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ACCELERATOR CHALLENGES OF PROPOSED RADIOACTIVE BEAM
FACILITIES

O. Boine-Frankenheim GSI, Darmstadt, Germany

Abstract scale in-flight facility for Europe should provide primary

beam intensities of - 10'?/s for all elements from hydro-

tocl):f?gIror?ljglveealronhBifcl:z]erEcl:i)arr]aa\\/setr%e%or:igsaggggc;gri%n to uranium with energies up to 1 GeV/u. The focus of
pNysIcs, pny stch a next generation facility will clearly be on the ener-

International Accelrzararior Facility for Beams of lons an llowing very neutron-rich species to be accessed. The in-
Y strumentation should include a large acceptance fragment

Antiprotons’ (GSI), RIA (US) and EURISOL (EU) aim to eparator and a storage ring system allowing fast cooling

provide primary beam power exceeding 100 kW or TWZmd optimum storage of cooled secondary beams. The op-

peak intensities, as in the case of the GSI proposal. Tt[1

;;:\izsig d"laﬁr'glag db iimatl’);[\(l)vre;;vsllil geagcviglrrgzr}':g zgay studies directly after separation) would be a supercon-
9 P 9 ﬁcting linac delivering a high intensity dc beam on the

ondary beam cooling in storage rings (GSI). Following . . )
brief review of the proposed RIB facilities, some of the?arget. Storage ring experiments, on the other hand, re

; - ) ‘quire short bunches with repetition rates of 1 Hz deter-
main accelerator challenges specific to the different famﬂ P

ity concepts will be outlined, e.g. control of space-charggined by the maximum cooling rates in a collector ring.
effects (GSI) and dynamic pressure (GSI) in synchrotro or the next generation facility the NUPECC report recom-

. T Tends a synchrotron driver that can efficiently be matched
as well as multi-charge state acceleration in linacs (RIA).,[0 the storage ring operation and can serve in slow extrac-
tion mode the in-beam experiments. At GSI a major up-

1 INTRODUCTION grade of the existing synchrotron based in-flight facility,
. i . presently the only one in the world that already accelerates
The opportunmes offered by beams of exotic nucle| folntense uranium beams up to 1 GeV/u, towards the Nu-
research in the areas of nuclear structure physics and Mecc recommendations is proposed [2]. The accelerator
clear astrophysics are exciting and world-wide activity ieqyirements for the next generation European ISOL facil-
the construction of different types of radioactive ion bearpty whose beams are necessary to complement the physics
(RIB) facilities shows the strong scientific interest in thegy,gied at the in-flight facilities, are presently studied in
physics that can be probed with such beams. The tWRe FyUR|SOL collaboration [3]. Supported by the recom-
production methods used in RIB facilities are substantially,angations of the Nuclear Science Advisory Committee
d!fferent. One is commonly' called Isotopg Separation OfNuSAC) [4]in the US the Rare Isotope Accelerator (RIA),
Line (IS_QI__) and t_he o_ther is called In Flight. In ISO'—' a combined ISOL in-flight facility is proposed. The su-
type facilities, radioactive ions are produced essentially ?Jterconducting driver linac should be capable of delivering
rest in a thick target, that is bombarded with energetic prigg kW of beam power, and be upgradeble to 400 kW for
mary particles from a driver accelerator. After diffusiony); ions [5]. For uranium beams this would correspond to
out of the target and ionisation the radioactive ions can bg 113 jons per second. After a brief review of the two
accelerated in a post-accelerator. For the in-flight meth%’roposals (RIA and GSI) a discussion of some of the de-

an energetic heavy-ion beam is fragmented while passigy, challenges related to a heavy ion driver for a in-flight
through a thin target. After mass, charge and momenturaci”ty follows.

selection in a fragment separator the selected ions can be

analyzed or stored for further studies. No post-acceleration

is required. As stated in a recent report (Ref. [1]) of the 2 PROPOSED FACILITIES

Nuclear Physics European Collaboration Committee (Np 1 G Upgrade

PECC) the two methods are regarded as entirely comple- ) .

mentary. While the ISOL method allows good quality low At GSI ‘An International Accelerator Facility for Beams
energy RIBs to be produced, in-flight facilities are opti-Of lons and Antiprotons’ [2] is proposed that would serve
mum for higher energy RIBs of short-lived nuclei. In or-fadioactive beams physics as well as three other research
der to move closer to the extreme limits of stability the2®@s (high energy nuclear collisions, antiprotons, plasma
presently available driver beam intensities have to be if2NYsics). The proposed heavy ion driver for RIB produc-
creased by at least an order of magnitude together wifiPn (se€ Fig. 1) is a synchrotron complex, consisting of
corresponding efforts in target design and instrumentatioffVC Separate synchrotrons (SIS 100 and SIS 200) with 100

As defined in the NUPECC report a next generation largé"d 200 Tm maximum magnetic bending power and with
equal circumferences of about 1100 m, using the existing

*0.Boine-Frankenheim@gsi.de UNILAC/SIS18 facility as injector. For both synchrotrons,

fnum driver for ‘in-beam’ experiments (reaction and de-
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fast cycling superconducting magnets will be used to sa22 RIA
investment and operation costs. Intense (up t®0'2 par-

ticles per second), partially stripped heavy ions will be ac- The proposed RIA driver accelerator consists of an

celerated in the 100 Tm synchrotron (up to 2.7 GeV/u fOIrEIectron-Cyclotron-Resonance (ECR) ion source and a

U25). In the storage ring mode a fast extracted, single ins_hort, normally conducting buncher-injector section which

tense ion bunch (see also Sec. 3.4) will be delivered tovg\OUId feed the beam into an array of more than 400 super-

. conducting (SC) cavities of six different types, ranging in
thin target coupled to a new fragment separator (Supef- : g
. . ; requency from 57.5 to 805 MHz [6]. The configuration as
FRS). The short bunch length is required in order to pre- : o .
. . -an array of independent-phased cavities provides the flex-
vent the hydrodynamical expansion of the target material... . . .
. d L . Ibility to accelerate all ions from protons to uranium with
during the interaction time. If the target were to expand, its

. . : od efficiency. The array of short SC cavities also ensures
density would decrease drastically and a large fraction 1 e acceptances. obenind the possibility of accelerated
the projectiles would penetrate the target with considerab 9 P » OP 9 P y

. i . . eams of multiple-charge states (see Sec. 3.2). The driver
fewer atomic and nuclear interactions. This would not onl . S
. : : . celerator will deliver intense beams to two target areas
cause a substantial loss in the optimum production rate . . .
: . . ; see Fig. 2). A thick ISOL-type target coupled to an ion
exotic nuclei but also would result in an increased energ . L
o _— urce and a post-accelerator will provide isotopes from 0-
spread and thus transmission losses. The principal result

o . S . MeV/u. A second target area will utilize a thin target
hydrodynamic simulation studies is that the duration of the -
...caupled to a fragment separator (in-flight method) that can
extracted beam bunch must be 50 ns or shorter, a conditign :
o : . .pe operated in two modes. In one mode, after mass sep-
which is also required for fast debunching and successive

stochastic cooling of the separated exotic nuclei in the Su@_ranon, exotic nuclei can be used directly as high energy

sequent fragment cooler storage ring (CR). The target h?seams for in-beam experiments. In the second mode the

to be replaced after each high-intensity 50 ns pulse. A pos&}st mass-separated exotic nuclei will be energy-degraded

sible technical solution could be windowless liquid Iithiumand then stopped in a gas catcher system where they are

target, a technology which is presently under investigatiothermahzed but remain singly charged and can be extracted

worldwide. After cooling in the CR the exotic beam will By a combination of dc and rf fields to be further acceler-

be accumulated in a electron cooler storage ring (NES ted. This will provide high quality beams of short-lived

This mode enables experiments with cooled, stored enér—Ot0pes or elements that are difficult to obtain from the

getic exotic nuclei. In the fixed target mode after accelers—tandard ISOL target. The concept of stopping fast beams

ation in SIS 100 the second synchrotron (SIS 200) is useg 2 9as cell was demonstrated recently at ANL in gsmall
to slowly extract the beam to the target for in-beam expe ystem. A full scale prototype gas catcher system is under

iments with hiah enerav fraament beams and for studi construction and will be tested at the full RIA energy at GSI
. "9 gy frag e[’cﬁ]. For the post-acceleration of singly-charged radioactive
with stopped isotopes.

ions a superconducting linac with a normal conducting in-

/::N jector is proposed.
/ \ Simplified Schematic Layout of the
Rare Isotope Accelerator (RIA) Facility
SIS 100/200 Driver Linac W bearm

M

q [ f

Experimental Areas

Figure 2: Schematic layout of the RIA facility.

3 ACCELERATOR DESIGN

CHALLENGES
Figure 1. Schematic layout of the existing GSI facility By increasing the driver output by more than an order
(blue) together with the proposed upgrade (red). of magnitude relative to the existing, successfully operat-

ing RIB facilities, several design challenges arise that are
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somewhat new to the field. In this section some importhe activation induced by 1 GeV/u uranium beams impact-
tant aspects concerning the design of a high intensity driverg on different materials are still being analyzed. Besides
(linac or synchrotron) will be discussed. Besides the driveactivation two other beam loss induced effects must be con-
issues there are high power target design issues that afdered in the total loss budget. Firstly, due to their large
related to the increased driver intensity as well as instrienergy deposition, the impact of lost heavy ions on the vac-
mentation challenges (e.g. gas cell, fast cooling in storageim chamber or on other components causes the desorp-

rings) that will not be covered here. tion of a large number of neutrals (see Sec. 3.3). Secondly,
the energy deposited by lost beam ions in or close to su-
3.1 LossBudgetin a Heavy lon Driver perconducting (SC) components can cause the magnet to

guench or cause a non-reversible modification of the SC

. A major pa_trt of the design challenges in accelerator d‘5r'ﬁaterial. It is important to point out that depending on the
sign for high intensity beams result from the low beam los aterial, each energetic ion hitting the beam pipe or other

bUd%‘?)tr.STQI?aL?Sr?nbeuuci?er: n LTrlghsmitseI:\ ‘?tyIprgtmnﬁvzrzmmponents can create a nanometric ion track consisting
€.g. P 0 , On Sources, g7ey 0 €0 % extended defects and/or modified lattice structure (Ref.
the requirement of 'hand-on maintenance’: based on operg-

. . . ]). Concerning the quenching of SC magnets measure-
tional experience, hands-on maintenance (1-2 mSv/hour t1 S o
30 cm from the surface, 4 hours after shut-down) deman(ﬂ?ents at Fermilab indicated a tolerable energy deposition

. the coils of about 1 mJ/g during short time intervafs (
an average uncontrolled beam loss not exceeding about t ?ns) and about 10 mW/g during dc operation (Ref. [12])

Watts of beam power per tunnel-meter [8]. The aCtlvat'OQ\ssuming the density of copper (9 g/&)rand a distributed

mduped by medlgm gnerg;ﬁ(l GeViu) heavy ions im- loss (1 GeV/u uranium) over a beam pipe surface (radius 1
pacting on materials like Iron can be assumed to be lower

than for protons of similar velocity. Because of their larg %m) with 1 mm penetration depth{” grazing incidence)

Sve arriv .1 J/m for the short time limit an 4 W
electronic stopping power per nucleaht/dz ~ Z2/A) e arrive at 0.1 J/m for the short time limit and at atts

heaw ions d it most of their enerav in heat befor np_er meter for the dc limit. The loss budget for the non-
ceavy lons deposit most ot Ineir energy eat bEIore N, ersible degration of the SC material due to heavy ion
clear reactions can become effective. Fig. 3 shows the elec

tronic stopping power and the range of uranium ions | ombardment over long times still needs to pe estimatgd.

stainless steel calculated with the SRIM code [9]. The ma?:-rom these very rough est|mate§ one can e_asny see the im-

imum of the electronic stopping power lies at 5 8 MeV/ ortance qf colllm.ator concepts in combination with a Ipw-
o . 1oss machine design in order to reduce the beam loss in the

(100 keV for protons). At 1 GeV/u the stopping power IS5 sections to tolerable levels

reduced by a factor of seven only. The range of 1 GeV/u '

uranium ions in stainless steel is about 1 cm whereas the
range for 1 GeV protons is about a meter. 3.2 Multi-Charge State Acceleration in a Linac

For heavy ions beams such as uranium, where the
present capability of ion sources is limited, and where mul-
Stopping power / u 3 000 tiple stripping is foreseen, multi-charge state acceleration

. ' can increase the output beam current. The simultaneous ac-
celeration of five neighboring uranium charge states in the
SC mediumg (10-80 MeV/u) section and three in the SC
high-6 (80-400 MeV/u) section is one of the key features
of the proposed RIA driver linac. This becomes possible
‘ ‘ 00 because the chosen high charge-to-mass ratio makes the
10 100 1000 synchronous phase offsets small and because of the high

E [Mev/u] focusing gradients provided by the SC structures. A suc-

cessful test of multi-charged (mean charge siate) ura-
Figure 3: Stopping power per nucleon and range of urddum beam acceleration was performed in the booster sec-
nium projectiles in stainless steel. tion of the ATLAS SC linac [13]. After stripping &+
at 1.2 MeV/u all charge states where accelerated in the

The influence of fragmentation on the stopping of heavipooster with a transmission of 94 %. The use of a multi-
ions in matter decreases in heavier materials. Tracking siroharged uranium beam increased the final intensity of the
ulations, including projectile fragmentation and electroni® MeV/u doubly stripped &/ beam by 4 times. For the
stopping of all fragments, show that the neutron yield pgsroposed RIA linac an increase in beam intensity by an
nucleon of 1 GeV/u Bi in Iron compared to a 1 GeV pro-order of magnitude is utilized. Here the tolerable relative
ton is reduced by more than a factor of 5 (Ref. [10]). Atbeam loss 0~ in the high# section, or much less than 1
400 MeV/u the difference in neutron yield is more than aWatt per Meter) limits the charge state spread. Due to the
order of magnitude. From these results one can estimdtav peak currents in cw operation space charge effects are
that the persistent activation induced by lost heavy ions r®duced. Possible sources of emittance growth and beam
reduced by similar factors. Related GSI experiments dioss are errors in rf fields and in the transverse focusing

o
~

100.00

o
[&N]
\

<
[
T

51.00

range [mm]

,r’r/onge 0.10

o
T

o
o

stopping power [MeV/(mg/cm?)]

101



Proceedings of EPAC 2002, Paris, France

fields. Extensive particle simulations showed that the emiRlP*+ ions on stainless steel beam pipes. The resulting
tances through the whole SC linac remain well below théast increase in the residual gas pressure ('pressure bumps’)
six-dimensional acceptance. Fig. 4 shows the simulaticstrongly reduces the beam lifetime. Similar observations
result for the five charge-state beam in the medjgisec- were recently made in the SIS at GSI witR®J beams at

tion (Ref. [7]). 11.4 MeV/u [17] and also earlier in the BNL AGS booster
with low energy partially stripped Gold ions [18]. Above

a threshold beam current that depends on the desorption

i Cavity aperture / yield, pumping speed and conductances, the amplification
1.25 of pressure bumps can lead to major beam loss. An inten-
T : ; sive experimental program at CERN came to the conclu-
< J(h ﬂA l I Year sion that various coatings and cleaning techniques cannot
2 0751 ' i A reduce the desorption coefficients sufficiently, but linear
E 05 ﬂl W\ M Y Ww W\W pumping by NEG (Non-Evaporable Getters) stripes over
. RLLLRE MR Yo the whole machine can improve the dynamical pressure by
0.25 “”MWNY— more than an order of magnitude [16]. In addition beam
ol e~ i scrubbing was pointed out as a possible low-cost cure for
0 50 100 150 LEIR. Still this has to be confirmed in the real machine.
: Other ideas, that might be more suitable for high beam in-
Distance (m)

tensities, consider combined collimator/pumping ports for
) ) _ thelocalized removal of beam loss induced neutrals [19]. If
Figure 4: Five charge-state beam rms.{;) and maxi-  for jntense medium energy heavy ions in a cryogenic vac-
mum (V;,4;) Sizes in vertical plane along the mediyin- ,ym system with cold walls (like in the cold sections of
linac. Red curve is the rms beam envelope, blue curve j§e proposed SIS 100/200) the dynamic pressure can be
the beam maximum envelope. The green cuig.) is  reduced by the very efficient cryopumping needs to be in-
the maximum beam size at given z due to misalignmen{zsiigated. For fully stripped heavy ions or at high beam
obtained from 200 random seeds of the linac. energies, like e.g. during slow extraction, the beam loss
rate due to inelastic collisions in the rest gas decreases. In
o ] this case the dynamic pressure can still be strongly affected
3.3 BeamLifetime and Dynamic Pressure by beam ionized residual gas components that are acceler-
Because of the limits imposed by machine cycling ratedted towards the_vacu_um chamber in the beam potential a_nd
or by low injector currents synchrotron drivers for heawP €l€ctron multipacting. The recently observed dramatic
ion beams require intermediate beam accumulation steff¥€Ssure bumps (up to five orders of magnitude) in RHIC
For example the GSI scenario requires 1 s accumulatidRPerating with fully stripped 8.6 GeV/u Gold beams) were
time at 100 MeV/u and for the LHC Lead ion programrelated to the_ the _comblned effect of residual gas ions and
3 s accumulation time in LEIR fot0? PB4+ ions at 4.2 €lectron multipacting [20].
MeV/u are foreseen [14]. For injection at low/medium
beam energies partially stripped heavy ions are prefered 414  |ntense Bunch Generationin a Synchrotron
order to increase the maximum number of ions in the ring
for a given space charge limit. Partially stripped ions have Beam fragmentation followed by fast debunching and
the disadvantage of a relatively short lifetime due to eleaooling of the RIB in a storage ring requires a single, short
tron stripping or resonant capture processes in the residyg 50 ns) and intensel (2 ppp) heavy ion beam at en-
gas, causing beam loss under grazing incidence at the inggies > 1 GeV/u on the target. Because of the large
(stripping) or outer (capture) parts of the vacuum chanspace charge induced betatron tune shifts the generation
ber. Collimation of these losses, e.g. to shield SC magnd handling of the intense bunch (TW peak power) in a
nets, would require several collimators in each period. Kynchrotron and in the beam lines to the target represents a
we consider 3+ at 100 MeV/u the stripping cross sectionmajor challenge to high current machine design and opera-
in collisions with Argon is of the order afo—'7 cm? (Ref.  tion. In order to minimize the dwelling time in the extreme
[15]). In order to achieve a lifetime of 100 s (for less than kpace charge regime, the compression must be done as fast
% loss after 1 s) a Argon pressure bew0~'2 mbar dur- as possible. Therefore the non-adiabatic fast bunch rota-
ing the accumulation time would be required. The experition is the method of choice for the generation of intense
ence gained at LEAR has shown that maintaining the staticedium energy bunches. In the proposed GSI SIS 100
design pressure in the presence of a partially stripped heasynchrotron the required average field gradient fé¢U
ion beam represents a major challenge to present vaculomnch compression is of the order of 1 kvV/m. Even with
technology. Each beam ion lost at the vacuum chambé#ére very compact magnetic alloy loaded cavity design (40
releases a large number of neutrals (mostly CO and)COkV per gap, 50 kV/m, 0.8-1.2 MHz) presently under de-
from the surface. In LEAR desorption coefficients exceedselopment at GSI (see Ref. [21]) a few percent of the ring
ing 10* have been measured for the impact of 4.2 MeV/will be occupied by rf compressor modules. During the
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fast (0.1 ms or 100 turns) bunch compression the incohesecumulation, acceleration and compression into a single
ent space charge tune shift in SIS 100 will reack\&)| bunch of the required more tha'? uranium ions in a
close to unity, much larger than the limitind Q| of 0.3-  chain of synchrotrons exceeds the present demonstrated ca-
0.5 in conventional synchrotrons. In a bunch compressigrability of the existing GSI facility by more than an order
experiment with 1 GeV protons in the CERN PS for aboudf magnitude. The space charge limit requires operation
20 machine turns (4@s) a|AQ)| close to unity was al- with medium-charge state uranium, that has high stripping
ready achieved [22]. The measured emittance blow-up dwross sections. The experience gained at LEAR and RHIC
ing the compression was 30-50 %. This result shows thahows that strong problems with beam loss induced pres-
in an optimized machine large tune shifts can be toleratesire bumps occur already at relatively low beam currents,
with tolerable emittance blow-up. In order to identify themaking the control of the dynamic vacuum pressure to-
optimum machine design and working point for minimumgether with a distributed collimation concept for stripping
blow-up and tolerable beam loss (e.g. much less than 1 Jand space charge induced losses an essential point for the
in SC magnets) self-consistent tracking simulations witldesign of the proposed two synchrotrons.

1M macro-patrticles are performed at GSI. Presently these

simulation studies focus on the planed fast bunch compres- 5 ACKNOWLEDGEMENTS

sion experiments with intense uranium beams in the exist- . )

ing SIS [23]. In these experiments space charge parameters he author would like to thank W. Fischer (BNL), E.
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well within the SIS machine apertures.
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