by c/2 in the horizontal
plane and c in the vertical plane, and random phases.

THO1D01

resonance and yet no instability was observed even
though the lattice was not perfectly symmetrical.
A more convenient presentation is shown in Fig. 7,
where the spectra of horizontal dipole moment are plotted
for a special initial particle distribution with y, py=0. For
such case, the horizontal coordinate coincides with one of
the normal modes and it is possible to compare the
tracking results with the analytical model in Fig. 3.
Indeed, for t=0.1 the tune for small amplitude particles is
0.5×4+ν0√(1+2t)=3.75, and particles with larger
amplitudes have a positive tune shift. For t=0.4, the small
amplitude tune is 0.5×4+ν0√(1+2t)=4.15, which at the
plot is seen as 1-0.15=0.85.

Figure 7: Spectrum of horizontal dipole moment for
various values of nonlinearity t. Qy=3.62, y, py=0.

Figure 6: Spectra of horizontal (upper plot) and vertical
(lower) dipole moment for various values of nonlinearity
t. Linear ring betatron tunes Qx=3.6, Qy=3.62.
Figure 6 presents the dipole moment spectra for the
case of the ring betatron tunes Qx=3.6, Qy=3.62 (ν0=0.4)
and different magnitude of nonlinearity t. As one would
expect at t=0 there is no tune spread since the machine
lattice is linear. The tune spread grows as the nonlinearity
increases. For t=0.4 the maximum tune spread is
ν0×4×1=1.6 (see Fig. 3), which can not be seen in Fig. 6
due to the properties of the Fourier transformation, and
because the observed quantity, the horizontal or vertical
dipole moment, is a combination of normal modes. Some
particles of the bunch had their tune on the integer

Beam Dynamics in High-Intensity Circular Machines

The stability of the system to the following perturbations
was studied:
•
Phase advance in the T-insert not equal to π,
different horizontal and vertical phase advance,
differences between the elements of periodicity. It
was found that up to 0.05 tune difference is tolerable.
•
Different β-functions in the nonlinear lens
blocks. Up to 5% variation between x and y did not
cause particle losses.
•
Misalignment of thin nonlinear elements within
the lens block. Up to 5 cm error in the longitudinal
position of the individual element is allowed,
although the tolerance depends on the phase advance
in the nonlinear straight section and on the value of
nonlinearity. The system is less sensitive to
perturbations at smaller values of ν0 and t.
A more elaborate study of the system stability range is
underway with the focus on machine nonlinearities, such
as the chromaticity correction sextupoles, and the effect
of longitudinal dynamics, e.g. the importance of
chromaticity of T-inserts and zero dispersion in the
nonlinear lens section.
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SUMMARY
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TRANSVERSE MODE COUPLING INSTABILITY MEASUREMENTS AT
TRANSITION CROSSING IN THE CERN PS
S. Aumon∗ , CERN and EPFL, Switzerland, H. Damerau, M. Delrieux, P. Freyermuth
S. Gilardoni, E. Metral, G. Rumolo, B. Salvant, CERN, Geneva, Switzerland
Abstract
Crossing transition energy in the CERN PS is critical for
the stability of high intensity beams, even with the use of a
second order gamma transition jump scheme. The intense
single bunch beam used for the neutron Time-of-Flight
facility (n-ToF) needs a controlled longitudinal emittance
blow-up at the flat bottom to prevent a fast single-bunch
vertical instability from developing near transition. This
instability is believed to be of the Transverse Mode Coupling (TMCI) type. A series of measurements performed
in 2009 and 2010 aims at using this TMCI observed on the
ToF beam at transition as a tool for estimating the transverse global impedance of the PS. For this purpose, we
compare the measurement results with the predictions of
the HEADTAIL code and find the matching parameters.
This will allow predicting the stability of the high brightness LHC beam near transition. The final goal is to study
the feasability of a possible cure to the fast vertical instability measured on the ToF beam by applying an improved
gamma transition jump scheme instead of compromising
the longitudinal density.

INTRODUCTION
The CERN Proton Synchrotron uses a second order
gamma transition (γt ) jump scheme to cross the transition
energy. This optics was implemented in the past to cure the
“negative mass instability” [1] and the effect of the longitudinal space charge in high intensity beams [2]. However
even with the use of the gamma jump, fast losses can be
observed near transition with a high intensity single bunch
beam of 700 · 1010 protons if the longitudinal emittance is
not sufficiently large. This effect is believed to a Transverse
Mode Coupling Instability (TMCI). Increasing the longitudinal emittance (1 σ) from 2 eVs to 2.3 eVs is sufficient to
prevent the instability to develop. A series of measurement
have been performed on an intense beam with and without
the gamma jump scheme in order to determine the behavior
of the instability and attempt to benchmark the HEADTAIL
code. We use those results as tool to estimate the transverse
impedance. In the future, the results of this study could be
used to predict the transverse stability of the ultimate LHC
beam in the framework of the possible PS injection energy
upgrade.
∗ sandra.aumon@cern.ch

Beam Dynamics in High-Intensity Circular Machines

CROSSING TRANSITION IN THE
CERN PS
Transition crossing might produce unfavourable effects.
Some of them can be cured by a second order γt -jump. This
remedy was adapted in the 70’s to avoid the negative mass
instability which was a severe intensity limitation [1]. The
method consists of crossing transition energy much faster
than it would be without any special precaution. Then the
instabilities for which the rise time is slower than the time
spent by the beam close to the transition energy will not
develop. Thanks to the γt -jump scheme, the intensity limitation at γt energy had been pushed forward during several
years.
The γt -jump consists of an artifical increase of the transition crossing speed by dedicated fast pulsed quadrupoles
placed at non-zero dispersion locations in order to adjust
the momentum compaction factor η. This depends on the
unperturbed and perturbed dispersion functions at the kick
quadrupoles places and the amplitude of the γt -jump depends of the intensity. The quadrupoles are grouped in doublets and triplets (combined doublets) with two strenghts
±K1 and ±K2 separated by π in betatron phase advance in
order to obtain a almost zero tune shift [2]. The present situation provides a large Δγt = −1.24 performed in 500 μs
as presented Fig. 1. However by doing so the dispersion
and betatron functions increase and lead to a large horizontal beam size and non negligible beam loss [3]. Nowadays
the γt -jump is used routinely. Several other tricks are applied to cross transition energy such as the change of the
sign of the chromaticities when η = 0 in order to avoid
head-tail instabilities [4] after transition. Despite of these
measures, a fast vertical instability is observed on the high
intensity single bunch beam nToF when the longitudinal
density is not blown up enough [5].

TRANSVERSE INSTABILITY
OBSERVATION WITHOUT γT -JUMP
A dedicated single bunch beam has been set up to observe the transverse instability without the γt -jump. the
beam parameters are presented in the Table 1. In order have
favorable conditions to study the transverse instability, the
vertical chromaticity ξv is set close to zero several millisecondes around transition in such a way to obtain a ’plateau’.
The values of the chromaticities cannot be measured precisely around transition due to the frozen synchrotron motion therefore there is a large incertainty of the time at
which they change sign. However, no headtail instabilities
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8.0

(FFT) analysis of the profile of Fig. 3 gives a frequency
of about 700 MHz. The head excites the tail of the bunch
due to a high frequency resonator and a short range wake
field [5]. Once the particles oscillating with a high amplitude are lost in the vacuum chamber, a hole is observed in
the line-charge density of the bunch. The longitudinal profile is not repopulated since the synchrotron motion is very
slow at transition. The horizontal plane remains stable.

rel. Γ

7.5

Γtrjump

7.0
Γ

Γtr unpert.

6.5
6.0

5.0

40

20

0
timems

20

40

Figure 1: Unperturbed and perturbed γt and relativistic γ
as a function of time around transition. The transition time
occurs at t=0.
Table 1: Beam Parameters for Measurements
Total energy at γt
E  6.1 GeV
γt
6.08
Transverse tunes
Qx,y  6.22
Chromaticities
ξx,y ∼ 0
RF Harmonic
h=8
10
Bunch intensity (single bunch) 60 · 10 -165 · 1010
Full bunch length
30 ns
Longitudinal emittance (1σ)
1.50, 1.90, 2.30 eVs
x = 1.17 − 2.38 mm.mrad
Transverse norm
x,y (1σ)
y = 1.34 − 2.33 mm.mrad
develop since the synchrotron frequency Qs =0. The closest measurements of the transition energy are ξv = −0.3,
7 ms before γt energy and ξv = 0.02, 8 ms above. The
theoritical evolution of the vertical chromaticity during the
measurements is presented in the Fig. 2.

Vertical chromaticity

0.00

Γ  Γt
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0.10
0.15
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time ms

Figure 2: Theoritical vertical chromaticity around transition.
Figure 3(a) shows the vertical instability measured with
a wide band pickup [6], that has a band width between
2.5 MHz-1 GHz [7]. Figure 3(b) represents the longitudinal profile of the same bunch. The measured vertical signal shows that the head of the bunch is stable whereas the
maximum peak intensity oscillates according to a travelling wave with a high frequency. A Fast Fourier Transform
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Figure 3: (a) High frequency instability with a travelling
wave pattern observed on a single turn signal from a vertical beam position monitor. (b) Longitudinal single turn
signal from a beam position monitor during the losses due
to the vertical instability.

Instability Rise Time
The measurements consists of taking the vertical bunch
profile turn-by-turn through transition. The sampling of the
signal is about 4 GSamp/s which is sufficient to observe the
desired high frequency oscillations on the bunch profile. In
our case, we took 2500 turns in both vertical and longitudinal planes to see the development of the instability. The
rise time of the instability is defined here by how fast the
frequency responsible of the turbulence grows. An example is shown in the Fig. 9(c). The maximum of the power
spectrum for each trace is used to compute the rise time:
the amplitude of the oscillation increases exponentially as
a function of time. An example of a computed rise time is
shown in Fig. 4. The measurements have been repeated for
three different longitudinal emittances, 1.50 eVs, 1.92 eVs
and 2.30 eVs and for a range in intensities. The results are
presented in the Fig. 5.
Three regimes are observed. Below the intensity threshold, the rise time is infinite. Close to the instability threshold, the regime is non-linear. At intensities much higher
than the threshold, a linear regime appears and even saturation [8]. In the Fig. 6, we observe that the threshold in
intensity of the instability versus the longitudinal emittance
can be fitted linearly. One can notice that the instability is
fast and takes less than one synchrotron period (3 ms) to
develop which is a characteristic of the TMCI [16] [9]. A
second remark is about the time when the instability appears which is up to 2 ms after transition. However, the
TMCI is supposed to start to develop before transition, i.e.
as a function of the absolute value of the momentum compaction η. This issue will be discussed later in the paper.
Beam Dynamics in High-Intensity Circular Machines

Proceedings of HB2010, Morschach, Switzerland

THO1D02

Maximum power spectrum u.a.

8000

Table 2: PS Parameters Used for Simulations
Machine radius R [m]
100
Bdot [T/s]
2.2
RF voltage [kV]
200
RF Harmonic
h=8
Pipe [cmxcm]
7x3.5
Geometry chamber
flat
betatron function [m]
16

Measure

6000

Fit

4000

2000

0
0

1

2
3
4
time after transition ms

5

Figure 4: Maximum power of the travelling wave of the
vertical instability for a beam with 165 · 1010 protons and
a longitudinal emittance of 2.30 eVs. The blue curve is the
mesured data and the red one is the fit of the rise time which
is about 0.173 ms or 82 turns.
Longitudinal Emittance 1.92eV.s
Measure

Rise timems

0.6

Fit at2



Fit at3

0.5

with Rs the transverse shunt impedance in Ω/m, ωr⊥
the resonance frequency in Hz and Q the quality factor.
Since the TMCI interacts with imaginary part of the transverse impedance, one has to find the matching parameters
(Rs ,ωr ,Q) which would fit the measurements. The beam
parameters of the Table 1 have been used in the simulations in addition of those presented in the Table 2. The
transverse and longitudinal space charge are not included
in the simulations and the higher order of momentum compaction factor have been neglected.



0.4













       


  

  


0.2
0.1

Resonator Frequency ωr


 
 


0.3

90

100

110
120
130
140
Intensity 1010 ppp




 

150



160

Figure 5: Rise time in ms as a function of the beam intensity for a longitudinal emittance of 1.92 eVs. The threshold
in intensity is around 100 · 1010 protons.

BENCHMARK WITH HEADTAIL
The HEADTAIL [10] code has been used to benchmark
the measurements. A broadband resonator impedance is set
in the simulation as follow
Z1⊥ (ω) =

Rs
ωr⊥
ω 1 + iQ( ωωr −

(1)

ω
ωr )

130

Intensity in 1010

120



Transverse Shunt Impedance

110
100



90
80

Measure

70

Fit



60
1.4

The FFT of each vertical bunch profile allows to identify
the frequency of the travelling wave during the instability
development. The turn by turn bunch profile in the frequency domain is presented in the Fig. 7(a) and frequencies
between 600 MHz and 700 MHz are identified in the measurements with a sampling of about 4 GHz. In the meanwhile, a resonator frequency scan has been performed in
HEADTAIL with the impedance model described above
in order to match the measurements: the measured frequency in the transverse profile is close to the resonator
frequency in the ’Mode Coupling’ regime. The bunch has
been longitudinaly sliced in 500 parts in HEADTAIL in
order to sample the oscillation of the the travelling wave
at 20 GHz. The vertical difference signal from a pickup
monitor has been simulated with HEADTAIL to be comparable with the measurements. The order of magnitude of
the best fit for the resonator frequency ωr is 1 GHz with
Q=1. However the width of the simulated vertical bunch
profil in frequency domain is very large: a comparison between the measured travelling wave and simulated one in
HEADTAIL is plotted in the Fig. 7(b) and (c).

1.6

1.8

eV.s

2.0

2.2

2.4

Figure 6: Measured instability thresholds in intensity as a
function of the measured longitudinal emittance fitted with
a linear function.

Beam Dynamics in High-Intensity Circular Machines

The rise time of the tranverse instability is strongly dependent of the chromaticity and of the transverse shunt
impedance. A scan in Rs has been performed in HEADTAIL with a broadband impedance model with a resonator
frequency ωr =1 GHz and a quality factor Q=1. The longitudinal emittance matched area is set to 1.9 eVs for a single
bunch beam intensity of 120 · 1010. The vertical chromaticity has been implemented in the code according to the theoritical one shown in the Fig. 2. The horizontal chromaticity
is left to zero. In the measurements, the rise time of the
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Figure 7: Turn by turn bunch profile in frequency domain.
(a) On the left, the frequency of the vertical measured instability is between 600 MHz and 700 MHz. (b) On the right,
a simulated broadband resonator with ωr =1 GHz gives a
travelling wave at around 700 MHz.(c) Single turn bunch
profile in frequency domain with the peak of the instability for three cases: the measured bunch profile for longitudinal emittance 1σ of 1.92 eVs and 120 1010 protons per
pulse, the simulated one in HEADTAIL for ωr =1 GHz,
Q=1 and ωr =900 MHz, Q=1. (d) Simulated broadband resonator with ωr =900 MHz gives a travelling wave at around
650 MHz.
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Figure 8: Rise time of the transverse instability in number
of turn as a function of the transverse shunt impedance for a
broadband impedance model in HEADTAIL of ωr =1 GHz
and Q=1.
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instability for an beam intensity of about 120 · 1010 protons
and a longitudinal density of 1.9 eVs 1 σ is approximatively
120 turns. The shunt impedance which is matching at best
this rise time is 1.4 MΩ/m as presented in the Fig. 8. By
doing a scan in beam intensity with this value, we compare
the rise time computed by HEADTAIL with the measurements for the same longitudinal emittance. The result of
the Fig. 9 shows that the measurements have an offset of
approximatively 25 turns with respect to the simulated rise
times in the same conditions which is a good agreement.
This result indicates that the order of magnitude of ωr and
Rs used in the broadband impedance model set in HEADTAIL agrees with the experimental data.

TRANSVERSE INSTABILITY WITH THE
γT -JUMP
Similar measurements with the γ-jump are ongoing in
order to understand the effect of the optics distorsion on
the transverse instability. The setting up of the beam appears easier since the time when γ = γtr is imposed by
the γt -jump timing, i.e. when the currents of the doublet
of quadrupoles are inversed [3]. The ’plateau’ in vertical chromaticity has been kept in such way that the transition time is standing in the last part of the plateau where
the vertical chromaticity is very small and slightly positive
(ξv  0.02). An example of travelling wave frequency
684

Figure 9: Instability rise time as a function of the intensity
of the beam compared to the measurements. The broadband impedance model in HEADTAIL is ωr =1 GHz and
Q=1.
measurement of the instability is presented Fig 10. A similar spectrum frequency as Fig. 7 is found with the γt -jump.
However at the opposite of the case without the optics distorsion, the instability appears before transition.

DISCUSSIONS
Tune shift measurements at injection were done in 1989
and it was etablished that the transverse impedance of
the PS was Rs=3 MΩ/m [12]. This value was including the dipolar and the quadrupolar component of the
impedance [11]. In our HEADTAIL simulations, only
the dipolar part is computed because the better impedance
model of the PS is not known. Coherent tune shift measurements have to be performed again.
The major difference in the measurements between the
cases with and without γt -jump is the time of the apparition
of the transverse instability. We remind that without the optics distorsion, the instability is delay by up to 2 ms. This
difference is not really understood, however several explanations can be pointed out. Without the γt -jump, the adiaBeam Dynamics in High-Intensity Circular Machines
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CONCLUSIONS - OUTLOOKS

Figure 10: Turn by turn bunch profile in frequency domain
with γt -jump, with an intensity of 430 · 1010 and a longitudinal emittance of 1.8eVs 1σ. The frequency of the vertical
measured instability is between 600 MHz and 700 MHz.
batic zone is crossed slowly with γ̇ = 49.9 s−1 whereas
γ̇gj = 50γ̇. Refering to the paragraph about crossing
transition in the PS, one can understand that the transition
time with γt -jump is well defined, triggered by the doublets inversion [13], whereas without the jump process this
time is determined by the unperturbed γt of the machine.
Therefore many cares are needed to tune the transition time
which can different by several millisecond from the case
with γt -jump. In order to keep the longitudinal focusing
above transition energy, the stable phase of the RF cavities has to be performed from φs to −φs . A scan in timing
of RF cavity phase jump allows to observe the time which
minimizes dipolar and quadrupolar bunch length (σz ) oscillations. We complet this method by observing the minimum σz thanks to a peak detected pickup. The signal
is maximum when σz is very short, i.e. at transition. In
the PS, this adjustement has to be done at low intensity to
avoid bunch length mismatch due to the longitudinal space
charge [14]. Experiments show that 1 ms can be admitted
as incertainty on the transition time in the case of a beam
without optics distorsion. However, another 1 ms delay is
left in our measurements. The chromaticity in the plateau
might be too small to dump the instability. In order provide
a delay up to 2 ms, the HEADTAIL code shows the vertical
chromaticity has to follow a step function:
ξv

= −1

ξv

=0

if
if

γ < γt
γ ≥ γt

According to Fig. 2 and the rise time (2 ms) of the power
supply which control the working point [15], this is technologically impossible. Obviously measurements and simulations with γt -jump will likely provide us more informations
which would help to understand this delay. Finally, other
effects have to be kept in mind. The simulations do not take
into account higher order of momentum compaction factor
and the transverse space charge. Futher investigations are
needed to undertand the impact of a spread in γt due to the
Umstatter effect [16].

Beam Dynamics in High-Intensity Circular Machines

A fast head-tail instability is observed at transition in
the high intensity single bunch beam toF. Rise time measurements of the verticale instability have been used to estimate the transverse impedance. This value is about the
same order as deduced in the past [12] from coherent tune
shift measurements as a function of the intensity. The next
step will consist of improving the impedance model in particulary distinguish the dipolar and the quadrupolar component. Another outlook is to implement the γt -jump in
HEADTAIL in order to benchmark the measurements done
with the optics distorsion.
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FAST COMPRESSION OF INTENSE HEAVY-ION BUNCHES IN SIS-18
Oleksandr Chorniy, Oliver Boine-Frankenheim, Peter Hülsmann, Peter J. Spiller,
GSI, Planckstr. 1, 64291 Darmstadt, Germany
Abstract
At GSI and for the FAIR project short heavy-ion bunches
are required for the production and storage of exotic fragment beams as well as for plasma physics applications. In
the SIS-18 and in the projected SIS-100 synchrotron longitudinal compression via fast bunch rotation is performed
directly before extraction. In order to arrive at the required
bunch length the rf cycle has to be optimized for high intensities to avoid the blowup of the occupied longitudinal
phase space area. We will discuss experimental and simulation results of the rf capture at injection energy, the rebunching process at the final energy and the subsequent
bunch rotation.

cess is done by a linear ramp of the RF amplitude from 0
till final recapture amplitude.
Table 1: Parameters of SIS-18 RF System
SIS cavity
Compressor
Inductive Load
Frequency tuning
range, MHz
Peak RF-voltage, kV
Pulse duration, ms
Voltage rise time, μs

Ferrites

Magnetic Alloy

0.85-5.4

0.85-0.9

16
>100
150

40
0.5
10

INTRODUCTION
Bunch compression with fast beam extraction to the experimental areas is used routinely in the SIS-18. The compression is done via 90 0 fast rotation of the bunch longitudinal phase space distribution. The phase space rotation is
initiated by fast jump of RF voltage amplitude.
A first report describing the strategy to obtain high density beams in the SIS-18 was published in 1996 [1]. Early
experiments on fast bunch compression with a parallel operation of two RF cavities were done in 1997 [2]. Two
ferrite cavities with total available voltage of 32 kV at a
frequency of 1 MHz were used. The resulting compressed
Ar11+ bunch containing 1 · 10 10 particles at the energy 200
MeV/u had the total length of about 350 ns.
For the plasma generation using, the required compressed beams should not exceed 50 ns [3]. In order to
calculate the required RF parameters at compression simulation studies were done [3]. The bunch compression
should be performed at the voltage amplitude of 200 kV.
The layout of the compression system consisting of several
magnetic-alloy compressor cavities was described in [4].
Later, due to a restriction of the available resources it was
planned to install only one cavity. In 2008 one magnetic
alloy compressor cavity with 40 kV voltage amplitude was
installed in the SIS-18 and the first test measurements were
done at injection energy [5].
The RF system in SIS-18 consists presently of two ferrite
cavities and one magnetic alloy bunch compressor cavity.
In Table 1 the main parameters of the RF system in the
SIS-18 are presented. The ferrite cavities are used for the
RF capture and acceleration and the magnetic alloy cavity
is used only for the bunch compression. The RF amplitude
cycle in the SIS-18 consists of the RF capture with acceleration at h=4, de-bunching to coasting beam, RF recapture
at h=1 and bunch compression (Fig. 1). The recapture pro686

Figure 1: Scheme of the SIS-18 RF cycle with fast bunch
compression.

Recently the measurements on the bunch compression at
extraction energy using magnetic-alloy compressor cavity
were done. Using the measurements results we try to investigate the possible issues and solutions. One of the problem
considered here as well is the RF capture in the beginning
of the machine cycle. Usually the RF amplitude ramp in
the SIS-18 is done simultaneously with acceleration in the
beginning of the acceleration ramp. In such situation the
RF bucket in the beginning of RF capture should be sufficiently large in order to contain most particle inside. On
the other hand the large initial RF bucket produce increase
Beam Dynamics in High-Intensity Circular Machines
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of the longitudinal emittance. If we consider low intensity
beams then for the longitudinal emittance conservation it
is better to divide RF amplitude ramp and acceleration in
two stages. Then, at low energy and high intensities the
space charge effects become important in both longitudinal
and transverse planes. Here we investigate the effect of RF
amplitude ramp in longitudinal plane at constant injection
energy with longitudinal space charge field. In this work
the space charge factor Σ will be used to define the space
charge effects [6].

BUNCH COMPRESSION IN THE SIS-18
AT EXTRACTION ENERGY
Recently, measurements of the bunch compression at extraction energy in the SIS-18 were done in order to identify the issues restricting the final bunch length. Beam and
RF system parameters during the measurements on recapture and consecutive compression are presented in Table
2. The maximum space charge factor obtained during the
measurements was too low to produce significant effects
on compression process [7, 8]. Thus, these effects were not
included in the simulations study and in the tomography
reconstruction which will be discussed in this section.

THO1D03

In Fig. 2 the longitudinal beam profiles before and after
compression are presented. The profile before compression
is measured in the end of the recapture with the final recapture amplitude of 1 kV. The compressed bunch length for
the measurement presented in Fig. 2 is 85 ns(FWHM). The
measurements were repeated for different recapture amplitudes and the resulting compressed bunch lengthes were
measured (Fig. 3).
In general, the performance of the fast bunch compression can be proved by checking the validity of the relation:

Vcompr + Vrecap
τrecap
=
,
(1)
τcompr
Vrecap
where τrecap and τcompr are the length of the recaptured
and compressed bunches respectively, V recap is the final recapture amplitude and V compr is the amplitude provided by
the compressor cavity. Since the recaptured bunch profile
was significantly distorted it was not possible to obtain the
recaptured bunch length properly. The reason for this distortion was the mismatch of the RF frequency with respect
to the beam energy at the start of recapture.

Table 2: Beam and RF System Parameters during the Measurements of Bunch Compression
Ion
Extraction energy, MeV/u
Final recapture amplitude, kV
Recapture time, ms
Compression amplitude, kV
Σ in the compressed bunch

U 73+
295
1-16
6
38
0.01

Figure 3: Comparison of the compressed bunch lengthes
from measurements and simulations. The simulations were
done for two cases: under the same conditions as in the
measurements and under improved conditions, where the
frequency offset was removed and the recapture time was
increased.

Figure 2: Measured longitudinal bunch profiles before and
after compression.
Beam Dynamics in High-Intensity Circular Machines

To understand the measurements the numerical simulations of the recapture and compression were performed.
Simulations were done using a longitudinal PIC code developed at GSI [9]. In Fig. 3 the compressed bunch length
as a function of the recapture final amplitude is presented.
Simulations were done for two cases. In first case the simulations were done with the same RF precapture parameters
as in the measurements. Also in first simulation the RF
frequency offset was added. The value for this frequency
offset cannot be obtained from the measurements, thus we
assume the offset which corresponds to one rms energy deviation. As one can see the simulation data matches well
687
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to the experimental data. This shows that the voltage seen
by the beam from bunch compressor was close to 38 kV. In
the second case the simulations were done without RF frequency offset and with increased recapture time of 40 ms.
With improved recapture parameters the simulations show
that the compressed bunch length can be decreased.

dinal space charge field. The experimental and theoretical
studies concerning the optimization of the RF capture using iso-adiabatic amplitude ramp with low intensity beam
were done in Refs. [10, 11]. Here we will use a linear rf
amplitude ramp.
The ramping time may induce an emittance increase if
this time is relatively short compared to the synchrotron
period. Recently the measurements were done in order to
identify the reasonable RF amplitude ramping time which
does not produce the longitudinal emittance increase. The
measurements results were accompanied by the numerical
simulation studies of RF capture at constant energy with
low intensity beams. Beam and RF amplitude parameters
during the measurements on RF capture are presented in
Table 3. The RF amplitude was raised linearly with time.
Table 3: Beam and RF Parameters along the Measurements
with on the RF Capture at Constant Injection Energy

Figure 4: Phase space of the compressed bunch profile
which corresponds to result in Fig. 2.

Ion
Injection energy, MeV/u
Initial RF amplitude, kV
Ramping time, ms
Final RF amplitude, kV
Σ in the captured bunch

Ar 18+
11.4
0.1
3-20
6
0.05

Presently, it is planned to develop the online tomography
diagnostics for the reconstruction of the longitudinal phase
space in bunched beams. It will be based on the tomography code developed at CERN [10]. The code was applied
to the presented measurements in the SIS-18. The resulting
phase space of compressed bunch presented in Fig. 4. As
it can be seen the phase space distribution of the bunch has
small offset from the bucket center and also non-symmetric
tails distribution. The source of the distortion will be identified in future measurements.

RF CAPTURE AT LOW INTENSITIES
In addition to improving the recapture at extraction energy, the length of the compressed bunch can be improved
by choosing properly the RF manipulations in the beginning of the machine cycle. Presently, the RF amplitude
ramp and acceleration is done simultaneously. By comparing the coasting beam momentum spread at injection and
at extraction energy it was obtained that the normalized
longitudinal emittance was increased by a factor of 1.7.
This significantly increases the length of the compressed
bunch. In order to avoid the longitudinal emittance blowup along the cycle, the RF amplitude ramp and acceleration must be done in two consecutive steps. We consider
here RF amplitude ramp at constant energy. For this case
the first question is the amplitude ramping time which does
not produce the longitudinal emittance increase. The second question which will be important at higher intensities
in SIS-18 at injection energy is the influence of the longitu688

Figure 5: Comparison of the longitudinal beam profiles after RF capture in measurements and in simulations.
In Fig. 5 the longitudinal beam profile after the RF capture with 3 ms amplitude ramping time is shown as well
as longitudinal beam profile produced by simulations. In
order to define the most appropriate ramping time where
the bunch will have the shortest bunch length the measurements and simulations were done for longer ramping times.
The comparison of the measurement and simulation results
is presented in Fig. 6. The rms bunch length vs ramping
time are presented. The agreement between measurement
Beam Dynamics in High-Intensity Circular Machines
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and simulations data allows us to choose the value of the
ramping time to be 20 ms.
In order to extrapolate these results to other beam and RF
conditions the concept of the adiabaticity parameter can be
used. The adiabaticity parameter μ c for the rf amplitude
ramp can be defined as:
1
R
,
h · vm Tramp
√
dp
= 5ηβc
,
p0 rms

μc =

(2)

vm

(3)
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Table 4: Beam Parameters at Injection for Future SIS-18
Operation
Ion
Injection energy, MeV/u
Momentum spread of coasting beam
Number of particles in the ring
Σ in the captured bunch

U 28+
11.4
±5 · 10 −4
1.5 · 10 11
1.7

where R is the radius of synchrotron, h harmonic number,
η momentum compaction factor, βc is the velocity of the
synchronous particle in the laboratory frame, dp
p0 rms is the
rms momentum spread in the coasting beam in the beginning of RF capture. Using the simulations studies it was
checked that the longitudinal emittance increase depends
only on adiabaticity parameter. The proper adiabaticity parameter was obtain as 0.02. This value will be used in future machine operations in order to obtain properly ramping time for RF capture at constant energy. The recapture
ramping time at extraction energy will also be calculated
using this adiabaticity parameter value.

In Fig. 7 the captured bunch profiles from the simulations are presented. The beam parameters were taken as
in Table for the planned parameters for SIS-18 operation
with U 28+ . The amplitude ramping time for this case was
15 ms with final amplitude 5 kV in order to have bunching
factor 0.33. For comparison the simulation result without
space charge is presented. In this case the ramping time
was 15 ms with final amplitude 2 kV. The RF amplitude
in low intensity case lower since no space charge has to be
compensated in order to obtain bunch with bunching factor
0.33.

Figure 6: Comparison of the longitudinal rms bunch
lengthes after RF capture in measurements and in simulations.

Figure 7: Simulation beam profiles after RF capture with
and without the longitudinal space charge field.

RF CAPTURE IN THE PRESENCE OF
LONGITUDINAL SPACE CHARGE FIELD
In this section the effect of longitudinal space charge
field on the longitudinal emittance during RF capture at
constant energy will be discussed. Presently no significant
deviation between the measurements and the simulations
ignoring the space charge field were observed. In the future
it is planned to increase the intensity by one order of magnitude. Using simulations with longitudinal space charge
fields we observed intensity effects. The simulations were
done with U 28+ as the reference ion for the future operation in the SIS-18.
Beam Dynamics in High-Intensity Circular Machines

The simulation were done for different amplitude ramping times and different number of particles in the ring. In
Fig. 8 the simulations results are presented for the normalized longitudinal emittance after RF capture. The area
restricted by the emittance equal to 1 corresponds to the optimized RF capture, i.e. with minimum longitudinal emittance at the end of RF capture. In Fig. 8 it can be noticed
that with higher intensity the longitudinal space charge
field tends to improve the RF capture in a sense that the
RF capture can be performed faster without increase of the
longitudinal emittance.
This effect can be qualitatively explained as following.
In space charge dominated beams the relevant velocity is
not the maximum particle velocity but the coherent velocity of space charge waves c s , defined as in [13]. The value
689
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CONCLUSIONS
The present performance of the bunch compressor in the
SIS-18 is in good agreement with the expected values for
the compressed bunch. The compressed bunch length can
be further improved by tuning the rf frequency during recapture and by a proper choice of recapture scheme. Additionally, the RF amplitude ramp and RF frequency ramp
in the beginning of machine cycle should be divided in two
consecutive steps. The measurements and simulations on
the proper choice of the amplitude ramping time using linear ramp were done. Using simulation results a simple analytical model to describe the influence of longitudinal space
charge field on the RF capture was found. It was shown
that longitudinal space charge will reduce the longitudinal
emittance increase during RF capture.
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SUMMARY OF WORKING GROUP A ON
“BEAM DYNAMICS IN HIGH-INTENSITY CIRCULAR MACHINES”
G. Franchetti, GSI, Darmstadt, Germany
E. Métral, CERN, Geneva, Switzerland
Abstract
In this proceeding we summarize the presentations of
the HB2010 Workshop session on “Beam Dynamics in
High-Intensity Circular Machines” as well as the outcome
of the discussion session.

INTRODUCTION
This working group hosted 23 presentations in total,
with 22 excellent talks [1-19;21-23] and a beautiful
(revolutionary?) one [20]. Eleven speakers were coming
from Europe (5 CERN&EPFL, 4 GSI, 1 FZJ, 1 RAL),
eight from USA (1 BNL, 5 FNAL, 1 ORNL, 1 UMD) and
four from Asia (1 IHEP Beijing, 1 J-PARC, 2 KEK). We
summarize below the session and the discussion.

SUMMARY OF THE WORKING GROUP
ACTIVITY
Yoshihiro Shobuda [1]
A 3D (i.e. with finite longitudinal length) theory of a
“short” (with respect to the beam pipe radius) resistive
insert, sandwiched by perfectly conducting chambers, was
presented. It has been benchmarked against ABCI, which
was upgraded to handle a resistive material inside a
cavity. Nature tries to minimize the beam energy loss: the
entire image current runs on the thin insert (i.e. still
perfect shielding) except when the skin depth is more than
several orders of magnitude larger than the beam pipe
thickness. If the insert length is greater than the beam pipe
radius, the 2D theory (e.g. Zotter 2005, Burov-Lebedev
2002) can be used. This new theory could be applied for
instance in the CERN SPS where all (~ 200) BPMs are
electrically isolated by enamel flanges (one in each side).
Note that another 3D study was performed by GlucksternZotter 2008 (AB-Note-2008-045).

Nicolas Mounet [2]
A 2D (i.e. with infinite longitudinal length) theory for
both cylindrical and flat multi-layer chambers, for both
longitudinal and transverse impedances was presented,
extending Zotter 2005’s formalism under the assumptions
of linearity, isotropy and homogeneity, and neglecting
both the anomalous skin effect and the magnetoresistance. Matrix formalism was used (already
introduced by Ivanyan 2008 and Hahn 2010) where one
only needs to multiply N-1 (relatively) simple 4x4
matrices and invert the final result, to get the constants.
The number of layers is no longer an issue. A comparison
with other formalisms is ongoing, and the codes are
available, only the circular case at the moment, but the
flat one should come soon. The main results for the
cylindrical case are: the use of wall impedance instead of
Summary Session

resistive-wall impedance, and the introduction of a new
quadrupolar term usually considered only for asymmetric
chambers. For the flat case: the transverse quadrupolar
terms are in general not opposite in sign and generalized
Yokoya factors were obtained, which are material and
frequency-dependent.

Alexey Burov [3]
In 1955, N.G. Van Kampen found the eigen-system of
Jeans-Vlasov equation for infinite plasma. The Van
Kampen modes are the numerical solutions and the
spectrum consists of two parts: a continuous and a
discrete one (which may not exist). A.N. Lebedev first
considered eigen-modes of Jeans-Vlasov equation for
bunch longitudinal motion in 1968. This method can be
applied for an arbitrary impedance, RF shape, and beam
distribution function. It was applied here for the case of
the resistive-wall impedance, considering only the dipole
azimuthal mode m = 1. Stability areas (intensity emittance) were found for 3 RF modes (single RF system,
BS and BL modes). Two possibilities arise for the loss of
Landau damping as results of phase mixing of Van
Kampen modes of the continuous spectrum: (1) the
discrete mode is inside the bucket and in this case some
tails can help; (2) the discrete mode is outside the bucket
and there is a radical loss of Landau damping.

Elena Shaposhnikova [4]
The “peak detected Schottky” is a diagnostics tool
developed by D. Boussard and T. Linnecar, which is
used in the SPS since the late 1970s. The quadrupole line
was always believed to represent well the particle
distribution in synchrotron frequencies. A detailed
analysis revealed that ideally, for the detection of the
bunch peak amplitude, it would be very close to the
particle distribution in synchrotron frequencies. The
spectrum is similar, in revolution frequencies, to that
obtained for an un-bunched beam and much closer than
that given by the traditional longitudinal bunched-beam
Schottky spectrum. In reality, the measured peak detected
signal is proportional to an average over the bunch current
around its peak value. The difference mainly depends on
the phases over which the bunch current averaging is
performed.

Stefan Paret [5]
Deformations of the Schottky spectra and of the BTFs
were measured in SIS18 vs. intensity. An analytic model
with linear space charge for a KV distribution, i.e. a
homogeneous beam profile was employed to describe the
deformed signals: it was pointed out that linear space
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charge is different from impedance. The comparison gave
very good agreement with Schottky data. A very good
agreement with BTF data at low intensity was also
reached. However, at high intensity deviations from the
model were observed. The stability diagrams obtained
from the BTFs are shifted and shaped by space charge as
expected (with some noise at high intensity). The small
differences observed between measurements and theory
does not come from the linear space charge model as PIC
simulations confirmed it. This analysis could be done
with bunched beams but there is no solid theory at the
moment.

Slava Danilov [6]
The recipe for e-p instability mitigation: (1) electron
collection near stripper foil; (2) coating of all pieces of
VC with TiN; (3) use solenoids near the regions with high
loss; (4) clearing electrode near the stripper foil; (5) use
of electron detectors for electron accumulation study. The
1st observation of instability was done with ~ 1E14 p few
years ago and it was found that it was dominated by the ep instability. A strong dependence on the RF configuration
was revealed. A possible explanation is that the eaccumulation depends on the longitudinal distribution of
the p bunch. Two new parameters were introduced to
study better the mechanism: (1) trailing edge steepness,
and (2) integrated SEY as a function of the trailing edge
duration. The most promising case for e-p mitigation is
the sharp edge, created by the high-voltage barrier cavity.
In this case, the e- accelerated by the protons have a much
higher energy (few keV) where the SEY is smaller than 1.

Valeri Balbekov [7]
The effect of space charge on transverse instabilities
was studied under the assumptions of space charge
dominated regime (vs. the impedance of the machine) and
below mode coupling. The cases of a boxcar (Sacherer
1972, i.e. a bunch with constant linear density), parabolic
and Gaussian distributions were discussed. Space charge
almost completely controls the intra-bunch oscillations
(head-tail modes): frequency, shape, and threshold of the
possible instability, but it cannot cause the beam
instability itself. The wake field is directly responsible for
this and even if it is relatively small, it controls the beam
collective modes including the instability growth rate.
There is a rigid mode, which is not sensitive to space
charge and synchrotron oscillations for any distribution:
therefore no Landau damping takes place and it should be
avoided by chromaticity control. Landau damping
suppresses almost all intra-bunch modes if the space
charge tune shift is smaller than about the synchrotron
tune.

Vladimir Kornilov [8]
The head-tail bunch dynamics under space charge was
studied for a single-bunch, below mode coupling, in the
case of SIS100 on the injection plateau with a space
charge tune shift of ~ -0.25. The non-realistic “airbag”
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bunch of Blaskiewicz 1998 is a very useful model, as a
very good agreement with PIC codes (PATRIC and
HEADTAIL) was found using a Gaussian bunch. The
bunch form is therefore not so important, as it was also
the case without space charge (e.g. Laclare 1987). The
predictions of Landau damping by pure space charge
(Burov 2009, Balbekov 2009) are confirmed by
simulations. The Eigen-functions from simulations and
theories with Gaussian or water-bag bunches are very
similar. It seems to be the same as without space charge
(Sacherer). Above a certain space charge, the instability
growth rate saturates to a value close to the case without
space charge. This could perhaps explain why the mode
|m| = 6 was observed in the past at the CERN PS with a
very large space charge (~ -0.25). It is also seen from
simulations that increasing the intensity (i.e. space
charge), a head-tail instability can change its mode.

Sheng Wang [9]
The characteristics of RCS/CSNS are reminded: 228 m
circumference, 4 super-periods and a maximum space
charge tune shift of ~ -0.28. The injection is performed
within a long drift space and anti-correlated painting was
adopted. It was mentioned that a correlated painting is
sometimes better for high intensity to produce a beam
with constant density (as a significant beam halo could be
produced). Design benefits from the commissioning of
existing spallation neutron sources: trim Q design,
chromaticity
correction,
transverse
collimation,
momentum collimation, etc. Several space charge effects
were studied (including the Montague resonance) with
ORBIT and SIMPSONS. In the discussion it was warned
on the artifacts introduced by the use of KV distributions.
The combined effects of space charge and sextupoles
were in particular studied, as the conclusion is important
for the chromaticity correction design.

Kazuhito Ohmi [10]
The target for J-PARC is 1 MW in the RCS and
750 kW in the MR. A new code (SCTR) was developed to
perform long-term simulations: 20 ms for the RCS and 1 s
for the MR. The main results for the RCS are: the KV
distribution is broken at an early stage of the simulation;
the realistic painting process will be done in the
simulation. For the MR: 750 kW is very hard already with
the ideal lattice. There is a higher probability for 0.75Hz
(instead of 0.45 Hz) repetition rate.

Alexander Molodozhentsev [11]
Resonance-induced beam losses for the Main Ring
were studied (maximum power lost 450 W). The
computational model was made as realistic as possible: all
magnet nonlinear components and field leakage from
injection septum were included. The initial beam
distribution is fully 6D. Two studies were performed for
the MR at low and moderate power. At low power single
particle issues are explored: experimental and numerical
tune scans were made to indentify the main resonances.
The most critical was the sum resonance Qx + Qy = 43.
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The driving term of this resonance is from the feed-down
on sextupoles by deformed orbit. As an exercise, some
linear coupling was introduced by a controlled
deformation of the closed orbit in sextupoles to
compensate the machine linear coupling. At moderate
power, it was tried to find the best working point and a
good agreement between simulations and measurements
was reached.

Giuliano Franchetti [12]
Detailed simulations of emittance evolution and beam
survival of several beam conditions present a reasonable
agreement with the correspondent measurement in SIS18.
The results from these measurements are consistent with
previous findings in the CERN PS (2002-2003). It is
worth mentioning that in the CERN PS the beam
dynamics under the effect of the 4th order resonance was
studied while in SIS18 the 3rd order resonance was used
for studying the periodic resonance crossing. Numerical
analyses of the resonance-crossing regime suggest that a
scattering is most likely the process-taking place, which is
consistent with the experimental data, although the latter
do not give direct evidence of the mechanism, but only on
global observables. Could such mechanisms play an
important role in beam-beam?

Christopher Warsop [13]
Measurements and experiments on the ISIS ring were
performed in view of an ISIS injector upgrade.
Concerning the transverse dynamics, the working point
was studied and the space charge limit was simulated.
Studies of the half integer resonance in vertical plane
were made. Also the 3rd order structure resonance, maybe
due to the image charge was investigated. As concerns the
longitudinal dynamics, the evolution of the HofmannPedersen distribution was simulated. Instability
measurements in ISIS revealed that the lifetime decreases
with intensity. Storage ring mode experiments: half
integer studies. For a fixed tune the intensity was
increased and beam loss have been measured.

Tobias Baer [14]
On June 27th, 2008, a hole was made in the SPS after
the impact of a high-intensity beam (~ 3E13 p @
400 GeV/c, corresponding to ~ 2 MJ). Tune-resonance
dependence was then studied in detail. By a linear
decrease of the transverse tune, a complete beam loss can
be achieved in 3 turns (i.e. ~ 70 micros), due to a
diverging closed orbit. Note that the intensity is measured
with BPMs, as the BCT is too slow. Going faster it is
possible to cross Q = 26 with almost no loss, but with
huge oscillations. With the fastest speed it was in fact
possible to reach the super-periodic resonance Q = 24,
which is much larger than the others. For the machine
protection, a new fast position interlock is in
commissioning using 6 BPMs with new HW using
logarithmic amplifiers (large dynamic range) and turn-byturn interlock processing via FPGA.
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Brian Beaudoin [15]
The presentation reported on the status of the UMER
electron ring. The control of the ring allowed an increase
of the beam lifetime from ~ 100 turns (HB2008) to
~ 1000 turns at the time of HB2010. An experimental
study of the systematic transverse resonances and beam
survival was done. Longitudinal dynamics studies
revealed the need for confinement (otherwise the beam
structure disappears after ~ 100 turns). The next steps will
consist in optimizing the longitudinal confinement to
continue other studies, such as improvement of the
injection matching etc.

Alexei Fedotov [16]
For the search of QCD phase transition critical point, a
low-Energy RHIC requires the use of e- cooling for
luminosity upgrade. Hence space charge and beam-beam
are therefore simultaneously present for a long time
enhancing the role of high order resonances, which are
well known to be very important in colliders. The new
issue of the interplay between space charge and beambeam (usually on both sides of the injector chain) is
largely unexplored. What is the acceptable space-charge
tune shift for a long beam lifetime with collision? First
observations during APEX campaigns in 2009-2010 with
several combinations of space charge and beam-beam
strengths need to be interpreted on numerical and
theoretical bases.

K.Y. Ng [17]
A very small bunch at ALPHA (20 m e- storage ring,
under construction at Indiana University) is to be
extended to 40 ns, and a RF barrier bucket is too costly.
An alternative method is proposed: create an RF phase
modulation to generate a large chaotic region at the center
of the RF bucket. The tiny bunch is immersed into a
stochastic layer. The method requires a large modulation
amplitude so to form a large chaotic area, and that the
initial position of the tiny bunch is inside part of this
chaotic region. This is obtained by offsetting the relative
phases of 2 RF systems. The analytical-numerical method
allows finding all the parameters to reach a uniform
density bounded in phase space.

Valeri Lebedev [18]
The Tevatron average luminosity is limited by the IBS:
larger beam brightness results in faster luminosity decay.
It is impossible to make a significant improvement (~ 2
times) without beam cooling in Tevatron: 10-20% may be
still possible (with new tunes and larger intensity beams).
The Optical Stochastic Cooling (OSC) was reviewed as a
scheme to prevent luminosity decay in the Tevatron.
Zolotorev, Zholents and Mikhailichenko (1994) suggested
this idea, but it was never tested experimentally. The
principle of functioning is similar to the normal stochastic
cooling except the much larger bandwidth (~ 200 GHz):
undulators replace the PU and Kicker. The theory was
extended and it was found that the sum of the cooling
rates is proportional to the kicker-to-pickup M56
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coefficient. OSC cannot be introduced in 2-3 years, but
looks feasible in 5-6 years. For the moment an extension
of Tevatron to 2014 is discussed. Note that it should not
be useful in the LHC, which is not IBS driven (SR is
already present).

Yurij Senichev [19]
The COSY ring is operating for medium energy
experiments in the energy range 45-2500 MeV. Two
different methods were used to measure the acceptance of
the COSY ring bringing to lower acceptance. There are
two reason for that: (1) either the machine acceptance was
overestimated in the beam lifetime calculation, and the
actual machine acceptance for a cooled beam is
significantly lower; (2) the e- beam affect the p beam
stability. This last issue has been investigated in detail
especially because an e- beam can not only cool an ion
beam, but also heats it up (Reistad 1993). With a
modelization based on nonlinear e-lenses, a polynomial
approximation of the e- force is proposed. This model was
used to make the systematic study of the Dynamic
Aperture (DA) for several p beams: (1) monochromatic p
beam, (2) p beam with momentum spread and also it was
investigated the case of an e- beam off center. The
conclusion is that the e- beam is the main reason of
decreased DA in COSY.

Sergei Nagaitsev [20]
The 1st mention of using an octupole for Landau
Damping (LD) was made by Richter in 1965: in fact a
“linear” accelerator has a “non steep” Hamiltonian,
subject to instability. Presently, most accelerators rely on
both LD and feedbacks and there is always a trade-off
between LD (nonlinearities) and DA. However, another
design using “steep” Hamiltonians (i.e. very stable
system) can provide “infinite” LD (in transverse planes).
The 1st paper on the subject comes from Nikolay
Nekhoroshev in 1971. Non-linear 2D “steep”
Hamiltonians (i.e. very stable) to be implemented in an
accelerator is proposed (1st examples of completely
integrable non-linear optics!). The main issue in this
scheme is that in 2D the fields of non-linear elements are
coupled by the Laplace equation. The potentials should
satisfy Laplace equation in addition to Darboux1901’s
one. There is a current proposal to build a machine at
Fermilab (POP experiment).

Sandra Aumon [21]
The motivations of the study were: (1) to understand
the dynamics of the fast instability at transition (with ~ no
synchrotron motion) with/without gamma transition jump;
(2) improve the stability of high-intensity beams with
gamma transition jump without compromising the
longitudinal density (which is done at the moment);
(3) predict also the transverse stability of the ultimate
LHC beam. Measurements without gamma transition
jump revealed a vertical instability, which appears ~ 2 ms
after transition, with a high-frequency (~ 700 MHz)
traveling wave. HEADTAIL simulations revealed a good
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agreement with a Broad-Band model with a transverse
shunt impedance of ~ 1.4 MΩ/m. Note that in 1989
coherent tune shifts measurements revealed an impedance
of ~ 3 MΩ/m, but it was the sum of the dipolar and
quadrupolar contributions. The next step will consist in
improving the impedance model. Concerning them
measurements with gamma transition jump, the instability
appears after transition, which still needs to be
understood. The next step will consist in implementing
the gamma transition jump in the HEADTAIL simulation
code.

Oleksander Chorniy [22]
Simulations have been recently benchmarked with
measurements in SIS18. Bunch compression (performed
at top energy with 2 new ferrite cavities) and phase space
reconstruction by tomography revealed that the bunch
compression could be improved. Furthermore, it was
found that space charge does not produce longitudinal
emittance growth during the RF capture at injection
energy.

Heiko Damerau [23]
Some intensity and beam quality limitations were not
fully understood yet and improvements are required for
the ultimate beam for LHC. In the CERN PS machine,
there are 24 RF cavities from 2.8 to 200 MHz, i.e. many
potential impedance sources. The following machine
(SPS) imposes to accelerate with a fixed longitudinal
density. Coupled-bunch mode spectra during acceleration
remain the same. However, a top energy it becomes very
different. The driving impedance sources (10 MHz RF
cavities) are time dependent. The possible cures are:
(1) detuning of unused cavities; (2) add a second gap
relay to close both cavity gaps of 10 MHz cavities and
feedbacks. New coupled-bunch instabilities with a new
beam requested by the LHC (150 ns bunch spacing) are
due to the 40/80 MHz RF cavities.

DISCUSSION SESSION
How can we extract the Van Kampen modes from
Schottky measurements?
In coasting-beams one can have clear Schottky signals,
as in simulations for both coasting and bunched beams.
However, in machines with bunched beams it is almost
always impossible (as there is always some coherence).
Why/how does a head-tail mode change with intensity
(space charge)?
Some analytical formulae exist to predict instability
thresholds for particular types of impedances (narrowband or wide-band resonators for instance), but a theory is
missing when both are taken into account. The new
(semi-analytical) approach from A. Burov seems to be the
best way to go.
Instabilities should be also discussed with the
associated electronic feedbacks. There is a need to discuss
more closely with the feedback experts (noise issues etc.
responsible for emittance growth). Including a realistic
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model for the different feedbacks in simulation codes is
an interesting and challenging subject.
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WG B – BEAM DYNAMICS IN HIGH INTENSITY LINACS
A.M. Lombardi, CERN, Geneva, Switzerland
J-M. Lagniel, Ganil, Caen, France
Abstract
Loss control, emittance preservation and the
performance under the influence of machine and beam
errors are just a few topics of interest to all high intensity
Linacs in the world, both in operation and in planning.
These topics were thoroughly discussed during the
parallel sessions of Working Group B, Beam Dynamics in
High Intensity Linacs. The session hosted talks on the
general beam dynamics for future projects, talks on
comparing simulation and measurements in operational
Linacs and some more general comprehensive talks on
issues related to beam quality conservation under nonoptimal conditions. A total of 15 talks were presented.
The details of each contribution can be found in the
relevant section of these proceedings. In this paper we
report the results of the discussion and some concluding
remarks of general interest to all projects presented in the
working group.

INTRODUCTION
The talks and discussions of the “Beam dynamics in
high intensity Linacs” Working Group B can be classified
in 3 main topics. A series of 6 talks dedicated to the
general beam dynamics for future projects. These
included the European Spallation Source in Lund; the
Superconducting Proton Linac at CERN; the International
Fusion Materials Irradiation Facility with its Engineering
Validation and Engineering Design Activity (IFMIFEVEDA); PROJECT X at FermiLab; the Facility for Rare
Isotope Beam (FRIB) at Michigan State University;
SPIRAL2 at Ganil; and the Chinese Spallation Neutron
Source.
A second set of four talks was dedicated to the
comparison between simulations, measurements and
machine tunings for operation. This session included talks
from representatives of existing facilities, like JPARC in
Tokai, the Spallation Neutron Source in Oak Ridge, the

UNILAC in Darmstadt and the Soreq Applied Research
Accelerator Facility (SARAF) in Yavne, Israel.
A third session (4 talks) was dedicated to more general
beam dynamics themes, like instabilities, reliability and
other high intensity issues.

FUTURE PROJECTS
Table 1 gives a brief description of future projects
which were discussed in WG-B. As it can be seen from
the table, the variety of particles accelerated and the final
energy and power are quite diversified, yet all projects
have in common a design based on well known and
agreed standard recipes, discussed in books [1] [2] and
implemented in the most widespread computer programs
used for defining an optimised accelerator layout [3][4].
These projects have different specifications, and even
different “Linac” shapes (of particular interest is the FRIB
folded layout). The beam dynamics optimization is
strongly linked to the choice of the RF cavity technology,
to the choice of the frequencies and the location of the
frequency jumps, the choice of the type of radial focusing
period (FODO, FDO…) and the length of the focusing
period.
Notwithstanding all these differences and peculiarities,
the design philosophy is the same for all the projects,
namely: a zero-current phase advance per period below
90° to avoid structure resonances, a smooth phase
advance per unit length to avoid mismatches and, tunes
chosen to avoid the radial - longitudinal coupling
resonances in order to prevent emittance exchanges.
A typical behaviour of the phase advance per period,
the phase advance per meter and the ratio of the
longitudinal to transverse tune are illustrated in Fig. 1,
taking as example the CERN SPL. Such choices
guarantee a dynamics that is resonance free, a minimum
emittance increase and a reduced sensitivity to errors.

Table 1: Main Parameters of the Future Project Presented in the Working Group

Particle
Power(MW)
Energy(GeV)
Peak
current(mA)
Duty cycle
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ESS

SPL

p
5
2.5
50

H4
5
64

IFMIFEVEDA
D
5-1.1
0.040-0.009
125

4%
Long pulse
operation

2%
High rep rate
(50Hz)

CW
Space charge
dominated

PROJ-X

FRIB

SPIRAL2

H3
3
1

All! Up to U
0.4
0.200/u
2

p,D, A/q=3
0.2
0.040 (D)
1-5

CW
Low current

CW
Simultaneous
acceleration of
up to 5 charges

CW
Upgrade A/q=6

Summary Session

Proceedings of HB2010, Morschach, Switzerland

FROP02

Figure 2: Comparison of the design and operational
(production and production smoothed) quadrupole
gradients for the SNS. The optimised operational values
are about 2/3 of the nominal.

SNS, JPARC, UNILAC and SARAF Operational
Experience

Figure 1: From top to bottom. Phase advance at zero
current (deg), phase advance per meter at the nominal
current and ratio of the transverse and longitudinal tunes
for the CERN SPL (0.160 to 5 GeV). .

LINAC TUNINGS FOR OPERATION
In existing accelerator, the Linac tunings which
operationally give the best performance and minimize the
losses are often far from the design values.
A good example comes from SNS: the operating
parameters of the quadrupoles in the SCL which minimize
the losses are very different from the design parameters
(Fig 2). A comprehensive explanation of this discrepancy
is not found yet, although hints point at the phenomenon
of H- intrabeam-stripping discussed later.
It must be also pointed out that the beam dynamics
team of IFMIF EVEDA reported the results of statistical
studies aimed at reducing the beam losses. These studies
showed that a Linac with radial and transverse tunes in
the parameteric resonances region is less sensitive to
losses of halo particles. The IFMIF-EVEDA Linac is
strongly space charge dominated and it seems that an
emittance increase (core particles) can be favourable to
reduce losses (halo particles).
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At SNS a good agreement is found between the
dynamics of the centre of the beam and the results of the
simulations. These include the orbit and the average phase
and energy. As far as the envelope is concerned a good
agreement is found between measurements and
calculations up to the CCL and less good in the SCL
itself. In the SCL region the machine fine tuning is done
with Beam Loss Monitors and it is found that scrapers in
the MEBT also reduce the losses all along the Linac. A
longitudinal mismatch in the CCL is measured and
reproduced by simulation (is this cause of halo
formation?)
At JPARC an excessive emittance growth is observed
in the DTL, but not in the SDTL, whereas halo formation
seems to happen in the SDTL but not in the DTL. At
JPARC beam dynamics simulations with the code
IMPACT were very useful tools to understand these
phenomena. It appears that longitudinal mismatches can
be detected using radial profile monitors because of the
radial – longitudinal couplings via space charge and RF
defocusing.
At UNILAC a very good agreement is found between
experimental observations and the DYNAMION
simulations, the laboratory just went through a campaign
of optimization of the existing set-up with focus on the
matching to the RFQ. The removal of the known injector
bottleneck happened in two steps : RFQ re-machining and
then RFQ redesign in 2009. End-to-end simulations were
a necessary tool to drive all the improvements.
At SARAF the tuning of the RFQ was done by
comparison of measurements, electromagnetic field
calculations and beam dynamics (code TRACK).

H- Intrabeam-Stripping
The phenomenon of intrabeam-stripping was not
considered so far in all the loss pattern calculations.
The cross section was measured by M. Chanel et al, in
LEAR in 1987 [7] and recalculated recently from electron
detachment data available at BNL. This unaccounted for
stripping of H- might be the explanation for the high
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energy losses in SNS and it might be the explanation of
the difference between empirically optimized settings and
theoretical settings (quadrupole field reduction for a
larger beam). To validate this explanation a short
experiment will be run at the end of the year at the SNS:
the source will be changed and protons will be run
through the accelerator and the beam loss pattern
recorded.

Other Points on Matching and Transfer
The importance of careful simulation of transition and
matching lines, where the emittance and halo degradation
are most at risk was highlighted by almost all the
speakers. The low energy lines are the most sensitive to
mismatch and mistune and emittance growth up to 96%
depending on solenoid settings in the LEBT line were
reported. In general simulations including error studies
are important when dealing with high power beam in
transfer lines. The identification of the highest loss
location is very important for any future operation of high
intensity beam.

EMITTANCE, HALO AND BEAM LOSSES
Based on operational experience and on multiparticle
simulation it is now understood that the dynamics of the
core and dynamics of the halo are different. In fact, halo
particles experience almost zero-current phase advances
whereas the core particles experience the full current.
Operational experience hints that in some cases it is better
to accept (some) emittance increase but to control the
losses.
The standard Linac recipe is relevant for the core of the
beam and probably to avoid halo formation but it is not
applicable to the halo that already pre-exist in the beam,
i.e. coming from the source and/or the RFQ. As a
supporting evidence one can take the SNS where the
introduction of scrapers at low energy reduces losses all
along the Linac.
As a consequence, more information is needed on the
input particle distribution. How to measure the beam
distribution (including tails and correlation) out of the
source and/or out of the RFQ is not straightforward. The
problems are the very small space available at the low
energies and the complication of a diagnostic tool with a
very broad dynamic range. The difference between the
operational and the theoretical settings is probably due to
the fact that the loss pattern dependence on the beam
input particle distribution (tail) is probably more than we
have assumed so far.
The computing codes, as of today, agree on the r.m.s.
values, sometimes also on the 99% envelope but seem to
disagree on the halo. This statement needs verification
and the question was raised whether the real fields
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(including errors) in the computer codes are described
accurately enough to predict to the level of 10-6 ? The
dynamics of the halo could be mastered if sufficient
information on the input 6D beam distribution was
available. This is beyond the reach of standard diagnostics
tool implemented in existing machines.
Theoretical evidence has been shown that space charge
non-linearities, depending on the beam input
distributions, can cause emittance growth and halo
formation and that some specific error distributions can
induce resonant amplitude build up. Theoretical model of
an inhomogeneous beam shows that mismatch can delay
disruption due to break-up modes.
An interesting topic, not much explored so far, is the
importance of higher order harmonics: it has been shown
that octupole components of the beam self field and
dodecapole components in the quadrupoles might reduce
the acceptance of the machine.
In general halo formation is not necessarily
accompanied by emittance growth and vice-versa, halo is
difficult to detect also in simulations, therefore a
quantification of halo by halo parameter is a quality factor
for a given machine design. Finally the halo is acceptable
at low energy (limit of 100 W/m is acceptable at energies
below few MeV) but it must be collimated out before
acceleration to high energies.

CONCLUSIONS
More information on the input beam distribution is
needed to better predict loss patterns. In absence of such
information the use of scrapers at low energy (before and
after the RFQ) can mitigate the losses at high energy. This
is an indication that a good fraction of the halo is present
in the beam before the DTL.
The standard recipes shall remain as guidelines for the
Linac design but need to be adjusted to give more weight
to halo formation and loss control in addition to emittance
growth.
Intrabeam stripping studies should be further pursued
and included in the design codes.
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SUMMARY OF THE WORKING GROUP ON ACCELERATOR SYSTEM
DESIGN, INJECTION, AND EXTRACTION
D.E. Johnson*, FNAL, Batavia, IL, USA
S. Cousineau, ORNL, Oak Ridge, TN, USA
Abstract
We review the presentations and discussions of the
Accelerator System Design, Injection and Extraction
working group at the 46th ICFA Advanced Beam
Dynamics Workshop on High-Intensity and HighBrightness Hadron Beams.

INTRODUCTION
The working group heard eight oral presentations in
two sessions and saw seven posters presented. The first
oral session focused on injection and extraction
technologies while the second oral session focused on
commissioning and accelerator facility designs. The
working group had a discussion session between the two
sessions. The presentations can be grouped into four
major classifications: New Concepts, Technology, and
Component Designs; Commissioning Efforts; New
Facility Design or Upgrades; and Status of Operational
Facilities.
We present a brief summary of each
presentation and make a few remarks on the working
group perspectives.

NEW CONCEPTS, TECHNOLOGY, AND
COMPONENT DESIGNS
D. Trbojevic:
Non-Scaling
FFAG
and
their
Applications
The basic concepts of the non-scaling FFAG (NSFFAG) were discussed. As compared to traditional
FODO lattices, the non-scaling FFAG’s have very strong
focusing and hence small dispersion values and beam size
which leads to small magnets. The application of the NSFFAG lattice design were discussed in terms of how
many turns or passes the particles traversed the lattice,
from one turn (i.e. medical gantries), to a few turns (i.e.
muon acceleration or pion storage rings), to many turns
(i.e. accelerator for proton cancer treatment).
O. Heid: Compact Solid State Direct Drive RF Linac:
First Results
Silicon Carbide (SiC) JFET RF transistors are a key
enabling technology utilized in the design and
construction of a solid-state direct drive linear induction
particle accelerator concept. The presentation describes
experimental results of a lower power test for prototype of
a direct drive l/4 cavity with a power rating of 1 MW at
150 Mhz. This approach could lead to a substantial
decrease in RF power costs for future facilities.
___________________________________________

#
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Y. Liu: Advancements in Laser Technology and
Applications to Accelerators
Yun presented a brief review of recent technology
advancements in ultra-high intensity pulsed lasers, laser
array beam combination, and power enhancement optical
cavities. Applications to accelerators include: laser based
diagnostics, photo injectors, laser assisted injection
stripping, inverse Compton scattering, laser wakefield
plasma acceleration and laser driven ion accelerator.
Although many of these applications have been made
feasible due to the rapid advancement in laser technology
over the last decade, additional R&D is required to
achieve the required, laser power and pulse length and
repetition rate for many of these applications.
D. Fernandez-Cañoto: Electrode Design of the Bilbao
Accelerator proton Extraction System
A design study of the extraction system for the ESSBilbao ion source is presented with the aim of obtaining
an electrode system capable of extracting, accelerating,
and delivering a high quality proton beam from the
plasma chamber to the LEBT. The system must be
capable of delivering beam with a 0.2 π-mm-mr emittance
to the LEBT to produce acceptable matching to the RFQ.
They included detailed discussion of two electrode system
geometries and beam dynamics associated with each.
B. Goddard: Considerations on a New Fast Extraction
Kicker Concept for SPS
A new 450 GeV/c extraction kicker concept for the SPS
which could potentially reduce the beam coupling
impedance is introduced. The scheme consists of a c-type
kicker magnet with a reduced vertical aperture such that
the injected beam is outside the kicker gap and only
moved within the gap just prior to extraction. The kicker
is excited only from the back leg. The kicker aperture and
required magnet and power supply parameters are
discussed. The implications on the coupling impedance
have been investigated and plans for more extensive beam
dynamics simulations were outlined. Additionally, the
impact of the new kicker on the lattice and closed orbit
control as well as other systems was presented. It was
concluded that this concept looks feasible on paper and a
list follow-up studies was outlined.
T. Yokoi: Beam Extraction of PAMELA non-scaling
FFAG
One of the major design challenges for the design of a
variable energy NS-FFAG medical accelerator is that of
beam extraction and matching into the gantry. This paper
describes a vertical extraction scheme utilizing a
superconducting combined function septum. This,
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coupled with a FFAG transport allows for a wide range of
momentums without changing the setting of the transport
line. The potential for energy-variable resonant extraction
was also discussed.

COMMISSIONING EFFORTS
B. Muratori: Injection and Extraction for the EMMA
NS-FFAG
EMMA is being commissioned to demonstrate the
world’s first operation of a non-scaling FFAG (nsFFAG). Two of the most challenging aspects of the
design are injection and extraction due to the severe pulse
shape constraints on the pulsed injection devices. The
initial design supported a one-turn injection scheme, but
long injection kicker fall times required the adoption of
multi-turn injection. This was extensively modelled along
with detailed pulsed magnet field measurements. Results
of commissioning efforts were presented.

NEW FACILITY DESIGN OR UPGRADES
C. Bracco: Injection Painting and Associated
Hardware for 160 MeV PSB H- Injection
With the implementation of increasing the injection
energy into the PS Booster from 50 MeV to 160 MeV, the
introduction of H- multi-turn injection with phase space
painting will reduce space charge effects and allow
increased beam intensity. The impacts of two painting
magnet waveforms were addressed for both high and low
intensity injection. It was concluded that a bump with an
early exponential decay wave would be preferable.
Magnet and waveform parameters have been determined
for 2 out of the dozen or so beam scenarios. Additional
design studies are planned.
W. Bartmann: Feasibility of 2 GeV Injection into the
CERN PS
The feasibility of 2 GeV proton injection into the PS
and potential solutions are discussed. The existing
injection at 1.4 GeV is discussed and injection constraints
with regard to lattice and hardware are examined. Two
different straight sections are evaluated and one seems
clearly the more optimum straight section. This option
would require modification of existing hardware and a
new septum magnet. It was suggested that modifications
to existing transport line be studied to provide better
optical matching and a reduction of losses.
J. Jang: Design Status of the PEFP RCS
A design study for the addition of a rapid cycling
synchrotron (RCS) to the existing 100 MeV proton linac
was presented. The main purpose for the RCS would be to
add a spallation neutron facility to the PEFP accelerator
complex located in Gyeongju City, Korea. The initial
beam power is 60 kW for a top beam energy of 1 GeV.
The design is being developed so that the injection and
extraction energy as well as the repetition rate may be
upgraded for an ultimate beam power of 500 kW. The
ring layout and lattice are discussed as well as the multiturn injection process and longitudinal dynamics. First
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and second order correction schemes are discussed as
well.
V. Nagaslaev: Third Integer Resonance Slow
Extraction Scheme for a Mu2e Experiment at
Fermilab
A resonant extraction scheme from the existing
Fermilab Antiproton Debuncher ring to provide the
required beam intensity and structure for the proposed
Muon to electron conversion (Mu2e) experiment was
presented. This consisted of third order resonant
extraction with the utilization of RF knockout concept to
heat small amplitude particles and assist the extraction
process. Simulations of the process including analytical
predictions and tracking studies were presented. Initial
results show that this concept can aid the control of the
spill with feedback and help keep losses on the extraction
septa at reasonable levels.
D. Johnson: Project X H- Injection Design History and
Challenges
The evolution of the Fermilab Project X configuration
was presented along with the design challenges for the
injection system. The Project currently utilizes a low
average current CW linac along with a pulsed high energy
linac (8 GeV final energy) to inject into the existing
Recycler or Main Injector synchrotrons. The low current
and long injection times imply a new set of issues as
compared to high linac current and short injection times.
Issues of foil temperature and beam loss related to foil
charge exchange technique were discussed. The prospect
of laser assisted stripping was assessed in terms of Hbeam requirements and laser requirements. Potential laser
system configurations were reviewed.

OPERATIONAL FACILITIES
P. Saha: Operational Experience with J-PARC
Injection and Extraction Systems
The Japan Proton Accelerator Research Complex is the
latest high proton intensity facility to become operational.
They reported on commissioning activities at the last
HB2008 workshop. This presentation concentrated on the
RCS and Main Ring operational parameters and
experience, systematic beam study results, and plans for
identified improvements to allow further increase in beam
intensity and quality. Several issues were addressed in
detail such as foil lifetime, foil scattering and losses,
leakage field from the extraction DC magnets, RCS
extraction kicker issues, and extraction issued from the
Main Ring (both fast and slow extraction). It was noted
that the foil injection system is the most complicated
component. It has performed satisfactorily and many
systematic studies have lead to increased understanding,
although there are still issues that will need to be
addressed to increase power to design levels. Another
issue, briefly discussed was that of the Main Ring
resonant extraction spill duty factor. It was noted that it
was significantly lower than expected during early
operation. It has been improved to nearly 12%, however
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additional studies and improvements are planned to
further increase the duty factor. Modifications already
installed and those planned for the future were discussed.
M. Plum: SNS Injection Foil Experience
The Spallation Neutron Source has been in formal
operation since 2006 and has been increasing in beam
power to 1 MW. The speaker reported on stripper foil
issues and their resolution which allowed the facility to
reach the MW beam power. It was reiterated that with
MW proton beam power there is kW of electron beam
power that must be properly handled. A detailed
description of the foil itself, its foil bracket mounting
system, and the impact of locating the foil system inside
the end field region of one of the injection chicane
magnets was presented. Most of the foil related issues
observed while increasing the beam power past 850 kW,
was traced the handling of the convoy electrons, and
charge build up on the foil due to secondary electron and
thermionic emission. Once these issues were understood,
modifications to the foil itself and the foil mounting
system were implemented which allowed a single foil to
be utilized for the entire Spring 2010 run accumulating
7359 Coulombs delivered to the target. It was finally
pointed out that this is only about 60% of the design
integrated charge to the target and plans to double beam
power will place even higher demands on the stripper foil.
S. Cousineau: A Tale of Two Electrons
A more detailed analysis of the reflected convoy
electron trajectories and their impact on the foil bracket
was presented. Results of a 3D computational study that
explored the dynamics of the foil stripped and uncaught
electrons were summarized. Based upon the geometry of
the system, the convoy electrons are guided to the bottom
of the aperture with a gyro radius of ~12 to impact a
carbon electron catcher. For electrons which are not
caught in the design fashion by the catcher, MCNPX
studies showed a 40 % reflection probability which means
some electrons would be reflected back up toward the foil
and foil bracket assembly. Results of the simulations were
compared with damage locations on the foil bracket
assembly and all damage locations corresponded to
impact spots identified in the simulation, thus confirming
the hypothesis that the observed hardware damage was
tied to uncaught electrons from the injection process.

WORKING GROUP PROSPECTIVES
Since the discussion period followed the first oral
session much of the discussion focused on operational
facilities, the problems encountered, and ways to mitigate
the problems for future facilities. This discussion period
should be viewed as “lessons learned” for those designing
future facilities.
Although there were specific component issues at each
of the facilities during commissioning and initial
operation, such as kicker rise times, leakage fields from
septa, thyratron lifetimes, the major issues that affected
both facilities were related to foil injection systems and
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uncontrolled losses in the injection region and injection
dump line.
Both SNS and JPARC noted issues with foil injection
although the sources of the issues were different. At SNS,
the reflected convoy electrons interacted with the foil
bracket assembly thus causing the failure of the bracket
assembly. Modifications to the foil mounting bracket
helped manage the problem. In addition, SNS uses a
diamond foil with a high resistivity which allowed charge
build up and vacuum break down. Doping the diamond
foil with boron increase the electrical conductivity thus
reducing the charge build up. At JPARC the uncontrolled
beam loss due to nuclear scattering was “the most
considerable issue” as evidenced by two specific loss
points downstream of the injection foil. Simulations
performed were able to reproduce the loss pattern
indicating that the loss points were due to parasitic beam
hits of the circulating and the magnitude was proportional
to the number of hits and inversely proportional to the
final painted emittance. Several mitigation steps have
been planned or installed including a reduction in vertical
foil size and a collimation system.
Neither facility reported foil lifetime issues due to foil
heating. Each facility reported the use of a single foil for
extended periods of time, where JPARC has used a single
foil with beam powers of 120 kW for a year and SNS
reports their latest foil lasted a complete 18 week
production period at a beam power of nearly 1 MW.
Although both facilities are trying to measure foil
temperature, neither facility has a good foil temperature
measurement. One of the resounding comments of the
working group was that it is important to have an accurate
foil temperature measurement to compare with
calculations. This is an ongoing effort.
The design of the waste beam dump lines was another
topic of discussion. SNS had considerable problems with
transporting different species of waste beam leading to
high losses. This required several modifications to the
dump line to bring losses down to acceptable limits.
JPARC has not yet seen any issues with the dump line
design and they have developed a measurement of the
beam intensity through the dump line which is consistent
with the predictions on the amount of H0 produced by the
stripping foil.
The take away comments from the working group can
be summarized in the following few statements.
• Despite detailed design work, both machines
suffered problems in the injection areas.
• Radiation levels are the highest in the injections
areas, as expected.
• The amount of manpower and monetary resources
that were dedicated to addressing injection region
issues after the start of operations was not
anticipated.
• In order to reach even higher injected beam powers
we need to validate foil models with actual foil
temperature measurements so we can rely on the
models for foil lifetime limits.
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• For higher power beams, the waste beams contain a
significant amount of beam power where beam loss
in the dump line can become a significant issue.
They will need to receive significant attention to
detail during the design stages.
• Handling of stripped electrons is important and
needs detailed attention during the design stage. This
illustrates the importance of accurate 3D modelling
with the best field maps of the magnets in the
injection region.
• As injected beam powers and energies or the
injection time becomes longer serious consideration
of alternatives to the standard stationary foil
stripping injection systems such as laser assisted
stripping or alternative material and geometries
should be made.
• Finally for injection energies in the GeV range and
above laser technologies have advanced to the point
where laser stripping systems have become a serious
contender as the primary method of H- multi-turn
injection stripping. Continued R&D should seriously
be pursued to make laser assisted stripping a reality.

702

Summary Session

Proceedings of HB2010, Morschach, Switzerland

FROP04

SUMMARY OF THE COMMISSIONING, OPERATIONS AND
PERFORMANCE WORKING GROUP OF THE HB-2010 WORKSHOP
J. Galambos, SNS, Oak Ridge, TN, USA
H. Hotchi, J-PARC, Naka, Japan
A. Mezger, PSI, Villigen, Switzerland
Abstract
As hadron machines approach higher beam intensity
and operational power levels, issues such as machine
activation caused by beam loss, machine protection and
machine availability become more critical concerns. The
operational experience of the high power, high intensity
facilities in these areas is compared.

INTRODUCTION
This working group covered commissioning and
operational developments of high intensity hadron
devices. On the commissioning front, the primary
development was the initial operation of the Large
Hadron Collider (LHC), with unprecedented beam energy
and stored energy concerns. On the operational front, high
power operation is a common theme, with mega-Watt
beam operation at the PSI and SNS facilities, and
operation at the 100’s kW level at LANSCE, ISIS, JPARC and FNAL. The high energy frontier at LHC faces
unique challenges in machine protection issues, with the
complex collimation schemes working well over the
course of the commissioning. The high power facilities
also have concerns with machine protection, as well as
residual activation from uncontrolled beam loss, and
machine reliability. The experience of the major facilities
in these areas is summarized below. Details of each of the
session contributions are presented in the individual
papers. In this summary, we concentrate rather on the
common themes.

COMMISSIONING
The Large Hadron Collider at CERN commissioned
beam over the past year. Preparations have provided a
smooth start for commissioning and initial operation.
Beams were circulating within 6 hours, initial collisions
within three days, and stable collisions in about two
weeks. The initial commissioning was done with low
intensity beam, to accommodate setup of the machine
protection and collimation systems, with no beam
crossing. At the time of the workshop 150 bunches (10
MJ) had been accumulated, and 400 bunches (30 MJ) are
expected by year’s end. This is to be compared to a design
of 360 MJ stored energy. To date the protective measures
are working well and no magnet quenches from beam loss
have occurred. The average store time is 8 hrs. An
unexpected observation is occasional unexpected fast
local beam loss events, possibly caused by from beam
scattering. These events are not well understood yet.
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LHC Collimation
A key component of LHC operation at unprecedented
stored energy levels is a complex collimation system
designed to protect the beamline devices (e.g. prevent
superconducting magnet system from quenching). The
collimation configuration process is empirically
determined for a given beam setup, with complex preprogrammed algorithms following the beam through the
ramp stages. Many interlocks are required to assure the
machine protection (order 104). The collimation setup
time requires about one week, but this is not expected to
hinder LHC progress. The present setup was used for
about three months. Repeatability of the collimation
position control is critical, with tolerances on the order of
only 10 μm. Of interest is certainly the fact that the
measured collimation efficiency is close to the calculated
predictions.

HIGH POWER FACILITIES
In contrast to the LHC colliding stored beam facility,
high power accelerator facilities have much lower
instantaneous stored beam energy. However the high
power facilities continuously accelerate beam and have
higher peak and average beam powers. Concerns for high
power facilities include protecting equipment from
sudden damage caused by errant conditions in which
beam hits equipment, protection against excessive buildup of residual activation, and protection of the
environment (e.g. ground-water contamination). Also
many high power facilities are user facilities, with high
reliability expectations. Machine availability and
operational aspects are discussed.

Machine Protection Systems
There are many commonalities amongst the protection
systems that have evolved in the high power accelerator
community. All facilities have some sort of “tune-up”
machine protection system. This sort of configuration
allows beam operation with higher fractional beam loss
than would be permitted in full power mode, yet restricts
the beam operation to a lower power mode (such as
reduced current, pulse length and/or repetition rate). This
mode of operation is useful for beam studies, and critical
for initial beam commissioning. Also, all facilities
employ redundant beam shut-off mechanisms to ensure
shutting of the beam even in the case of a failure of one of
the mechanisms. Another commonality of machine
protection systems is some sort of by-pass control
mechanism. Systems are never perfect, and sometimes
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inputs to thee system prooduce false signals (e.g. ffaulty
beam loss ddetection, failiing coolant fllow signal). O
Often
when there are redundaant inputs for
f
a given fault
conditions it is possible too temporarily bypass one ssignal
and continuee running. Thhe degree of formality in these
bypass system
ms varies greaatly from faciility to facilityy. The
LHC system
m has a quite strong level of control, w
with a
data-base system, and siggnatures are reequired beforre bypass can be ppermitted.
The inputts to the maachine protecction systemss are
typically fasst inputs (beeam loss mo
onitors, collim
mator
currents annd in somee facilities power suppplies,
transmission monitors, andd acceleration
n devices) andd slow
inputs (maagnet currennts, equipmeent and cooolant
temperaturess, and flow raates). Quantitties of inputs vary
from hundreeds of inputs to ~104 inputs for LHC , and
careful manaagement and display softw
ware is requirred to
monitor the status of inpuuts, bypasses, etc. Also, at SNS,
the importannce of overalll periodic sy
ystem testingg was
noted, to m
measure uneexpected over-all perform
mance
degradationss (e.g. beam tuurn-off times)) from increm
mental
changes inn sub-system
m components (e.g. noise
suppression iin communicaation networkss).
The beam shut-off respoonse time crittera vary from
m ~ 110 ms for thhe CW machhines (PSI) to
o ~ 10 μs foor the
pulsed machhines (e.g. LAN
NSCE, J-PAR
RC and SNS).. This
separation off time-scales can
c be understood by exam
mining
the timescalees for materiaal damage, fo
or a given avverage
beam currentt. Figure 1 shoows the time for a 100 degr
gree C
temperature rise in Aluminium exposed
d to a proton bbeam
with differeent energy annd current (ignoring
(
all heat
dissipation). The situationn is most criitical at low bbeam
energy (< 100 MeV). For beam currents typical forr high
power pulsedd machines (ee.g. 10-100 mA),
m
the time--scale
is ~ 10-100 μs. For beam
m currents mo
ore typical off high
power CW ddevices (e.g. 1 mA) the tim
me-scale is closser to
1-10 ms.

Figure 1. Tim
me for a 100-ddegree C temp
perature rise iin Al,
exposed to a proton beam of various eneergy and curreent.
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So
ome facilities employ a dual layerr beam losss
proteection system
m: a fast llayer to preevent suddenn
equip
pment damag
ge from errantt beam, and a slower layerr
to prrevent excessiive residual aactivation dam
mage. The fastt
systeem is hardw
ware based annd protects from suddenn
destrructive beam loss situationns. The beam loss
l
detectionn
systeem threshold for this sort oof damage can
n be relativelyy
high
h, since beam
m loss moniitoring system
ms are quitee
effecctive at detecting quite low
w fractional losses, whichh
may not cause immediate damage. However, thesee
he very smalll
systeems are not optimal for ccontrolling th
perm
missible fractio
onal beam losss acceptable at
a high powerr
operration with reespect to resiidual activatio
on. Loweringg
the fast
f hardware trip level to control residu
ual activationn
build
d-up can resu
ult in excessivve noise indu
uced nuisancee
trips. Slower in
ntegration syystems (such as softwaree
systeems or implem
mented in thee electronics firmware)
f
cann
be used
u
to provid
de an averageed value moree amenable too
mon
nitoring very sm
mall fractionaal beam loss leevels.
Finally we no
ote that the high power acceleratorr
mach
hine protectio
on systems ttend to havee faster timee
respo
onses than co
ommercially aavailable systeems, or thosee
used
d in the nucleaar industry. Thhus the accelerrator machinee
proteection systemss are developeed in-house an
nd are one-of-a-kin
nd systems.

Residual Activa
ation
A primary element in opperation of high powerr
accelerator facilitiies is control of the equipm
ment residuall
activ
vation. Excesssive residual aactivation leveels complicatee
the maintenance
m
and repair acctivities, with
h measureablee
effecct of reliability and hours oof operation. Machines aree
able to operate with residual aactivation leveels up to 1-100
g. injection orr
μSv//hr at 30 cm, at high loss locations (e.g
extraaction regionss of Rings). SSome facilities have higherr
activ
vation levels in
i regions of controlled beeam loss (e.g..
collimation or beam dumps).. These high
her activationn
locattions require special provissions for repaair work suchh
as sp
pecialized shieelding and toooling. The J-P
PARC facilityy
has lower activation levels than other high powerr
facilities, but is stiill in the earlyy stages of it’ss power ramp-up (ii.e. beam pow
wer and hours oof operation).
Op
perating a hig
gh power faciility results in
n annual workk
forcee exposure do
oses of 10’s off mSv. For ex
xample, recentt
annu
ual experiencee at SNS was 220 mSv, LAN
NSCE 50 mSv,,
J-PA
ARC-5 mSv, FNAL 30 mSvv and PSI 47 mSv
m .
Models
M
are used successfu
fully to pred
dict expectedd
resid
dual activation
n levels for a prescribed beeam loss (e.g.,,
see papers from
m working ggroup on Beam-Material
B
l
Interractions in th
hese proceediings). The models
m
rangee
from
m simple sccalings to complex sim
mulations off
beam
m/material in
nteractions. Itt is important to modell
expeected activatio
on levels durring design stage
s
of highh
inten
nsity machines, when mitiggation action is
i more easilyy
possible. Mature facilities cann accurately predict post-operrational resid
dual activatioon levels baased on pastt
expeerience. Even
n in initial ppower-ramp-up
p stages, thee
activ
vation levels can
c be reasonaably predicted
d with modestt
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increments in power levels (10s of percent), based on
beam loss measurements.

Availability
Beam availability is defined as the time beam is
provided divided by the planned beam-on time. Typically
availability is reported for periods of ~ one year, to avoid
influences of singular long down time events and to
accurately capture a statistically meaningful period. Some
recent annual machine availabilities are SNS – 86%, PSI85 to 90%, ISIS – 88% (average 1998-2008),
LANSCE/Lujan centre – 85%, FNAL – 95% (Main Ring
only), and J-PARC – 92% (annual average not available
for J-PARC, this is for 5 recent runs). It is quite difficult
to exceed 90% availability for extended periods with high
power machines, and also operate more than 5000
hours/year. PSI and ISIS have approached this level, but
no high power facilities have been able to maintain > 90%
availability for any extended period of years. All facilities
tend to have lower availability at the start of extended run
periods and the consensus is that longer runs with fewer
scheduled extended maintenance periods are preferable, if
possible.
Another operational consideration is the time to restore
a well tuned high power beam after an extended outage.
Typical start-up periods are SNS: ~ 1 week, LANSCE: ~
3-4 weeks, PSI: ~ 2 weeks, FNAL: 2-3 days, ISIS: ~ 1
week per month of down-time.
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Loss Tuning
A final mention is needed on the subject of loss tuning.
For high power, high intensity machines, beam loss is a
primary driver in machine setup, and often a limitation on
the attainable power. It is common among the high power
facilities to do “loss based tuning”. This is a description
of adjusting magnet, and RF settings to empirically
reduce the beam loss. Typically, model based methods are
initially used to configure the machine setup, at lower
power levels. Then loss based empirical tuning is
employed to reach levels deemed suitable for high power
operations. The reasons these typically slight adjustments
help reduce beam loss are not fully understood, but given
the very small fractional beam losses being affected (10-4
to 10-6), this is perhaps not surprising.
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Operational Hours
The number of hours these machines operate in a
production mode annually varies widely, and often is
funding limited. As examples, the past year PSI operated
5600 hrs (64% of the year), SNS operated 4900 hours
(56% of the year) and LANSCE/Lujan operated 3300
hours (funding limited). For the case of SNS, the
remaining fraction of the year was spent in maintenance
and upgrades (30%), beam studies and monthly
maintenance (10%) and start-up (3%).
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WORKING GROUP SUMMARY: COMPUTATIONAL CHALLENGES IN
HIGH-INTENSITY LINACS, RINGS INCLUDING FFAGS AND
CYCLOTRONS∗
G. Pöplau† , Rostock University, Rostock, Germany
Abstract
The design and operation of accelerators with high intensity and high brightness hadron beams make high demands on computational tools. The increase of the intensity of hadron beams requires a more precise investigation
of the beam dynamics, the study of further phenomena and
the investigation of additional design issues. Thus, more
sophisticated physical models are implemented into computer codes, which often causes time-consuming numerical calculations. Hence, this process is accompanied by
the development and the application of efficient numerical
methods.

INTRODUCTION
What are the computational challenges in high-intensity
linacs and rings? Y. Luo and W. Fischer expressed it for
RHIC in their paper [1] like this: ”The challenge in the
lifetime and emittance calculation is to obtain meaningful
physics results with limited computing resources and computing time.” Certainly, this statement can be generalized to
the computational effort for high-brightness high-intensity
hadron beams presented within this working group.
Altogether, ten talks and two posters were contributed
from working group E to the workshop. During the sessions a great variety of challenges were discussed. Although the computational challenges are often very specific
for a certain machine the following list gives an overview
about the topics that were addressed.
• Inclusion of more physical phenomena, improved
models and appropriate models into the simulation
tools for more precise calculations.
• Application and development of appropriate numerical methods.
• Utilization of new hardware.
• Efficient development of simulation software.
• Comparison of simulations and measurements.

ADDITIONAL PHYSICAL MODELS,
IMPROVED MODELS
New ideas and new concepts for high-intensity, highbrightness hadron beams require a precise as possible numerical prediction of the included beam dynamics. In [2]
∗ Work
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and [1] challenging issues for the beam-beam interaction
simulations are discussed for eRHIC and RHIC, respectively. For the simulation of the effects of beam-beam collision in eRHIC the code EPIC has been developed in order
to meet the special needs of the linac-ring configuration. It
includes many physical effects like electron beam disruption, electron beam pinch, the kink instability of the proton
bunch, the effect of fluctuating electron beam parameters
on the proton beam [2]. The concept of the collision with
a low energy electron beam for compensation of protonproton beam-beam effects is investigated in [1]. The related
simulations require multi-particle and million turn tracking
for the calculation of the proton beam lifetime and emittance growth. Here, new approaches for the reduction of
statistical errors are necessary.
The OPAL library was applied and extended for simulations of the upgrade plans of the PSI high power proton
cyclotron facility [3, 4]. Here, a model for the efficient
calculation of particle matter interaction is developed in order to simulate the collimator systems together with space
charge [3]. Furthermore, for the study of multipacting and
dark current phenomena a field emission and secondary
emission model is implemented in OPAL. Since OPAL can
handle complex geometric surfaces an efficient strategy for
the calculation of the particle boundary collision is developed [4].

APPROPRIATE NUMERICAL METHODS
More precise simulations often require more sophisticated numerical methods such that these simulations can
be performed efficiently and don’t become too time consuming. Especially efficient methods for space charge calculations play an important role.
Often efficient numerical algorithms are already established in numerical mathematics but they are not yet
applied or implemented for beam dynamics simulations.
Thus, an algorithm of Barnes and Hut is implemented for
the fast calculation of the particle - particle interaction of
laser cooled ion beams [5]. A semi-analytical solver for
the calculation of space charge is developed for the DYNAMION code based on the known analytical formulae
for ellipsoidal bunch shapes [6]. A quite different approach
that describes the space charge effect by a nonlinear transfer map is given in [7]. This development is done for the
code COSY Infinity which is based on differential algebras.
The advantage is that the nonlinear dynamics of an intense
beam can be extracted directly from the calculations.
Summary Session
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NEW HARDWARE
More precise and hence time-consuming simulations
(huge number of particles, a lot of turns) are often performed in parallel. Recently, Graphical Processor Units
(GPU) are used more and more for parallel scientific computing. In [8] the transfer of the spin tracking code SPINK
to the performance on GPUs and results for the particle
tracking on GPUs are reported. The tracking itself is very
suitable for the calculation on GPUs and a considerable
speed up can be achieved. The simulation of collective
effects like space charge is challenging on GPUs. Here,
efficient approaches have to be developed, i. g. for charge
binning.

SIMULATION SOFTWARE
The efficient simulation of complex beam dynamics requires an efficient development of the related computer
codes. In [9] the hybrid code MaryLie/IMPACT(ML/I) is
applied for detailed studies of the space charge effects in
the proposed CERN PS2. Another approach for efficient
code development is shown in [10]. Here, the synergia
frame work, that includes physical models as well as numerical libraries, is applied to the simulation of wake functions of laminated magnets.

SIMULATIONS AND MEASUREMENTS
Newly developed software always requires a careful testing. Mostly, the new code is benchmarked against existing
simulation tools. A further benchmark against measurements is often not done or it is not possible, for instance
in the case that the simulations are performed during the
design phase. Nevertheless, in [3] comparisons of measurements and simulations were presented, for instance the
investigation of the influence of a trim coil.
An overview of several simulation codes applied for the
SNS linac during a ten year period from design to operation
is given in [11]. Code comparisons are presented als well
as comparisons to measurements.
The joined session with working group F (Beam Diagnostics and Instrumentation) was used to discuss in more
detail how a better benchmark of simulation results with
measurements can be achieved.
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CLOSING PLENARY SUMMARY OF WORKING GROUP F
DIAGNOSTICS AND INSTRUMENTATION
FOR HIGH-INTENSITY BEAMS*
M.Wendt#, Fermilab, Batavia, IL 60510, U.S.A.
T. Toyama, KEK, Ibaraki, Japan
Abstract
Summary of the working group F activities, presented
in the closing plenary session.

OVERVIEW
Working group F was charged with presentations and
discussions on diagnostics and instrumentation of highintensity beams. We had 2 sessions spanning a total time
of 3-½ hours, in which 10 talks were presented. The
presentation time for each talk had to be limited to 15-20
min., in order to allow sufficient time (5-10 min.) for
some discussion. This procedure went quite well, thanks
to the discipline of the speakers.
A final 1 hour discussion was held as joint session with
working group E (simulations).

PRESENTATIONS
Except for the last one, all presentations of working
group F were focused on a specific beam instrument, most
on the technology beam profile measurements:
Y. Hashimoto: Profile Monitor Using a Carbon
Graphite Foil for the J-PARC
Yoshinori presented a minimum invasive beam profile
SEM, based on a new graphite foil technology. The 1.62.0 μm thick, self supporting target material offers a low
density (Z = 6), and was tested extensively with various
proton and heavy ion beams. While the foil survived a
total dose of >5x1020 protons (500 MeV) with a spot size
of 45x15 mm2, it broke after 1 hour operation on a 3.2
MeV, 3 μA Ne+ beam of 8 mm2 spot size due to
overheating (14000 C). Seven monitors have been build,
using a laser cutting method to from a pattern of 67 foil
strips, 3 mm wide at 4.5 mm pitch (also tested: 1 mm
width, 2 mm pitch), epoxy glued into the 190x310 mm
opening of a Al2O3 ceramic frame. A 32 channel analog
integrator with ~30 μsec time constant interfaces the
signals of the SEM foil strips through a 10-bit ADC to a
CAMAC system into the J-PARC EPICS control system.
Beam halo (transverse tails) could be characterized by
increasing the gain of these channels by a factor 2000.
M. Hori: Time-resolved SEM Monitor with large
Dynamic Range for R&D of Linac 4
The CERN Linac 4 will operate with a chopped beam
pattern, which gave the motivation for the development of
____________________________________________
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a profile monitor with high time resolution. Masaki
preferred a robust, reliable “classical” technology for this
important monitor: SEM in connection with gated HV
grids. He presented many details on precision mechanics
for the different wire and foil technologies required for
various grids, i.e. SEM target and five acceleration HV
grids. The avalanche diode switched HV supplies requires
matched impedance RF transmission lines, a UV laser test
demonstrates HV rise/fall times of ~200 psec.
Performance tests and optimization were made at the
Orsay proton linac, as well as with a 700 psec Nd:YAG
laser system. A spatial resolution of ≤2 mm, and a time
resolution ≤1 nsec could be demonstrated, the linear
dynamic range covers 5 to 5x108 secondary electrons.
W.
Blokland:
Non-Invasive
Beam
Profile
Measurements using and Electron-Beam Scanner
In collaboration between the Budker Institute and
ORNL a novel electron-beam scanner was developed, to
perform non-invasive beam profile measurements at the
SNS proton accumulator ring. Wim introduced the
measurement principle of a low-energy (typically 60 keV)
electron beam, scanned under 450 through the proton
beam, measuring the proton beam profile as reconstructed
image of the deflected electrons. Layout, technical details
and simulations of the system were presented, as well as
many measurements with the two installed scanners
(horizontal and vertical) at the SNS proton ring. Wim
explained the importance of data fitting algorithms and
calibration procedures to improve the measurement
performance. The 20 nsec deflection sweep of the electron
beam is fast compared to the ~1 μsec proton bunch length
and allows time-sliced profile measurements. Other topics
discussed in this presentation were the influence
(rejection) of external magnetic fields, as well as
comparing performance and accuracy of the electronbeam scanner profile measurement to harp wire monitors.
P.-A. Duperrex: Beam Current & Transmission
Measurement Challenges for High Intensity Beams
The operation of the proton accelerator complex at PSI
relies on the precise monitoring of beam currents and
transmission, e.g. towards the target area. Pierre-Andre
discussed the development of a quarter-wave coaxial
resonator, and its application as current transmission
monitor, required to replace an out-of-order unit in a high
radiation, difficult to access area. While the coaxial cavity
resonator, here operated at the 2nd harmonic of the proton
bunch frequency is a simple, rugged device, its
temperature sensitivity was known. Nevertheless, the new
MHC5 replacement unit had some issues due to the drift
Summary Session
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of its resonance frequency with temperature, and PierreAndre performed some in-depth analysis, including
computations of EM fields and temperature distributions.
After water cooling optimizations, the residual uncertainty
of the transfer function of the resonator was compensated
by a new pilot signal schema, which was presented in
great detail. Pierre-Andre summarized his session with the
results of beam studies in 2010, demonstrating a very well
performing current transmission monitoring, despite
temperature variations of the coaxial resonator beam
detector.
E. B. Holzer: Commissioning and Optimization of
the LHC BLM System
The beam loss monitoring (BLM) system, with ~3600
ion chambers and ~300 SEM detectors, is crucial for the
safe operation of the LHC, as the stored beams have a
high damage potential. Eva gave an overview of the
system in terms of concept and layout, including details
on BLM families, thresholds, integration times, etc, she
also discussed the operational protection strategy for the
LHC. She pointed to the rigorous validation test and
system commissioning procedures, which are mandatory
for a seamless, false-free operation of the BLM system.
On the operational aspects Eva remarked, that none of the
24 beam losses so far was missed by the BLM system,
also no avoidable quench passed the BLM protection.
However, some very few hardware failures needed
maintenance, and the noise levels at some detectors are
higher than anticipated due to very long cable runs. The
operational experience during the 2010 run let to a few
modifications to accommodate very high, as well as
distributed losses. Finally Eva presented recent
observations of fast losses (UFOs) in the LHC, which
need to be studied in detail as their loss mechanism is
unknown.
C. Gabor: Status Report of the RAL PhotoDetachment Beam Profile Monitor
The laser-based photo-detachment of the loose bound
second electron of the H- particles is an elegant, noninvasive method for profile measurements of H- beams.
Christoph presented the application of this technology in
the low energy section, at 70 keV – upstream the LEBT,
of the Front End Test Stand R&D project at RAL. He
explained the details of the integrated design of separator
magnet and electron collector, i.e. a Faraday cup to detect
the detached electrons, which needs to be compact to
minimize a blow-up of the passing H- beam. The
operational experience demonstrated the proof of
principle, but also identified issues caused by background
noise signals from secondaries and ion beam instabilities.
By scanning grid, bias, and suppression ring voltages
empirically, a setting with acceptable ratio of photodetached electrons to background noise could be found.
Christoph summarized that this technique needs more
R&D, including a redesign of the electron detector to
minimize the interference with the H- beam, to enable the
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final goals, i.e. tomography and emittance measurements
in 2D and 4 D phase space.
P. Forck: Beam Induced Fluorescence Monitor
Developments at the GSI Heavy Ion Facility
Peter presented development and operational
experience of a gas beam profile monitor for the GSI
UNILAC heavy ion linac. Locally N2 fluorescence gas is
injected, which generates photons when passed by an ion
beam. The read-out system utilizes an optical system
which includes a double MCP (gain: 106), a P46 phosphor
screen, a fiber-optics bundle and image intensified CCD
cameras (ICCD). Peter showed many results, using
different ion beam species, beam energies, and gas
pressures, which demonstrated the measurement
robustness, even when the N2 pressure is varied
substantially (over 6 orders of magnitude). Peter also
discussed the characteristics of other rare gases which
could be used instead of N2 for this application. He
finalized his presentation with some details on an
alternative read-out, i.e. an electron multiplication CCD
(emCCD), which offers a five times better spatial
resolution and lower background noise.
J. M. Carmona: First Measurements on Non
Interceptive Beam Profile Prototypes for Mid-High
Intensity Hadron Accelerators
Another gas fluorescence beam profile monitor was
discussed in WG-F, this one was presented by Jose
Miguel, and will be applied at the IFMIF-EVEDA
deuteron accelerator. Main technical differences to the
GSI version are in the photon read-out system, Jose
experimented with an intensified rad-hard CID camera
(prototype 1), as well as with a multi-anode PMT
(prototype 2), and so he could omit the use of a fiberoptics bundle for radiation shielding. He presented the
evaluation with beams of both prototypes, as well as
comparisons with a wire scanner at the Centro Nacional
de Acceleradores CNA Seville/Spain. Som ten μA beam
current was used, at a beam energy of 9 MeV for
deuterons, respectively 18 MeV for protons, simulating
IFMIF-EVEDA conditions. A very good agreement was
demonstrated between the three profile monitors, the
dynamic range fulfills the requirements, some minor pros
and cons could be worked out between ICID and PMT
read-out.
K. Satou: IPM Systems for J-PARC RCS and MR
The concept of the J-PARC ionization profile monitor
(IPM) was already presented in the Main Ring (MR)
diagnostics talk, given at the HB2008. Now Kenichirou
gave many technical details, including read-out
electronics, operating modes and the specifications for the
IPMs to be applied to the J-PARC rapid-cycling
synchrotron (RCS) and MR. The IPM has a turn-by-turn
capability and uses an integrated electron generator array
(EGA) for self-calibration to check for aging effects of the
MCP. E and B guide field are generated by an array of
equidistant electrodes and a 3-pole wiggler magnet. A
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beam based calibration, however, identified a substantial
discrepancy between measured IPM beam profiles, and
the expected values by a factor of two! Kerichirou
discussed a recovery plan, based on a new layout of the E
guide field electrodes to achieve a linear field distribution.
He also discussed another issue, a large, delayed negative
charge (error) signal. It was observed in electron
collection mode at the MR-IPM, and may be caused by an
unwanted electron emission of the EGA, or electrons
attracted outside the IPM by some fringe fields. In his
summary, Kerichirou pointed to the fact, that the J-PARC
IPMs need some additional R&D.

challenging in low-energy, space charge driven machine
areas (LEBT, MEBT).

CONCLUSION
We had presentations of state-of-the-art monitors in the
invited talks, including some new technologies.
Improvements, challenges, but also wrong directions in
beam diagnostic devices were discussed in the contributed
talks. As in past workshops, the direction goes to
minimum or non-invasive techniques for beam profile
measurements, which seem to be the most important,
while challenging R&D activity.

M. Wendt: Beam Instrumentation for HighIntensity, Multi-GeV Superconducting Linacs
Several new high-intensity, high-energy linacs are
proposed, most based on superconducting RF (SCRF)
acceleration, similar to the operational SNS linac. This
presentation discusses requirements and issues of beam
diagnostics related to a SCRF environment, e.g. low
power losses, cleanliness, non-invasive diagnostics, avoid
moving parts, etc. Presenting Fermilab’s Project X as an
example, the beam instrumentation R&D activities are
discussed in frame of the beam test facilities, currently
under construction at Fermilab. Technical details on some
instruments are given, e.g. bunch shape monitor, fast
Faraday cup, beam halo monitor, proposed laser
diagnostics, etc., as well as first beam studies at the
Project X test accelerator.

DISCUSSIONS
Together with working group E (simulations) we had a
discussion session, which was initiated by a presentation
from SNS:
A. Aleksandrov: Challenges of Reconciling
Theoretical and Measured Beam Parameters at the
SNS Accelerator Facility
After a short introduction to SNS, Sasha discussed
beam simulation tools for the design stage and for
modeling an existing machine. He presented an informal,
but very impressive table, summarizing the agreement, i.e.
not so good (bad!), good, very good, or “no clue”,
between simulation and beam measurement in SNS
accelerator areas, e.g. RFQ, MEBT, DTL, etc. and beam
domains, e.g. transverse, longitudinal, halo, etc. In his
following discussion he presented many examples,
comparing real world measurements with simulating the
existing machine.
The following discussion went quickly into the
direction of simulation tools. As Sasha pointed out, most
of these tools have limited scope, even if a broadband,
universal utilization is advertised. Another important topic
was on the accuracy of field models for magnets, cavities,
etc. needed by the simulation tools. With respect to beam
diagnostics, everyone agreed, more is better, as long as
the beam quality is not compromised, which can be
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SUMMARY OF WORKING GROUP G:
BEAM MATERIAL INTERACTION
D. Kiselev∗ , Paul Scherrer Institut, Switzerland
N.V. Mokhov, Fermi National Accelerator Laboratory, Batavia, USA
R. Schmidt, CERN, Geneva, Switzerland
Abstract
For the first time the workshop on High-Intensity
and High-Brightness Hadron Beams (HB2010), held at
Morschach, Switzerland and organized by the Paul Scherrer Institut, included a Working group dealing with the
interaction between beam and material. Due to the high
power beams of existing and future facilities, this topic is
already of great relevance for such machines and is expected to become even more important in the future. While
more specialized workshops related to topics of radiation
damage, activation or thermo-mechanical calculations, already exist, HB2010 provided the occasion to discuss the
interplay of these topics, focusing on components like targets, beam dumps and collimators, whose reliability are
crucial for a user facility. In addition, a broader community of people working on a variety of issues related to the
operation of accelerators could be informed and their interest sparked.

TALK AND POSTER SESSIONS
Even though organised for the first time, working group
G had three sessions with 15 talks, additional two talks in
a joint session with working group A ”Beam Dynamics in
High-Intensity Circular Machines” as well as five posters.
Various topics were covered:
• Activation: nuclide inventory and dose rates
• Radiation damage: calculations and experiments
• Thermo-mechanical simulations: design tools for targets, collimators and beam dumps
• Irradiation facilities: existing and upcoming
• Future accelerator facilities: upgrades and plans
The last topic in the list, the upgrade of existing and
plans of new facilities to operate with even more beam
power, drives the need to seriously address the other topics. While one path for future accelerators is to increase
the beam energy, the other is to increase the beam current.
The product of both is an increase of the beam power which
finally has to be deposited somewhere - usually on targets,
collimators and beam dumps.
These components get highly activated and their nuclide inventory has to be determined, when they finally
∗ Daniela.Kiselev@psi.ch
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get disposed as radioactive waste. In addition, for maintenance, dose rates have to be known in advance to plan
working procedures and as design criteria in the development phase of new components (as it was done for the
LHC beam dumps, S. Roesler, CERN). For these purposes, particle transport Monte Carlo codes like FLUKA
(S. Roesler, CERN) and MARS15 (N. Mokhov, Fermilab)
are employed. Improvements in the predictive power of the
codes were made and benchmarks with experimental data
were performed. Recently their capabilities were significantly extended and new features added. These activities
were driven on one hand by user demands, on the other
hand by applications, e.g. for the LHC. The calculation
and use of H2 and He gas production and of the quantity
”Displacements Per Atom (DPA)”, a measure of radiation
damage, is an attempt to compare damage caused by radiation under different conditions. Regarding DPA there are
still discrepancies between different codes, which have to
be solved in the near future. Another issue related to the
activation of components is the growing interest in choosing materials which get less activated but have the same or
equivalent mechanical and physical properties needed for
the application (J.H. Jang, KAERI, E. Mustafin, I. Strasik,
GSI).
Due to the high power deposition which is dissipated as
heat, efficient cooling systems have to be designed. Tensile
stress induced by thermal expansion has to be kept within
the safety margin. For this purpose thermo-mechanical
simulations are performed using commercial tools like ANSYS and CFD-ACE. Thermal, mechanical and electromagnetic models can be coupled and applied to a detailed geometry. As input, the energy deposition due to the particle beam are taken from particle transport Monte Carlo
codes or from a subroutine implemented into the multiphysics program as done for CFD-ACE by Y.J. Lee (PSI).
Examples of components suffering from heavy power load
are the T2K target at JPARC with 750 kW (J. Densham,
STFC/RAL), 200 kW on a Cu collimator at PSI (Y. Lee)
and the Neutrino beam factory at Fermilab, which plans
to start with 700 kW power load and upgrade later to up
to 2 MW (P. Hurh, Fermilab). Thermal and stress simulations for Conceptual Design Studies are underway for two
target alternatives made of beryllium and graphite, respectively. At FRIB an extreme high power density of 20 to
60 MW/cm3 for the pulsed ion beam is expected (R. Ronnigen, NSCL-FRIB). To predict the behavior of components under irradiation, it would be important to include the
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change of mechanical and physical properties. The problem is that these parameters are often not known for the
required conditions. In addition, more precise lifetime predictions are needed. At the moment, one is obliged to use
conservative limits due to the large uncertainties included.
E.g., it is expected that the FRIB target will last only for
two weeks. Another effect observed due to the irradiation
with high-energy protons is the decrease of the neutrino
production rate from the graphite target used at Fermilab
(S. Striganov, Fermilab). This might be due to atom displacement or the production of helium, which would lead
to a density reduction. Examinations of the target material
are underway. It is interesting that MARS15 calculations
revealed that the relative distribution of DPA is very similar to the amount of helium produced. This might offer a
possibility for an indirect measurement of DPA by determining the He-content.
Whereas a lot of material data under thermal neutron irradiation is available, not much exists for high-energy particles. To profit from the existing database, it is required
to relate the damage caused by low-energy particles to the
one made by high-energy particles. This is called damage correlation (M. Li, ANL). It is a very complex problem, because the change of material properties depends on
many other conditions like the temperature and the DPA
rate. To perform this task, dedicated irradiation test experiments using high-energy particles under different conditions, i.e. varying parameters like the energy, temperature, irradiation times and particle types are needed. The
long-term perspective is to predict the change of material
properties by (phenomenological) models. A prerequisite
is a reliable prediction of DPA and the gas production rates
(He, H).
N. Simos (BNL) reported on experiments done at the
BLIP irradiation station at BNL. Different materials, including new generation materials and composites, were irradiated with 200 MeV protons to study the change of mechanical and physical properties under varying conditions
in a systematic way to shed some light on damage correlations. A new irradiation facility, HiRadMat at CERN will
go into operation at the end of 2011 (presented by R. Losito (CERN)). The facility is designed to test shock impact
of beam on materials, about 1016 protons at 450 GeV will
be available per year. The demand is driven by the machine protection of the present and future LHC. Aside from
the examination of material properties under these conditions, fields of investigations will be the failure from pulsed
beam impact, shock wave generation and propagation and
the validation of the tunneling effect (J. Blanco, CERN and
N.A. Tahir, GSI). For the new facility FAIR, T. Seidl (TU
Darmstadt) investigated insulation materials for the superconducting SIS 100 dipole magnets under very different
irradiation conditions. Ions, protons and neutrons ranging
from a few MeV to 800 MeV as well as gammas from a
60
Co source were used. Thermal properties like the thermal
conductivity and the specific heat as well as the breakdown
voltage were measured at low temperatures.
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DISCUSSION SESSION
The community agreed that irradiation experiments with
high-energy particles are very important and urgently
needed. Models require benchmarking from experimental
data to make predictions for the change of material properties under irradiation in the future. Since the nuclear reaction cross section stays almost constant for energies above
200 MeV, energies of about 1 GeV or less are sufficient
for this purpose. A list of specifications of existing or upcoming irradiation facilities at CERN, Fermilab, GSI, PSI,
BNL, Los Alamos, Kurchatov Institute as well as a list of
possible users should be made as soon as possible. One
problem is that some laboratories have the possibility to irradiate samples but not the infrastructure to test and handle
the radioactive material in the hotcell using remote controlled devices. Transportation of radioactive material to
another institute is possible but depending on the activity
and distance to be traveled (crossing borders), it requires a
lot of administrative effort and money to fulfill the regulations.
Questions were addressed how the handbooks of Los
Alamos and ITER, which include a lot of material data under irradiation, can be made available to a broader community, which is not working in the USA and is not part of the
ITER collaboration. Further, the idea came up to establish
a handbook for materials irradiated and tested in accelerators. This would be very useful but requires a lot of work
and effort. For the moment, nobody volunteered for this
job.

OUTLOOK
The vivid discussions after the talks and in the discussion session itself showed the interest and enthusiasm of
the community. It was suggested to extend the High-Power
Targetry Workshop, which will take place in Lund 2-6 May
2011, to discuss topics regarding radiation damage, in particular to establish a joint effort for an experimental irradiation program. This includes also a wish list of specifications and where to perform these experiments.
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