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< RIBF key experimental devices

SAMURALI - large acceptance

RIPS GARIS 1 & 2 SCRIT - e-RI collision
- spin-oriented - SHE researches Rare RI Ring - mass
medium-E RIBs

ZeroDegree
- y Spectroscopy

CRIB
- low-E RIBs

SHARAAQ - high resolution
SLOWRI - slow RIBs

KISS
- KEK Isotope separator

BigRIPS
- RIB production



From T. Kubo

[ Rl beams produced at BigRIPS (Mar 2007- April 2014) ] 2014/06/17
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Production reactions

* In-flight fission of 238U 70 |
* Projectile fragmentation of 1N, 180, 48Ca, 79Zn, 8Kr, 124Xe
e [E =345 MeV/u in most cases

E

" ® RI beam Produced (308)
Production Yield Deduced (877)

‘\_L_ s V4

EURICA campaign
(C"> 2012 Fall

("1 2013 Spring

M New isotope 2014 238(): 12.6 pnA
B New isotope 2013 28U: 6 pnA
' New isotope 2012 #8U: 10 pnA
New isotope 2011 #8U: 0.3 pnA + 124Xe: 9 pnA

~ Hl New isotope 2007-2008 #3%U): 0.007 & 0.022 pnA

.
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NISHINA Key devices Key devices
in old facility area in RIBF new facility area

High-energy
branches 3 different
(E/A = 200~345 MeV) Spectrometers

Rare Rl Ring

Low (Medium)-energy
branches

(E/A ~ 100 MeV)

GARIS 1& 2
CRIB (U. Tokyo
KISS (KEK)

(E/A< 10 MeV)




< @ BigRIPS + ZD (+DALI2)

particle ID / momentum analysis

€.g. Doppler shifted y-ray measurements
with identification of products

ZeroDegree >
- 7 SPectroscopy [ TonMEV S,
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| ‘ Rare R ring

3 (2013~
. BigRIF‘S -

' SHARAD
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High-energy branches



< neutron removal reactions
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< In-beam y-ray spectroscopy
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<7 In-beam y-ray spectroscopy

LETTER

Evidence for a new nuclear ‘magic number’ from the
level structure of **Ca
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< 3 BigRIPS + ZD + EURICA

EUroball Riken Cluster Array (EURICA) project

« Commenced since 2012 spring

« Gamma-ray detector clusters
- 84 high-purity germanium crystals in 12 clusters
- High resolution ( ~2.5keV @ 1.3 MeV )
- High efficiency (~13% @ 1 MeV )
- High granularity ( 84 crystals )
* Double-side-stripped-silicon-detector stack
- 8 pieces of DSSD with 60 x 40 pixels




<~ 3 BigRIPS + ZD + EURICA
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NISHINA Key devices Key devices
in old facility area in RIBF new facility area

branches
(E/A = 200~345 MeV) SHARAQ (U. Tokyo)

SAMURAI

Rare Rl Ring

branches ) unde!‘
Biology construction /

(E/A ~ 100 MeV) (primary-beam use) commissioning

Low (Medium)-energy

GARIS 1& 2 SLOWRI

CRIB (U. Tokyo)

KISS (KEK) SCRIT

(E/A< 10 MeV)




Rare RI Ring (R3) M. Wakasugi et al.
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M. Wada et al.
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NISHINA Key devices Key devices
in old facility area in RIBF new facility area

High-energy ZeroDegree

branches
(E/A = 200~345 MeV) SHARAQ (U. Tokyo)

Rare Rl Ring
Low (Medium)-energy

branches
Biology
(E/A ~100 MeV) (primary-beam use)
GARIS 1& 2
(E/A< 10 MeV)

CRIB (U. Tokyo)

KISS (KEK)




Summary for production and decay of 273113

Morita et al

Jul. 23, 2004 (1)

278113
oy
11.68 MeV Apr. 2, 2005 (29)
0.344 ms 27811%79113
274Rg a
o 278113
11.15 MeV (o] 209B; 4 707y > 279113"
9.26 ms 11.52 MeV Aug. 12, 2012 (3rd)
20Mt 4.93 ms 274R one n evaporation
o 274Rg ’ o 8|
10.03 MeV Q, 278113
2o 7.16 ms ) 11.31 MeV Olq
o o] 343 11.82 MeV
9.08 MeV (v 274Rg 0.667 ms 2700\t
247s 2.32 MeV (escape) % a
*2Db 1.63s 10.65 MeV
265Bh 9.97 ms
204 MeV oy 270\t
40.9s 9.77 MeV O3 o I265Bhl2678h|268Bh[269Bh 2708 K [271B R
S.F 131s 10.26 MeV 9.08, 9.77, 9.39 MeV <
262ppy 444 ms 8.82, 9.05-9.23 MeV 28Crm + 2Na > 71Bh"
2668
192 MeVv 04 five n evaporation
S F 0.787 s 9.39 MeV 262
T 5.26s
262Db o
Os SF 40.9, SF0.787 s, alpha 8.63 MeV 126's
S Y 8.40 - 8.74 MeV (79 %)
258 126 s 258| T..: 24.0t14
Lr S.F. (21%) 12 28.0%%% ;s
Og a
8.66 MeV 8.66 MeV 3.78 s
bsand 3.78s 8.57 — 8.80 MeV decays observed in 278113 synthesis
T1/z5 4.0%22, s

RS4N d

7

decays observed in 256Bh synthesis




o1 EInIN{a"A Synthesis and detection of a seaborgium carbonyl complex

Helmholtz-Institut Mainz, GSI, Mainz Univ., RIKEN, JAEA, Bern Univ., PSI, IMP, Hirosima Univ., Kyushu Univ., Niigata Univ., UC Berkeley, LBNL, and Saitama Univ.
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¢ Production and decay studies of 26°Sg for chemical studies using the GARIS gas-jet system
e Synthesis and detection of Sg(CO),

e First organometallic compound of SHEs: Sg(0) — C chemical bonding

e Adsorption enthalpy (AH,,.) on SiO, : Sg(CO), = W(CO), = Mo(CO),

e Sg: typical member of the group-6 element

Haba et al., PRC 85, 024611 (2012).
Even et al., Science 345, 1491 (2014).
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1. RIBF recent progress

(2. Spin-aligned Rl beams
* Isomeric-state nuclear moments
« Disp.-matching two-step fragmentation method

. y,

3. Spin-polarized Rl beams
« (@ Ground-state nuclear moments
« (@ [-delayed y & n spectroscopy




<~ Fragment-induced spin orientation

projectile

Spin polarization

$

Detector
................................................................ near-side
o trajectory
Large-Ztarget
Detector
$»

‘ far-side

‘\/ trajectory

Small-Ztarget

fragment/7_~y

Sum of the lost
) P Fermi momenta

“w

R Position vector of the
- B . o
_p participant portion
Angular momentum left
L-=-RXP | in the fragment part

K.Asahi et al., PLB 251, 499 (1990)

Spin alignment

Detector

Fragments scattered at O°

High energies are suitable because of
« production of RIBs

 population of isomeric states

* production of spin alignment




< BigRIPS Layout for the present experiment

TDPAD apparatus

= I

=
=

VTP =y

T. Kubo, Nucl. Instr. Meth. B204, 97 (2003).
T. Kubo et al., IEEE Transactions on Applied Superconductivity, 17, 1069 (2007)




< Q(4*mS) measurement @BigRIPS (Spokesperson: J.M. Daugas)

Fragmentation-induced spin-alignment Rather spherical

48Ca + °Be — BmS + X

(conventional single step fragmentation
involving just 5-nucleon removal)

E’ 0_— +
j L
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v b b b e e BRI B SR |
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Gy (7
fragments /?éfesz host crystal : pyrite
alignment axis y

VZZ
Ge
Ges

R. Chevrier et al., Phys. Rev. Lett. 108, 162501 (2012)

3/2-

Prolate deformed
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Configuration

inversiovy,,, weer Ve

and ]
Shape coexistence

F. Sarazin et al, PRL 84, 5062 (2000)



<~ Problem

Angular momentum left
in the fragment part

L.=—RxP
Beam Fragment\(-\

11— Sum of the lost
‘P Fermi momenta
' - -

Position vector of the
participant portion

Target

When a large nucleon removal is involved

Le~0xP=0
Beam E t
. ragmen
'E_P
iR

Position vector
can not be defined

No spin orientation
due to the nature of central collision




Conventional single step PF

Target Siit

Simple two-step PF

|

1st Target Slit

ABeam

O

-0

2nd TargetSlit

Dispersion-matching two-step PF

)
@

2nd TargﬁtSIit

Vdispersion—matching

—————————————————————————————————————————————————————————————————————————————————————————

Y(High)

mom.
A(Low)

nL)

A(H)

N\l

/l\

¥(M~H)

1

—>mom.
A(H)

AN




.f-;‘ff,Smearing out of A due to target thickness

Alignment Momentum

No spin
alignment



< Dispersion matching for spin-aligned RIBs

... can extract the
same spin-alignment
component



< Result

FO target
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w/ Disp. Matcing.
148(‘;3
FO target )
33A|
F5target c— |
s
2N A +
oo e AT il
gg;c&: 'zorE' 'aclno"'ittllo"'éulti"istljn"ll?tlro“'}éon
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Production of spin-controlled rare isotope beams

Yuichi ichikawa' ", Hideki Usna', Yup tehil®, Takeahi Furukawa®, Akifiro Yoshimi', Dalsuke Kameda',
Hiroshi Watanabe', Mori Aoi', Koichiro Asahi®, Dimiter L. Balabanski®, Raphaél Chevries®,
Jean-Michel Daugas®, Naoki Fukuda', Georgi Georglev', Hiranor Hayashi®, Hirooki lijima?,

HMaoto Inabe’, Takeshi Inoue’, Masayasu Ishibara', Toshiyuki Kuba®, Tsubasa Manas®,

Tetsuya Ohnishi’, Kunifumi Suruki®, Masato Tsuchiya®, Hirowuki Takeda® and Mustafa M. Rajabali®

Key 1:

. Dipobe magnst
Two step PF @# Supercanducting triplet @ magnat

— Maximize spin alignment

Sacondary targat [Al)
at FB [dispersive)

Key 2:

Dispersion matching ~ &
— Maximize yield of two-step PF A
(jé:ﬂ beam
Ve .

Prismary gt (Ba)
at F@ {schromatic)

BigRIPS

TOPAD apparatus L
iGe % 4§
-

—|"_

4] beram

Apin alignment

Baam momentim
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1. RIBF recent progress

2. Spin-aligned Rl beams
* Isomeric-state nuclear moments
« Disp.-matching two-step fragmentation method
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[ Spin-polarized Rl beams
« (@ Ground-state nuclear moments
« (@ [-delayed y & n spectroscopy
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RIPS

Self Confining Rl lon Target

medium energy (~70A MeV) RIBs e-RI scaltering with SCRIT

spin-polarized RIBs =y
R&D bench ' 150 MoV SHiioiron-.
g a~ & s i ?60'-(Mé’v e-Storage [!_ng’
= I < S
f- “* ”
’_\Jf" AVF 0
-,____( ﬁ - """i RRC
| s L il
fRC x> oM

RIPS
- spin-oriented
medium-E RIBs

Low (Medium)-energy
branches




< u &Q (Alg s ) measurements @RIKEN

Method:
Polarized Rl beam
+ B_NMR spectroscopy [l stable isotopes

Measured:

[l © and/or Q known | nr
WEMEL
|EF
e
TR FE]
A |_ Al
T e

T
Mg | Mg |

m =

T o

Hu_Nc!Hu

Ne| - M|
I

i K [*°AI] Q [*'Al] Q [*2A1]
—_— e g aa lH] il
'/B-NMR apparatus \ U ST ¥ s +—+—
t w—iors + a - | e
e B ol s mt:‘h - i— = h-; A iuﬂ * *-? E —+-I*- L+_
tram RAG a3  —— H i by 3 b —
H A1 - 'y A e +H+
P el ol T
At o +- +.'+ i e _‘:+_
&y Cotwmains HE . i .
e T

H. Ueno et al., D. Nagae et al., D. Kameda et al.,
PLB 615, 186 (2005) PRC 79 027301 (2009). PLB 647, 93 (2007)




*—’ Q (33Al) measurement @GANIL

Reaction:

36516+ (E=77.5A MeV, I ~ 130pnA) +Be (224mg/cm?) NQR spectra (a) PAl
s 33A1 ( 6,,,=2+1°, p=(1.026-1.041)-p,....., purity 83%, |Hemri ol
33AI ~
I f«'] 1_-4k ppSs ) | 1.03
1.02
I 'j r 1.01 " o
l*:;"' . ;‘E1-. ! 1} . .u.J.u....] :‘E-. q  sssscsssscssssssssssissssisssssasssasssanEsian -..uu:]u-
5-{ L .:JX luu'.”’}' ""F.#.iF"" iy -
] [~ e iy o 1.03 ' (b) “Al,,
Er l_ . E Mgl s 178 kMg
oz %
SME ? | - | vamos 1.02
EXOGAM 1.0 ot
ORION T

1500 2000 2500 3000
leqQ /h| (kHz)

|Qexp(33AI) | =132 (18) e mb
G K. Shimada et al., Phys. Lett. B714, 246-250 (2012)

precision |Q,,,| measurement

M. De Rydt al., to be submitted soon




< Beta-delayed y & n spectroscopy with stopped pol. RI

® Beta-delayed neutron spectroscopy for the study of neutron-rich

nuclei
R. Harkewicz et al., PRC 44, 2365 (1991)

- J.L.Lou etal.,, PRC 75, 057302 (2007) and references therein.

« 17B: G. Raimann et al., PR C 53, 453 (1996)

B-ray asymmetry

R=U/D
R/Rozl_AP ~1-4AP
1+ AP

1 (Al = —1)
A=< F1/(;+1) (Al = 0)
+1L;/(I; +1) (Al = +1)

« Beta-delayed neutron spectroscopy from spin-polarized Rl
— 15B%: H. Miyatake et al., PRC 67, 014306 (2003)  ...RIPS

— "Lit: Y. Hirayama et al., PL B611, 239 (2005)
— 17B1: present

... IRIUMF




<~ B-neutron-y spectroscopy with 17B1
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<~ B-neutron-y spectroscopy with 17B1

(a) Tn(17B [i-n}
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< |m assignment of the 17C levels

E,(MeV) E,(MeV) 1s(%) logfr AgP(%) 217 (¥ Analysis) 2/7 (End result)

[ 5.04(2) 6.08(3) 4(1) 5.3(1) |
IR 4.78(2 09(1) 6.1(1)
1.46(1) 4.05(2) 6.0(1)

3011 3.93(2) 4.9(1)
|.86(1) 2.71(2) 4.8(1)

* No reference I"; is known
 all possible combinations of I, =1/2-,
3/2-, and 5/2- were examined
(3 x3x3=27 set)
— calculated reduced 2
(2 consistency check)

1 (AT = —1)
A=< F1/(I; +1) (Al = 0)
+1,/(L +1) (Al = +1)

o] L
X (Pi) =~ Z[P_,- —PYw; (i=1,2,.. AlB-"C)

{ 1 for 17C(1/2-)
i Piw; Ap- =71 -04 for 17C(3/2-)
p = 2. P Wj= =~ +0.6  for '7C(5/2")

T L 2 '
E || l‘”‘,ll nt.';‘q 1, Ir



< |m assignment of the 17C levels

E,(MeV) E,(MeV) 1s(%) logfr AgP(%) 217 (¥ Analysis) 2/7 (End result)
([ 5.042)  6.083) 4(1)  5.3(1) !
38I1(1) 4.78(2 0.9(1)  6.1(1)

| .46(1)

30101
|.86(1)

4.05(2)
3.93(2)
2.71(2)

6.0(1) +6(23)
49(1) =0.1(15
4.8(1) +1.6(8)

1.5 |

-5

1:2?1 =62

F1lr2 A -

a0 3:2 M7= 127

4

2
3 2 =1 0 1
Mean spin polarization (%)

2

—ly—=
i
' ———

3

4



< Decay scheme of 17B

Qp (MeV)
22.68{14) a2
e

1TB

iz = 5.08(5) ms

[y = 3.4(3) %)
P i K (s = 2.8[2) ")
resent wor o = 1.5(2) %)

F{,“ = 0.22‘5' ”’ = u.d_qg_]_ '."'ui

g R 0.740 5/2*

Py, = 0.67(7T) In (%) Ex (MeV) | ) : )
4(1) 6.08(3) (i = 0.3(1) % .
P:II. - 0'12‘1' = "M
4142 4* 15
Rel. [40] 0.9{1) 4.78(2) 3 h.uﬂa 3(+) C+2n
! ' o E 388 2i) Iy =2.440(5) s
Pon, = 0.21(2) 1.5(2) 4.05{2) (5/27) '
Pn=063(1) | |20 [ N\393@) a2 L\ (=72 %)
Py, = 0.11(7)
p, =o0ssy; a8 . ___271[3) 112 . 1766 2°*
Py, = 0.004(3)
- 2.1(2) 0.331(2) 5/2*

2.8(11) ,'{"'mm 12° s
= g8 Y 1'EC'l"I"l

1.?.c hp= ?4?{5} ms

fyz = 18313} ms

H. Ueno et al., Phys. Rev. C 87, 034316 (2013)



‘-/ Summa
NISHINA ry
RIBF recent progress
« Cyclotron complex — p ~ 238U beam at E/A up to 345 MeV
* RIBs at quite high currents delivered from BigRIPS

* RIBF experimental key devices: BigRIPS, ZD, SAMURALI, ...
 BigRIPS-based experiments: 314 days conducted since 2007

Activities of spin-oriented Rl beams at RIBF

1. Spin-aligned Rl beams — BigRIPS
« Excited (isomeric) -states nuclear moments: Q(**™S)
« A new scheme to produce surely spin-aligned RIBs
— Two-step PF combined with disp. matching
2. Spin-polarized Rl beams: Ground states — RIPS
« Ground-state nuclear moments: 41-4°§
« Application to B-delayed particle spectroscopy
« Laser spectroscopy (SLOWRI, OROCHI)




