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1 RIBF as an int@accestisedaalcleddapmpgnf or t h

nucl ear physics

The RIKEN Nishina EaqanedrSdioendecpepl emat ®s science
for fel ement transmutationo pioneered by Dr. Yosh
answering two questi oad:byi Hohwe wierriev erl €Fenedtasn a¢ rie@an
at will ?20 Siionnc eactcheel efiReaativoyp a ¢ taicv ¢ i t ot op@ oBsamuéEne
of ficially started operation in 2007, tthree | foavc ielniet
nucl earwhphyesipcdsayi ng a gl ob.al |l eadership role in t
As the name i mplies, the RIBF is a facility that
RI beams | i ke a Afactory.o Its RI beam intensity

worl d, and produaedi mg weas$ & & e colf ntoeust ssldt SR beams

combinati onpeoff otr mantoéng eeawy er at or @cmpelpeéeanaadi b
separator. The superconducting ring oyalget rhars, dteH
the intense primary beams, which are converted t
products of interest are collected and separated ¢
It woemplhd®i zed that the accelerator system and i
fission products as secondary beams. The accel er af
at an intermediate endmgny anfd aJduVaV/ wczrerpt@omen
momentum and angul ar spread of fission products.

I n addition to the intensity of RI beams, the o
equi pped, which are complementary each other in t
styles of reactioadistatdeed st o Amassermgasuremedt i s

Rl i ons produced with contibascses beam$edalovercedp
S nce 2007, experiment al programs with these sp
international c o kli enbdo rcaotnitorni.b uBd soends o iumser s in t
devel oped sygteenc,olll arbeeeat iforsmedaves H ead -styl so

experiments to achieve efficient operation in ter
RI BF has contributed to the expansion of the nuc
has provided a multitude of opportuni-itdespitm asysmn
Very selected resegartchhe miugH leiagh tsg riurc tsutrued yairre t he

in the F and Ne isotopes, appearance of a new mag
2F3Ne d&dMg, the doubNieRemeaeqitdiyne uthrtoent edatsea observed w
independent experiments, which has s-humubeanhefiot be
worflidrst JdeavVysion with RI beams | sofgtiavtien go ft haes yim

nucl ear. mdtBtFe produced +hehwaoawmnlcd&s -plirironcgets\sre ehuntidn osriutc e
investigating their properties and demonstrated t

that the RIBprpcestebadetdhenrexperi ment al resul ts
It would be emphasized that Dbased on the intense
program was | aunched t el esvoellv er atdhieo apcrtoi bvlee nwv aosft et hfer
this predgdgrveend I[fomsg hen wasot@uaeies ei el i vered as RI b ¢
Al the highlighted results above have been obt

success of RI BF has brought the great growth of
construction plans ofFRIeBv idos$ ) ciognhptl eftaecdi liint i2e0s2 2a bar
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RAON (Korea), HI AFGH rChaamyr) q j eacntds FwAiltRh (t hei r budge
currently wunderway. The designs of thesRlbevawmidahy r
fissiomirtehacat iuoamni um beam.

Considering the unigueness of RI BF and competiti:
upgrade project. The target regiomi aewhydalbeawmpam
at Z>50, where dynamisaualh msémdipehma ngnandcFéesgsi on
reactSuachsc.l ear physsiosbréesgacalhcdmemdreeclea@aar gy sou
500 years |l ater. The region will iBsiaancews ddadavima
uranium beam. Not only the accelerator complex bu
upgraded to access the heavy region.



2 Progresses and prospects of physics

In this chapter, we will present the achievements
futpearespective with the upgraded RIBF.

21 Programs TRV2Q@0 7
21.1New knowledge from newly observed isotopes

Since the RIBF started to provide beams, mo-r e t h:
ion primary beams. AHRINgAHMEINaAHNGgR2oesuil ées i f ext e
neutron dripline from previous Z = 8 (N = 16s) to
us with invaluable informatiomM=2M mudl €8r matgd kti Iniu
Di scovery of ft®helARIAB@II ysomagnpacts theoretical mass
anot her dofabliys ortaogpi ec.

On the neutron defi cRbenwi tshi mdedd i pr otsorfso-n@Bmbarmat
neutrons (N ZR®5Wwi ¢rhu eiveern waiutl 8 dBNL 7 sThinboawondt r adi

at a glance, a common sense of traditi onnau mbreuc!| e
neutrons i s more -sutmbéer bhbeanhronse, wahtd bddts exi st
stabil inzearnudleeiproton dripline.

20 ([FSSc SVsg s B6csch SScl Mson ASc Wsc fisc Wsc

s a Ha Mo Ka Sa S K e B
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feseed  lecened

5aas s duEuEwaE— T
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i WK ey g oy o5 g
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! 20 oo wywy efenlong 4 OFO{ P HFB-22
b wr ——UNEDF1
e
s 2w wf fuf e

212Shel |l evolution and wuniversality of | evel [

One of the subjects focused during the dtashbi I1i5t y el
in particular appearance and disappearance of ma

i nver si on, known to be |l ocalized around Z = 12 an
and Z ~ 8/ N?EDQRI’RE¥@0t ht[ was al so found the mec
of inversion is responsible f @ Mumleeavamagt tu ntuunmbae
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214Nucl ear dat a -ptroo cgersosu nrde stehaer crh

RI'BF is the first accel ejpatocresfsamiulcil tey .t B&% ngn ah
nucl ei alongprandss!| paehsoare produced-pamd emrso \wit die
started with |ifetime measurements with thdiEWBRI C
data and 324 iifreprdead ;ad dihhasbefl,ibe@RLBt i s foll owed by d
rati o measur eanfefnitcsi eursdyn gnedtgrhon detectors under t

succeeded in measuring one or t whd enceauytsr ofnore n8 0s sn uoc
Now mass meapuponemsest sucf ei are sTQ@HR 1[M2@.RaLroenbRIn el
[L1T'RP2 and -OSEHEBBMAENL8when necessary will open broad r

EURICA + BRIKEN + Rare Rl Ring + MR-TOF

. | New Isotopes: 63 il

[l New Half-Lives : 160 (+10)
[l Half-Lives (updated): 326 (+11)
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Evolution of nuclear matter properties with an i
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at RIBF and has been investigated in a variety of

SRI'T at SAMURAiI onscohli ie@awvyprogram at 200 to 3C
t he equation of state of neutvrodnu meatttieme. plrhoej eccotlilo
gap of the SAMURAI magegnetmi asd omb $ ¢ owme-dihgla c®il dii ssa tc
The meak'ygxT2lan&KANZprfati os clearly support small
compared with results of the recent transport the

Direct reactions al so shed nareiw hl ingahtttseran Tthlee fprmr
GameTwel | er giant res@@mamu&d@iUBi gdi casMilgpdaé Ipam dane
g6 doesndét significantly change with the neutron
condensati on -riinc hd emmastétreare.u kQuoanskiout r eacti on isntudy

neutrriccrh and deficient oxygen isotopes shows- a wez:
proton separati ocknAWdBerQtyhedri fdiemeantcer dacti-obar gpatog
measurements of isost@8hartmenppoti enselraangit hssdcatt
protaonnd n€densobhy di%8ni mauti comsgoiimg. Recentl vy, t h
succeeded, for the first ti me, in performit3g the
[TSUR3 The neutron and proton density distribution
respectively, wildl providekius wht bkaeactr mtuerd edt. ao

216The first step towards transmutation of nuc

Ni shCentaer initiated a basic sci-eacel pradraamcti men
nucl ear tr gmsmydoatifacssi om products. -Takengi tul RI a
producedf Ifirgoghmm ifn ssi on of a urani ulki memant iacnsd rmeed o
coll aboration took cross sectionaddtdebtbersepali hat
of incident energies. -ITihwe dd aftias sciloena rd ryo dsuhcotws tchaant
stabl el bvedhoatdi oactive nuclides by the reactions
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22 Prospects for the next 20 years

I n this section,-tewemwipbh!|l presephyshesl!l dohgt wil/ b
The goal of the upgradeperRpBEtimeawilloihgbe the un
dynamics of heavy el ement RIs, especially in the

uranium beam. The wvupgraededoRBRpBFtwhltiesfeo invest
chart, which presently remains an unreached terri
expected in this region, as deder iphgd i keldagv,n ovaihlel:
syst emsr eaancdhifnragg on ot her disciplines such as astrc
This ultimate goal, defined as Pilar 3 in this rej
and of the theoretical and experiment al technique
wi || be basedsobhhatheeptweeRt|l eapl utional extensi
the present RIBF; Pillar 1, the wundeushiaondi hgr oé

and Pillar 2, the understamldlllnagr olf (t3hNeF )p haynsd cPsi lolfe
ut most | mpoenearngcye niunc |l eo physics today, and cl oseEe
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heavy el ement RIlIs, thus providing a foundation to

I n the following, we wi | | overview three Pillars
upgraded RI BF.
238
‘The grand challenge’ _ e
Pillar 3 P i
Heavy element Rl P , /
U

‘Evolutional extensions’

Pillar 2 Pillar 1
Continuum 3NF

RI-beam production
2007 — 2022

Used in EXPs, MSs, and DAs
® RI-beam production tests
© PID has not been confirmed by BigRIPS team

Fi gdlSeemmary of three Pillars of physics in the up
3.

221Pi I I ar 1: Howb ady sf drhcee torrgeaehod e sysetl ems ? mar
Understanding the nature of nucl waordyf drocese,s, pamtdi
mani f est i n the prboopdeyr ts st eonis niusc | @& ac r umaina/ | t ask
Obviousdryectheigsmnet i cal and experi mental $etwndckesonf
systems are indispensable.

Further mbody ftdhrees have a significant i mpact on

the position of the dripline. RI BF can provide su
theoretical stfudtilkes ddataa fmrakm RISBF ot o reveal the

of nucl ei in a broader area in the nuclear chart.
Deeper underst-bodynfyooteshwithrebed | ight on the

as the EOS of nuclear matter at high densities.

t hrbeoady forces infdfuen® edmlhiet tmamei t adewi | | be answ
of the mass’friecgfB8adn beyond

Short -ter momhgt ur e
A. Nature-)she( $ub®8oZ=(ries 530§nzZ=( NG, 90 T aZm(d NG, 40)

These RI s-)wiatgh c( saamibercesntdyeat the I imit of prodtu
more available in the upgraded RI BF. Most of t h
in these nuclei. Nonetheless, thwishelheskosuceé:
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the | evel scheme infor mati ons.t aTtheds edoipragycnts poebcst er rovs:
wi || be very important. A comprehensive data o
properties of the shell c¢closures, such as the s

B.l sland of I nversion-mang’iftdize( N&gi5dd) beyond doubly

The Ni isotopes are now within reach forialtio methods such as Coupled Cluster and Valence Space
In-Medium Renormalization Group (VIMSRG). Yet, the most important features of the regioffif

are seemingly picked up only by effective interactions, such as PESO@is interaction, using &Ca

inert core, thef-shell for protons and thedgshell for neutrons, strikingly reveals a rapid change in the
shell structure in form of lovying intruder configurations i¥Ni, which may lead to deformedaund
states in®Fe, and“Cr.

The possible breakdown of the shell closures at Z = 28 and N = 50 would create an Island of Inversion in
the region beyond®Ni, where the deformed ground states dominate. This would impact not only the
structural characteristics of RIs in this region, but also the nuclear ground state masses. The latter governs
the rprocess path running across the region bey#id The consequence would thus ber@aching.

The evereven’®Fe,”Cr or®Ni nuclei beyond®Ni will be available in the upgraded RIBF forlieamo-
ray spectroscopy with the new scintillators array. The information of the fisgtates will be critical to
establish the onset of the fifth Island of Inversion, if it occurs.

222Pi Il Il ar 2 : Howbadady nuyxdteeams maety organi zed 1in
The advancement of experimental tewxrmndagruess hhisg keln
states and driplineshodhecser megleaiov s Aresalt thiga | mea myenh
and exhibit rich structures and dynamics, as il 1 u
t hi saidnoms a challenging task for theoretical res
unbound states. Understanding hesomanaeki healptte
for compr ehemartnigcltd et munelii ng eff ect sUdoebcsaeyr vaendd irr
cluster decays.

Short -ter momhgtur e

A. Next step for tetra neutrons research

Nedmuwture SAMURAI experi mentnseuwirloln prtale snathdr e
mechani sms more deeply fromneevemnal coir r-eemetnoms
states wi || be investidgeagdnehtoaogh. déhechéeaonr
of the SAMURAI setup reiflascadriafaaddiamddmCME
from Tl Tech and TU Darmstadt will -nreaugulotn idrmtwnpr:

neohr states wi l |l be produced from different ini
SuperheavyRydr di@g&riHeh, ( and¥'tijiuimo{opes , and
accompanynienugt rrounl teimi ssi ons will be -dwdlicped |the lat
arrays for chbeilChAdgANparandl EOGAREBEra will be intro

t he expdrfiimdretnali ee .

B. Mul-ndutrons correl a®i a%sh i n the vicinity of

I n ter ms -roeguttrhoen npuh ytsii ¢ s, it is alheetirmmortoamtel t
atomic nuclei and connreacntd tphoesinsni tbdoyh tbenuesmondiheet
the dotibbged s%elafCdn uwilleli be i deal pFP&ygrbbndst |
neutrons wil |l be intemasthicwg rfedmati basNEBEE& AISAHMU
system wi |l be powerful for the complete kinemat
C. Magnetized nuclear bulk in heavy ion collision
Heavy ion collisions, primarily aimed at the in
nucl ear matter in the | aboratory. For instance,

generates a very abiogfGafésgsn.e tA csifmiellad o0eBfTfAeRc th yi s
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measuring the.dpolwairlilz abtei oinntoefr esti ng to investig

beam collisionSpiaRlI ThEP@AMPRBeamMi ng, for i nstance
neutrons. Studies on the spin degree of freedon
understangdohgroboftedpnocl ear matters in magnetor s.
223Pi Il I ar 3 Howb adaoy nauyd teams mageaty or gani zed he
extraordinarily high Coul omb field.
The priodlonnucl ei with heavier masses delivered by
nucl ear physics. Due to the Coul odlmbvédrmnuelkeit heh:i
us to reassess theloonheptdomat he dheptoneel ati on:
sinmdreticle features, and there wildl be a del i ca
Consequently, we will discover various exotic dec
We also note that protons and neutrons occupy t hi
i nduce st roerugeronprcootrorel ati ons. As a result, we e>
emergence of exotiA hniugchlleiagrh td enfaoyr nbaet i tomes . emer genc
which simultaneously breaks the rotational and re
Heamgss priaethomucl ei produced through nucl ear fra
i somer s, i-sgill udi sgméri ghand shape i somer ss.pifhorstians
represents entirelygonbeepopdiybiestol syssoemdt atal l
a function of proton and neutron number s, whi ch
fission processes.

Short to |l ong term future

A. The thirpr peaks odnd freezeout

The nuclear mass information in the region of N
el ement al abundance, owlgiuch i bs igoveumeéeccngby htehé ofr
near N = 126 will be tphodwgerda dneod eBiegRIIRS eaann d yb
spectrogr aMsh ,anMRTRBF can be chosen depending on t
The neutron capture cross sections play an i mpo
surrogate reaction will be carried?!®uttatu@E®dOSs
especially the competition between two types o0

compound process.

should be noted that both data will not only
i mprove the prediction powperrosc ebsys tphaet hmatchha tn ei

|
t
reach with the upgraded RI BF.

® O

Long term future

The physics of heavy el ement RIs wild.l be a new cfF
el ement RIs wild.l be enhanced by the primary beam
Bi gRI'PS separator (Céhagpmpephasli)zed tt hsahto utl de ad spor t u
fast RI beams are one of the greatest advantages
often based on the stable beam fusaoini om prclags swie
sensitivities, developed also for Pillar 1 and 2,
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! ? g I I I l : aild adecay ‘
140 [— | emrqqa), syt @l Bdecay ‘
Z=126 ; Gl T o W SF. ‘
e ; — Shwer— oy Bt | Proton emission
1205 444 : _ : & sl — KTUY dripline
’ & KTUY B stable
B 100 -5,'5 | m
g . ! Known (2000)
-~ Z=82 e
B gof= il =
5 29[114] 104
g : 2Ds1as
z o - T B
Z=50 : i Pb
40} o
- _,
20 |—- . o S ;
§N=2|8 ;N=fl>0 | N=82 I | N=12|6 | | N=18? | N=2|28

20 40 60 80 100 120 140 160 180 200 220 240
EFEN

FigdlPe edi cted decay modes mapped over the nucl ear

predicted |ifetimes | onger than 1 ns are plotted

Bel ow sever al maj or cases of physics are |isted.

A.Proton dripline without a drip

The proton dripline, especially beyond Pb, i s e
decay modes (beta, alpha, proton, 2p é) competir
del ays proton emi sséeonsdgef iAsmed bestuheée¢ maheedri phd
governed by the Ilifetimes, split apart. The <c¢omg
properties, such as al pha cl-duismeenrs nfooeraniantgi votnh r o2up
Coul omb potential, providing challenges to both
determination of the dripline, but al so measur e
i sotope sear c hoessc ogpnyd wd et cha yt hsep eucptgrr ade Bi gRI PS, a
or R3 will be instrument al

B. Rare mode of nuclear decay
Rare decay modepairnvel ei egnicsaogesd are phenomena
The first of t2?ARas dkeicnady@wnagmiblsy®@amahi it w1 984, and abo
are presently known. Another i mportant decay mod
but still elusive. The wupgraded BigRIPS all ows
The Ipeaamty is a key to suppress backgrwopardadad if
stage of BigRIPS.
The excitation of RI beams by reactions will al:
rare decay mode in exci tfelsi ghttatweisl.l| Tbhee iddeecnatyi f
ZerobDegree.

C. Shape and clustering

Due to the symmetry break-negtroon tionttehreacd mphmas i
clustering are expecheamimedaetaivyn ed teunctings ROy . ud |
power f ul t ool t o shed sl iogfhth eoanvtyo etlheemesnttr uRItsu.r all |
and ZerobDegree adapted to a few hundred MeV/ u,
degrading beamline OEDO down to 10 MeV/ u. The
spectroscampint si,n$§oerr apnst@hte, nédwrscintillator ar
array) gar for knockout particles (TOGAXI or STR/
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Examples include:

- Octupol e def eorrndeetri osnh.a pkeisg hbeeryond t he quadrupol

of the reflection symmetry. Nucl ei around N =
def ormateamay |l apectroscopyi nwi,t hk nioncekloaustt irce asccta
excitations wil/|l be essenti al to characterize
- Shape coexistence. A variety of coexi stence p
foreseen. A special interest goes to the magic
- Alpha cluster formation. 1t is a |l ongstanding
prior to the alpha decay. 't is also interest:i

condensed at the nugl emeascsurdémacet udi pbacaanole& o
for vardecgcayahpgh®l s. The upgraded ZeroDegree w

.l someri sm

|l somerism i s another interes
67/s2 ate at 10.3 MeV 'Wift'hL6a. 4
(%9 dnknown, 2.5 MeV, 3.5 ms)?hr'3ksdt2kem¥ef gpil ®sve
extreme conditions that are not often met in g
MRT OMS wi | | of fer great opportunities tuop etxot etnhse
region of actinides from the cphr sstiadre.dr i pline t o\

The i somer R beam filter based on R3 is an inngc
i nstrument wi | | del i ver i someric RI beams for r
the states with kdgred/iaresp gy sehad arsl) vt Rfhisl tbdAr i (s o me
c
S

ubject Bm the

g s
e V adedf tofrynyped0 hfin gshsliy

tin
bf #™
22

extractfltiphm itroward the reaction station. Spect
hel p hed |l ight onto the structur estoancneuc |ltehaer epx
| arge def ormati ve natur e of fission i somer s, S
characterized by Coulomb excitations or inelast:.i
giant di poli gshpsitnr einsgotmesr.s ,\H i f regarded as a stat
states, would offer interesting playgrounds to
Tell er giant resonances cah be investigated by t

. Fission factory

l nduc
of t h
SAMUR

ed fission studies byavatheuspbasteRIlI Bbg&in
e
A
This a
z
r
S
I

RI BF is that theffiiglst oandr agmemtes aamré¢y
|l or ZeroDegree to obtain a complete set
Il lyowso nevalomate the symmetry or asymmetry
e corredameoss oinalt iparmumletier space. hyster
ent proton and neutron numbers, close to
tanding of nuclear dynamics. This will als
i-pgoaessheermi satl bndi &f beult to directly

analy
di ffe
under
recyc

R beam reactiopsttpiwasd bbgondxthe perspective

The regions beyond uranium, for instance, relate
remain inaccessible even at the wupgraded RI BF.

reaction techniqguewotteop pRIodlueam Rprsodulchtei on met h
bombarded onto a secondary production target, i
RI beams, especially at | ow energies, ép ies@leaxsts
scattering with RI beams are interesting in te
hindrancsectth®ncreanhancement with side collision:e
The energy degradangbh®©EDOebeaont i neacti on studies
10 MeV/u. The future RUNBA recycling rirrgnefrgyil |
reactions, where target thickmeadseRIawbe &lmbnei tfeadc.
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3 Accel erator Compl ex

31Performanc2@2EY2007

Thi s section g itvhéed Baac eol vekroalit| oerwse
devel opments since 2007 through 2

o8

by description
2, and present

3. Dvkerview of RI BF

A: AVF (K70) D: RRC (K540) 7=
B: RILAC-SRILAC E: fRC (K700) Na
C: RILAC2 F: IRC (K980)

7

f: BigRIPS
g: ZDS
h: SAMURAI

L
(0] W‘Gn o

a: GARIS Il VR acijy

b: GARIS I Y, Ney, i SHARAQ (CNS)
¢ RIPS )/ l:aCI'//' j: Rare RI Ring
d: CRIB (CNS) J ty k: SCRIT
e: KISS (KEK)
FigBrl&. Schematic of the (RIBEN. RTh&8ei&inc €
experi menti&a) deei pesséeated.
The Radioactive | sotope Beam -Bastdrac¢RI BFatat R
fragmentation or f i ssionn breeaarcst itn 9 roofd uicret eRl's & ehaars
rafn@éelThe RIBF started beam delivery in 2007, aft |
namel y(f ithR€Gdquency Ri ng Cycl odtraogne , RilRgC Gy it cetr rmae
(Superconducti hg. Ri,pTLeCsyyec | ot alomt) r o n sb owesrt e t chaen setnreu
the beams accelerated by RRC ( BLIHEMNe Rmaiign Cyprd witfric

_ _ _ the four ring cyclotrons
TabBdl. Specifications o 3.10Currently, t here are t

RI LAC ( RI KEN Linear ACc
RI LAC2, t hat provide a w

RRC fRC IRC SRC

Sectors 4 4 4 6 i on beams.

K [MeV] 540 700 980 2600 The mo st i mportant f eat
Riyj [cm] 89 156 278 356 accelerator system is the
Rext [em] 356 330 415 536 ions from hydrogen to ur e
Weight [t] 2400 1300 2900 8300 speed offo Imagkhet .t hi s poss
Trim coils/ 26 10 20 4 (SC) + acceleration modes ar e
main coil 22 (NC) accelerators3.2al)lsé ofwinr g tr
RF system 2 2+FT 2+4FT 4+FT mo d e i s -drher gfyi xmad e, or

Freq. [MHz] 18-38 5475 18-38 18-38 designed for acceleratin:
as xenon andi sur mode@ mus e
RI LAC2 injector VG Hizh a
super conduectyicn g eesloencatnrcoen -EOR | sBopl, rhcceo s(tSsC t he beam e
MeV/ u with the four boost ern3RICliwyo cyltdmge ontsr i( RREr,

-15-



(a)
RILAC2 (2011)

O =

28-GHz .
SC-ECRIS .

28-GHz .
SC-ECRIS .
B} @3 eArsI :

RlLAC SRILAC Low_!’.-energy‘llllllllllllllllll BIgRlPS
(2020) facility New facility
Bio., RIPS, GARIS II, KISS (KEK)

h

18 GHz -+

ECRIS ST3 m===  Fixed-energy mode (Zn, Kr, Xe, U)
P .

14.5 GHz RI/CRIB (CNS) Variable energy mode (Ca..)
ECRIS

AVE === AVF injection mode (d, N, O..)
Pol. IS (d) r= =1 Biological application (Ar, ..)

(b)

IRC

18-GHz

SRC

RILAC Booster Low-energy BigRIPS

facility New facility
gm 1 Bio., RIPS
SC-ECRI ST3 — i -
O Fixed-energy mode (Xe, U)
14.5 GHz RI/ CRIB (CNS) Variable energy mode (Ca, Zn..)

ECRIS AVF m==  AVF injection mode (d, N, O..)

Pol. IS (d)

B r2Accel erator chain of RIBF today (a) a
, RI LAC2, anadr & hfeo IAVFweg chwytfromr boost ¢
C),-f rfelgxueedn c y Ri ng Cyclosrage (RREY, Cyat
perconducting Ri3dld. Cyel ohaonge ( SRC)ppemred ¢
TSIT4) . The superconducting | inac boqS5drh,¢
tted |Iine in (a) represents the réB6ldn be

0@
>
@

ur anOmuen ibeaan. heli um gas striEdderMelVdauagt ednat tth
atinghgeaphbitréepper | ocatE=50 bMdReoe Mt i RC awe I B
formance dfasi drpovmietbdasceli ¢rate zinc and krypt
y the second charge stripper.

e second acceleration mode is &aRCaamdbSRCetn@raoc
amss ions siUdbk dsamakoevmy from SRC can be ch
by cREmg@gignighnaclytehi rd accel eration mode uses |
t wo boostersThRRCmadd BRCdedicated for | ight 1ions
By chanRHF mg@quRecy, the beam energy from ®SRMed&dn.al

O-D_T!-I'

D 40O @™ WnW—/ T

<3
™
c 3

3. Te2zhnical Deav é Inad 082020 t7

Among heavy ion beams, the uranium beam-mas st Rd n
beams far from the stabiFbirtyhlisneetasooyugbufi sebeanl
to date have focused mainly on iThocsesacstiingn tdiev eisr
examples related to these efforts.
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RI'LAC2 I njector

As shown3 .2m)Fi gve used RILAC for the uranium bec

oper @thiienl i nac, confsisquemcyfcavixtivas, awde commi s
of the total accelWe aftiirosnt vion tt%idydde dofh oidpaMW. 8 e et r o
cycloesomance ion source (ECRIS), whi ch?3#aat bteleen

exit of RILAC in t heTlhdessisgenh esntea gnea satrfo@udyimich @t Ood db. eh aud

accel 284ttedect |l y with RILAC si[B8eHotwees ebeanRl dAEmMiw

suited for accelerating hight¥$ °cthamgtehe iioms.sFiures

to meckamarmde &S&fecBhBEF. this | inac was designed to ac

l evel was Nhoorte osvoe rg o ow

¢ » (0 RRC) encountered various d

! Ti“fHEBT ]E)y t he RFbi;sé;abilit

o requencyobhndge owper e

‘AVF°V°'°“{”"&;$‘;3$L“£°'6 w Furthermore, the tota

f 02851 s only 4.7 MV,
Pon v 0

| t

Rebuncher2

Il tage gain f 16 MV
erefore, a new inj
i ver mor e i ntense
rged wuranium beams
an a basic design S
conducted 39%.¢¥. 200 6 new
injector, wHhARIcLhAOORa s n
was designed to accel

/ magdgssharge ratio of

Fi gr38Schemati cRdULA®RNGg ;ngggf?atnech%wtoxvsrtdos ;/r?rg

of 680 keV/u -wavehe
(CW) mode. A8 .3dh&RWh AIC2 EiogCsHzs 6RO S ,-¢t el @ W rbaenasnp or t

Prebuncher

SN
28-GHz SC-ECRIS AN

(LEBmE | ncl ubdunmcghear ,praen RFQ | inac, and t hri8&\ Dr i f i
rebuncher is |l ocated between the RFQ and-ebDEBlkby a
beamansport (HEBT)
TabBelll.: Main parameters of DTL3. The RF cavities
accelerati oh=g®Afl i ahhe wiatvh t prlkeuncher) ar e oper at
36. 5 MH z i n t he CW mode. Fl resonant frequency 0
t he meaparreadiiusst ed as "Gap wher easburheh err ei s ope
RFQ Drll D2 DTS rlng.gﬁgtsMgzr.e p\?tarcoendg i
E;, (keV/u) 3.3 100 220 450 .
Epw (keVA) 100 220 450 680 betweemlLttavDties. TI
Gap number 93) 10 10 g and DTL d_e5|gn par ame
Tabl3elll.Owi ng to t he
Gap length (mm)  (8) 20 S0 65 performance -ERItSh e inte
Gap voltage (kV) 42 110 210 260 was possible to reduc
Power (kW) 18 7 13 20 of the | inac stnmmuctur
and we deci ded t o p
injector in the AVF c8c3dlofThenl eagth a8 shewheam Fi
be reduced to 36 m, which is |l ess than half that
We achieved the first beam from RILAC2 in Decembe
SRC in WM383014.Bl1hce then, this injecAogi che se fbfeeent wm
i s that camme espgdame on t he experheamrewmyt seulsedmmegnstysh LIAESs i

contributed to the observation of [ 8Be. t At ed e ac¢
nNi hoh3WhlThere is another side effeclNowfiebttieonns nbteraonm
of11l® MeV/ u are axaielrglylbde aicinldi tRRCl, owher e KI SS and
operati on.
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28 Hz Superconducting ECR |l on Source

Before the RILAC2 project started, the Thdarmstsrowa tc
was designed -GHoz onpiecrraotwea veet p»8er wusing fully supe

vol ume as | &r31€lTehe 1,0i00 asmembly consists of a se
which are used to genfiralte&. aAlclond-b inteaneind m magma o 6 ic
batboled in Iiquid helium. The maxi mum magnetic f
due to this solenoid configuration ousproevvirded enx
force is generated on the coils. Note that this r
di fficult.
After the <coil assembly was fabricated, excitat
facility in June 2008. However, quenching occurre
current, when the s oelxecniaiedds sa nmul & eaxntewpucsll ey . weédrse t h
attributed to codé¢di lmogumpmmagr ttihreg setxt wptodree was modi
firmly. Foll owing this modificatidnint Det BA8ir gB060
The i on source was then moved to RIKEN iwolDteageanb
platform of-inhpecRbctACThphea, initial beam tests and
GHz microwave power sotugrcsi.t yHoemetvreagt @ cd ef rboeemma mSR Q@
pnA. One of the reasons for this was that the tra
Because the budget for the new injector was appr
to RILAC2, and th@&Hppmratowavwi powehes@8r Oarwag i
the first few years, a sputtering method with a m
239°heam of apprnmAigomhtdebyg @R0racted from tHoeveivenm , s c
the beam stability was not satisfactory.

In 2013, we started t he de

temperatur e oV erbe(hldTs® )anentehtohdo dv

expected to control the amoun

sour ce Fplga@sssdahows the HTO in
ECRIT®e HTO is equipped with a
| oaded wi h Tthrea rcirwne | X ied eé.s st
pair of copper rods that act
t e
0

to heat Ac rtuecmpbel rea tdairiree cotfl vy

owept TABOAHN t he ion source
ne ma&adlh

required r the crucible to
uranium ofPaléhet HTMO. has been
uranium beam ti mel nsitnhceemfaiurtsutn
ti me?28t°heam was successfully
consecutive days emiotrh mithreeur r e
ur anbieuaam i ntensity supplared t o
n

0

First Stripping Section

showB.2lnt wWogcharge strippers are ulsheed fiim stthest:
ocated behind RRC, whlenr et hteh ee abrelaym setnaegreg yo fi st hle
s with am/tthmeknbsesnofis8d0for this UWxmiwmpi ng
n effitheeaogi o€ 48BMWIdY has been made for makir
2
b

_. "

0 o

@2].l n t he beam t innaen ootfu b2d0elplp, 8 tctaer do -&MmaC )b ofno i (1C,N Tw
een newly odweavse luospeedd aisn tRMBEBEN(hter if mpil n g hatva qe
off, 1W&s mant t ached to a cyl i nTdhee Iroomngeri nlgi- fwa ttihm
foil s, typically 36A,homadse atth et hbed sidrcydes & dvteyr yo
mum i nstantaneous currentHoweawser3,. 6t hpen Ab eaat m tghue
sfactory due to the O@urhogmoale aiesotudsipp hs e&khies s, i 3
an innovative stripper was necessary to achi

~nwgwaSTND
SO g TLDOTOo N>
DX OO 0O

Py

— — =
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Therefore, we st

:

Helium gas cell (7 kPa) devel opment of gas S
: i n 2Wao.first measur
equilibrium*>bdaage s

23§ beams in nitroge

Me VI 824)land f ound t ha
nitrogen gas wor ks a

t he xenouf fbieaiment ami
41 + stat e, whi ch i s
f RC, has bEeBncobtaas
the equilibrium char
uranium beam was fou
whi ch i s far bel ow

charge state of 69+.

The turning point

measur ement of el ec
and electron capture
in helium g&a824at 11

Fi gu3r.51:Schematic dhai om g&s
scence hel[ B2 @] tThe resul t was rem

fluore of gas . . .

equilibrium charge s
to be 66+, which is not so fatfThdmombadhed acmweptad
di fferenti al pumping systems, we successfully mea
wi ndloaws s di@ed iawuenl | s of 8 m and 3R6ILY Tnh e nmel aesnugrt eld, g raeeas
reached up to about 65+, whi chmeiass ucroends icsrtoesnst sweictth
|l oss an@iheaptuhe.use of helium gas seemadccumaurmiag ie
a sufficiently thick helium gas in the beamline w
This problem was fi naddsy sstorlivpepde b ¥288 Rlndorviead r yh &2 @ JiZ
fi-seage differential pumpi ng 8y5Thean,t arsg esth oowenl |Is cdh
contains helium gas at approximately -@i k®al atwdd | t
target cell with the hEhips ofjamesmanppal basspkayp
[ he uraniumnbéamt itn ti énm seimtrsye s &mado fs tuarbainlii
i

increasing t
into the stri pmer albsdyssttieera cihse dwo2r.k5 npg st abl y.
BendHomwgdpgr ade of f RC

TheRC was originall y30d®e vingn endy-mmd @aendocekl ecraartbeon f o
MeV/ nucl eon. Beam commi ss20@6éngaod e i MREdisa taalt
i nsuf fumnciifeonrtnh yt hi ckness ofmotmeetaar E@nm efadi loupgrsa dec
f RBEence, we reduced t hemgddanmbd nmd diifli @ dcitctken eisrsj & ot
Thmost probable charge maghetis ffilel andfhi seecas@C a
modi fication resultedfihncesancgfattbohyg transwmimsbkeéa
The heliumdgacr ishex peglisivaste t he cd qu iglew avBrbiaun m.f i T hset

equired maygoeedttde dapddi ty of the orbsgi hal tdesicgwo
emperature wddrellnadegrcemed sf @wf t he swacst ogu friaigenieett
creasing the mhg®®tTcr dduewil dediipfarostitheei esnperfor
rly Jddryt i2f0ilekd t he devices tosuppl ypgysatdem. f dhee:
ctor coagd&tt ®ne mai n power -bsywpapsisyi nagn dp ofwoeur scuuprprl e
r ldmédfFerences between tmhaexifrmwum cerctenmt mafgnehe.
rrespoidttiimgs. Hence, capacitg36hdukedp¥e ey ad
rrent seoftimnigpe pmnewi maiom power stuplpililygwast d-eadc go
gnétetcd o6 ptehxeetnmenalln addi ti on, the injeammtagonrthen
flection channel 2haneéxttacpbwer BMu plzddvgtunseas d u i |
Xi mum magnetic fields were insuffi ciEeBiM,. fhlrl whh
pl acement ofsuftfsi direomt ctoa eggenvearsat elrtalwbac&qoif r & d
ron cores isunhdtormagpet isc wioresledthanthe wasf wi mn
remains within tFhenaddrymi &snmoblnee wr dbreggem s ti enertihreg bmeaa

= g—Tgoo0o—"un@o =
DY SYWCSCO0OO0DY® S
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i nject
wi £397%
magnet

ion line tostowmpegesater fgr mallg?@&°tiucdnip aerlidsso ne
The manufacture of tMasehdewVilRes TWas i asmp
measuebmthents were permonmbdgd dur FWMW30LhAecdins

schedwlaed services for wusers.vadki messexedt aaigoet c

center
| arsgea |

| isneec toofr enmaacghn et . I t i sdiantean|shisegmgs lteilgad tfma |3 i pg
eycliogrons such as t heddiRCg tbhiits wdkeu rgian gn ecdo e

f RC. adAmel er at?f8® ni otness twasf perZF®Ir2nednd ncdmplyet ed i n
succeest uhbid§ebdeaam from the tupgnathedsi BE [eBf3fdilci enc)

It wa

s fheumewl yedetvel oped heleifdm cgaesncsyt rtihidpte rwahsa

(27 %) t?*#9& N 2flea) wimgh ctatRioOckr hel i tm ¢ghe, adowimhng shel
urani pB2BonmnuTsheed t hi ckness
than that requieceu Ifidrri al

0.4 © 200871072971+ Thus 64+ ions WS8r Ocdaobelre
© 2012/10/28 65+ . . .
exploiting the depiogver mar

3 02 2012/10/28 64+ supply system for the fRC

T 0 i sochronous magnetic fiel

E and wBrsanium i ons a3r.6l.show

- . . . .

-0.2 Ot her quanmntsi ttireasn,s ms iscsh on
and acceleratienhitbuntmed p:

0 Ty 4 5 6 7 8 9 1o 1213wl performance declinéR&fter
Number of PP electrode The beam transport system
f R@as al so upgraded to al

Figure3.16: Isochronous magnetic fields of the fRQ b e am tcwruisregd by an i nsuf fi
guadrupo[ 83@mhgnet s

Second Stripping Section

_ The second stripper section

A ‘bs'-'-: energy of | BO2MOY/uthethkearg

uranium ions was converted i
17 mégatcman effi@wiemg yt o ft ReB %
by the intense bwealmses tdhecree
with an incrddoheed ylpeaml dods d.e
from commercially available
intensmt.y of 1 e
Therefore, we deci defdoitlo r
stripper witHnamMoaémbenat2i0ov
car-bonl stripper was rkgepl ac
beryl Il ium di sk 1sltOr0OiOpapegrmhroomna |

Fi gBr®Cha in Bi7A.However, as 3sHR,wnt hen

beams at di sks were found to have ma

stripperl) heavily distorted foll owing

di sk SLr 18uranium ions, wht wh-datypsr r es

appr oxi meéan -

sﬁeet sxt7r beam time.

Graphite i Thi s final bottl eneck pr ol

appr oxi nmxaltbédry overcome through the introd:u

iBB'pmﬁfr has stripper cihmpbosgdntoéd agraphi
' which was manufactured by a

Corporation,3.8®owhhiisn rmatgeri al, which was fabrica

pressure and temperature, hasK hingh hteh eprl ndahla sc adnad uvace

is more than three times that of coppehadWg 2emptLao

thickness, to form the second strippeirMayF ar0 1t5he w

achieved a final intensity of 39.5 pnA at the exit

at all, asK.&Bhownveim fFolgl.owi xd dburmaduat i onswiathal2:

The corresponding temperature on the stripper was

ANSYS s olfhtiwsa rga haegpéenti tset ri pper has datedd Bups.ed consi st
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RRC Cavity

The RI KEGyCcRiontgr on ( RRC) has two accélremgatincy, c &
wavelength resonator, Cc o[nF3B[ITitheet erde smmraentt Hare qi®k ny 6
varied by movi ngThevoi hoare shaavieg i te s@afc btuHed be made a
keeping a wide range of r MiszoHmawetv efr e g theen cfyr efqruem
accel er atMHzwhi eh1Bs26utside the designed range. T
the movable box had to be mad3e8l@asr smgllt hasatoemel
uranium beam, the narrow gap between the dee el ec
l'imiting the cavity viohtage
addition to frequent discha

o = Gap: 22.5 mm narrow gap increases the ca
J_/L | oweri ng t he Fsuhrutnhte ri mopreed, a ndcu

= e éﬂ_ low acceleration voltage,
reached space E£Ba3iage | i mi

Movable box a
Therefore, as3 .8 hotwme iinntFi
components of the cavity,
e
b

Stem

el ectrode, were replaced, [
’ . / Modified Gap:43mml movabl ef o>;] ofRRtC'Ihree cfarve ¢ we
mmm;e:’ range o t he cavity 1s
. - insertion o a not nt t

ti

f ch

Movable box  (b)
- & ﬂ stradighcte the RRC ca
r e

(0]
e

v s
M°“°S'f"°*"“ frequencieMHzabowne gent y €
Immm\em frequency rangé3 8WHSz akttert
remod@henghunt i mpedance, v

. . anfdrequency range were opti
558?{83C%aulpcpuelratgaonnelnscnotch size based on 3D el e
(1l ower panel ) . The gusing the computer code Mi c
resonant freyy)flendy ©| The new cavities have been
each panel. May 2018 and show good ope
from 18.NMHBzlmop&2t6cul ar, st

was achieved at a \P\/I(b-llztag'daisfllszmlultha)t ah8iHProvem
increase in the gap |l engthlbefweén the deequwedctih
has decreasd@thesbgnitfliea@mctkl| pyrobl em during uranium

3. Pr&sent St at us

1000 o@Q '*'/;_:‘C'a T T7™%n
d e Not ready Availabilit
m Ready =
100 {oof-o- 4 - 3500 100
'RRC 238(
bl 3000 90
10 - ' N_-jet
GS-stripper 2500 80
pnA He-stripper w
1L " fRC reinforced 22000 70
RILAC2 = %
60
SC-ECRIS 4Ca: 738 pnA— 12.3 kW 1500
01 | 79Zn: 830 pnA— 20.0 kW || 1000 50
8Kr: 690 pnA— 18.6 kW
Z8U: 117 pnA— 9.6 KW 500 0
01
07 08 09 10 11 12 13 14 1516 17 18 19 20 21 22 0
Year
. 200809 10 11 12 13 14 15 16 17 18 19 20 21
Figu3.81 Evol uti on 0
intensity at the e _ o
operation2®F7 .RIBHe Fi gu3r.el0.Avail ability of
items for increasi compl ex delivering bean
also indicated.
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The evolution of the maximum beam intensity for
3.9.338Through our continuous efforts including th
uranium intensity is now 117 pnAwbhhdhgbmadt¢theée doanp adw
term pNiasnhi mfaAsCemdretri oned above, t he f i3rZlltecsatmei pp
unnecessarynafdern smesduicuhm as zinc and krypton-GHawing
SCECRIT®HHe beam power of these ion beands.9has now re
Fi g3rl®hows the availability of the RIBF aThceel er ¢
figure shows that th availability has significar
instdhkedavail ability of the accelerdadanoraddasi ah s
devel opments mentioned above, members of our grou
of the RIBF accelerator, especSand yeft dteli @sntj £ ca e

i n rtehfee[r 36]k .e
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32Upgrade pl an

The RIBF accelerator upgrade plan aims to dramat
el ement i on beams, such as wurani um, which are par
the midst of gl obalt aregechaeracnhRpcroondpuecttiitoinonaabiTlhiet y b
exceed the targeted ab3.lld.t y nott htehd&. ISat eswthifchcisl iat

as well as the next generaveéon$otnachl B3 .i EARRI Ger man
RAON. §)33in Korea,.42anidn HCWAiIFn4, which are schedul ed
decade. The wupgrade plan will allow RIBF to conti
worl d. We believe that this iddimflismce ewicehtthlae «
promot e.

The wupgr dedesipdlaen dmd reali stic enough based on t
RI BF. It is designed to be upgraded in stages wi
relativel yappwobiumgtdeldJigofnwh.ixch i s | ess than half o
RI BF. I n particul ar, we believe that the intensit
i ntroducing a revolutionar @.5Bilngpmrmmoheanhafgatatei
it recycles the -beht,i wbrehseaell owsnaeB6ity to be
electrical power (the current operating electrica
Al t hough CSR i sumprveecregccaumpdiegdu®@t @amdcomponent, the |

realization is based on the
the basic design and the de opment o fe d e Ibegmetnht ez
accelerator group at the RIBF. SucB. ®t]jd chinads cofn f @S
[3.55.] and well recognized by domestiy, amddetndielredt
design report (TDR) has been prepared for CSR1 an
on JuhG, 15023. We have had strong support from TA
There are no ntrinsic problems with the feasibi!

cyclotron and strippe:
vel
F

[

accelerator physics perspective, CSR is an attrac
real i zation wi llle hianvpea catn aot nomntehaes daucscberlye. r

The recycling beam technology to be established i
Further future upglrialdé ngi wgdsnhfemsi & gobB QIC8Rt or ef f
and efficient scedoomdsarayr eb ecaormcperiovdab!l e at the RIBF.
wi || al so be important cornerstone of such applic
General description of wupgrade plan with CSR

As menti oned oanb oavcec,elheeraaviyor f aci l ities are being
follow the RIBF. Among them, the FRIB project in
MeV/ u using a | ongacu@leercatnadmu,ctstngrtiedeaper ati on
involves a single charge conversion process. Beca

charge state8. gi,Mm0antda ntehoeu sfliynal¢ s at gat 8448 pnhefd
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To compete with the FRIB project, the intensity o

but the current acceleration scheme is | imited to
for the intenshbatygeupgnadesientwoocdsses. THE pres
beam at the RI BF2ias) .s Ao wlre igrmasFisg.ri pper was the fi
frohttd®*t an energy of 11 MeVr/aut.atDiurg nggr a phhei tsee cson
used to ®cont¥Seartt ath energy of 51 MeV/u. Although t
strippers that camtwintshdtyanud atnh e mhibghenst, the fir
efficiencies are 20% and 25%, respetfticekencyt hes o
wor ds, in the current acceleration scheme for ur a
(a) present acceleration scheme of uranium ions
11 MeViu 51 MeViu
28GHz RRC fRC IRC
SCECRIS AN
i to BigRIF
RIAC2 f IO ’R
He stripper Rot. C stripper
35+ 64+ (20%) 64+ 86+ (-25%)
(b) acceleration scheme with K2200 fRC
K2200 RC
28GHz RRC
SCECRIS éé{%ﬁ
l-% to BigRIP
RIAC2
Rot. C stripper
35+ 86+ (~25%)
(c) acceleration scheme with CSR1 and CSR2
28GHz RRC fRC IRC
SCECRIS % % % _
to BigRIP
RIAC2
CSR1 CSR2
35+ 64+ (<~80%) 64+ 86+ (<~80%)
Fi g8ri2. Schematic view of th#%8 pbhreessmenat atclce | RIr B i (oa
a He stripper at 11 MeV/u and a rotating graphite
four ring cyclotrons (RRC, fRC, Il RC, and SRQ@). Th
25%, respectively. Schematic views of possible ne\
efficiency with (b) a nor mal conducting K2200 <cyec
A simple way to increase the total charge stripp
rebuil d the f R®hetaom awictehloceurta t3ediabgw)r. i Apeare w( Riog ma |
cyclotron (K = 2200 MeV) wil/ increase the intens
be extremely expensive and | arge, almost the same
We proposed using a charge stripper ring (CSR) to
process as 3sl2ooMn. iThheFigsti mated iron weight and m

conducting K2200 cyclotron aBe2agbprrecsxpiemsati evley y700da
for CSR1 as a replacement for the firgt22He Theae i PR

is superior in terms of manufacturcianhgooaosfTher tegh
CSR can be applied to thAes setowk gsn, r3id@ReBr a(n@S R25R.
be | ocated in the existing Nishina Building witho
The first charge conversion efficiency wild!@ be in
efficiency wild.l be increased from 25% to 63%, th
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from 5% to 50% (10 times of the current |l evel) wi
of 2000 pnA (160 kW) . Although this target i s | owe
in the ability sttwoncgr dadwecenRIrglyegoms, nucl eon i s mol
there is a room in CSR for applying other ions in
designed primary for urani um.

Fi gamn2z2. Comparison of the size of the K2200 cycl ot
than 7000 tons and is expected to consume more t hj
the CSR1 weighs about 03n0sOu nteo nosn layn dl .i5s MV¢ toif maetl eedc ttr

28GHz ECSIS
Nishina building .

tripper from IRC
t -t ++ ¢umm—
e
to IRC

Fi g8r2r3oposed construction sites .for CSR1 al
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accel er aetnohrasn ciesd &

Ef fective upgrading of existing
beams blyheCShaj or items for upgrading existing acc
RF system enhancement, SRC eRKR rayxdtieom erylsd reare neenrhta
system modification and3upPpg#dabde DOl i aoaWwragtsact iuoamn
of each task.
Upgrade of
Upgrade of RF systems
Injection system SRC x20
28GHz Upgrade IRC 2000 pnA
SC-ECRIS
e of BT “ »t0 BigRIPS
Upgrade of RILAC2
ion source Upgrade of
X2 RF systems Upgrade of extraction
systems
CSR1 CSR2
x10
Fig8r2. €SRs and wupgrade of existing accel
Desi gn C¥dRrlk of
The CSR is a new ciomcepargeagswiitppear buungrecede
scheme is explaBnédGasnghowe fnrBtgring CSR1 as a
present scheme with the He stripper. I n the prese
t h’é%°beam (10.8 MeV/u, 18.25 MHz) passes through t
0.7 rmg/amd OWftyearhei s selected by tsh.e Assubas ergeusewnltt b
stripping efficiency is approximately 20%. This m
in the bending magnet
(a) Present Scheme N . charge distribf.ltiun
U o e o
(" 4) US** are \\ 10.45 MeViu
transported [ f' | 18.25 MHz
\_to fRC ) a
Dipole magnet i ) U35+ from RRC
) . 108 MeV/u
3) Beams other than | e i | 18.25 MHz
U64+ are dumped W— { X
— 7| He stripper 1) Injection of U%*
[E(rge stripping process
(b) CSR1 scheme /F 5) Circulate all ions in isometric orbits ‘
—Maintains bunch structure
\
Dipole magnets
A 6) Charge-independent
VN \\'\ beam-shape control Q.O
] ~ ~a — \\}
o“‘i@i&f

Quadrupole-magnet station
\

4) Circulation

—

1) Injection of U3+ A Q-
~— A
S, U?.'-'*/
"" fo w o
" \UB“ 04
75 .2 Mg
™~ 635 V/a
7) Extraction of U4+
and transported to fRC
[
he rest is recycled

of 8 charges

RF cavities _—™ \
3) Energy recovery He + N2 stripper

-
———— \
T \‘ 2) Charge stripping process

—

~20m

A

Y
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Br2. Bomparison of the current char @aé oan@en\ ar siam
1 (b)

Fig
CSR b) .
For CSR scieenam bheclles are injected simultaneou
MHz wusing the charge exchange injectsitagemastmogppeT
Nostripper) and the energy | ost in the charge stri
than the‘‘“Beamsta@eade Ucircul ated and reenter the str
suppressed by the buncher cavitdeosnl|l PPh'hdaemestlyal e
continuously extracted using a static magnetic ki
The most important property required for %8Rs i s
CSR1) are equal (i sometricity). Forming such i son
structure of the orbiting beams can be maintainec
mat ched at t hei rsg rtilpe eas diyl Icatnitara Idde g éhred dreta mso a3

C
$
|

(guadmapgonleéeé stations). We haven pe mfudrame d nisa totfi oCeSF
Fig. 2anal confirmed that the bunch structure and s
al most perfectly. The results of beam calcul ati on
the charge conver si ombefafiinceide ffcor UPSR1o 80% can be

Isometric rings with charge independent focusing and detector systems

)
FINETHSO

2
£SO-T8SD

CSR1 basic parameter

circumference [m] 44639 doperion s
circulation energy [MeV/u] 10.80 6
velocity B 0.151 af | i) A Lige ‘
number of bunches 18 :/’“"“"_/\f Y /a\ S , iy ‘;
revolution time [ns] 986.30 } Sy /"‘V“ PN " _;,’ff\/‘““,‘?““f b
revolution charge state 59+-66+ Jdnor™ ) d e )
injection charge state 35+ o “ |
extraction charge state 64+ . maaail e S ™ 1

Fig3r2. Basic design works for CSR1.

I n parallel, we have been developing el emental te
ant devel opment el ements that determine the
.The 3D magnetic field calculations have been
c define isometric orbits. The mechanical des
al so progressi ng ashbeoqute nt itrad gynpeatd Copolee whnch i s
controlling beam oscillation, the magnetic fieldc
measurements have been completed for the quadrupo
are the mais obmpgdhmeagmuatdr spat eon. Al t hough this
configuration, we have confirmed that the requir
prepared to move on to the fabrication of the act
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3D magnetic field and orbit calculations for main bending magnets Prototype of QMs and field measurements

H- 1200009€000

fo Sy
H- 169000€+90 i .
&
p— .
r»lwﬂvlﬂbu! ae i
,,,,,,,, o

pp— Required magnetic field

gradient was confirmed
—
—

Coupling calculation between QMs Calculated magnetic

- Prototype of EBM1 and field measurements
320A 320A field of EBM1 . = ——— :

oo s LA

NERRRRRRE

——r—— i —

tRedurirédr rﬁébﬁetic
field was confirmed

Fig3r2. Magnet design and devel opment wor

Ot her necessary tasks have been
2stage stripper design, RF caviti
[ 3. 2. W2]sign of beam transport (B
(Fi3d3g 2. 8

al most compl eted
es design and opt
T) smyasttcelmisn gb enfieotrh

Charge distribution with 2-stage stripper 3D models of RF cavities for CSR1 in calculations
(He + N2) during 3 turns == = ' i

-+-N20.10 mg He 0.30
mg (Turn 1)

~+-N20.10 mg He 0.30
mg (Turn 2)

- ﬁof.l!l“,r:‘g)". 0.30

02

01
. The charge distribution
| is successfully fixed
without significant drift

[} S L
“ * ® charge ” * Beam transport calculation from RRC to fRC
\’ \ \ | M1 |
Design of BPM and calculated linearity of beam positions . J ‘ m | " Ir i IH ; | i
ke T CCELTEER DR T )
- B, Sk . O
/’ ‘envelope A c\ D El
Bd N ﬁ\/y\/ ‘\/ -\A/K/\\'\/*— b,
== e A ONPA Y v gy [y
/ Y T Y
A - B* F G
& The position error ‘dispersion
& is estimated to be A\ A /\ /\]‘
below 0.1 mm = \/' . '\ i
-25-20-15-10-5 0 5 10 15 20 25 \
Horizontal Beam Position [mm]

4 —

Fi g3r2. Bomponent design works for CSR
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As mentionadtakdwnwé cal advisory commi-1é ee2@ZT2&2C) Wane
had strong support ax) 2fOr ame cToAnei nnd antoiva msg (fRIr war d

. Recommendati ons r ed mechanical-19)sign
The recommendati ons n category 1 are very reaso
accordance with the recommehdaeidonsco@aeeagaty ods, |
and 4 omweRhave already cbhmplget edraustatdynf oMha hon
can be adapted to meet budgetary requi rsfrnoentcsl.o sWe
orbit distortion (COD) compensations irry &3¢ c cersdpaencci
R10 is important and will be studied by a dedicat
beam si mul ator of CSR1 according to R7. Concernin
have been cmntclkeet matedmagnet s, but will be progr
concentration of recommendations on category 5 1in
CSR1, is entering a phase of actwual fabricatio i

The items of the 20 recommendations can be catego
1. Recommendations on how t-2, pRd&)eed with the pro
2. Recommendations related6)o essenti al system de
3. Recommendations related to understanding beam
4. Recommendati ons on beam tuning (R3, R7, R14).
5 [ fo il

[

n
CSR2 and modification of injection system for |RC

y started the

As mentioned above, we have alre
t same equi pment

d
ssible to design CSR2 with e
with the determinaati bincefdbaisgre a@aadamebietr scal cul a
ble with the same instrument design as CSR1.
Prior to the introduction of CSR2, the | RC inject
%. Currently, the injection energy of I RC is 10
e
t

a
h
a

second SR riisppae rmacShinncee wihteh Cequal i njectior
o be matched in the use of CSR2.

We note that the 10% energy difference is too | at
of data on the equilibrium charge of the
I n t hekecrursrternitp psecrh etnhea,n at hteh®ifo@d u imuend t fhao rc
ion is used, which | eads to unnecessary
ntihe &bt ai ned with arrgryer @y sl a-gesqaun ir ueanlb c
ion is also |l ess than 59%. I f the inject
i njecti with energy | oss within 5%, CSR2 can be
beedsin he current acceleration scheme without
stripper and i mprove beam quality. The feasibilit
( MI C1, MI C2 and EI C) t oh acsh abnegeen tchoen fii mrjnmeecdt, i oann dr add
optimization of the injection trajectory is in pr

r

shows t8

acceler
i

RF system upgrade for SRC and f RC

beam intensity to be extracted from the SRC
rtunatel vy, t h current RF accelerator for the
S necessary t enhance the RF sysiém af fabeée oE
t 2 (~1 MV/unit) before the bHeampigmithdled intcy e
turn separation duringhanxde Awkdf)ifeont hagh db esaunp pd
erati.wva dcactrtlkras8RChe extrakWibeaamfadndi soappr e
on the beamueht mactihen E®OCuit pmamt appropriate
RF accelerating cavity and instal/l a new RF p
r output of about 500 kW At tylse esnamd ttihme ,SRW
Optimi zation calcul ations for the RF3.akc®l er
thermore, for the RF system of the fRC, the a
hanged t o -cshuaprpgree sesf ftehcet .s pTahcee current fi xed ac:

—+ =

om3c —oow

e
(0]

Mmoo~ —9 oo —C
o

® MU0 SO0 Mo~ S
COSO®O®O0®O

o
o -~
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MHz, but it can be | owered to 36.5 MHz, the same
increase the phase acceptance. Furthermore, beam
performed in CSR1 ta Bblb MHe. b@&@himsbwhtch art geo negfl fye
in CSR1 and subsequent cyclotrons. Optimization ¢
al so in p3opr®ess (Fig
Optimization of RF cavity for SRC
Present structure Structure under consideration : Shunt impedance optimization
v
> gs‘os’m
E 40€+06 —e— trapezoidal panel, 2200, width=200, 100, 0
§ 3.0E406 -~ trapezoidal panel, 22300, width=300, 200, 100
& 206406 —#— trapezoidal panel, 22400, width=400, 300, 200
" - Rl:sondm he:ﬁm‘ncy [M:ij} " h
Optimization of RF cavity for fRC
Structure of main cavity under consideration Structure of FT cavity under consideration Resonance frequency optimization
L T T T
—_ G Panel angle=0° (horizontal)
§ wf ]
Iy '_,--"_ panel
5 40} % — —
g ’/"’ .l‘r'o
‘é u.um:’,-’ e panel
g 36— ‘,/ e o -]
20 | | |
S 200 300 400 500 600
- 2200 Position of panels [mm]
Fig8dr2. @al cul ation of new RF cavities fo
l on source upgrade
I'n parallel with upgna&@dz wBCRIWC)ERsbettdevebopsduto
beam i nhe&CRiltayssmal i s heated by a microwave of app!
UlSbeaonfl 50ATo obtain higher bepowawmgtenisé ti ecr eans €d .0
Fi.®. 2,. Wkkeam intensity has not reachedpbts rlneaaxvii nmug
room for increasing the beam intensi pyabhytenhawci
i nt ensiUby aof btyhd ncreasing the microwave power ( >!
the plasma oochambké ;,shavigphecdabuglensi ty pl asmahigehner a
powmircrowave.
‘GM-JT refrigirator 300r
o Solenoid coils O Supttering (-5kV)
Dielectric coupler GM refrigirators Hexapole magnet ® HTO
Mode filter p preak [ b _ ]
| Beam extraction é' 200F E
| electrode .g r
5 0
g
£ L ]
S 100+ ( ] .
n L ]
/- 2 ] ®
Gyrotron(28GHz) C
Mode converter Vacuum window | — L . ) )
Plasma chmaber | Solenoid coil % 1000 2000 3000
J Microwave power (W)
Fig3r228MHz -BCRI'S and the output intensity as
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Further mord,erans dtelvel lopmgnt , wegeanienm attoi ocno nESGR I uSc t(

kW) with increase of the microwave frequency and
with highnemndamisichrwr ge state requires high energy
in thei nomeshaasdyat e of ,the iennkeamsary t o iSdanrcease

t hnei cr owave EEReffuequen¢ yobe | alcdevasslieadp nwe e a soef tthhee s
mirror fi dlednpesiangurhei gl peptciomidaue ttomles per f or mance

I nfrastructure upgrade

We are also studying the infrastructure devel opmi
cooling water, and site organization. The tot al e
estimated to be aBprdoXilinad ed wr re MMtW d&Fpacity of t he
needs to be upgraded from 25 MW to 30 MW. I n coor

relatively easy expansion by itnrsarad fl a mmge rco oil 9 nige if

2nd Extra-High 66 kV 1% Extra-High
Voltage Voltage
Replacement of CGS
cables to
increase +3MW
General Main Bus / 6.6 kV A [ high-speed 1 6.6 kV ¥ €GSMain Bus
; c“ circuit
| breaker
IRCRF N Ra_re Rl || SHARA Hellgm SRC BigRIPS
Plate PS SRERF Ring Q Cooling
1.5MW 1.5MW|
Plate PS v
CSR1 || CcsR2 +3MW RING LINAC
Substation
NEW NE

Fi g3r2. 1IFl eooerri syptemheli aggraande npl an.
Construction Schedul e

The construction ofretheepridmaigeacdeberabed abo
packages based on the budget size such as CSR1, C
secondary beamlines iondleukiepd BingRItRP.sMWeuhdval an
3.12..

L e ] o 2 | 3 ol s ] 6 |l 7 ] 8 | o |

Injection system . .
design work construction
upgrade for IRC

CSR1 design work design work construction construction

ECR-IS upgrade design work | construction construction construction

SRC-RF upgrade design work  construction construction construction

fRC-RF upgrade design work construction construction

Infrastructure upgrade design work ' construction -
CSR2 design work design work design work construction construction -

Beam intensity 500 pnA 2000 pnA

Tab3.&2.. Construction schedul e.
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After the detailed design, the construction of t
the target beam intensity wild.| be achieved three
The plan wil!/ proceed as foll ows.
Year 2: Start of I|I-RRKC umpogrigdde.ati on and SRC
Year 3: Start of CSR1 construction.
Year 6: Start of CSR2 construction and operat.
Year 9: Operation towards 2000 pnA.
I n this plan, each new CSR wil/| i ncrease the bean
be upgraded to match the intensity of the beam at

[3.2.1] J. Weiet al, Progress towards the Facility for Rare Isotope BeamBroceedings d2013 North Americe
Particle Accelerator Conference (NAA C 6, P&adenadA, U.S.A., September 2013, fp4531457

[3.2.2] FAIR Baseline Technical Repoxtol. 2, (2006).

[3.2.3] D. JeonStatus of the RAOBEtceleratorsystemsin Proceedings of the 4th International Particle Acceler
Conference (IPAC2013phanghai, China, May023, pp.3898390Q

[3.2.4] J.C. Yanget al, Introduction of HIAF projectin Proceedings of the 4th International Particle Acceler
Conference (IPAC2033Shanghai, China, May 2018/EOBB103

[3.2.5] H. Imaoet al, Charge Stripper Ring focyclotron cascadein Proceedings of th&wentyfirst Internationa
Conference on Cyclotrons and their Applications (CYC20Z26jich, Switzerland, September 2016, pp5159.

[3.2.6] H. Imao et al,, Development of gas stripper at RIBR, Proceedings of the 9th International Parti
Accelerator Conference (IPAC2018)ancouver, BC, Canada, April 2018, pii-46.

[3.2.7] H. Imao,Charge Stripper Ring Plan at RIKEN RIBE Particle Accelerator Society of Japan, Vol. 17, N
2020. 262

[3.2.8] H.Imao,Charge Stripper Ring for RIKEN RI Beam Factqlylnst. (2020) 15 P12036

[3.2.9] H. Imao,Status updte of the Charge Stripper Rings projektinst. (2023) 18 P03028

[3.2.10] Q. Zhao,Multi-chargestate beam dynamics in FRIBin Proceedings of # 54th ICFA Advanced Be:
Dynamics Workshop on Higlintensity, High Brightness and High Power Hadron Be#AB2014) East Lansing, M
U.S.A., November 2014,UO1LRO1

[3.2.11] H. Okuno et al.Present status of and recent developments at RIKEN Rl beam faktt®tyys.: Conf. Se
1401(2020) 012005.
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4

l # 1 i ght separator Bi gRI PS

The BigRI P&UB¢pamwdht erh [consists of 6 dipoles and
magnet sSiKIBEBW Q)i s taypdde@leimproducti on &nddBepamaati owu:
ki ndsbhbed mfRaAwivideerange i n the nucl earf lcihgahrtt #F&l%seb eparno douf
or projectidoef§ r(a’lgmepe At 1 40Kpn@A600ZmPNNAYQBEPNEATQO

pnA) '®ans00 pnA) beams, where the nominal intensi:t
These primary beams are accelerated up to 345 MeV
irradiated to the Be proBugRI PB,tapbpgptedatnsFR&Ir ebh
separated in the first st age BeDeBrmpetehlFolWKilt3h Rerc eanltu
anot her separat iBr-bQBneabkodbekbasalevehoped t o remove
fragment-ZRIf obeamghproduced by t h#%®0 phreogm.ctTHe RIraly
then identi-bievdendn baarsiesvdmt t he sec o BdDEsmted dieo df. r drh
particle identification (PID) rel pesisbennospiltaisvtei cp as
pl ate aval GRPAG&MNOIU ftoer deduci ng Brthy tmaeg ntertd ack rri egd
and t hseanmullitng i oni zatKlow) 5¢cthaa ntheea s MUEBEIChIldn ethfee gyt a

ion optics, the momentum resolution of the first
enabl e wus tios optearpfeo rsme anrecwh e x p &Zr=i Mén trse geé wen-awltdes e
par tdtarlilpyped i ons are very cl oseSienaccen tohteh eorp eirna ttihc
2007, we have discovered a tot al of 156 new i sot ¢

beams to the users of RIBF.
Ot her tihe&emam lpe oRlucti on/ separation, BigRIPS is al s

One example is the spectroscopy of pionic atoms,
changing the ion optbeam ImoddBAKMO BAmgdRiphPesrmaerx a mp | e
cresssstion measurements. The reaction targets of ¢

F&F5 ard ,Fx espectively, to assign the reaction c¢hi;

Primary beam at 345 MeV/u acceptance
4 3-coin plastics +3% in momentum
\E Be targets +40, 50 mrad
z Al degrader

Plastic " Plastic

PPACs PPACs | 8
First stage I Second stage MlIJSIC b \‘

Production/separation Particle identification

Figdréedayout of the BigRbPBdsepwraftoBi gReEPBS)gmRODN. U
In this section, we wil!/l describe the achi é&veimreent
achi evements and performances of BigRIPS, such as
Sectdi,&nt he upgrade plans for BigRIPS and spectr ome
41 Programs iRV92@207

41.1Di scovery of new isotopes

Since 2007, we have dias ovdZwdenfegréa a5 S on e vA mosnaggt d pheesm,
were produddd gy fr&sibemmef QtRNesr wer e produced by
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fragmeneatadfodithet 1,0Kr( 42Zn 9) d8d 1lb)eamswhere the numb
parentheses denote the numiher cofl ofewd dbsghocavw ptslsel pm &
i sotopes produced flrm maddicthi oprr atbadu®y h deemenses wl § s p't
currently .under analysis

New isotopes
2007 — 2022

B 238U beam (132)

B 2%Xe beam (10)
8Kr beam (4)
79Zn beam (9)

M “8Ca beam (1)

Fi gd2Neew i sotopes discovered at the RIBF since 200G
numbers in the parent heseproanadatha thhees preicmib evre opfr i m

412Secondary beam producti on

Si n26 at ot al of SlMadieotrt 2h@ds ewereed i ment s, i ncludin
(EXP), machine studies (MS), anHKi gdi3sdaowwer bhedicbar
RI's set as the central particl-lel auem dihrec lbeesams k@w tti

to usermP Dviitrhf or mat i on ctoand g ir mg dt o h  itbag uuees dwhieerr |Rel  tt
suppl hedt witthe confirmatgigéo mghy elthteea i mogset mefrr equent | )
includRBt s | nhendetu tdrriiep | i ne regi ont®pdBdubedméromhehd
i nv e rasrioofifingd, and the ragmbessneaunchmagsc The MNieavarmec
setmadege with the Pfl D ¢&Eadbmefaim. maT hiwass bLuesaend fsoerc tti hoen
measur ementsodmpeneswar ch.

Efforts to prZedi@®e bRl s-heepmbeijteati de?’d elaecdrmoar avi nt d
made eivrer al MSogATalds mdEgenta circlteBSEprhogr dme [Reé rsf c
to test the beam pZ(odu&)t. on of RIs with high
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Rl-beam production
2007 — 2022

250 experiments
514 RI-beam settings

r..l'I ‘ Used in EXPs, MSs, and DAs
A @ RI-beam production tests
fﬁ 2,3 @ No PID confirmation by BigRIPS

Fi gd3Ribeam seBit gRBS 7s.i nAel a20pP0r oved experi ments (0
(MS) and director 6s ddrsecrecedrn nindearye da.l | Tohcea ts eotntsi n gosA
by thetdggpimg technique (blue) and the settings f
shoMote that the total number of the da(tslodp)l dheed
settings, since some RlIs were produced multiple t

413Devel opmemptrdformagple beamline detectors
To i mprove the PID performance in the second stag
with Z sspetG,ormaglte beamline detectors are now dev

A. The first-gasezadashamXe€SP2 b asMUWSI[KI MJQBo i mprZove t
resol ut i-ORnl sf,ore shpiegchi al 4>y 7f0o.r Itnh & hree geincerr goyf r ange
at F7)statharfgluctuati ons arzZRInsot Tnhe gsl ilgeiabdlse tfoo rf
energagnd odesttenZe# esat esi on of MUSI C. Wit hs9t0hel 09 qgn
the I &Zxks 5Wi shay fully stripped over the course
hi gherf lZuditausst eh ar gt sit @ipiekl ¢(,f Heht$y ) f or cehxaanmgpd et h €
char ge dthataei dirgeéegeedUS]I C according to simulation s
to reachstheechghhagkebagemcharge does not conver
i nside the c¢haéameerr.agfes cah arregselelate,d gty heoasseoicgat £id

evebmgvehd . minimize this effect, it i s effse attieve
equilibrium condition aXeasedk!| yasasmipOtsBrod | Xeé HV
aim. Tdohas gealse c havrbg eiaobnbsat e 5060f t i mes wHiSILgah@& r ave
equilibrium is dguiuvakldyst hbl asberedgeamochkharge. conver
The arrangement of the charge s amgpslhowhkieglddcet rod
The electrodes are arranged 2 c¢cm apart inside t

bot hbaseed gas Zamas PI1WOt. i oldb avsietdh gtalse wéaes eval uated
standard devi at iZen 8%%.dt. )2 5 b isMdd/suh.w ibTehhitser t han
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withg&®d4Oevaluated to be about ZDe8&56I unhi 8nDi sThkebt
comparison of the PID plotlsageén gasFdngidkie®) e wi b h
B. The second dewadsoipmtdhhlt J.Z BT ha sX ed e ti aecnteo rs oil su taino na Iflo
position; oasmsd nemerugyement s, currently made by di
and MUSI C, respedthiegeXiey .s ch wnrtti H d ranboereemh aat ant e k e E
more tHhdaddz ROO beams, which is difficullt to handl

This performance is thanks to a short decay cons
The | oweFi gp4edsa bavep h d the-g&dec i notri IHIi @th p wwri itthyo uXe mg s
gaast-am i s encdmstthdi ¢l goae ©Oelcim ofp earli mmisnwnm vveir ted
Kapton foils. The gas cell i s coupidédd)t o ndephatc

gl ass win€aws &Qfual3hiPrB $ 0BRAMGhdIicehntelfy t-msanwan dlse nt
photons. The typichlbeoamfwirtmanz es &d t=hrged evsdl dat

mm, qnd O0.46, comparable to the current perfornm
(Om®) and MUSIC with P1Q&@r €é90b0) i egrasse b motabnedv aF1y0.
gas MUSI C are summar iFitgddien the | ower panel of

I't should also be noted that the detector devel
group of the Kyoto University, dhesX¥Xéyscioht ablba
thus represents a good model of the partnership

Xe-gas scintillator

74 260 MeV/u @ Z= 85 2 , , .
% ‘ ; i o . 3 ‘ @ [on Chamber
= Ar 90% S =l Xe 70% ETe 30 ® Xe gas scintillator
CH, 10% E CH, 30% By st (within 5 mm rad.) |
] : i 5 5 ° °
= a
_-> 3 —2 1 ® ®
E 2F § 5o (]
>
2
g 0.5
= Each dashed line represents

the resolution required for No separation of Z.

L
254

2
A /Q 30 40 50 60 70 80 90 100
Atomic number Z of beams

Fi gd4Peh ot osXeg disotrhiez at i 6 h op h bteheggjassa ndot(itldpatr i ght ) .
plots (Z vs. A/ Q) with4/70:03@a(sb qtbtoar orm d ketf)t )b catnhd
The energy resol uti oncomparheed Xeo sRliOntNUBdaGf d(rd wints s
taken f[HO hTBPSERL.

42 Upgrade pl an

Heavy el emegt) RIid I (Dde the greamd pehaslpleengerei rofa tlhe
fragmentati o®?d8 rbeeaacnt iiosn corfuca al to produce RIs in
project of the core facilities of the RIBF thus
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complex to maxi mi z?8 taht®A 2Abgpa m oinrstt g rucittiyngofa pair of
other the BigRIPS separator and spectrometers to
reaction studies, dBeisgcRIiFS ds e pna rtahtiosr swicltli otnh u sT hbee

power U bedAamlof aZZdpti on, the purity wil!/l be a def
where the separation is challenging. The separat.
platform for reaction st udbieesa wietyh thoe asveyc uerlee naednvta n
RI BF. The SAMURAI and ZeroDegree spectrometers wi
I n this section, wbee awm liln tfeinrssitt ideess cerxipbeec ttendecARolr t
delivered by the upgraded accelerator complex. Th

Bi gRI'PS separator and spectrometers equipped to t
421Ev al uat tboena no fi nRIe n-peAt ipe $ mairtyh b2 a ms.

The prbaeamamyi ntensities wftéerinbeeapgrade2op the ac
pair o$trchpapge rings CSRs. The intensities of RI

nucl ear chart f orpeA haet p3rdidbmag@s Buea(ihs odfop2s denot ed
expected to have iPmaemiscteespadi ghecondthahpa®), whi
per Ldasyt.ed bampwearef epossi bl e experiments at the

- 10pps;-i metwvope searches.

- 10ppbdeclaiyf eteiassaur.e ment s

- 1G8ppbdel ayesxectroscopy.

- 16pps; mass measuM&ménRS8 by MRTOF

- 1l0pps-bebomasypectr oscop’stfadre -aolfenefvRdrms.t 2

- 1 ppleamasypectroscopy for ot hseerc tcihoann nmeela sourr erneeanctts

Candi dates of neowtissiodteo ptense abroeu nfdoaurnyd of currently
abowtdew i sot opes ar e eAxnpoencgt etdh etno, baeb oduits ctobv@ehi esdaltc ¢ (@
producedf Ibiyg hthef?fBishiecanm.ofThehye ar e <Lpr BAMW (0v3R0 ithet ¢
the regi ©0hO of ~Z0 =i €§®t opes), and ZrP chOs(dr00aboato
are produced by the proj e#dtebdm. fAmgtmeert a20 oar & e@rc
primary be'ates '@msltheeh nmeag or ity ~»1)0 mave itshatso [ceosicieqh r
Zregi oB=fFOmt o 92

Ot her than the primary beam species |isted above,
beam of Pb, so far not accelehatasmdl i mteut egn &h 8F. |
i nt erdi tPibe sl 0o hnaovte sdeiesmt itnoct advantages ovetd3i he pr

practi cegotulleed emsriieryto handle with a Pb beam with
The beam intensitiésnderetbéelabonidbddbinslLb®E

- The currently avail aBbl*€a’@Zmikmékry>Xberedlls, anamebnpnsi d
The beam energy is 345 MEV/u. The intensity is ¢

- Ribeam production reactions are the proj£€¢tiighe f
fission is cZ&#ndiedher.ed for the

- The production targets are made of dReryl |l ium wit

- The measured cross sections weeeticomsfiademe&da of
used for the projectilefftiggmeht asion,réeacthense
the cross sections are assumed to decrease by 1/
t he -tihg ®iel e modeér i n8s heslddvSE
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- The transmission for23 hbee afm.s sTihoen |forsasgense nd lse otfo am

charge state spreads are taken into account i nd:e
defined asA alftunct if o x<e4¥ taon db 6 5586 ffoar AA > 195, an
from the former to the | atter. For the Zchhtgesss
to be 180% &wnd ZOH ., foandZ to constantly decrease i
- The transmission for the projectile fragmentat:i
di stributions aGoel dchad bceurl amoedde Iwi tNho ttehet hat t he r e
by a factor of 1.2 to better repFordutclee thleadgstg
procedure for the fission fragments is adopted.
- The | oss d&dd gtha tdreec aiyn i s taken into account. Wh
TOF of FO to F7 (typically 450 ns), the intensi
for neaeftiroinent Rdat aTlwer eitakemefromNDBA®BJAHEHA

(aesjl..or.jp)

- The transmission | oss by the exit beam dump is
and the RI bemmaaheovikkery.acli maeddlt and s dag@anlsindi sss i
i ssue is not observed for very exotic RI beams.

—10"
90— -
I —{10"
80— -
i —10°
70— _

B =107
gso* — R
£ i —10° &
2 50— 10 5
c - e

3
3 40 10 8
s | s}
30— 10
20— 107
101 T Ay 1078
- \ | 1 L 1 L | | 1 L | | 1 10—5
20 40 60 80 100 120 140

Neutron number

Fi g45Rl beam intensities evaluated for the primary
the expected intensity in the unit of particles p
red squares. The boefdadsy) ¢ @&mgef ed ihet &bhy dvinh priaksise ¥
for mKOBPGBb!l ack drieneshown.

422Upgrade plan for Bi gRIPS
The upgrade plan has three Bbpéacei ves as summari z

AQ)Upgrade of the Bi gRI PpSoweirr spir isntaargye bteoa nhsa n dllhee hsit
safe operatwiolnl ol e Bte meRdoieiSdgenrf aurr ani um bedamd erRaorce
f oradi ati dnoasdrddl hkeeati mproved for the pfriirnbaerayms age
I n addbt imbm, mi ze t ha be acodnetlowou-tl kel a 8 § 5 twa 1 | be
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develfoped he maintenance and replacement works o

)Upgrade of the BigRIPS fThesetsepamgat ifonr d&fi gRI blea
t he -Zwiegghi oZ=f 7®&mt o 92 produced by tA%¥ peamec tTihle
separation pvawdr bcef iiBryggl RewiRed t-t gnvge Iscegaetdy conduct i ng
guadrupol(esQ@agnaths RERFON I et ohe first stage

B)Upgrade of SAMURAI and: ZForo Dregaveétd bodny gsctt®i da feesth dénis
the PI D performance afterhea hmomerctounnd arreys alewatcitd ro s
Spectrometer wi || be siprerritaowenkelt e@hapAdBhdigher
acceptance of incoming RI beams and for an altei

I

I

Higher beam acceptance and
dispersion matching

SAMURAI

SQQo1

b A i -f‘ - = c = \ A .l
A — & A4
SQQ04- | RF deflector ¥ =
Momentum resolution | TOF filter to reject unwanted Rls '& %u. .
1/3,000 | . - T  Four-Bend ZDg:\*‘Tg 1
| Purity for high-Z Rl beams PID resolution for %,
_ _ § | high Z beam
BigRIPS first stage "' reactions g

+ New target, slit and beam dump it
Radiation shielding
Remotely-controlled exchanging system

Sustainable, efficient and safe operation %
with high-power 238U beam (2 puA) e

rare Rl ring

Fi g46Seu mmary of the upgrade plan for the BiN&I&LS a
t hat t he | abyeonudt Zoefr otDheeg rfeceurSpectrometer i s concept

Upgrade items are described for each purpose belo
QD Upgrade of téeéera@e gRO PBaviedr gtrhiingghr y b e ams

A. The first stage with a production target asnd be
in Bi dRI P&proved rreasdilatinece seagdemsant i aladfor th
ef f iRli ebnetam p rBa dguBclt@inadrerbyt he i rradi ati oTheofc ua rheing
Bi gRI'PS can accept 98l yeam. tbons 00k NAVa dWitlhle ad e v

new pr otdaurcgteitonsystem, beam dump and F1 slits.

The new tarpgeat rovtattemnwill carbon plate with a di
the present beryllium target o0ffA30Thken mwe wmexier h
willi mbedshmpe aaoafl ocappewy of 30 Tchre idnr udn ainse treal. |

i rradihat iron atwirdgl sssti ipkaahbteer aet e fcfd nop eetnét@d ycar rent f i
dumps of copper alloy, arrangédei same Vumhlaptegr aev
wi || be talFelp tsdastdsasi Iliht shel p i ntercept the pri mar:
the orbit of the primary beam is very close to
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Fi
B.

(2)

ga4#Sei mul ati on of the hevatt hl aahde wiotl H.itnlge dbreuamm sd un

For the safety «pat aawitedrrcd aas greenngant eMi yl | bhedbeamo
l ine component LCuoffrenhéeyfiabt wobage. at the first
needs to be stopped until tthhe arcaxckisat itdre Ilvea\Bdlt D

example, to change amavmgoyé dBiggRydeScsalsdty FL12, ttoh e 4
the primary beameAi ntae nisowmyaverlelaeip@isr €d ,p caesnitng

oper dtfi orepl acement works or |light repair works
vault, the downti me den hidédVvel opt hy mimggmatt ed f or
the beam | ine compoumeh hprsood u ctthieoehigdragryy esttsggader s
with a remote Imopnaddirtiirsgni,seyirstt ddnmrit d romt e bl oc ks wi
radi at ilmenamoewnms htedy. 2 p

Upgrade of the BigRIPS first stage for high beal

To improve the beam sepPre@itomnamadweni cihorreetgt eunth
momentum resolution of the first AphaAape=wiil26e i
17 3000. Such a high momentum resolution could b
Superconducting Quartet Quadrupole magnets (SQQ
t he rDaAa{(MDo di spersi on. M; magni fication). By usir
i ndependanhbyrDditM 8QWOdyV inberse ad e gr ek o dfohné roeeesdi g |,

thus greatly hel pi.ngFdarmptrioer es ytrhme thr/yM ofattitbe f i r
repl ase@@. byhe optimization of the ion optics wit

To increase the tr ans nensesdi gognr aodfe dshvew i Riije ebbleea s r, i a le
wi || be chosen unde rmiteHaev iceorn dnicadt eera ditainw nadmth yt b e

useful for-sa aft®stgmuh i ile apsi .onni Ifloral so design a b
The momeampmessi on mode, for instance, will be <c
For furtherew eFRardeRifFadicltlocarbreati nls2 a3, etdhe mi ddl e
and. FBhe RFDv eap@llaadltsreinad at a fr egqguwehniccyh otfr ané.nb |
i nterest passing at t heumoanetnagad odwirdtda nsa rfdiindt|fsde r em
evaluatfé ech®D,ofsitnuel ati ons were performedolly usi
Bi gRI'PS. The trajectories of ions recorRded iied dt.
The size of defl ect heexmp eirdTnOlnétlccure Gt &2 wibd e d esmpec
the wvirtual RF phase, opti mi zed . Fiog 4.8tsheo wisr at nhsen
i mprovement of h'8me smuintiltidigeersi niaorry b atdhie=( 1 @@ 3 X

setwi nig8 ab gdmt.t ombot hpugsies, i mpeoved by a factor
RFED. |l mportantly, t het HeDtRiFsr nuastee d anrld yRrhio mbsettalinest grs o tt
rich ,regi oftbot gacple®t eEiyuc h-Drime gginb rtrree TOF f il t er
reject t heomag mmirnegantf esaf sk yo no fp Ptthdeb eTady et her wi t h o
case studies, we found that the RFD improves th
The specifications requi Teaellld or the RFD are sumi
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RF kicker OFF
hpidoff
Entries 3011567 3‘

0.0053% ot

so‘ ? L i

‘‘‘‘‘‘

TP VIR ACULocs . ecn ETT IO VP
09195 2 205 21 215 22 225 23 235 24

Z 55,
- 0.031% (X ~6)
@11

RF kicker ON

hpidon
Enties 645731
2,054
4877 °

Mean y
Std Dev x 0.04191

50
StdDevy 1568

45,

40/

35

N9 195 2205 21 215 22 225 23 235 24
A/Q A/Q
N =126 RF kicker OFF RF kicker ON
Z=70-85and A/Q > 2.65 z z %0- .
.SE . - _‘:‘02 [ 107
35:»—— as:-;
Pb (Z = 82) [
80 80l
+ it k 10
Pt (Z=178) - NG 5

70!

204p77+

0.87% M.
1 | |
265 27 275 28

A/Q

[ 1 1 | 6;11% < A ~7) !
24 245 25 255 26 265 27 275 28

A/Q

Fi g48Se muloaft itome R&s da&fT@E tfoirl t erf oaf Bthlred e@onn t{ 4 mipn a

the N = 126 beam (bottom). Jlhteaveixtphdorutmetnhtea |RFAP IdDe fpl

filtered byeTOlRetei gbt)stof the RF deflector. For

for theimdutrregn on with AYHI'Wwi 2h 65.=FDb8, rNf=re26ei
RI PS OEDO Bi gRI PS

Year of instal|2002 2016

Cavity enclosu80 150 <120

Cavity enclosu 230 298 ~50

El ectrode widt|1l2 40 ~15

El ectlerogiteh (cm)70 120 100

El ectrode gap |4 20 ~12

Electric fieldverticahorizonjvertical

RF frequency (|1219 18. 25 36.5

Max voltage (k{150 350 720

Max electric f|3750 1,750 6000

Max power (kW) 20 40 176-200

Costs (1,000 J|~80000 ~200,000~500, 00

Tabdl&ummary of the specitications of the new RF

exi sting RF de0®Rmedt O CiLt9 RI P S

B Upgrade of SAMURAI and ZeroDegree Spectrometer

A. The SAMURAI spectr omettheer bwe tltle rb ea cucpegpT dagneckeT i@&fd Rd
first wsetteipermoedd ddwe ISOQEOUt i@rpuhnpagees odfutiasn op
descri béEdeabwiQelh be relocated to the downstream
this modificsapatonsi z#zeheatbe@m3 ( SAMURAI target p C
achr omathaor oipnstcasnce, cryogenic target systems,
cm, will benefit frdm thai$maloliért ol &a mical gdhfiecladei
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di spersi on Ifraitgcd®ien Byoptsi g this mode, therhenresc
SAMURAI target can khedf o cswd @ad eidntf o oonn e e@a@it retd i o |
magnet . A smal l dump can intercept the beam wi

detectors forf aceialcitteadt elisontpd aamalthei,se x per i ment s .

|

SAMURAI
dipole

,
0

STQ11 12 13 14 15 16 17 18 new 25

J[‘u;._ SEHERERE  PI * 2502 25

F5 F6 F7 F8 (D7) F12 F13
26.6 mm/%

(UEERDD)

|

Fi g49leon optics calculation of the dispersion matc

B. Hi glesol uti on ZeroDegr-eendpectoometer wivkbhbbié@omod n
i nver se ,kipnaeematcilces i denti ficationieé§seereticali onor e

the reaction channel. However ,Zetrtod svpda rae nthheemdt rweos
structure (two bending dipole magnets) is not en
resol uBBiOm w©he standard optics (L augwo rAceaepadam C €
tbhe second stwigghdlG. thoe <BdlIgwRd PtBheinsd psrit@hbul cet fufr estc i é
sol utaidoonp tabsd Bb g Rt PS Fsoerc otnhdi ss-baeignd,. Zehreo Dengpr ee  wi |
to the east area of SAMURAbenmnddséet ext ehldies pvi oV
of moment uni3r €§86I| uthieomBi gRI PS second stagd nand

addition, a timing detector with af dgwetbothpt ome t k
TOF resol ut iAQT.eslod uttotoanl wittHe be i mproved from t
which achieves a similar performance with the s

423Schedul e and resources

The timeline of the BigRIPS upgrade is coordinate:q
upgrBa2d. The project is divided into two phases;
from Year 1 to 5 and the phase two the devel opmen
intensity is planned to rehaehsiB0yY, pinfAe i nadieatri ®&n
manageabl e with the current BigRIPS. The efforts
of a pair of SQQ and the RFD for high setpagtadd e nwij
be upgraded for high power beams and be preapared
I'n parallel, the Zer oDelemrd sMTiht o thebk eulpagtreadd etdo ttoh et
upgrade i sbeesatbionuatt e5d. 1t obi I I i on JPY.

The BiwmRdrPs&Sde pr oj ectbywid | BibegRIumSl etrea aakeomf t he Res
The team currently has 10 member s ceotnesrins tnmenngb eorfs .o
members over o6fstRrsciistmdamdtecemmt bemembegsotunBREB
are the mai nRiberaknf @c¢ ® dfucrt itomdbaend Hewel dpment.oof a

The young staff members will dri veée hseehns tamyednrisede pr
The manpower should be reinforced to undertake bo
the BigRIPS tuninghomtai ngenanec dpaltaanr atnoad legrsmesntfearife n
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members Amdeg #¥Bem, two wil/ be involved in the f

shoul d be recruited urgentl y. Each recruit wi ||
workpackages, so that they aseamwniskpketiofthecprbo
wi || al so be assigned a related daily duty to ass
phase into the operation phase in future.

Ot her related development s, such as for beam | ine
other teams in the Research I nstruments Group and
Kyoto Universitgevemmpmment of ot hheXe scintillatio
v ./ 1 ] 2 | 3 [ 4 J 5 J 6 ] 7 ]| 8 | 9 |

Injection system upgrade for IRC design  construction

CSR1 design design construction ~construction

ECR-IS upgrade design  construction construction construction

SRC-RF upgrade design  construction construction construction

fRC-RF upgrade design construction ~construction
Infrasstructure upgrade design  construction -

CSR2 design design design construction  construction

B'gRIPS ISEEHEE design design design construction  construction
for high power beam

BigRIPS first stage

for high purity beam design design construction  construction

Spectrometer upgrade design design design construction  construction

Beam intensity 500 pnA 2000 pnA

Tabd2schedul e of the RIBF upgr ade.s elchadr ewmohrikg hd a ogkha
yell ow.

43 Ref erences

[F UKILN8. FuektuMaalclin.st r um. M3 htRBRLE2PABS .
https://doi.org/10.1016/j.nimb.2013.08. 048

[HI JJ¥3 Higti Naalclan.st r um. MB35 A D (32 0P2h3y) s. .
https://doi.org/10.1016/j.nimb.2023.05.039

[KI MQKk. KientuNaalclinnstr um. Medheo@Ms2 OMBY)s.. A
https://doi.org/10.1016/j .nima.2004.08.100
[KOUOQI. Keu rPalolTgh.e®Bhylsl,3052005) .
httpsorfhdaD. 1143/ PTP.113. 305

[KUB12] T. Kuddegp.eet &kp, Phyg8012pPp12, 03C003
https://doi.org/10.1093/ ptep/ pts064
[KWMOIHKumaegal . Nuostrum. Met h6&dx2 OFOhly)s.. A 470
https://doi . @©r0D/2)0.29) ®OB/0A3016 8

[K B0 4K . Kusaka et al., | EEE Transactions on Applie
https://doi.org/10.1109/ TASC.2004.829102
[MIC1S. Michi masaoePlEwY. ,2Prg.043D01 (2019) .
https://doi.org/10.1093/ ptep/ ptz007

[ TAK2O0phkHda, Y. KNuTldmatkraume.t MEthHh®Is Phys(2020) .
https://doi.org/10.1016/j.nimb.2019.03.016
[YAMQK. Yaenm|ldaNBbYV sr.464562004) .
https://doi.org/10.1016/j .nuclphysa.2004.09. 0614

-44-


https://doi.org/10.1016/j.nimb.2013.08.048
https://doi.org/10.1016/j.nimb.2023.05.039
https://doi.org/10.1016/j.nima.2004.08.100
https://doi.org/10.1143/PTP.113.305
https://doi.org/10.1093/ptep/pts064
https://doi.org/10.1016/S0168-9002(01)00804-X
https://doi.org/10.1109/TASC.2004.829102
https://doi.org/10.1093/ptep/ptz007
https://doi.org/10.1016/j.nimb.2019.03.016
https://doi.org/10.1016/j.nuclphysa.2004.09.064

[YOSEPM2. Yoshi moto et al.  (2r.esentation at EMI S2022
https://indico.ibs.re.kr/event/ 469/ contributions/
3%20Masahiro%20Yoshi moto. pdf

-45-


https://indico.ibs.re.kr/event/469/contributions/3675/attachments/3379/3935/8-3%20Masahiro%20Yoshimoto.pdf
https://indico.ibs.re.kr/event/469/contributions/3675/attachments/3379/3935/8-3%20Masahiro%20Yoshimoto.pdf

5 Experimental devices

In this chapter, we wil/ present the instrumentat:.
present and the faturkepupgeattedeRVBEIi oned

51 Programs TRY92@207

The RIBF encompasses a fast Beg®h®&r yabeamtiynanis
with the AVYE d6masRRE&econdary beamline dlebiyvehe BI gl
separator. aFasheRhomenrnambs eBdNOgyMenNVdmugerefat20@r eat

reaction studies in inverse kinematics. A variety
or charge exchange reactions are i nsdgtnrviemsern tgalt,i nfgo
neutrons. Compared to the nor mal kinematics, the

beamke reaction resi-amelsy zealn amael madmeent dmed by
downstream of .t B ercdaomtmedrertsaraget key to different
guantum states, or investigate the kinematical <co
has three different del i veaegy Dpadfisi)Briextucirpepe SAMUR
spectri@Rl 2anfHARAQ/ OEDO s Mé Ct1WEHOIDJler etrheg | ast ser vi
injector to the storage ring R3. The three spectr
versatile reaction stpuwuditieadelndZiefriodDewio teret (fBID)t HAMUBR,
wi de acceptance, and SHARAQ/ OEDO for the wultrahigl
The instrumentation of a variety of radiation dev
t he fuldf cRipabceanys provided by BigRIPS. The evol ut
of years has been behind a wide range of achieven

projects arne acawirdeedanodutorogani zed international C
committed to a total of 41 MoUs with institutions
GARIS 11l ZeroDegree Spectrometer SC\RIT (g

GARISII CRIB

Fi gbllearggeal e equi pement at the current RIBF.
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DALI2
SEASTAR
HICARI
EURICA
BRIKEN
IDATEN
 SAMURAL
NEBULA
NeuLAND
NEBULA+
HIME
WINDS
CATANA
TOGAXI
STRASSE
SpiRIT TPC

GRAPE
TiNA
SAKURA

ESPRI
CAT
Pol. H target
Pol. D beam

Tritium target

SLOWRI RFGC

SLOWRI PALIS

MRTOF-MS (GARIS)
MRTOF-MS (KISS)
MRTOF-MS (ZDS)

Fi gbh2Hd st ory of instrumentation at the RIBF since
(yellow), and operation (green)-sglhdsee e qarne memadwn s
by the | ight Dblue.

The slow beamline i s knstrigryg RMarbiecaunss sthuadi ecso mopfl el

i ne. For the superheavy el emdkAJ]|lsdt uakibe s GARIWS® Islip!
SRI LAC, are operatYAM33 TheoCRI Bafadi biftlyihgehtCNJI, bi

facility that is capable of producing light RI be
source and the liquid nitrogen cool edl@medudtieo Kl
f aciWATtI\8 [recently constructed by KEK, is an init
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from N = 126 to actinides, whi cihn eilaas thiece ns cda tftfe rciul
Besides -tdaeceé@avwtor based instrument a[DHOdBom wun
el ecRIrosncattering is also available.

In this section,pmaject snsitmuemenhataomni val of the

511Zer obDegree Spectrometer

The Zer KhBdlkaes been #delbasgradymaspeactroscopy exper.i
scintilDALlLIPRAKdIMs ay gtean dabredlaoamrayi ns p e.c t Thoes ceoxpcye | | ent
efficiency (abomudys36a&t fb00 1Maw/Vu), whil e providin
pedloot al ratio of 0.54, a*ssstiag teesee Vimmee nfeion cii n gast af
i ncl adiICrrYNiSA 36 3NMg"2°6 KR FfS5i The coupNIliM@Si wiuti d thiye r a
target[OBEBdlirehmnanced experi ment al yi ewidtgmafad rhupar uoitdo n
hydropbenkthess5 TBHHASTAROj ect (2014 to 2DAL)2bastedpol
hosted at the Zef(@DadRLERR O DS Thee f RUNI usespositivemr
and/ or trackingwagermahédu@ARH aijsectr s( 20 Thet Hi TAR1)
consi sthWi mfba&lilghte¢!l ust e,r stGRRE ® MN & E KR N hLeBsMolt slacnogfa nRAC N P
foGrover dehlevtPt. or s of

DALI2 + MINOS HiCARI

t W5

IDATEN

aﬁ%

i’, -1 e dﬁ:t\\\ﬂ:}.
b-decay experiments have keearsec arnrdi-goelrtifsa tdned yhei egcadnd t ¢
a strong international coll aboration basis. With
ZerobDegree, a vasavembeeh sbcRésdbfealmsy hmeasured o

chart. Thecdlig sppURI jagglel 1 t[68 ORDWa6s) f o c brds e ldaoyoandy

spectroscopy by eemisiiniinvg tShe dpRifeottioiwea @aRIlr my | VA S 8
anfdray radiations and the Ge detectors array EUROI
BRI KPNoj ect ( 2T0AQlL7Iwot b h 2-&f2fhi) gihency neutron detector
dedi cated to neut r obad eel ma ysesdi onne uptrroobna bmel ai stuireesmePnt s W
ucl ei (wa Itthe ¢ hfeorP 83 hDATRENOfLeEpEdA 3 edyrr ahel y or ge
rom 2023 onwards (untl the expecteBi ctoompsf 4 ¢l aoBr
etectors (efficiency of abaytmds8sume me®ids keWVhe ffo
nclude (1) the TATAKI project based on the Nal (TI
oupl i nfgd excfayt hsdt lme | MRT®FP mass spectrograph, (3) t

O T o ™ S
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ACTAR TPC, and a few other projects under devel op

51.2SAMURAI spectrometer

The acdeptance and multifold det & qiS3AMUWRpaepcatbri ol mettie
(sincdg KDBHhB)i sted a variety of reaction studies o
of nucl ei from-maisghtf i RIsd otho fmadgimemt s .

The | arge opening at zero degrees of SAMURAI ena
scintillati NENB LELJKUON 2e0rssctddervaiyce f or t hi s purpose. I
120 plastic scintil lmulotri fbaalrd , d emhd ccthi ofnacdfl ineauter d
made t o achi eveFrhaong h2elrl1,5 Nédaelc2AGBno st rSatwirt mff Gur
|l ayers covering 2.5 I 2.5 m wasNERUIpMIrveistihl ya dcdo utpil
two |l ayers of 90 bars was coupled to NEBULA. Both
35%) for 1n and 1% (from O.RI®WE f(osri ndcne. 2A0nlo6t)h eirs nae
compl ementary solmotrieom.r alntul Aas canmuchction than I

resolution (e.g. 2n relative energy resolution of
Th e necudtunotnewl NaDrdP AN D QRAG)IYIASI6E,STUNL 7 set at finite angl
target, is a device optimized for the missing mas
used for ':8&ntldii €rdvi Ahnew solid scintillation mate

neutgraaomma di scrimination by the waveform analysi s.
a better angular resolution.

_ NEBULA  NEBULA Plus

-

LH,
target

vacuum -~
Chamber

Knockout reactions are a power ful p r ofb e2 & thau c3 0ela
at the RIBF. The devel opment oif 8 ddeedri veat.dl OIShdeput iecc t
hydr ogesny sti@Brig ptir ovi des a thick hydrogen target eql
(TPC), which tracks knockout protons to | ocate th
t hEASTAROj ect using MINOS was carried out at SAN
neutrriccrh nucl eiThat Cshé¢CaAJAMR@AF si nce 2016) is a ca
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for knockout protons from the (p,2p) reactions. I
equi pped weltdcuduavthiigsi mnabl e t he -€xa¢intca tdiecany esg ahrenua
knockout protons, having different T@@EAXIguNn dean dges
ONOKORO pr STRANS)SEaA)RBar e under constr useteinen .t i Beet Isi

strip detectors as tracking technologies, TOGAXI

knockout reacti dms,c owdbpiltebde STRASSEoc a( pr2mept&p, 3p)
main ohj éefhtei vevo detectors will soon be complete a
Anot her unique instr@&meRIt HEBABRED satn cRANWRAI) ifsor hee
experiments to investigate the symmetry energy te
TPC operated under the SAMURAI dipole magnetic f i «
resebion of 15% FWHM for Z = 1 isotopes). The Sn+S
run with Xe + Sn is currently prepared for.

5.3 SHARAGEDO beamline

The beamline sreersvoelsutad sont lsep elfd g Boliemtde ra s S HdhdgAr@arde mayy
beamli neMIOCHDXOThe SHARAQ and OEDO modes can be
arrangement of beamline magnet s.

Th@&HARA@amline (since 2009) is a high resolution

probe. The beam monitpriesgusgstMWbDCbasned dommbowv ¢
realizes high rate toleranabkbotzmhdBWHM) MHrd ,t ipoes it
(about 10 ps r.m.s.). VéaHe)u'®eo)'ALQ)e 2 e&Bcgh) a nhgaev er ebae
st udieessd, known faort etthrea sntewdyr oonn r esonance.d Tlag IMHEA
measurements by the TOF technique over the flight
ThEGED®ne-dggrading bfamelguine pe 2tOunratbhl ea ne naenrgglye degr
t heener gy campr ev§ 2ihorm hor { RED§ dfleo RUFs idred ,| e pdtexguri aldeesd €
R bedrmdg gihh down to 10 MeV/ u. The first -empegy me
reaction data at dbowtd F0 sMeée W/nu Pfr o'® edZars §°Hodc L FPh e

SAKURA project for (dCp) rezotiloparhasdei mmn2@aie.Ts
mini mum beam energy of 15 N 1 MeV/u was so far ac

Diamond detector RFD

B = 1
-~

5.1.4R a rRel Ring (R3)

The isochron®G¥AMIBSs aaeaedoerviphgiegchi si on ma s sflemad ausruerse n
trim coil system forqgiWi¥ghppmecogennai wodbkgmoimemt |
~NO.5%), a f afsarhki ckeltep@tgtsitiegy s e kain d ng ercetsioomant ¢ a
system. After thaoténhsandcmiachi 0010782, udR3Eswas2 0dibt
experiments '#8m tamed -rriesgiit aMd noif sot opes in 2018 and 2
tomproeé&ftbeency and precision conti nuteos .r ebastpeacei a
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top magnetic field for the duration equivalent to

L. Injection line

A =¥

£
TOF counter e

c« i L[ c20

I I I \
Fi gb3Sechematic | ayout of the st &®efyrdeMlt3di ng R3. The

NIN

515Devices for (in)elastic seMattering: SCRI T,

SCRI[OHN1li3s a facil-RIt ysdatrt erl ierctg rmeras ucroemfeinntisn gb aRsle c
technology. After the construction of SCRIT (2009
(2014), the first meastsalbi¥eneinn HAE5peofdoméd e mdbn

t he met hod. Me as ur @@= nit sotwo g ehs rmrda bwaacdaead venl i ne we |
Xe isotopes are currently underway. Theé7 mnsh{ 260h
mA -beeam of 250 MeV,i ohsy plulze), which will further

The RI production perfcoprshm¥BmeawWi cinltrata dU ttoarbge t3 dfl
be upgr adendd t300 1g kiwvi futur e.

ThESPRIystSAKLj7s a deivciacteed t o measure Riw®ioh bl gh
preciBh®engeutron and proton density distribution
information to constrain the equation of state. i
modul es of RPS each havimg aaand MWDE@,n aNadl(ardt)i occ ad it
is coupled to a solid hydrogen target (SHT) of 1
ESPRI system was first wused at the RIBF ipn i20l3.o
al pha knockout -gremmactaitoosn. ETSHPRIng@xtoj ect was recent
project.

The active target CGAIWVEPTANLIGgdeecvtditorne | cahsa miwé BRIt alh ¢ @2ms n
to measure giant monopole resonances for the nucl
served tol%e@dud@) t heact iMn 2iQnl 120sl 6a Wenteg @A Tatt 28 e
I 20 (H) 3 RB2pdrDmarennt magnet of 0.3 T is set in t
delta rays, which i s a huge backgrouwtn@oisoarmcat i o
about 400 times better with this magnet.
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0 .
,\ lon source:
Vo X g

Courtesy J. Zenihiro Courtesy S. Ota

516Spipmol ari zed targetl oamMe dbdamt atr giett i um
Asp+dpol ari zed pr otfWhK(GBaorngseits tssy sotfegdast amgédt hawi emea Ct |

114 mm and a d24 men.erA osfp elcO al | aser pumping techni
20% at 0.1 T and 20% at 0.3 T) wunder a relativel
coupldegetbors for recoiling particl es.*HeT htee anar ate

SAMURAI and pafs o efacn itomes (0of O, F isotopedidt pOIHAR
with wmewthromucl ei .t ddpge pidaec geettf omdatser i al p-Teroprh ennayp h
(CHid)are underway to polarize the t adroguat 2at% rpood m rtie
expected under 0.4 T.

The target system has al so been .Ulpigy aidgddrii ®me h dae d ra
study of-botdhye ntuhcrleeeo n sfcoartctee r (i hdglFawiibate da d ok Ao n b
deliveredRRGRIChacA¥H erTantd obne asnefhgeense vu soeuds st ud-i es o
pol apropedn el astic scattering in the energy range
excels in polarization (about 80%), intensity (10
At ri tliommed TMI KiReg3sganot her unique targeateudewel dpe
*H(*He ) 3n reaction Bhe SHARAWI dlilsto@a2dep2t sviof hi 1t i @mMBgequi
to 3. % mwi/tchiH/aTihiagthomi ¢ ratio of 1.54. Takroutril1o W
times) th#¥nttaypgiec¢al uBied i n RI beam experi ments.

517SSR-PNS (Stop &®@mecSlsew NRIcl ear Spectroscopy)

SSRINS is a unified body of coll abor-dMSi,omatbr bEE S
| ooevner gy RI beam techniques at the RI BF.
KI SBEKEK | sotope SdWwAalrlagts oan SRIst @émam production b
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coordinated by KEK. The KISS facil i tryi cuhs eRsl sd eienp tih

from N = 126 to acti-prdessstshbautahardmpor s é&dtdyfhan
facilities. A gasabilnaastdaronr eoesfomanntAri oni zati on, and
to deliver a beam of previously chall bdh@gdayg amsadtlo:

spectroscopy or mass measur ement sr g tRer,QOL L, me
orPt i sotopes, ayWd agiips,tn crl axdentttideyw sf otrop e .

Fi gb4Sec hemaytauwt Lof KI SS

Th8LOWRIr ojjACcDI(3 s t o prewiedgyaRI oweam by the gas
encompasses two typearpétghgpeettyRFGCL nde Ras ot
parasitic Ar gas catch®ALNBONBr dsen 8Ft6 Glpaashd re iod nie
iowsth | ess el ement al dependence than the | SOL t e
MRTOMS. For a higher stopping efficiencwhdit nics eml
t he gas( gbroeuwstsux00 Torr). PALI S was si mgtaBlilgeRd PaSt itnh
Thenl exeraction of R beams was confirmed in 202
guadrupol e mass separator (QMS) and TGQFo reipzeattircome
GARIiISs dad@iddsed separator for superhedwpesstdméotr $
di scovelGAROBKANId3edi cated to hot fusiiom 2@@@2ii Whnhen
upgrade construction of t hlel SwRalsL ArCe Isa caartteedd tion t2h0
SRI LAC beamline wasl lelquipp2@2 i t Th SATRR#EEmhr éact iZo
started in 2018 with GARISS Il and-ll§ tacrentyy T
1 was equi ppedMSwiitnh 281 4 MROTDdec i fsii ot dhir gl t mas s
superheavy nucl i de Wwalb.r exiennctel yt haec hE 6 veau Iwti t i | |
relocation-ldf ttoheel GARIhE T e, i ncluding other wvault
activity of superheavy mass measurement s.

MRTOMS( Mu-Re i |l ect-Dé&Fnl i Dihme Mass [RE3Z ¢ tsr cagnr aiprhs)t r ume n't
spectroscopy. I't consists of a drift tube with a
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