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Abstract remarkable features othis facility is capability of
supplying light-atomic-mass Rl(radioisotope) beams
The RIKEN Accelerator Researchacility (RARF) has \ith the world-highest level of intensity which are
proposedhe “RI-Beam Factory” project. In 1997iscal  produced bymeans of theprojectile-fragment separator,
year, the construction budget for the first phasdhid Rps [1].
project has been formallgpproved.The factory is aimed In order tofurther promote experimental programs
at providing the world’s most intense Riadioisotope) tilizing RI beams, the RARFundertakesthe con-
beams at energies of sevelnahdreds MV/nucleonover  stryction of "Rl Beam Factory”. The bird’s eye view of its
the wholerange ofatomic masses. RI beams will bejayout is illustrated inFig. 1. The factory is aimed at
generated bythe projectile frag-mentation. For the providing RI beams covering over the whole atomic-mass

efficient generation acascade of aK930-MeV ring range with very high intensity in &ide energy range up
cyclotron and a K2500-MeV super-conducting ring g several hundreds MeV/nucleon.

cyclotron will boost theenergy of heavy-ion beanfiom
the existing ring cyclotron up to 400 MeV/nucleon for 2 A CASCADE OF CYCLOTRONS FOR HIGH-
light ions and more than 100 MeV/nucleon for very heavy INTENSITY RI BEAM PRODUCTION

ions. Moreover, this factory includes a next generation of
the multi-use experimental storage rings (MUSES
consisting of anaccumulator-coolerring, a booster
synchrotron ringanddouble storageings. The MUSES
will enable us to conducvarious types ofunique
colliding experiments.

The factory utilizes the "projectile fragmentation” to
enerate Rl beams of intermediate energies. To enable the
efficient generation of such Rl beams covering the whole
atomic massesre needechigh-intensity primaryheavy-
ions, up to uranium ions, with the energies exceeding 100
MeV/nucleon. Inorder to realizethose beams, weill
construct a cascade of an intermediate-stamggecyclotron
1 INTRODUCTION (IRC) with K=930 MeV and a superconducting ring
The RARF (RIKEN Accelerator ReseardRacil-ity)  cyclotron (SRC) with K=2500 MeV as amnergy booster
has a heavy-ion accelerator complex consisting of a K548f the existing RRC. Iraddition, wewill upgrade the
MeV ring cyclotron (RRC) as a main ac-celeradod two  RILAC which serves as the initial-stageecelerator by
differenttypes of injectors: dre-quency-variable \Wblerée introducing a new pre-injectorand a charge-state
linac (RILAC) and aK70-MeV AVF cyclotron (AVF). mulitiplier (CSM). This accelerator copiex, which is
The facility provides heavy-ion (HI) beams over the wholgchematically illustrated irFig. 2, will possesssuch

atomic massangeand in a wideenergy rangdrom 0.6  perfomancethat a 100 MeV/nucleon uranium beam with
MeV/ nucleon to 135 MeV/nucleon. One of thethe intensity over 1jpA is obtainable.

0.3 GeV electron linac to accelerate an
RI (HI) or an electron beam

DSR: Double Storage Rings for
colliding experiments of HI, RI,

photon, and electron beams

ESR: Booster Synchrotron Ring with a]

RC's) to boost the energy of HI beams an RI (HI) beam using stochastic coolin

IRC, SRC: A cascade of Ring Cyclotrons ACR: Accumulator Cooler Ring to cool
( g
from the RRC and/or electron cooling method

Fig. 1 Bird's g/e view of “RI-Beam Factgt’ layout.
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Fig. 2 Concetual diggram of heay-ion accelerator coptex for RI-beanproduction.

2.1 Pre-injector for RILAC

The RILAC is stably operational in the acceleratiadio-
frequency range between 18 MHz and 38 MHzrifer to
upgrade the RILAC performance in the be@utensity by
one or two orders of magnitude, itsnew pre-injector

and the velocity gainfactor of the IRC to bel.50
(accordingly that ofSRC is to be 1.506). On ttabove
conditions, the mean injecticand extractionradii of the
IRC are2.77 mand4.15 m, respectivelyand those of
the SRC are 3.56 m and 5.36 m, respectively. Sdutor
anglesaretaken to be 51° for the IR@nd 25° for the

system consisting of #&equency-tunable folded-coaxial SRC, based on the beam dynamics study [4]. rhtie-

RFQ linac (FC-RFQ) equipped with 48-GHzECR ion
source (ECRIS-18) has beeafeveloped. Inthe recent
acceleratiortests, the FC-RFQ has successfudbyered
HI beams in the energy-mass regimquired, and the
beam transmissiorefficiency of about 90 % at the
maximum wasobtained[2]. In addition, high-intensity
highly-chargedion beamshave beenproduced by the
ECRIS-18 [3].

frequency of the IRGndthe SRCranges from 18 MHz

to 38 MHz which are the same as that of the RILAC and

the RRC. The maximum magnetifield strength in the

sector magnets is to be 1.9 T for the 1B@14.3 T for

the SRC. This IRC-SRC system boosts #mergy of

uranium ions from the RRC up to more than 100

MeV/nucleon.
Geometriesand characteristics othe IRC and the

SRC thus designed are shown in Fig. 4 along with those

2.2 CSM

The CSM consists of an acceleratoighargestripper and

a deceleratorlts functionsare to producéiigher charge
state of ion beams by further increasitige stripping
energy and to reducetheir magnetic rigidity by
deceleratinghem to the initial energy. With thidevice
the magnetic rigidity of the RILAC beam with a most-
probablechargestate can bereduced tothe acceptable
value of theRRC even when the injection velocitynto
the RRC is increased as shown in Fig.TBe accelerator
and decelerator are oftgpe of frequency-tunable IH linac  ©
whose operational radio-frequencies are twice as that of thex ;9
RILAC to double an acceleration gradiefitansmission
efficiency through the CSMependnly on chargestate
distribution behind the charge stripper foil.

2.3 IRC-SRC
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The maximum beam energy of the SRC is set to be 400
MeV/nucleon for light ions which isachieved at 38
MHz, the maximum radio-frequency inthe RILAC.
Based on the characteristics of the existing machines, this
means that the velocity of the RRC’s output beam has to
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of the RRC. The structure and size of the IRC are similar
to those of the RRC, and the rf resonators of the IRC and
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be amplified by a factor a2.26 by combination of the
IRC and the SRC. Harmonic numbers of the IRC and the
SRC are chosen to beand 6,respec-tively, while that

of the RRC is 9,consideringthe maximummagnetic
field strength and the central space to pldmeinjection
elements. The mean injectioadius ofthe IRC istaken

to be 7/9 times the mean extracti@ulius ofthe RRC,
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Fig. 3 Principle of the CSM: Size of a dot corresponds
to the yields of U ions with re-spective charge states at
the stripping (a carbon foil) energy, E. The ordinate
represents the necesgdrendirg power in the RRC.



K540-MeV RRC K930-MeV IRC K2500-MeV SRC

13m 14m 19m

Rinj (m) 0.89 2.77 3.56
Rext (m) 3.56 4.15 5.36
Velocity gain 4.0 1.50 151
h 9 7 6

B (T) 1.7 1.9 43
Weight (ton) 2,100 2,400 4,000

Fig. 4 Conparison of three rig cyclotrons.

the SRCcanalso bemade to besimilar to those of the the mechanical and cryogenic design [7]. The
RRC. Therefore, oueffort has beeroncentrateanainly  superconductors fahe mainandtrim coils havealready
on thedesign ofthe SRC, in particular, on that of its beencomplete. This task ischeduled to béinished by
superconducting sector magnets gid superconducting the spring of 1998.

injection and extraction systems [6]. In this two-stage cyclotron scheme the simul-

As shown in Fig. 5 the IRC’'s maximumnergies taneous utilization of the HI beams is possible in both of

are 127 MeV/nucleon for light ions up to around Ar, 102the existing experimental facilitgand the new facility,
MeV/nucleon for KB%*, and 58 MeV/nucleon for 8+ when part of the IRC beam isharge-strippecand is
The minimumenergy is 25 MV/nucleon. In the SRC transferrecback tothe existing facility. As an example,
the maximum energies are increased to 400 MeV/nuclegpart of a 127 MeV/nucleoh®O7* beam from thdRC,
for light ions up toaroundAr, to 300 MeV/nucleon for the main part of which is injected to tS&RC, ischarge-

Kr30+ to 150 MeV/nucleon for BB* and to 100 stripped to G* and delivered tothe existing facility

MeV/nucleon for U9+, The minimum energy is 60 wherethe magnetic rigidity of this & beam can be
MeV/nucleon. accepted.
We have undertakethe fabrication of a full-scale

model sector magnet of the SRC without a yoke to verify 3 MULTI-USE EXPERIMENTAL STORAGE
RINGS (MUSES)

‘ T T ‘ T T T T T T T ‘
[ SRC Maximum frequepcy “~ <& 1 The MUSES (MUI“'USE
400 - 78 &—  Experimental Storage  rings)
- QOQ? o consists of an Accumulator-
s I S 1206+ 400 mevimucieon, | Cooler Ring (ACR), aBooster
% 300 e 30 —  Synchrotron Ring (BSR) with an
E I Kr™™ 300 MeVinucleon 1507 200 Mevinuceon | INIECTOT €lectron lina@nd Double
> yas bsae / Storage Rings (DSR). It will be
2 500l £ 150 tevinugleon A _ installed downstream from the
= 238049+ 100 Mevinucleon SRC and an Rlbeam separator,
o L IRC 1 Big-RIPS.
W Lz%e 127 MeVinucleon The ACR functions for
100 g | accumulationand cooling of RI
r = 2 — 1 (HI) beams,and is also used for
- SRC Minimum frequency . .
[ B S | atomic and molecular physics
0 : : : experiments with a coolaectron
0 0.1 0.2 0.3 0.4 0.5 beam. The BSR works solely for
/A the acceleration of Rl (HI) and

electron beams. The DSR permits

Fig. 5 Maximum Hi-beam energy obtainable by the IRC and the SRC for ionvarious types of unique colliding
species with different chge-to-mass ratosyA. experiments: Rl (H) - HI
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merging or head-oncollisions; collisions between
electron and RI (HI) beams; awdllisions of RI(HI)
beams with a high brillianX-ray emittedfrom an

undulator which is inserted in one ring of the DSR.
3.1 Production of Rl Beams © “’-I-III-I-“-‘J|-|""l

The SRC’s HI beams irradiate a production target and
are converted to Rbeams through the projectile &
fragmentation. Rl beams generated are the mixture &f
various RI's;andtherefore they will be purified by
means of momentunand charge-stateselection at

mbe

RI Beam Intensity

Blg'RIPS . ) IlO10 particles
Production rates of RI beams were theo-reticall Isecond
estimated with the computendeINTENSITY2 [8]. &
In the code, physical nature of projectile * Stable Isotopes
fragmentation process is empir-icathgated. Kind of .
— > Neutron Number — 10

primary beamand thickness of the Begproduction
targetwere optimized so as to obtain the maximum

production rate. Figure 6 shows the result ofig. 6 Production rate of Rl-beamer 1puA primary beam.
estimation with the assumption that intensity of the

primary HI beam is 1pA, and that the acceptance of  yepyncher system with a voltage of 8 Nxidharmonics

the Big-RIPS is 10 mrad in angle and 1 % in momentuny,ymper of 6 will be installed toeducethe momentum
Typical RI-beam quality was also estimated: th%pread ta 0.1 %.

momentum spread i#s0.5 %; the phase width relative to
RF frequency i 5 degrees; anthe transverse emittance 3.2 Accumulation and Cooling of Rl beams in ACR

is 4.5 m mmmrad in both horizontaland vertical  Figures 7 and 8 show the time chart for greumu-lation
directions. This beam isansportedrom the production process of RI beams in thACR. RI-beam bunches
target point to the injection point of the ACR along thgoming from the Big-RIPSire injectednto the ACR by
length of 70 m. At theend point of transport line, a means of the multi-turn injection. Then thiestacking

associated with the beam cooling is per-formed.

Multi-turn Injection N Momentum cooling continuously workduring the rf-

NR'i ok stacking. Thisprocess isrepeated aintervals of the rf-
ﬂ stacking time of 30 ms plus the cooling timggq)

bunch depending on the RI-beam property.
from BigRIPS |20 H Simulation study for both of thelectron cooling

o and the stochastic cooling of Rl beams was done [9]. As a
= /—H—H—>t result, itturnedout that the stochastic cooling is much
LY | fasterthan theelectroncooling. Anelectron coolemwith
Tt =N bac > T length of 3 m and current density of 0A,cm? gives, for
example, the cooling time of 380 s féle and 0.42 s for
232, whereas a stochastic cooling system composed of a
10 kW feed-baclamplifier with aband width of 2 GHz
gives 0.20 s and 5.0 ms, respectively. Thiglus to the
property of the Rl beam: the intensity rether weak; and
both of the momentum and emittance spreads are large.
The RI beamaccumulated irthe ACR decayswith
> 1 its own intrinsic life timetjze. The numbeN;q, of the

RI ions stored inthe ACR after the period of 1)zo iS

Fig. 7 Time chart of multi-turn injection (top) and rf-  determined by the balance of the supply eatethe decay

stacking plus cooling (bottom) in the ACR. In the figure "até as shown in Fig. 8. Ttepace chargémit was also
Npunchdenotes the number of RI ions in one bunch considered irthe estimation of the maximum number of

coming from the Big-RIPS peg; (=1/38MHz— Rl ions stored in the ACR. This limit, howevdrecomes

m effective only for Rl ions neighboring on the stability
1/18MHz), N, the number of injected turns (=~40), and |; ith hi i
nj line with high production rate.

hacr harmonics of the ACR (=30).

rf Stacking + Cooling
NRI

rf stacking| cooling

rf s}7cking cooling
N mTi

rf stacking cooling“ N MTI = Npunch * Ninj x hacr / (Dilution factor) |

—_
30msec  Tcool
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The accumulated RI beams in tA€R will be fast  section in two rings. Another usage of an electream
extracted and one-turn injected into the BSR (see Fig. 8.)s to generate high brilliant X-ray by an undulatuserted
in the electron ring [14]. This X-ray will shine Li-like RI

3.3BSR ions circulating in the other ring. Bydetecting

In the BSR, RI(HI) beams will beaccelerated to the fluorescence emission from the ions, new spectroscopy of
energy required fothe experiment within 0.3 sindthen unstable nuclei will be possible. For this purpose the

will be one-turn injectednto the one ring of the DSR electron-beam emittance is required to berasll as 163
(see Fig. 8.) The maximumenergies are:e.g., 1 1 m-rad. This isachieved byforming the DoubleBend
GeV/nucleon for238U92+ 1.5 GeV/nucleon foiions of Achromat (DBA) system in the arc.

charge-to-mass ratio (g/A) of 1/2 and 3.5 GeV for protons

[10]. The slow-extraction channel will also be prepared. 4 CONSTRUCTION SCHEDULE

Electronsare accelerated up t800 MeV by an In the present schedule, the IRC, ®RC, the Big-
electron linacand then injected tothe BSR. The BSR RIPS and the experimental installation will templeted
boosts theelectron energy up to2.5 GeV at the in 2002. The construction of the MUSES pfanned to

maximum and supply them to the one ring of B®R.  start in 2003 and to be fully finished in 2009.
The expected beam current in (D8R is about 500 mA.
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electron beam at a collision angle of B0ad and the
other for the merging of RI (HI) beams at a merging angle
of 170 mrad. RFcavitiesandbeam injectiordevices are
placed athese long straight sections. Two short straight nNri N total

sections will beusedfor electron coolers to suppress the

beam instabilitiesand tomake a short-bunch iobeams  DSR %%»
[11].

The ringcircumference i269.6 m, which is 48/6
times the extractiogircumference othe SRC, 33.7 m. » |
It means that the harmonic number of the DSR is 48 1 Tire 1 10“6““”‘ injection
while that of the SRC is 6. The maximuBp-value N tota

becomes 14.6 Tm when a dipole field strength is 1.5 T aBSR acceleration
the maximum.Accordingly the maximumenergy is 1.0 0.3 sec

GeV/nucleon for 92+ ions, 1.5GeV/nucleon forlight ]
ions of g/A=1/2, and 3.5 GeV for protons [12].

One of typical experiments conducted at @R is |
the collision of an RI beam with an electron beam to accumulation 1 N totl 1 1
precisely measure charge-dendiigtribution of unstable = +decay pd
nuclei [13]. In the experiment, one ring of the DSMI
be filled with ahigh-current electron beam of nearly 500

> [

one turn injection

N total =N w11 (1- €1)

- . ] X(e(3OmS+Tcoo|)/Tﬁfe_1)-1
mA with the energy of up to 2.5 GeV. The latticetlois
electron ring is designed so that the emittanceletron |/ |/ -t
beam is 16 1 m-radfrom the point of view of the | Te o

luminosity andbeam-beam effecThe parameters of the

ion ring are differentfrom those of the electron ring Fig. 8 Time chart of accumulation and acceleration of RI

because ofhe differencebetween lattices of the colliding jons in the ACR, BSR and DSR.
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