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Pushing the boundaries of beam power

» During the past decade, proton
accelerators raised beam 10% ¥ Materials,
power to ~ 1 MW ESS \ Life Science
« SNS (USA): 1 MW pulsed; SRF PSIT(CW) ADS

linac/accumulator
» J-PARC (Japan): 0.3 MW pulsed;
warm linac/RCS

» PSI (Switzerland): 1.4 MW CW;
cyclotron

* 5 MW in design (ESS)

N Nuclear,
J-PARC RCS Particle
Beam Power Physics

= Heavy lon linacs are
approaching 0.5 MW

* FRIB 400 kW
* From proton to 238U

10 1

Average Beam Current (I'A/Q) [uA u]
=

N
» Stored energy in proton 10E A Design value N atron
colliders is unprecedented — > N
e 1-3 MJ | In operation S N
(SPS RHIC HERA TEVATRON) 10_2 [ IIII|1| [ IIII|,L| | IIIIIII% |l IINI# | IIIIIII% Ll IIIIII*
* 140 MJ (LHC) — design 360 MJ 102 10" 10° 10 102 103 104

Beam Kinetic Energy (E/A) [GeV/u]l  (\Wei)
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Key technologies driving the push

* RF and large scale cryogenics

*|lon sources, RFQs, LEBT

* High power collimators, charge strippers

* Rapid-cycling booster synchrotrons

* High power targets and radiation-tolerant magnets

* Loss detection and MPS
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Machine Protection Systems

= Exist
* to prevent or minimize prompt and long-term damage to accelerator and
experimental instrumentation,
 to minimize the number of false-trips that limit production,
 and to provide evidence of failures or fault events when interlocks occur

» Must respond to many types of events
« Hardware failures
 Control system failures
» Operational and administrative failures
« Beam instabilities and other unforeseen events

* Time scales are encompass Fast Protection and Run Permit Systems
* FPS protects against prompt damage at several to 100s us

* RPS operates at milliseconds to many seconds; verifies machine state and
external conditions

* MPS must be flexible to cope with wide ranging operating modes
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Time scale for component failure from errant
beams

Stopping ranges of beam particles in materials vary with species,

energy, and target material.
* High energy proton or

320
hadron beams create —>

cascades that deposit LS1 < >

energy deeply (m’s). 160 L82 < >

LS3
« Low energy heavy ion \ ///
beams deposit energy

mainly on surfaces
(um’s to mm’s)

Tmax (us)
S 8
/"<
| \

— —5SS_yield
« Component failure T T
results from fast 20 MeV/u, 8.4 ppA, 40 kW —Nb_melt
deposition, thermal 20
transport, and material 0 40 80 120 160 200
stress. Energy (MeV/u) (Zhang)
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Errant beam detection times

Detection

time limit

[us]

- PSI GH 590 1.3 few 100
. SNS  BVGE 1000 1-2 5-10*
. ESS  BVGE 2000 5 1-2
D/H] 20 0.2 10
. FRIB W0 200 0.4 10
H+ 3 104 0.75 10
H* 7 1068 4 106 40

*25 us response time (design)
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Leads to radioactivation,
cryogenic thermal
loading, and SRF cavity
degradation

Previous experience
indicates 1 W/m losses
generates 100 mRem/hr
activation.

LANSCE : 100 mRem/hr
@ 780 kW

SNS : 30-40 mRem/hr
@ 1 MW

Slow beam losses
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Leads to radioactivation,
cryogenic thermal
loading, and SRF cavity
degradation

Previous experience
indicates 1 W/m losses
generates 100 mRem/hr
activation.

LANSCE : 100 mRem/hr
@ 780 kW

SNS : 30-40 mRem/hr
@ 1 MW

Slow losses have
multiple sources.

E.g. intra-beam stripping
losses of H- beam in SNS

Slow beam losses

60
1000
En | |
60 TTTTTTTTTTTTTTTTTTT I ] L a’ T ;3
* H-, design - P
1/ * He-, production ] ng
o °°7| * Protons, design ] o 1§
B * Protons, prodiction | Strong focusing P
. r
g;, 40-« - ;
» ] E
w
Q ]
_Ej 301 . ]
© 1 y
D . ]
m 4 4
3 20 | | ]
N Line fits are expected losses | 1S
1Y) 1 . " . ]
£ 10- from intra-beam stripping 1
O 1 |
= R Em it e o e X &%
0 4 r — N
0 3 10 15 20 25 30 35
Peak beam current (mA) Galambos
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Challenges and Opportunities

» Dynamic range of intensities and time scales (beam current,
pulse formats, fast/slow losses)

= Contend with high radiation field and EMI backgrounds

» Need for fast and robust reporting and control networks, with low
error rates

» Simulation and modeling of radiation fields from slow and fast
losses; loss patterns from specific fault events
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MPS inputs

= Beam loss monitors = \Vacuum monitoring
* Prompt radiation fields from accelerator < Fast leak detection
components — rf cavities, distribution « Slow drift in background pressure

lines, rf sources _ _
- Secondary particle fields produced by  ® Cryogenic and SRF monitors

beam collisions * Thermal Ioads_
» Gammas, neutrons, hadronic showers * Quench detection
:  LLRF
= Direct beam measurements

* Peak and average beam current or = Magnet power supplies
intensity « DCCTs

* Beam orbit :

« Beam halo = Machine status

* Micro pulse duration * Beam |r.1te.rllocks |

- Spot size * Power limiting devices
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Gamma and neutron production

Neutron Flux (n/em?/sec)
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Eproton beam

A oxygen beam

@®uranium beam

10

100

Beam Energy (MeV/u)

1000

» Secondary radiation produced by primary
beam particle collisions with vacuum
chamber or residual gases.

* For low and medium energy beams, the
background is primarily gammas and

neutrons.
* Production yields are have strong energy

dependence
— Gammas
% 1.E+02 —
g 1.E+01 /.
5 FRIB /’/
£ 1E+00
é 1.E-01 -
% 1.E-02 j - W Proton Beam |
-; reos A0 * Oxygen beam |
E= L — ® Uranium beam
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Beam Energy (MeV/u)
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Energy dependent radiation fields for 1 W/m
loss (ESS)

Power density (Gy/s) at 200 MeV Power density (Gy/s) at 2 GeV

-1 -2 =4 - -5 - =7 -t 0 o -2 i -4 5 -b -7

100 10 100 100 100 10 10 10 10 10 10 100 10 10" 10 10" 10 10

140 -

70 -yiEss 70 -

0- 0-

-70 =70 -

-140 1%-, N = R | -140 o R §
0 200 400 600 cm 0 150 300 450 cm
cI Cm
(Tchelidze)
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Radiation transport models are essential to

understand the background

= Simulations with two codes are implemented and compared

* Detailed two-cryomodule geometry model implemented in GEANT4. y dose
Is calculated as an average around cryomodule

« Simplified homogenous tunnel model implemented in PHITS. y dose is
calculated in an “ion chamber” 1 foot below each segment

» Results from these two models are comparable

Beam pipe Big tube argon gas

Sl heie eankics detector (2cm thick)

Geant4 model (side view)

cryomodule solenoid U U

low-carbon steel /
copper~__ |

. | liquid helium
stainless stéel 7

air

PHITS model (cross section)

J=
niobiu/‘é'—* |
(Liu) T T — stainless steel
beam pipe
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Crosstalk effects confuse spatial location and
mask events

Radiation dose in ion chamber (rad/hr)

(Liu)

Beam Delivery System (BDS)

Folding Segment 1 {FS1)

1.E+02

1.E+01

1.E+00

Linac Segment 3 (LS3)

200 MeVfu (U238) 150 MeV/u (U238)

=vuonruoleno-o---.-.-.mcn:n—m5—-{—|-®

17 MeVfu (U238)

60 MeV/u (U238)

Linac Segment 2 (LSZ)/

150 MeVfu (U238

Linac Segment 1 (LS1) Folding Segment 2 (FS2)

/'/’/ CSEE 5E R ofEa &
. //:///' 1S3
s W Proton B -
/’/: A Ofyzzn tf:zn ingﬁztergrt])y Flux at box | Fluxatbox | Flux at box
'y i |
— ® Uranium beam 1 W/m 180 4 by LS1 4 by LS2 4 by LS3
loss loss loss
. loss
? 10 %0 hem2fsec 1.03x 105 5.81x105 3.2 x 106
Beam Energy (MeV/u)
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Crosstalk effects confuse spatial location and
mask events

Beam Delivery System (BDS)

Linac Segment 3 (LS3)

I
1=k

17 MeVfu (U238)

Folding Segment 1 {FS1)

1.E+02

3

1.E+01 +—=

1.E+00 =

1.E-01

Cavity X-ray
background

200 MeVfu (U238) 150 MeVvfu (U238)
=== =] ]
L [] | [] . | [ .| [] N ] | ° |, | [ I, | £ ), | 5 M [ |
60 MeV/u (U238) 150 MeVfu (U238
Linac Segment 2 (LSZ)/ Linac Segment 1 #/51) Folding Segment 2 (FS2)
&2, 1 [Ef=

—

1.E-02

1603 4

1.E-04 -
10

Radiation dose in ion chamber (rad/hr)

(Liu)

FRIB

Dose at LS1 from
LS3 loss (1 W/m)

B Proton Beam

A Oxygen beam

T Tarrs 4m 41159 T oy smm

Neutron

. Flux at box | Flux atbox | Flux at box
induced by

4 by LS1 4 by LS2 4 by LS3
loss loss loss

1 W/m 180
loss

0 nlcmZsec  1.03x105  5.81x105 3.2 x 108
Beam Energy (MeV/u)
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Loss patterns from beam dynamics
simulations

» To assess risk from chronic and infrequent, fast loss events
beam spill patterns can be generated and analyzed

= Spill pattern maps can assist in optimum placement of beam loss
monitors and passive protection devices

» Realistic lattice errors and beam distributions can place bounds
on loss from halo and core interception
« Still very model dependent

= Spill patterns from component errors or faults can assist post-
mortem analyzes

» Machine learning frameworks are being developed to optimize
loss monitor networks and to reconstruct events
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Example: Beam Loss Distributions with
Single Cavity Failure (FRIB)

» Superconducting linac starts with 3 3=0.041 cryomodules
« Each module has 4 cavities and 2 solenoids

= First cavity in the linac 1 failure [. I . . I .]

= All beam lost in the first 3 CMs
* Beam loss on a cavity ~40 W

* Beam loss on a pipe area ~500 W beam loss on pipe (W): 77 485 5.5 109
Normal case ~ Aperture in black ] Fault case ppertrein black
100% beam envelope 00% team envelope

QNo
90% beam envelope 9% beam envelope

A AR i IVU ;wv,
DRI DRITED 0

0

0 2 4 \ e 8\1 0 .
ol - : ; , 0 »  beam loss on cavity (W): 39 %\.1 34 5 3 (Zhao)
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Distributed and localized losses inform
thermal loading in SRF cavities

1.200

L.000

*
1
0.800 *

1 W/m

0.600

0.400 “

0.200 oL ——

el LI pe——
m———— -

average heat load in cavity [W/m]

0.000

0 500 Loo0n 1500 2000 2500
Energy [MeV]

0.600

o

it S

0.500 -

0.400

0.300

0.200

average heat load in cavity [W/m]

0 500 1000 1500 2000 2500

(source M. Jarosz) Energy [MeV]
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lonization Chambers

= |onization chambers are the main
type of loss monitors used in hadron
machines.

» Gas-filled chambers containing an
electrode pair with biasing high
voltage.

Proportional/Geiger

» Operated in ‘ionization’ mode, the
detector is insensitive to HV
fluctuations.

Log (ion pairs)

Recombination
lonization

» Small chambers are installed along
specific components and provide
adequate spatial resolution.

= Long chambers (LIONs, PLICs) | --
provide wide coverage but lack Applied HV
spatial resolution (except for some
. oo (Zhukov)
pulsed machine applications)
&
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SNS-type ionization chamber

. R.L. Witkover
D. Gassner

133 cm3 Ar gas
Typical bias 1 kV -
Sensitivity 70 nC/rad HGH VOLTAGE
Response time ~1-2 us '
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LHC-type ionization chamber

= Jonization chambers to detect beam losses:
= Reaction time ~ %2 turn (40 us)
= Very large dynamic range (> 106)
= There are ~3600 chambers distributed over the ring

1.5 L volume - 50-cm long, 9-cm diameter
100 mbar overpressure N,
0.5-mm separated Al plates
1500 V bias (end-to-end)

Sensitivity ~ 54 uC/Gy
Response time ~300 ns e, 80 us ions
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Secondary emission monitors (SEM)

Less sensitive than IC’s to gammas

Radiation tolerant (Ti SEY shows excellent linearity
over integrated dose range)

Complement high sensitivity monitor to extend
dynamic range near critical devices

—
g e + Tio2
(] - Q = E‘ . -y
y = S Q o w203
- B
] [ S—— s ; ; ; B & ADXC3 data
& o
8 + ® TiIO2 data
2 1 o
__?. = 1
- REAE

£ 2

. Y - . > +

- .~ u L i
Ti - lat SRS » A
i emission plate Al
. f s
t.
s D
& “ g
f 0 0 0.0 0.4
& ?:539?'E’EI+.—-1'_1P
o & F
1 u-I bl el sl rrecod e ekl e el e e

— il E-A:-I.-I-n-
s m W W W W W Wt W
Kram er Primary p+ energy [eV]
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Secondary emission monitors (SEM)

Less sensitive than IC’s to gammas L —

Radiation tolerant (Ti SEY shows excellent linearity ]
over integrated dose range)

= —— Al+Au
. s . o5 ——Ti+ Au
Complement high sensitivity monitor to extend 8T | -a
. . w . ——Ti
dynamic range near critical devices
40
E - ¢ ; ¥ o - 5
E [N .I. A : 30
E E 1.E+16 1.E+17 1.E+18 1.E+19 1.E+20
E 1 ? Integrated proton density [pfcmz]
i ¥
> g
@ | *,
0 e e e e e .;lm

S WTT S sl
10 1w 10 W 1w 1w 10" 40" 10"
Kram er Primary p+ energy [eV]
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Scintillation based detectors

» Typically employ photomultiplier tubes for

high gain (10°-108) with applied HV

* Many types of scinitillators fluoresce

under gamma bombardment

» Li- or B- doped plastic scintillators

SNS Fast Detector respond to neutrons
» Additional moderation increases

T ! T T T T T T T T T
_

10k

E sensitivity at the expense of time
response.

230 mm

&
L J

10

&
i
A dq4 e B __

mgo QO m >

10" k

Conversion factor, Rad/A

10

Sensitivity tuned with bias

‘ 157
! H

o

¥

1 i | i [l M [l L 1 i | M ]

300

4
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Differential Radiation Loss Monitoring

= Background subtraction techniques improve loss
resolution along waveform
» [mplemented in software, too slow for fast MPS

= FPGA implementation could service fast MPS

II.":ﬂ./Ié;_CL:Z[]c EJ ,""/-\S?‘(IZL:ZOD
. | DTL:524 . .!'I u [
P o e S ey
'8&25381!536!33 -ﬁ!&%s?tﬁ!?!x(&&l- IFS%!!!!QSSSS&\‘F.\.
e s e —7
Collimated BLM - lead shielded with
M Loss only - . ..
A window, angle selectivity of gammas

186 MeV 387 MeV

1. Dual BLM — two scintillator based
“.._detectors, one with enhanced neutron
Target

Source _MEBT - *j@enSitiVity
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New schemes seek to detect losses In

cryogenic environments

= Detection of losses within cryomodules can help to minimize damage
to cavity surfaces and to prevent quenching of magnets with high
stored energy

= Recent work at LHC and Fermilab

« CVD diamond, silicon
» Cryogenic monitoring near magnet windings (1.9 K)
» Slow losses with sensitivities 0.1-10 mGy/s, response
time < 1ms
» Fast beam halo loss detection
» Response times 2.5 ns (Si), 3.6 ns (diamond) to Minimum lonizing Particles
» Signal degradation over 20 year integrated dose is 25x (Si) and 14x (dlamond)
* LHe ionization chamber
» Limited response to slow losses (> ~200us)
» Radiation tolerant — self-healing material
» 200 V/mm bias yields ~0.1 fC/cm/MIP
» Fermilab electronics design generate

<1ns time response (Warner)
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Installation on CM2 (FNAL)

o I"F_I'F."‘-q.'

(Warner)
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Slow leam Loss — vacuum chamber heating

Rising time for 0.1K temperature difference from beam loss

Beam loss in cryomodule 0.1 W/m 1 W/m
0.1K rising time 1 min 7 sec
Maximum temperature rising 1.83 K 8.9 K
Total rising time 30 min 20 min

T ANSYS

MNoncommercial use only

Systems employing
thermometry or calorimetry
to monitor temperature of
cryogenic components and
vacuum chambers are
being developed.
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Fast thermometry at aperture limits in SCL

Beam Loss Monitor Temperature Sensor Response

40 -
5 BT
z 30 _;ZZ%ZZ:ZZ ::::::::i:::::::::::::::::i: -
E - ?
o 2 r
‘ “ 3 Cernox sensors E)e(l:lg\\;\i/tsy :q‘: 25 T } ~30sec to detect few mK
44— mounted on - % L }
' pumping line,at~  11/18/2013 H r
10mm intervals. 3 2 920 4+
3 5Q 20W heaters mounted ‘ jam L .
diametrically opposite the Al 15 + Average onset time : 50mW =29.1s ®50 mW
temperature sensors, and atthe W d.‘: ae i Average onset fime : 100mW =294 s ® 100mW
o -
10 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
0 5 10 15
Energy Deposited (J)
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Fast thermometry at aperture limits in SCL

- Bellows
. N 3 Cernox sensors

4+ mounted on :
' pumping line,at =~ 11/18/2013

to cavity

10mm intervals. ¥

) | 4 ltad -~
3 50 20W heaters mounted
diametrically opposite the
temperature sensors, and at the

_'__’Lsarlwe interva!§ .

Beam Loss Monitor Temperature Sensor Response

40
fg. 35 ——
%j 30 ‘;:L:i: ::::::::iz================£?===
;E 25 —} ~30sec to detect few mK
ol

Faster detection requires
« ~mK resolution/stability
« More sophisticated DAQ
(eg. Fermilab FTS — 1-10kHz timing, mK resolution)

0 h) 10 15
Energy Deposited (J)
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Fast thermometry at aperture limits in SCL

8
. N 3 Cernox sensors
4+ mounted on ;
- & |pumpingline,at~ " 11/18/2013
¥ 10mm intervals. c

Bellows
to cavity

I Ll

3 50 20W heaters mounted
diametrically opposite the
temperature sensors, and at the

_:__’Lsarlwe interva!fs
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Faster detection requires

« ~mK resolution/stability

« More sophisticated DAQ
(eg. Fermilab FTS — 1-10kHz timing, mK resolution)
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Beam Loss Monitor Temperature Sensor Response
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Proceedings of PAC07, Albuquerque, New Mexico, USA

FAST THERMOMETRY FOR SUPERCONDUCTING RF CAVITY

Darryl Orris#, Leo Bellantoni, Ruben H. Carcagno, Helen Edwards, Elvin Robert Harms, Timergali
N. Khabiboulline, Sergey Kotelnikov, Andrzej Makulski, Roger Nehring, Yuriy Pischalnikov
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Direct beam diagnostics for fast detection

» Fast detection and beam interdiction requires accurate and robust
measurements at time scales down to 1-10 us

 Detection and interdiction time is inversely proportional to intensity

* Beam current measurements
* Robust monitoring at 1-10% of nominal level on

* Beam position monitors
« Orbit shifts, intensity calibration

» Capacitive pickups and current sensing intercepting devices
« Halo loss rings
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Beam current monitors (ACCTs, DCCTs)

Most current sensing of intense beams is conducted with AC or DC current
transformers, with appropriate analog front end, analog-to-digital conversion,

and digital signal processing. The difference between ACCTs and

Several layers of Int(insity DCCTs determine their optimal use.
Magnetic shield 10mA
SmA T
DCCT
DCCT &
ACCT ACCT
Insulating 50pAT
gaps -5uAt : . .. _Frequency
Cw 1Hz 10kHz 100k

_— Low frequency response to DC
-~ —Beigz Require offset correction
' DCCT |imited high frequency response

Good high frequency response

Require frequent re-baselining
Diagnostics for High Power Accelerator Machine Protection Systems , Slide 33 ‘,

(e

4
FRI E; Vo Eg(‘ég;gr:g{oﬁit;éﬁgtgggngeams International Beam Instrumentation Conference {
/4 Michigan State University Monterey, California, USA September 14-18, 2014
g Y. P




SNS Differential Beam Current Monitoring

Source

CCL102

MEBT

HEBTO1

Demonstration of fast MPS
network to detect errant beams

Electroni

Buildings

CSs

Amplifier

Amplifier

Digital signal processing

Up- |
stream

Delay ~» Scale }—-)

Offset = Droop =

Down- .,
stream

Delay ~> Scale }—)

Downstream’ previous =+ .

Offset > Droop mi™|>

>

Dif >

» -

L 4

Digitizer 1
1
Preprocess Difference Sum Compare
[ . 1 1 |
Upstream’ previous =+ -l
Dif =¥ FEak <7 L

. 27 Y e

<

. 7 Y —

. i 57 \_r:—"

FRIB
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= \Wideband CTs:
* 1 GHz with 1 ms droop time
constant
* Nearest one before and after SCL
» Long cable lengths (500-1200ft)

CCL102 Beam Current Waveform
40.0-
37.5-
35.0-

3 il {

ikhru

2 il

-5.0- . ' ' .
10.0u 25.0u 30.0u 35.0u 45.0u

Time (s)

15.0u 20.0u

&
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Abort test demonstrates improved response time

» Temporary change to the Machine Protect System

= DBCM will automatically abort in middle of  Reaction Time
the beam pulse

. _ Group 0 0237121 - &
= Using slow and long cables .
- ~8.5pus abort time
- 2-3x improvement o
->~6ys best possible once ?
optimized for cable length, ;)
pickup locations, and abort
: — T
mechanism - ey pulls aort .
T | £ e
B
eam gone Current and previous beam pulse
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Low Energy Differential Beam Current
Monitoring at Heavy lon Facilities

NFS

SPIRAL-Z Experimental Area

DCCT ACCT/DCCT ACCT/DCCT ACCT/DCCT
RFQ LINAC FEU
Dump
lon
S
ource Deuteron gl
Proton Experimental Area
Future
Production
Building
Production F RI B
Target AN _
Systems VT \§ s T Beam Delivery System Folding Segment 2
AL M\ e —— —zlsinac:Segment:3=—=—== e
e T e . B :
oy B e ~ )=

(m &= " . P
Charge IS —= V. s L] |
grge B S s ‘ == e —lkinac-:Segment-2 ST, kt-‘;"
Strlpper Folding Segment 1
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Low Energy Differential Beam Current
Monitoring at Heavy lon Facilities

SPIRAL-2

DCCT ACCT/DCCT

NFS
Experimental Area

ACCT/DCCT

RFQ

LINAC

lon
Source

Deuteron
Proton

Production
Target
Systems

FRIB

Future

ACCT/DCCT

Beam
Dump

Production

Building

Experimental Area

Folding Segment 2

- Front End_

==

Charge
Stripper

Folding Segment 1

T
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Beam position monitors have a natural place
in MPS

= Denser network than BCMs “

linear fit

£n 03, 161.0MHz
41.30mm ID, 20mm b_utton
lin 0.81mm stdev_ >
NEiEZRRLDS
a® @

= Can monitor fast beam intensity changes, orbit .

deviations R

e et 8 & 0 0 0 00eg

0 ee e e 0 6 0 00 pten
Meee st s b e st
“'0000000000“

Ver [mm)]

= Suffer from position sensitivity and nonlinearity, low-f3
effects, differential gain drifts

= Narrow band RF receivers sensitive to bunch duration

5
41.20mm ID, 20mm b_utton
RGO
I E R N B S S W
TR R N R R R S Y
LR SR B B S o8 2B S B B )
" 00000 900t 0 0 0,
[ B2 S8 = B B EU S S SR SR S e B )
(A E RSN N ]
0 TS S SR B S BT S R S R R R R
I R R RS S N
[ RS B N B R N S R ]
L N e N RN
S 0000 Ooegee
L B B BRSSO R
I R RN R R

-10

-20 -10 1} 10 20
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Current measurements using BPMs (SNS)

» Beam Position Monitor:
v'Use sum from all four plates
v'Use demo log-amp board
with band-pass filter in front
v'Add correction in FPGA
with exponential function
v'Use existing BCM as
reference for calibration

Sum signal
LN +
- «}@K\// :
0 O .
] —D}— Log signal
> Vi e —AMA >_¢ V., L_
RF Bandpass =Logamp

0.341704-
0.3-

B2 CCLBPM

0.25-

- HEBT BCM
- Difference

0.2-
er In[TEH

scale by 8 te 0.15_
L » Exp On[TER
Exp A Coef [[EE)}

A= 0.05-

Offset () [EEIH |
Exp B Coef [EEN 0.05-
i -0.0795205 - - . - .
FPGA code to correct log signal sejerator Mach Final signals. Calibration done ‘

FRIB
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Low-f effect in FRIB

= at low beta, electric field spreads out longitudinally
* reduces high frequency content
« effect is larger with beam off center
« exaggerates bpm position sensitivity

« can’t be measured with wire ' effect of beta
= MEBT Shafer — low beta O 1993
= Shafer — Low-beta (1993) s pors 1g DATE ez
» 50% gain error in MEBT \ I seo139 22) ~oares 2.2
« <2% after FS1 01 % i S 2
F51 |
’ YN
A target
0.01 L52 |-: ol
| [1 1
Fs2 -/ | I' | !
“: - ED . :
53 e -:
0.001
100 200 300 400 500 &00
[m]
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Low B correction

= With correction, the rms error over the working aperture improves 20x

0 5 b =0.03275 0.3 b =0.03275c
cst b = 0.03275¢ avg 144mm (54 0.036mm)avg 0.00mm

poly fit sd 0.066mm rms

25 rh 0.25
~ 0 8 8 8 5 3 3
] [ ] . ] | L ] L] ' N
EREE R 8 S i (|
10 st s e eeee S °* — T v 0: ' l l !
L e
R R TR R S O N Y 4 5
L SRR B BN R B S I 25 O-~0746 mm " s O-~0036 mm
. S SR N R B R
£ XN E R SRR
5 -05
= o Lol e S i L e o 2 4 & 8 1w 12 0o 2z 4 & & 1 12
E L SR I R B R R S AR R csth=1.0 cstb=10
T8 0909 00 80e 90
L L . . 12 .
(S T R B RS R R B=003275 G~ ¥ 14G=1.489  x(1+G) .
LN E R B R N G =0.459 .’ ; P
o 10 =4 L 10 / F g
-10 LA I B R (MEBT) ”’ an+hxt3+00"5 It 4
L EE B R o 8 ):;. 3 8 .’ X
o o ] ,', -
% g 4’ % 6 ,"' '..’
o o o ," ‘
. g 4 : g e
-2...' ’ )z ‘-'
-20 -10 0 10 20 2 ‘,f' 2 I
Hor [mm] . 1 e
J- C”Sp o 2 4 6 8 10 12 ] 2 4 & 8 10 12
cstb=1.0 cstb=1.0
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Halo Monitor Ring (HMR) detects loss by
minimal interception

» The halo ring monitor is a niobium ring designed to intercept ions in the halo of
the beam that are likely to be lost farther downstream

= |t has high sensitivity (~0.1nA) for integrated small signal and fast response
time (~10 us) for large signal

= Optimize aperture based on fault mode studies. Monitor signal for large beam
excursions. Install in warm sections between cryomodules
HMR measurement at NSCL with 803+ at 11 MeV/u

2 16
3 14
R 12
£ 10
< s
I 6
4 "
2 Sensitive to ~ 100pA
. ’ 0 02040608 1 1.2 14 16 18 2 22 24 26 238
(LlU) Intercepted beam current (nA)
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Advantages of HMR at Low Energy Regime

* HMR signal does not suffer from radiation cross-talk and background
= Intercepted beam current signal >> ionization chamber signal

Loss 238 Energy / Loss Level lon HMR
Loss Mode Source Charge [W/m] Chamber | Intercepted
Location | [(MeV/u)/ Q] Signal [pA] | Beam [nA]
Slow loss LS1 10/ 33+ 1 0.003° 72 **
LS2 60 / 78+ 1 0.3° 29 **
LS3 200/ 78+ 1 427 9 **
Fast loss 3rd &=0.29 20/ 78+ ~1300 ~7.0 29x103
cavity (in ~15m)

* Assume the transfer function of ion chamber is 16.9 pA/R/hr (SNS).
** Assume HMR intercepts 1 W/m X 5 m beam power.
*** .83 signal is calculated from loss in a superconducting structure.

Dlagnostlcs for High Power Accelerator Machine Protection Systems , Slide 43 ‘,

(e

4
FRI B Eggllétxnfo{ Ear$é$0t?§e Beams International Beam Instrumentation Conference {
& Michigan State Univ Monterey, California, USA September 14-18, 2014 -



Proposed Beam Loss Detection Methods
(FRIB)

energy energy

Fast Loss Primary DBCM DBCM DBCM DBCM DBCM DBCM DBCM
<35pus Secondary HMR HMR HMR BLM BLM BLM BLM
Tertiary HMR HMR HMR
Slow loss Primary HMR/Temp HMR  HMR/Temp BLM BLM BLM BLM
>100 ms Secondary HMR/Temp HMR/Temp HMR/Temp HMR HMR/Temp
Tertiary Cryo Cryo HMR/Temp HMR/Temp
Cryo Cryo

Beam Delivery System (BDS)
Linac Segment 3 (LS3)

200 MeVfu (U238) 150 MeV/u (U238)

=== == :
o e R s

150 MeV/u (U238

[ | [] | ] N ) X

17 MeV/u (U238)

60 MeVfu (U238)

Folding Segment 1 (FS1) Linac Segment 2 [LSZ)/ Linac Segment 1 {LS1) Folding Segment 2 (FS2)
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Layering of SPIRAL-2 detection method and
time scales schemes

|
Interlock System PLC Slow beam stop 1 > Beam stop
slow (a few 10 ms) 1
-Coordinates machine mode changes . |
-verifies SPM hardware configuration (RPS) Thermal protection 1
- -activates-inhibits monitoring equipments |
-prevent from potential beam losses with slow beam stop I Fast beam stop
-protects insertable equipment from beam damages with 1 ]
slow beam stop 4_‘ 1
:Fast beam stop
Fast Electronic Protection System i
—I—b ECSF —» Chopper
I fast (a few 10 ps) i l
MI -Protects the beam chambers from beam damages 1 RF
i ———
I Beam loss manitors with fast beam stop i a
- I I In case of chopper
I Beam wire harps | failure (10us)
Computer Control i
ACCT / DDCT -User interface (RPS state, alarms,..) I
Transformers -Threshaold management [
|

I Beam Position Monitors ]7

I I Safe Fast beam stop
Beam loss monitors
Robust Command System (from 1 ms to 1s)
ACCT/DCCT Transformers {redundant and Hard Wired) Slow beam stop
Tarpets - Controls radiation produced by beam losses
I E - Contributes to targets integrity control
Beam Stops Cooling Safe Bearn stop

I Time of Flight (Energy) 4

P S p——— Safe RFQ stop
N F 3
Safety Command System (Classified) Safe Slow beam stop
Fast Vacuum Valves fast ( 2 ms)

- Protects the fast vacuum valves

Safe Fastbeam stop

Classified Protection
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Redundant, Multi-layered Machine Protection
Responds to Fast Events and Slow Losses

Response Loss mltlgatlon
m Main purpose and approach Detection technique

Low-Level RF controller;
* Prevent damage from acute - Dlpole current monitor

Fast ~ 35 s beam loss by quickly + Differential BCM; « LEBT bend
protection H activating the beam inhibit * lon chamber; electrostatic
system device; * Halo monitor ring; deflector
* Lower sensitivity » Fast neutron detector;
+ Differential BPM
* Vacuum;
* Cryomodule status;
. , * Non-dipole magnet PS; « LEBT bend
» Continuously queries the : ) 0 :
: : . * Interceptive diagnostics; electrostatic
Run permit ~100 ms machine state and provides : . _ _
system [1] ermission to operate with > DhiEreEriiey ok} S
y Eeam P * Quench signal; + ECR source
» Differential BPM; HV
* lon chamber;
» Slow neutron detector
* Prevent slow degradation of . LEBT bend
. SRF system under small * Thermo-sensor near solenoids _
Run permit >1s _ o e- deflector;
beam loss; for beam loss monitoring;
system [2] . o ) + ECR source
* Require high sensitivity * Cryogenic heater power Hv
detection
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MPS Timescales at LHC,40 usto 84 s

Signal Time Window Refreshing | Data

MName | Af, [ms] 40us Steps | RHate [ms] | Type

RS1 0.04 1 N4 MmAx.

A RS2 0.08 2 0.04 mex.

: ) RS53 0.32 B 004 MEAX.

Time A I RS4 0.64 16 0.04 mx.

I RE5 256 [} 008 IMAX.

I RS6 10.24 256 0.08 mex.

I RST 81.92 20458 2.56 MEAX.

REE 655,36 16384 256 IMAX.

—l RS0 1310.72 32768 8§1.02 sum

o . 1 Rs10 5242 88 131072 81.02 s1m

10000 turns = perationa RS11 | 2007152 5242288 65536 | sum
‘mistakes’ RS12 RAREG.06 HIOT152 #5596 sum A
== |
0.89 s R A !
N 1 [ |
1000 turns = : | ! .
I ! I 1
I I 1 1
I | N — [
* I
100 turns ™ A - !
I A Quench |

Quenches .
I : Power protection :
I
I | converter I
10 turns = — | __jinterlocks !
LS NC magnet A A - |
powering failures : : :
| 1 |
— I 1
lturn =1 = | I L
— 89 s Kicker BPMs
2 magnets BLMs Absorbers
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Summary

» Elements of modern MPS design for high power hadron
machines have been presented.

» Modes of beam loss, and detection techniques were discussed.

= Differential beam current monitoring is beginning to eclipse beam
loss monitoring as the primary detection scheme.

» |ntegrating and layering schemes with multiple time-scales and
redundant detection mechanisms is necessary for reliable and
robust operation.

* |ncorporation of beam loss detection with other cryomodule
iInstrumentation will tax heat load budgets but must be pursued.

= Simulation, modeling, network building can optimize monitor
placement and assist event post-mortem analysis.
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Mixed radiation fields

+ . _ +
. e T protons K
Particle composition in %
Measured spectra p o o7 o e
Momentum 120 GeV/c
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approximation (4000 PIC) Gertical 1.0 cm
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Cryomodule — Operating Temperature

= 2 K generally refers to liquid helium temperature from 1.8 Kto 2.1 K

» Temperature difference is relatively small, but the difference of pressure is
significant: from 1.6 kPa to 4.1 kPa, so are costs of cryoplant and operation

= Operational temperature of the FRIB cavity is under evaluation

10000 -
SOLID
TN
1000 4 SUPER-
i _ALINE ) CRITICAL !
,a, ~ o
< Hell Hel CRITICAL
g 1 OO Frormrmrmr e Y POINT--
§ " PRESSURIZED He Il SATURATED He |
n‘—_ L (Subcooled liquid)
10 -
i VAPOUR
/{ SATURATED He Il
/ ' ‘ ! :

0 1 2 3 4 5 6
Temperature [K]

Phase diagram of helium

Lambda point:
5.05 kPa, 2.177 K
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LHe Pressure and Temperature
Correlation Studied

= Pressure builds up with the depth of helium bath, so as the saturation temperature Ts
= The maximum surface temperature Tmax should below saturation and Lambda point

QWR HWR
0.041 0.085 0.53

Tmax h (cm)
2.100 0
2.102 20
2.111 100
2113 120
Tmax h (cm)
2.100 0
2.102 20
2.107 45
2.110 70

» |n the current design of helium vessel, heat flux in the cavity is minimized
= Tmax is estimated with a constant flux 0.5 W/cm?, gradient ~ 0.1 mK/cm
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Design Example of DBCM (Bergoz BCM)

» Example: LS1 differential currents

 Current difference measurements are performed in <10 ys with a current
resolution better than 4 pA (~1% of full beam current)

_@“‘—_ 3.7pus "=l g = Qps TR 5.0ps =
LS1 Beam ACCT Sensor AFE and ADC FPGA TX to Master Integrated TX to FPS
Time of flight Rise-time  Cable delay Throughput Processing Optical Difference Optical
24yus 1.2us 0.1ps 1.0pus 4.0pus 0.1ns 1.0pus 0.1ns

BCM-(N) Beam Input BCM-(N+1) Beam Input geegmng ;'::;e of flight
Timing | | Timing | | LEBT 1.3

Trigger Trigger RFQ 0.7
MEBT 0.7
Beam Pulse / \ Beam Pulse / \
0 _— 0 LS1 24
| — |4—>| I: :I: > | < :I FS1 14
50 ps 50 ps ty

LS2 1.2

| | ] | | | J
Beam Notch Beam Notch Time-delay FS2 0.3

window

LS3and BDS 0.9
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System Architecture and Interfaces

Differential BCM
measurement

Machine
Protection

BCM Master
Controller (RX)
Receives data
Computes Difference
Sets MPS status

_conduit [}

BCM Slave Cards (TX)
Digitizer and FPGA
Beam current
Integrated current
Transmits data

_conduit )

Ethernet

32 meters + Electronics racks ¢ 4 Cable tray —*

Individual nodes to digitize and filter the transformer signals, to perform digital
processing to recover the beam current, and to compute integrated current values

Dedicated data links to master controller to compute differential current information
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Differential Current Monitoring by BPM Pair

= Experiment was set up at ReA3 with Fermilab

BPM receivers FRIB BPM intensity resolution

« Measures second harmonic 161 MHz rms bunch gth
) beta MeViu | msdeg [ mm nA-rms
* 81 dB gain pre-amp; 1.32 dB cable loss fqout | 003275 | 05 27 09 33
 Effective BW ~37kHz (tv~4.3us) stin | 003275 | 05 | 18 | 06 322
sTout | 018647 | 1663 | 0.9 17 763
» For 37 kHz, the calculated intensity RMS :S§OUI gggggg ;gggg gg 2?;17 gggg
H . SO 0U } . b .
resolution (std) is 126 nA. target | 0.56985 | 20206 | 75 | 442 2355

= From experiment, the RMS intensity resolution _ o _ _
(std) for single BPM is measured as 67-106 nA for -"e2r and Polynomial it for BPM Intensity
204800 samples, assuming beam is at the center.
The differential intensity resolution is ~140 nA.

41.3mm 1D
20.0mm bution

» FRIB BPM intensity resolution is comparable with

ReA3 BPM, and it features fast evaluation (~15us). s
= BPM resolution is very sensitive to beam
position and beam velocity. Calibration is os

necessary. st
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Prototype HMR Test Set-up at NSCL

|
BNC Feedthru

Teflon wire
600V, 200 =C

(Liu)

1 e T
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