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HIED R EIRE (KEEBRITRIG)
RERIESE I AL EL & BT 1 AL EL

EERINEMERRIG: HHRHANRIGEE

EERLD: HHEBRUE; JEEMEREL. MFBITRINGE
DWBA, ZEMIDIEEDIFEE

MERRIG  FHELBEERE, 2RFROBE - KRE—K
HRFRERDRZEL

REEBRTRIG: PRMRICETE GHELBERERE)

FRERIEH M BLEL ; Deep Inelastic Scattering -
BRUALDFRIHELT, LELEELL . BRI S | \
BF.IRIILEX— AEBEDOHBIT-ILE \\j

o “BEERIG”: 2R FZROBRE
SRl M EREL;  Quasi Elastic Scattering

ASRO—E (=3mE) BNV, ZMN (=EE8E) ICBTT5S
PEIRILF—EEOAFER RSB (SmEILEHRZERA)

BIFR: Breakup-Fusion, Incomplete Fusion #:&

ADR—S R ANEDOHEELY
@Niels Bohr Institute

R. Broda (Krakow): RMEMBEROLRERE

BHIC.yIRZEEEBROAES
BEX (EREIRRE) ORBEBED MDREEZDIHEIL
Nal*7R—JL . Ge 7R—JLBoom Zfif %
M. Ishihara, R. Broda, G. Hagemann, B. Herskind, S. Ogaza,
Int. School of Physics ‘Enrico Fermi’, Varenna, 1974
G.B. Hagemann, R. Broda,B. Herskind, M. Ishihara, S. Ogaza,

Nucl. Phys. A245 (1975) 166

J. Wilczynski (Warsaw): R#HEFRBEAORES

HIZ, RERIEREMEBREL (Deep Inelastic Scattering) FFZE M A4+t (F1%
Wilczynski plot/diagram 7EE %1218

R B HAFRO M ROMTERS

KA
J. Wilczynski, Phys. Lett. 47B (1973) 484
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EXTEAEHEDTT

s BULWEFZRETLTDEZE (Nucleus-Nucleus Collision)
> BERTROEM! ?
> BEXBERBHE: Mo =504+ 4°)W2u(E - B)
BIZIE. |, =166 for *0Ar +238U E._ = 257 MeV;

EXNEHEHEDITA

Lefort diagram:
BRE B B, ) | |
REUE(IZ,) ; REIEBIEEE, ° [ ' |
LB (ISly): BERG = f*“@L
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REFICART—FRIZIRE SN BTIRD A
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A (L) (mb)

150Nd+160, 77MeV
16%Ge(Li) +4x(2'¢x2’)Nal(TI)

NN, = 1—(1 =2, M~ x (M- 1)Q,.
My =MD +4l.

Py, = (M—=1)(M=2)...(M—p)Q".

Hy = <(M"<M>)'>»

150Nd (160, 4 ny) 62Er, 77 MeV{lab)

Aultiplicity. ;:E_'
Mx’/ ‘1‘:""“—\51 ME
® 63
58 - s 68
b L
a2 - 13 7:0
i L . AR (BRERE) OBENEAHO
vo - —2t—< ] R E DR
07 s INRE]
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Wilczynski Diagram : ;2SR JESH M BREL AN =X L

232Th(0Ar, K) at E,,, = 388 MeV SFRES  EE Far-side vs. Near-side
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Wilczynski; @ L, ™ 21, (DIS) 2L, (fusion); L;, (DIS) =L, + L, + L,
@ Ly Ly Ly = (2/5)M,R,% (2/5)M,R2: (MyM,/M,+M,)(R,+R,)?

2)DSI BIFTBDREANGEHEE AN X LDIEEE © BEZAE V(RIGIE

Wilczynski; RE RSB (P) (P// k, xk;)
P> 0 for EIRILF—RLS (near side collision)
P> 0 for ETRIJLX—RS (far side collision)

3)DSI QALK EE R IG) F ALV E—LvERD iR DB FE
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SEER{PE : - U OFR AR 485 (1975~)
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FFHSA Saclay ICHM — ARG DHEER
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far 2 SAYAIOREREREE
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FIRBIREEBTRIGAVE—LRIEORREI~NDH S
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BHSAOEBNTERASE
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F2ME: RK/DMBARERE
TH IE A : Texas A&M THOREURIBEER (2 AA)
REWHK SA: ARLEICEDDS REVFBRROHARE
EHE— ZA: Texas AGM EOBREHZ HTOT S L

E—EE R IEEMMELICE T SAETERTLNE
ANGULAR MOMENTUM TRANSFER OF THE QUASI-ELASTIC AND DEEPLY INELASTIC

PROCESSES IN THE J'I‘N + 93Nb REACTION AT E=120 MeV

M. Ishihara, T. Numao, T. Fukuda, K. Tanaka, T. Inamura
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Highly praised: Ra3EB I 8EL (<5511 5 EBHBBTRECRDIZEED !
1976,38: talk at Int. Symp. on Macroscopic Features of Heavy-ion Collisions, ANL
Kamitubo praised “Ishihara is the man of year!”
M. Lefort (GANILDD B 353E)1Z K BINP-Orsay ~DBEE
— ALICECO#RREE — 1980FEKDGANILTDHFEEER (BS)
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Bad news: Our paper submitted to PRL in August 1976
Alas! The paper was not accepted by PRL!

Vorume 38, Numsn 7 PHYSICAL REVIEW LETTERS 14 Prawuany 1977

Angular-Momentum Transfer in Deep-Inelastic Processes

P, Gliissel,* R, S, Simon, [QT M. Diamongy R, C. Jared T, Y, Lee,>
s R, Schmitt, andcF; S, Stephens
Department of Chemistry and Lawrence Bevkeley Laboratory, University of California, Berkeley, California 94720

(Recelved 29 November 19

Reference:

*M, Ishihara, T. Numao, T, Fukuda, K, Tanaka, and
I, mamura, in Proceedings of the Symposium on Mas
croscople Features of Heavy=lon Collisions, Argonne,
Mlinois, 1976, edited by D, G. Kovar, ANL Report, No,
ANL/PRY-T6-2 (to be published), p, 617,

Yorume 38, Nusask 7 PHYSICAL REVIEW LETTERS 14 Fesuany 1977
Fragment Spin Orientation Following Deep-Inelastic Scattering®

X, Van Bibber, R, Lcdmn. a
Lavarstory fov Maclear Sclavee, Messockvselts eIRwte of Tacknolory, Cewbrider, Taemacimeet!s 02139

FI3RR: KEEBRITRICAVE—LyIRDSEDRF

AE—Ly R53%
THAR . E4FUBME RS H. Morinaga et al., Nucl. Phys. 46(1963) 21
FARX KREESBITRIG GEENIEEMEEREL. SRR MEEL)
SR LR8I 4 B EL *= {Quasi elastic scattering, Incomplete fusion, Break-up fusion}

Incomplete fusion reaction Induced by 95 MeV 14N
T. Inamura, M. Ishihara, T. Fukuda, T. Shimmed, H. Hiruta, Phys.Lett. 68B, 51 (1977)

F-coys fohemng “irect™ o emitling resction
Lo} —;*!4“—!&—4{\ ]

o

RELATIVE T3aNSITION INTENSITY

Massive Transfer In-beam G-ray Spectroscopy
In fashion at Texas A&M, KVI etc

T TYRANSITION

Deep inelastic scattering induced by xxxxx
R. Broda et al., Phys. Rev. Lett. 74 (1995) 868




F2RER:

REBIEEMERLEL TR B D RE U RAB R E

AEARIBRITEE: 1)vigAREE
HEMFLORBHAOK, FESHRELE
2) IR IE IR E— R A A
HERTFLORBEEHAING, RIEDMREEIE K

At 160cm Cyclotron facility of RIKEN (since 1967)

100)o (14N, 12B) X,

E, =90 MeV

2B emitted towards 6=20° — implanted into Pt foil
E('B); TR IILF—RERIEA Al Foil DEITHE

BRI TROEA |

\ "W Bcaw

5 conTess
.....

2B DIRILXF—nTe
{RIBDE (12B) k74

Q-Q,=- E("?B)
(PII k, xk; )
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RERIER M RLEL |

SRS IR EL
Quasi- Elastic Scattering

JaqILEhE
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|
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RIGEFBZAE ARBREAN=Z L

AEURIBOREDREEZR
@ FLYOEE
@ Near-side collision A Far-side collision TIRIBD A= (LE

Deep Inelastic Scattering: ZODRFH/MNRE CHEICERERT
o MLYDAZE: MFHMNSRZITIERNDHEIZELS
NBEOMETITETAEMOY; AGHE L BN bREEOREIIREC
® Near-side ®BIRILF—S; Farside SEIRILF—HEH

Quasi Elastic Scattering: A& D —EF (Participant) A TIYERSNAZMIKIZFEYTED
ASHZDFEER (Core) (&, ASTZFELT, BIAICKEENS
Participant M EIYERSNBFE. Core LAZMIILEBEMICIRES
® MLYDEEF(ASHZKIZBELT): Participant D% MIEENE, p(participant), D')aAJL
A5 A X RIGFRE TYaA)L(—p(participant)) #2115,
RIBOEEIL, p(participant) BE—LABMNENTHENELS
@ EIZ Near-side collision BE#EEZ 5N,

Projectile Fragmentation: A&#%®M—&p (Participant) ASEIYEXS AL B 22 R A
Participant DYJMI)LIR; {RIBEH ST EDESNE O X3 IGEHREQESIZEEEL

Not Deep Inelastic Scattering but Quasi-elastic scattering !!
Not due to Friction but to Recoil effect !!

14N — 12
" Brink Model
Ng 6.5 MeV/u
: >
*0s o ’ — =~/ Ko=mv/h
P . x .
Al N ;
° — Quasi-elastic
scattering A% 3 Ko A/R, - Ap/Ry=0 et
e AL = Ap= Ay * YaKo(Ry = Ra) * QeR/fiv =0 - (2)
Q(MeV)
420 ' Asahi Diagram
£ 420 U2
= 40Ns+:/1eva+x 40.6 MeV/u
£ +100 5 o5 *
L] e— b
£ == 5
@ 1014'7. ‘—I g
g 750 . -
§oof e T . 1 Projectile .
2 25"[’ f .. 1 fragmentation  *
035 a3z 34 36 o
P, (GeVv/c)
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Mechanism for Spin-polarization of Projectile residue
---- Asahi Diagram for Projectile fragmentation ----

Recoil effect on projectile residue (‘PF’) :
m,: original magnetic sub-state of the nucleon to be removed
p,: p,, originally carried by the nucleon to be removed :
& p.=hm,/R where R: radius of projectile
Recoil on ‘PF’ : p,=‘py +(-p,) ; m=-m,

Projectile Fragment

P, spectrum
(PF) Per //
—7,8 "70///7’ of projectile residue
®' 7 :

34 Pn H . _
Target Case: One nucleon removal (/=1)

Po

(3) projoctic Ryx (-8)
7

IO "opF
Target

> =
Cross section

H
1P| Pory

() orojecte Ry o8 @ o o
A

j" > er
,, 4

"
Target

Polarization
' 3

(©) Projectile
Q)
Target

3

E T
=

Pery

- - - W =Q2NDHAp

X
Alignment
.

Asahi et al., Phys. Lett. B 251, 488 (1990).

Not—too-happy news
Yorume 39, Numwik 6 PHYSICAL REVIEW LETTERS 8 Auoust 1977
Spin Polarization of '?B in the Heavy-Ion Reaction '®Mo('*N, !2B)!°2Ru

K. Sugimoto, N. Takahashi, A. Mizobuchi, Y. Nojiri, and T. Minamisono
Laboratory of Nuclear Studies, Faculty of Science, Osaka Untversity, Toyonaka, Osaka, 560 Japan

and
1. Ishihara, K. Tanaka, and H. Kamitsubo

Volume 73B, number 3 PHYSICS LETTERS 27 February 1978

SEMICLASSICAL ANALYSIS OF THE SPIN POLARIZAITION OF 12B IN THE °°Mo(24N, 12B) REACTION
M. ISHIHARA and K. TANAKA
Cyclotron Laboratory, Institute of Physical and Chemical Research, Wako-shi, Saitama, Japan
T. KAMMURI, K. MATSUOKA and M. SANO
Department of Physics, Osaka University, Toyonaka, Osaka, Japan

BERER VI NRICEDRBAN=X LA
(Brink ETJLDIER)
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Good News: Collaboration at Texas A&M (1978)

Spin Polarization Experiment with 88-inch Cyclotron at Texas A&M Univ.
by RIKEN: M.Ishihara (G RIEZR), T.Shimoda(FHIE)
TAMU: K. Nagatani (k& #83K)and his company

Wy (7, ) 20%

P S S S R S

Si20 -0 -8 60 -40  -20 |
Q (MeV)

]

gy (9, 29) g . 3
PPN S 2 )
9

°
°
2o
H
=
b

@

3

o 0id R dE, (mb /sr Mev]

Prevalence of Direct-Reaction Mechanism in a Deeply Inelastic Reaction, '°’Au ('°F, 1’B)
M.Ishihara, T.Shimoda, H.Frohlich, H.Kamitsubo, K.Nagatani, T.Udagawa, T.Tamura,
Phys.Rev.Lett. 43, 111 (1979)

RIKEN -TAMU # 3% 1% 7115 & D 48 (19817?)
o MEWMAHTOS S5, (1981-1984) ;. SHFE—SAE
o BHIf— 5 EAEHEROAE IR NiBED LERIT
IN2P3, INFN, IMP, MSU,GSI,........

SOERMEOH[FEEL
— AR (1978/12-1983/3)DLE —

1) Tilted foil |2k A {154 B EER:
HH)=Fvy; AIARESALE

2)Bromley MEFIEDENE:
ER EEE.RR

3) L. EFEFDEE, FERLC
(22228 EEITHDAETAVE ! |
— XA (1984 ~)

4)3EERIEER (1983FX):

EAEMPEREDSIZEE
— Za—vrAVEEORKRE
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Treatise on ) EDITED BY
Heavy-Ion Science D. ALLAN BROMLEY

Henry Ford 1l Professor of Physics
Volume 3 Yale University ’

New Haven, Connecticut

Compound System Phenomena

5, polarization Phenomena in Heuvy-lon Reactions

Kenzo Sugimoto, Masayasu Ishihara, and Noriaki Takahashi

1. Introduction ........ A3 0 2 wamed T 4
2. Theory of Polarization Observables and Measurements ... i Ceea A0
21. Density Matrix and Spherical-Tensor Moments . ......ovvvvvvenns 400

2.2, Polarization in Nuclear Reactions axs ceeane waess AT

23, Angular Distribution of Radiation from Oriented Nuclei .. ... 414

3. Experimental Methods ......... «aaaen s . i 442
3.1, Palarized Heavy:Tnn Reams and TAMGRIS oo viiviinrnreeennes 442

3.2, Detection of Polarization ... .. creerneesat Y )

4. Polarization of Product Nuclei in Heavy-Ton Reactions . .........voveenv... 483
41, Asymmetry in Beta Decay of Projectile-like Fragments ............... 483

42 Circular Polarization of Gamma Rays from Reaction Products ........... 493

43, Polarization Measurements by Other Methods . . . . 49

44, Angular Momentum Transfer in Quasi-Elastic and Decp-Inclastic Collisions . .506

5. Heavy-Ton Rezctions Induced by Polarized Beams veesreiasionreresdld
5.1. Experiments with Vector-Polarized Lithium ons .. .......... ..519

5.2. Shape Effects in Reactions with Aligned Heavy ons ............. .51
References . . .. t e R PR 1.

1985 Plenum Press, New York and London ‘

another good news:
Spin-polarized Rl Beam at RIPS (since 1990)

Primary Projectile
Beam Fragments

ng!
per RIPS
i © \\H?'“o%‘.-
‘cidence Target 0
2-proton removal; K

14N —_ 1ZB

2 sl et Q
_ ntu
e omer!
A
;%‘ =10 §§ h
= 750 -
b “
1§ 500 « * . 4
§2so - >§ *
- .
o R T Experimental
30 32 34 36 Devi
pr (Gev/c) evice

K. Asahi et al., Phys. Lett. 251 (1990) 488
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RIPSIZ&KBZE—+A2Mu, QD EIE

2p] ° [ 1 %Al
V| uknown 20pg (o] [olelele] [of [o] [o] [o] [of [o]38mg
— 20Nz . %Na
M Qknown 17Ne| |oPle e [oPPlo] 0] o] 0] [o2Ne
17F ° ‘ P
130 ¢ eo(o|e ¢ ¢ 0240
12N ole 23N
‘CWVicllle|eloW]oWo| [o] [o]%2C
SB 3K ) 198
Be e|lop|o| |o[l4Be
6lilele® M)
NN i e i Bl TiTech /RIKEN 1=0
1HBE B Osaka /RIKEN  [®] stable

g-factor measured:
14B, 1SB7 17B, QC, 15C7 17C, 17N7 18N’ 19N, 1307 21[:’ 23A|’ 30A|, 32A|

Q-moment measured:
14B, 1581 17B’ 18N’ 130, 23Mg, 23A|’ 31A|’ 32A|’ 33A|

Further good news: Development at BigRIPS

2ERBERE I R IG I Z K D RE U RAB A& Bl iE
Figure of Merits = YP? where Y (yield), P (Polarization)
Magnitude of P of Projectile Fragment upon the practical use
one-nucleon removal; 20-30% (T HAZXEER)
two-nucleon removal; 5-7% (B3=ER)
multi-nucleon removal; less than 1.0% (Z<DEES—R)
P2 (one-nucleon)/P? (multi-nucleon) >1000

Bk (A—B) ORYIZ, 28FE A—(B+1)—B
- P2TIES !
- Y ORDERIERIZT S,
= Figure of Merits H’50fZFEEE 0

Y DRLERERICTHFILT:
1B OS—7 I IEC
PUBEATEERLAYEH T (BR)

RERMOEEEN - RSB A TTEE !

Y. Ichikawa, H. Ueno, et al. Nature Physics, 8, 918 (2012)
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----- 3BRBU DAY
160cmY /oA EA A HEDE KK
o BEFIEREY VRS a— Al TEAA Y RIGERTEEHETE]
1977F9R . FARTE ARAKTIL

BERRFZI LTI/ IERHEATED/EED !
EIFEADEREH: [EROREBFIICALIAE ]

FHENE: BEAFHREZH!
H. Morinaga, J.P. Schiffer, J.0. Newton, S. Yoshida, R.A. Broglia, J. de Boer etc.,
L.G. Moretto, R. Vandenbosh, J. R. Nix, J. P. Wurm, J. Galin, J. Rasmussen etc.

#% B3 D.Kovar (ANL) — DOE officer for RHIC
TRHICSPIN 7045 L], TEEBFBNLE2— D EREIZ1H 5 (1994-1997)

e 15t Int. Conf. on Nucleus-Nucleus Collision
198249 A . MSU, East Lansing
181558 : [ Direct reactions with heavy ions ]
M.Ishihara, Nucl. Phys., A400,153 (1983)

F2Ei:  RIPSERIE—LYEBEOHE
----- VoY aonkay e

160cmY/oakAY (RkvF) — ULTH4o0rAN( R TYT)

YooY 44o0r0 B HE
FE1HITE(1980-1986 ) : VU YA ynbO RikigL
19864, E — LN (Z AL TN
F2HI T (1987-1988) : EHEEBREELE

RIPS: RIKEN Projectile—Fragment Separator

RIB — RIPS(BMSADERS)
RNSHIZE T BAA BIBEERD RIS

)T 45arAV R DO DDEBEEDSILD—D
R CRIODABHMRIE —LERKES (F21HCRIBIEDR)
B NEE—LTRIE—LRYE 1D B4 EMIZHA
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RIPSD S4E rzns

RIB =RIPS(Rlken Projectile-fragment Separator)

RARGE  Th ADWPSENIEEDPN]
VS.
R THADP-TEHIELPS], =L
[ENBEEEZD]
FiR:E—LBREFREMIZTDHT(3—44T)
BT rREICT S !
BAXBIMDEDEY,; ZHFRERRGEETO—TICAHNS
T = FiEK
#b = HFmb-%ki0omb
SHERAIE = BEERICOEA
[LEGED T (RIBEMR, RIAZIERZR)

RIPSEZETDE

1984 BN EFERERYD ZDOMDEWA — Achromatic Focus
MRS ADRUERY F8 DUMA (RCNP)
A A . LISE (GANIL)
it §d 7 P Degrador — LS; Roc AZ2EY
ALy (&5‘2‘\\% EZATWedge DRI ?
?‘,%?D—%
N U o
= Zs > X Degrador (d: l_é)’é"?ﬁ)\btiﬁ
Ly TS pum b\ﬁ':ﬁr%é
SX1 SX2 [
0 i
S D1
7 NI g /‘
Achromatic Focus gpzig"z(ﬁkfﬁg 1722 (Bp.) 2vy2
= p1 Y- + p Y Y
Eprgﬁf)ﬁgp \(i;&) (1D~ BPOAR AIZYE f%rag'ven o
1 1 1 D 7-1. i =
Boax)= B (0) (14X0Dy)  pvaemsaiepe. oo Y 79)
D.=D DEEESSEE: d(x)(Bps(x)) 2= const
1~ Y2

— d ()= dy(1+x/D,) 2/ = dy(1+ 2yx/D)
Cf. J.P. Dufour et al., NIM, A248, 267 (1986)
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—DMDFE

ARBESA: BRET-ERIEY
BELE-TEITEE
FEZBHICZEEREERD S !
25EM— 35 EA (XFHSAICKEEE!)

2H T 25(1987-1988) < 1H#J T % (1980-1986)
FHEMNEND | LY. kATRRICLE DT
E6 E(JALY) . Ez%(alsﬁ?l:m\)

RIPS: 15t facility for 2" generation RIB

1%t -generation Rl beam facility(since 1989) RIPS :
Projectile-Fragment (PF) Separator
at RRC: K=540 Cyclotron for Heavy lon acceleration

RIPS

PF Rl Beam
e

QQQ
* PF Rl beam @ 30-100 MeV/u
e Large Acceptance (80mrad in circle)

e Large Momentum Bite (6%)
e huge Bp,y,,, (K=1500 MeV)

= Typical Beam Intensity Epoch-making intensity
Production Target + N 20 kpps 103to 10% times
more intense than
BEAMT 18C 30 kpps

» preceding LISE etc.

Mg I kpps O.K. for direct reactions
02Cr 35 pps with ¢ ~ mb to 100 mb
- B

@ BigRIPS
RIPS X 10°

13.4.14
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RIBIEEX R DEFE

1) E 1R {585 H (1984—1088)

C BB BADRNATYIER ow vl

- LISE@GANILCODFH R LLIAIEE :
2)F2tH RIS RIBYMESEF DAL (1989—)

* ARHRBEREENHE — E—LBREOREMEX

- RIPS(1989): 2 X D L ESS

A1200@MSU(1990), FRS@GS 1(1991), LISE T @G ANIL(199x)
- “RIBEZIE” DRLEL : — mb-100mb D H [ it HVER B T Bk !

BT7AVAEVRF OB ENRR A DN
FEITRERICEADIRAEAZYIEHAR SEERD!

3) IR RIBIZME D LR (2007 )

* J7OR)—OHIR; NERFRIEER EAZRBFIAICHEEE
- E—LBRE ., RIBIZIEDRIEBHIE KX A DORLL
- BigRIPS(2007): FE3tHR DL E ZEEDD !

BANSHAZEE! BHEL! !

Historical development of the In-flight RIB Facility
-1st generation (1984 -1988) -

A couple of enlightening pioneering experiments:

with Bevalac @ LBL with LISE @

M. L‘;nge;in etmal.
PRL55(1985)2676 Phys. Lett.150B(1985)71

0, : total interaction cross section

Large ol ©Halo nucleus of "L Variety of new isotopes synthesized

Yet, scope of the experiment limited
due to weak beam intensity

13.4.14
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2"d generation Rl Beam Facility at RIKEN

Accelerator Facility (RARF) :
RIKEN Ring Cyclotron (RRC)
as the central accelerator (1986~)
K=540, £/Z = 135MeV/u

Projectile fragment separator :
RIPS (1989~)
(= BigRIPS (2007~) at RIBF\

RIKEN Projectile
Fragment Separator
(RIPS)

Heavy-ion LINAC
(RILAC)

AVF Cyclotron

Intense RIB for Zs ~ 20

Spin Polarized RIB

RIPS: 15t facility for 2" generation RIB

1%t -generation Rl beam facility(since 1989) RIPS :
Projectile-Fragment (PF) Separator
at RRC: K=540 Cyclotron for Heavy lon acceleration

RIPS

s PF RI Beam
o0 - O 0 L
5 QQQ P g qao
* PF Rl beam @ 30-100 MeV/u
e Large Acceptance (80mrad in circle)

e Large Momentum Bite (6%)
e huge Bp,y,,, (K=1500 MeV)

= Typical Beam Intensity Epoch-making intensity
Production Target + 11 4 20 kpps 103to 10% times
int th
BEAMT 18C 30 kppS more intense than

“ preceding LISE etc.
Mg 1 kpps O.K. for direct reactions
02Cr 35 pps with 0 ~ mb to 100 mb
— B AHRE

10° pps
@ BigRIPS
RIPS X 10°

13.4.14
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13.4.14

songsttcs BigRIPS (2007~)

HBIZERIE — LS R ZEEBigRIPSDBEE (major features)

» Large acceptances Comparable with spreads of in-flight
fission at RIBF energies: =50 mr, =5 %

Achieved by the use of large-aperture superconducting
quadrupoles (pole-tip r;=17cm, pole-tip B =2.4-2.5T)

» Two-stage separator scheme

» 2nd stage with high resolution Particle identification (PID) Superferric Q
without measuring TKE triplet
Parameters: - Charge state identification
AB = £40 mr From SRC .
Ad = £50 mr \ BigRIPS : two-stage separator
- 0, Target
Ap/p=*3 %

Bp=9Tm ; Beam dump - /Wedge degrader
L=782m 0 4 edge degrader A -

g e 98 M F]
STQ1-14: = A Jgsn cgm o B, j
superconducting 2 2 0o gmﬂzg ol
Q triplets R g A E
D1-6: R.T. nd N
dipoles (30 deg) 2nd stage
F1-F7: focuses Production & separation  Particle ID & two-stage separation

RIPSOESEZIRYIR>THS !
IRBITEENEEE
PFARX~DRR
E7L—7F(ISsOL A=) ~DEIE
AR AVS D H &

PE:
RIPS D14 HE
FLULA I EDERR

PF AR TEER D KE X
RIPS(1989) @RIKEN, A1200@MSU(1990),
FRS@GSI(1991), LISE I @ GANIL(199x)
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1980 FE R#EADEA A MNIEIFIERDEEE

o FEIRILF—Y,/OrOVHEER ( ~100 MeV/u)
X: MSU(K=500) BIizEHAUOLAVAVHERR; 1982F 5E /L
{h:  GANIL(K=400)E:BH/oOrOY ; 19824 52k
B: B#I I Hqo0b0Oy ;19804F 7% T (19894 5/ ; 7EEN)
ZFOM: BT 3IT/(>V—) . KVIRETEHEG

Ene T ERFZOME; &E- K8 HiE%

o BIRILFX—L /O O  MEEHEER ( ~1 GeV/u)

% Bevalac (19714E1REE, 19745 (?) 5ER
H: =—a—<hkoy 1 1973F M. 1976 F1RE
¥H: GSI-SIS 18 :19904E 5E AL

SREEFEERFZOMME; xxxx

o BEIPILX—Ir/OrOrNEES R
#: BNL-'RHIC ;2001 4E5E R

S EREBERTHROMYE: 94— FIL—F2-T5X<

oot

e R

QCDIZIEELI-RFEZEHEDEEE
- DA —HIRETOEFHRE
- PANIC ppiss

- BEMHARERDOEHD &S575E5M
- Za—<hAVEE vs. KENFOVETE

B 54 o0r0v (xR RKERS
REREHE
B ANELIEERAN, REMZESENENRDIOM? ! ]

a2 [SE. )9 4o0r00 THRAMLGMENEEZOMN? !
Eﬁmﬁ‘mﬂ

\):/'7‘3%%%

s 2O REENMLTHARS !
@ IESEEE: 5179 D MSU, GANIL [TEER IR JLE— BETHS
@ WHERPEE: %1795 MSU, GANIL ClEE B - ERERFHMRICE

& ]
MEBHEORFEEN LT, BELIFRBETHAE L L !
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ik ANy Ry €y m | Nm S = o

—HITE(1980—1986) J7—ARE—L(1986)
“HATZE(1987—1988) E—LFABDEIE (1989)
REE. LITRE.
MEFZITIN—T XHRE. 4HE. MBEE2. BREE. TXKBELEE
XAV IS-E—LSAY TaF s, hHE. mRERE
FTEERHEDRTE (1984)  HREEE (BRMGEHTERES)
vs. HEOEHR S ESEZERFZIZES | =>TESHFEAEZR !
I\KENYBEER>EEREEBER, (MW BHAEEFICHLEBKRLT! |
GARIS-IGISOL : X Fx&. B+ Z &)  BEXLRER -
BT FEENENBETE113DRE (200x) . X
SMART RRE.KB BHEIKX) , SOMBEREHTFOL
BT SEHETEN., RIBEKERE—L— KN DOFHE
ASHURA RERE.F HEGFREX), 2 EaEREF&

KB BEU-BRENTER-R m A
RIB(—RIPS) ;ft&k#&. BREREEH) RIE—L4HE B BR

il : Bevalac EER (A . &2 A&4th) —RIE—LYIRIEEEHA
B RIE—LMELSFOHAB@RIPS — RIE—L¥EE 21
RIE—LYESEDOIEIE@RIBF — RIE—LYEEIHK

PER

RIBETIEIDREE
PF-RIBA X %t ISOL-RIBA =
s PF-RIBAR: ASBBHRRE,DDRITHEIE (PF)EE—LELTHE

Hi: E—L-IRILF—DENNY~E10MeV
vs. BEEERD TR ILX—5HERE~ £ 10keV 28100 keV

ERTEHE R A
HERIZIZOK, —fRIC(LERE
[BEEEERIZIINO IS TPF-RIBIEE — L EMESREE ! |
* ISOL-RIBAR: #iEmhcRIZERKL. RYEL. (4 LERTEME
Efi: BEE—LAICETBIE—L-ITRILE—DEHY~E10 keV
ERTEE : 3F5TM. RBERKD T &

BA: RENRFAVETETEZL—F 1035 EI1F(1986)
5 TRIUNPF(FHF4). Louvain la neuf ( NJLF—) g &
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KENFOU-EPZL—FETE (1986—)

BRHmE—LORF

— AREZELZDRIDMED
REZRD

MRS UEA

BB TOEFGHE - LGB (1992—)

BWE a7
wm =5 S 3] LD . : VR Y SO WO
ARE & i #4 Bx -
0 9 =ik ®E e x . 33.92i 45
(42 “:' f»'? Ke) A‘;GZFT: |
KH ® . Fl —Bs BN =B ?,] :
B #% vE * ) 6,17 4
REKEEFREF R
RIPS (PF-RIZF ) BT D FBER
PFAXRIBD KT ISOL AXRIBOEFT
- f8E - BHCAER-HE A IR

+ TR, FmIKRSEL

- BEIRILF—

Lorentz boost RIKARBBRINE
[EULVERY SEULVMER
PR X RIBD R fff ISOL AXDEFT
- IRILF—DEHAY - IRILX—FEEE.
~#10MeV

- TRIEIZELIZNA
- F@T,> 1%
 EIRILFE— (EF)

BAXDERE: MEIREDEX DFERVRE

(AEx=%{10keV —#1100keV)

PFARXRIBTRARAIRED ?
E(X AMAIIEE ! = PF-RIBOKEF!
ELITHRITKK: RIKEN(1989) — MSU(1990), GSI(1991)
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=DM AE
| EREREDS K REEES

e ZE T
@ HHEHE: VI ELREICK S/ \O— RS K (L)
@ RN 3 RISI= & DS RIS DI ERAE (KAL)

1. RERERBDO A T RBIE
* RIBA Y E—Ly#R5 6% (In-beam y—ray spectroscopy with RIB)
BRIEBEHE ZEBEMROIEREG, SHRCERRICOFA
BIRIILF—O—OURHE (KK, FHZE)
&FIEH A EREL (BIRRE)
DT IR (HRFLE)  MFRBATRIS (FHERE)

m EBIEREFREORN: B-y 93
- RABRIICIK D7 Mk
BIEETE, RE—AVPOAIE (B, EFHEL)
- BB X
RKAZYE,;, Fo. B2ORTE BH. BFEL)

RAEEEEICEDAZDDEER -1-
D 4—aVHRIZEBYIFELREOHE: HFHE
NO—EAEDOTIYEL ( ~100 mb)

NAO— DO ("di-neutron” D ZAY)
FNO—BOEFEE

B B EESADRNSYIER — “UTREL EXHER
T. Kobayashi, I. Tanihata, K. Sugimoto et al.,Phys. Lett. 232B, 51 (1989)

EAD: BFERSA (DRSS : THTSA (RKEHF)
B BRYTRERONHAE — HUFAERTSAFVI-RERa—T
4 FiB@EI%; RIBAE DRy I—F—
- HEFIRNROF

RPN HX
T. Nakamura, S.Shimoura, M.Ishihara et al., Phys. Lett., 331B, 296 (1994)
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[_Jj Invariant Mass Method for RI beam

A—=a+b -
E F,
Radioactive . — \ @ Kinematic
lon beam op Focusing
Target b
(Probe) (AP/P~1%)
A*
M=\(E,+E,) ~(P,+R) \ e,
E =E_,+S i
Erel = M_(Ma +M},)
A

Advantages
Good Energy Resolution ~ 0.2MeV(10) @QE,,=1MeV

2 2
E u Avy Av,
AE ~ [2=——E = = 7B,,)?
A, rel\/(vl) +<v2 + (A6;3)

Kinematic Focusing
Thick Target 0.1~1g/cm?

‘ Good approach for nuclei at drip line
Cost

Need to measure all the outgoing particles

*Di-neutron* Correlation in 11Li

T.Nakamura et al. PRL 96,252502(2006).

g
=)

T T T
¢ Present work (RIKEN) o
— leki et al(MSU). B(El) = dB(El)dE
15k — Shimoura et al.(RIKEN)] ~o dEx
R _ _ Zinser et al.(GSI) 3 /7 5
¢ _ D (Ze 2 2 = =
0 —4ﬂ(A)<r1 +1,"+2(7 rz)>

(=4
o
T

N

\
-

\
\
[

!
1

.d B(E)=14220.18¢"f m(E,, <3MeV)
I H ﬂ’ﬁ& —1.78(22) €’ f M — (6,,) = 487}; deg.

dB(E1)/dE ¢ (e*fm?/MeV)

0'%.0 0.5 1.0 1.5 2.0 2.5 3.0
Erel (MCV)
. . @®
Dineutron Correlation ) Weak 2n correlation
: ->Strongly Polarized > Weakly Polarized
- Strong E1 Excitation ~ SWeak E1 Excitation

Soft E1 Excitation of 2n-halo—+dineutron-like correlation
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REF/ NO— 1% DEEFE

\ By Courtesy of T. Nakamura

NO—HBEDOEH:

SFBLEEE (hELNS,) Ca

s, F=lE. pK
|
3E:Z# (Nilsson orbit) —
siE. piRIKEED %E%EEX _
Al _-"
Mg N L] -
Na ) L] -~
Ne | PZ4daie
: €<
V4 CN) N 31Ne Island of Inversion
N C
Bl | B 1n-halo known;
Be N=16 240 1lBe, 15C, 19C, 31Ne
Li 19
He N=8\Be ¢ 22C B 2n halo known;
H 193 SHe, 111, 14Be, 17B, 22C
N=2 B 2n/4n halo (skin);
- N Neutron Drip Line 8He, 198

FEEEEICED=DDEER 2-

@ v—orHRILBE1LIBREED FIE M EFE: Brsu
AEERICKDRAERICEEIEE R D SLER (1!

FHRAERE © BEIRILF—REEFHERD
& J—OV S RITE R
G. Baur, C. A. Bertulani, Nucle. Phys. A458, 188 (1986)
BIRILF—HREIZEY . BIETRILF RGO EERE
N HY$910001%(?) L AYB ! (due to phase factor, thick target etc.)
= BN (p,y)™*0, ®B (p,y)"Be, H&

FAL: BHBEA FEILFIZASHURAY IL—TH S )L—F)
RIKEN-IN2P3 1% 7115 5€ (chair; Lonjekoo (ISN) and M. Ishihara (RIKEN))
FIL/—TIL(SN) =T IL—T DB E ;S. Kox, C. Perrin et al.,

EMRIC-detector (AE; PSD-Si, E; CsI(Tl))

=ADFHX
T. Motobayashi, S. Kox, C. Perrin, M.Ishihara et al., Phys. Lett., 264B, 259 (1991)
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Determination of the astrophysical >N (p, y)'*O cross section

through the Coulomb dissociation method

Coulomb Dissociation: 40 — 3N+p

for inverse reaction: 3N(p,y)"*O

dS fze .
14, — =5 F®Pb(“0,“0"(1)P™®rb
E( 0)=91.2 MeV/u (g/g, E;n=87.5MeV/u
9Be target: 1.1 g/lcm? u/‘*\: .
EMERIC detectors from ISN (Grenoble) ol \+ }
AE; PSD-Si, E; Csl(Tl) ) \\\j
F-eo. R
£, =545 keV (J"= 1) ook T )
Iy =3.110.6 eV Eod“ONMeY) i
Eny T - -—15-—- i 7 8 IO;F
coun L T E 3
e 1ml"‘Pb(‘%),"N p) P n T(C) ¢ (40N p) **Pb 20PN N2 )™
! (ly ' 1 o En=78.1MeV/u
“o 1 100 [ | ¥ ! E
g~ ﬁﬁ vy N\
O A%
1000~ ’ ’4 s J *? v O1E <
{ W £
Thatt
£,287.5MeV/u / M *.'h,’o‘" . o.01 i
| | 0 ‘\ - Sa " o 1 2 3 4 5 6
500o 50 100 150 0 1 2 3 4 Bcm
E, (MeV) Erel(MeV)

T. Motobayashi, S. Kox, C. Perrin, M.Ishihara et al., Phys. Lett., 264B, 259 (1991)

RiERRIREREEDAD
A< HREHAIE

RIB IC&E5AVE—LVIRD DR (1995)

- RBIZEKAPEIRILF—EERIENODHUTE
RAIDEER:32Mg IR T AP EFIR/ILFT—-H—OV R

- RIBEIERZE D E H (Ex# i) !
"M —  32Mg
NnNo—#% - RAxXU
EREREDYWE — FHEREOREE
VEDOHME — EFEOMRE
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REMEREBDORE: HUIRAE
AVE—L TR HDERESE
B (1963—) : EA/AVEHARIE BAREVIRE

H. Morinaga et al, Nuclear Physics 46(1963)
18 (1976 —): KEEBTRIE BRAEVIRE

T. Inamura, M. Ishihara, T. Fukuda, T. Shimoda, H. Hiruta, Phys.Lett. 68B, 51 (1977)
R. Broda et al., Phys. Rev. Lett. 74 (1995) 868

JEEE (1995—): RIBEERRE BETAVREVE T
M. Ishihara, Nucl. Phys., A583 (1995) 747
T. Motobayashi, Phys.Lett. B346 (1995) 9

ONAN—RRAVE—L- TR S
HFBEHNSALE

WIFhLBARAARRENEE! BHEL! !

Classical In-beam l-ray Spectroscopy

H. Morinaga et al, Nuclear Physics 46(196\3&1.

GAMMA RAYS FOLLOWING (s, xn) REACTIONS \r; 625 large angular momentum deposited:
H. MORINAGA' and P.C. GUGELOT =1 P
Dsttuat sour Kernphysiseh Ordersoek, dmsterdam, Net [t v to be dissipated by y-cascde

_ Jgt?i through yrast states
Received 14 January 1963
160Gd(a,4n)eDy
Counts o 2l 20w
97 7 PO 470 Ex=52MeV
| I | s
475
[T
10 404|
&t
36|
) +
¢ e * 73
° oo s =3
6sDres’ I s S
Typical reactions Heavy ion fusion reactions
Typical beam Heavy ions at 5-10 MeV/u
Typical states populated High-spin statesup to 7/, = R\[2u(E, -V,,,)

Typical objects Rapidly rotating nuclei
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FEIRLF—EEREIZES
RIB /VE—L AT A I (1995~)

Ay

o MGYKXELMEFE good efficiency allowing wide accessibility

o SHFTEALIEIRE preference to particular Collective modes
preference to particular single particle states
dependence on multipolality

e BlgaAh - RIS IEH cross section (o) € transition probability
¥%12. Coulex, (p,p’) No need of measurement of angular distributions

1) FEIRIILF—2—OfN#E; collective states ; well established theory; ~ 100 mb
T. Motobayashi et al, Phys.Lett. B346 (1995) 9
MSU: H. Scheit et al., PRL 77 (1996) 3967
2) I5FIETEMELEL (p,p’); collective states; known global potential; a few 10 mb
H. Ilwasaki et al, Phys. Lett. B481 (2000)7 (on *?Be)
3) I F/VIT IR (VaAA IV EBES O EFAE); g.s. s.p. configu.; some 10 mb
A. Navin et al. Phys. Rev. Lett. 81(1998) 5089
4) 28%F /v TIRRIS; hole states; a few mb
K. Yoneda et al., Phys. Lett. B 499 (2001)
5) % FARIYE LY KIE; particle states; a few mb
S. Michimasa, S. Shimoura et al., Phys. Lett. B638, 146 (2006)

a8 J X0
TWEWMEA : [9—OV I —AVERIRIILT—O8HIIFLUTTON ! |
BEA: TE—LIRILF—FTIFE = E—LBE. 2—TINENFESD

Ocoul X ZF - Zg with Z,= 82 for Pb = HEIR/ILF¥—Y—OVFIEE

102 T T T T T 11T T T TTT T T T T T T1TT T T T TTT1g
E E1, 1=1 E2, 1=2 3
§ F (2+%°°Pb, E,=5 MeV) ]
L
$ 10! -~ E, =70 MeV/u coul —
a E 3
£ L | E1 COULOMB E2 .
v 100 E— -3
Z F 3
- - -
2 o 4
o - NUCLEAR .
1071 = -
NUCLEAR _ -~ ]
10—2 1 1 1 111 I/I 1 1 11 1111 1 1 111111 | 1 1 1 11111
1 5 10 50 100 5 10 50 100
Z (projectile) Z (projectile)
Sep. 2007 C>N Santa Tecla C~N
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13.4.14

Advent of In-Beam y-ray Spectroscopy on High-Isospin nuclei (1995)

Intermediate-Energy Coulex on Mg (N=20) with-RIPS ‘

, Magin;
T. Motobayashi et al, Phys.Lett. B346 (1995)9 8icit
otobayashi et a ys.Le ( ) 7 5)?_3{' i/ %’e”ching

s T T L B ‘->'T-,[:‘ D F

270" (885 keV) Vi 7 600
$ Mg; 500 pps |

E 100 208y, (32pg Mg 7)2%pp] <
S r=]
g Ein:49~2 MeV/u v 200
g | g
S 1t
35 50— &0 - o0
8 K B2 § |
1 & 400 - sd+pf ]
&

0- | | 1 B(EZ) =er “Ojf;;y(i— ]
0 ' 1000 — 2(‘)00 — 3000 - 4000 B o
7-RAY ENERGY (keV) | B(ED)=450 e2fm* | o iy

Intermediate-energy beam « a variety of direct reactions wit reasonable o (e.g., 85 mb)
« thick target accepted (e.g., 350 mg/cm? Pb)

Inverse kinematics Lorentz boost for forward focusing
Gamma-ray spectroscopy Tolerable with poor optical properties of RI beam
Typical objects Extremely neutron-rich nuclei toward the drip-line

HHMBEEBOERS TIL- Ty TDIEL)

B RO R
IBXDBRDFEE>KELGEMNRE

Major playground:

SINFYYTHEHBRORE

- LS force DRERR *N~28,34,50
Dobaczewski et al., PRL72 (199]. D4) 981 | *~'%°Sn

*Island of inversion

- BERENVRIE? *r-process path

1. Hamamoto, PRC 69(2004) 041306(R)

TV HMR?

T. Otsuka et al., PRL 95(2005) 232502

HHEMBIEBOER 8
N=8, 20, 28, 40, 50, - * *

Collectivity: B(E2)
Shell gap: Ex / B(E2)
Shape: R(4+/2%)
Level structure: Ex /J©

Intensive Studies
Ongoing widely
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Coulex vs. (p, p’); useful reactions for collective states

Gamma-ray counting rate; very high !

Rate for the 2* excitation in 32Mg

Reaction  Rate [Hz] 6 [mb] Lcam [PPs]  Target [mg/cm?] Ay E, [%]
Coulex 0.09 275 800 350 208 ~30
@, p) 0.95 45 800 150 1 ~30

Even the beam intensity of 1 particle/sec will count!!

Observables; fairly rich = useful information on quadrupole collectivity !!

Reaction Observables

Coulex E2,Y B(E2)

®,p) E2") Opy=PR E(4,7) /E(2,")
- {B(E2), J,,} < {M,, M, }; Separate determination of M,and M,

where, M, ,(E2): E2 matrix element for proton (neutron)
= E(4,") /E(2,") : a measure of degree of deformation

Indispensable to explore shell-evolution across isospin asymmetric isotopes !!

E2 collectivity of extremely neutron-rich nuclei

. PR 36 Asa 40 42
Z=12 isotopes - T T T T i
3.0F
N 2s5f
TR — S - /
Panaiim — T33:\E ¥, —
Fo13 T work — Z=14 isotopes
Z=10 (Ne) -— 10F
2B 0.5
s’ st
= —_
S = = 4F
Tl B — T 2.0 ;}EE’J % 4+
o A 3F
—= = i p= '\./J\.
1 = = vt 2F
m == 17 o oap 2t
5 0 1 1 1 1 L
Utsuno2,  + 20 22 24 26 28
. Mglsotopes Utsuno4’ =~ x
. Nowacki2! & N
BN it . Nowacki 4 = 4
x zosnida‘z‘* ° A
—_—t ‘oshida -
4+ 4 Vaoz? - 42 44 46 48 50
<3t Yao4 . A 35T T T T T
é x .- . 3.0F
LI . .
wat W R m—— 7o ~ 25F N=28 isotones
— Pl . - ? 2.0F
= 15f
r 2% sy oga L T c °F
eyt o) mfm2) g, 1.0
0.5
0 sE
16 18 20 22 24 26 28 -yl
Neutron Number % 4r 4+
38 S 3F
N ;.
x 4F
. . w1
Courtesy of N.Aoi, S.Takeuchi ol
z
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PiEFHEBEZICEITHRBEDER

KIREH X

TV ABER(T=0)

[ & @ & (4PetonESPE bR EsE
- 1 R~ 20
i S ——
e X 3 “ "
[ofraction ) Ly / 1 L
P, N —
4 spin ' wave functon of relative motion -
- "‘3 v B & v 9
b dNoutron ESPE

Emry M)
ey
7 /E“

proten seutron

B
B
4

T. Otsuka et al.,Phys. Rev. Lett., 95, 232502 (2005)

=R

(c) Energies calculated
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Our Dream: Realization of

World’s leading “RI Beam Factory”
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RIBF completed in 2006

SRC: All ions @345 MeV/u
BigRIPS: RI beams via In-flight U Fission or

Projectile Fragmentation e-RI scattering with SCRIT
= Self Confining R lon Target

18GHZECRIS
RIBF Lavout |
o =
o
%%rﬁggms CSM_peffl” Cﬁ};uAc

i _Rare Rl ring
(2013 ~)

SHARAQ

BigRIPS
BBIZERIE — L& B EBigRIPSDHEE (major features)

» Large acceptances Comparable with spreads of in-flight
fission at RIBF energies: =50 mr, =5 %

Achieved by the use of large-aperture superconducting
quadrupoles (pole-tip ry=17cm, pole-tip B =2.4-2.5T)

»Two-stage separator scheme

» 2nd stage with high resolution Particle identification (PID) Superferric Q
without measuring TKE triplet
Parameters: - Charge state identification
AB = =40 mr From SRC .
Ad = £50 mr \ BigRIPS : two-stage separator
= 0, Target

Ap/lp==*3 % % FO
Bp=9Tm # Beam dump /Wedge degrader
L=782m g ‘ I__1'/Wedge degrader Fa _ s
STQ1-14: = P ; Nl % ) ool
superconducting Zo o] S |w
Q triplets e~ 3 |\‘ @ >33
D1-6: R.T. st nd & |o
dipoles (30 deg) 1 stage 2nd stage
F1-F7: focuses Production & separation  Particle ID & two-stage separation
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Production rates
of very neutron-rich exotic nuclei

with 230pnA #8Ca beam as of Jun.2010

BigRIPS (3™ gen.) RIPS (2" gen.)

22C 10 pps 0.006 pps

30Ne 1100 pps 0.2 pps

3INe 26 pps 20 particle /4days
32Ne 7 pps

3¥Mg 3 pps

Al 1 pps

425j 48 pps

Increase by

104-10° times
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FHAK > Fo2: E—LEE103-10* &

BHERH
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