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Existence of human being

depends on a subtle balance of Nature!
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There are no particle-stable A=“5" and “8” nuclei in nature
'H,2D, 3He,*He,(5), SLi, ’Li,(8),°Be, 9B, ...,2%9Bi

Big Bang: Mostly H and “He (Heavier than ’Li were not produced)
- How are heavier elements synthesized?

Triple alpha Reaction

Triple-alpha: Detour for the synthesis of elements 2C—>Heavier elements
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Triple a reaction

-- Basics of Nuclear Physics
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Towards the neutron-rich limit

B \Where is the boundary of existence of nuclei?

B How the nuclear properties (shell, collectivity) change?
B New Phenomena due to weak binding, change of surface

Neutron Halo/Skin
Dineutron Neutron Matter
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Neutron drip-line Nucleus

Neutron halo
Dineutron?
P4 core (new correlation)

Nuclei Beyond Drip Line

halo

' Cutting at Aécons%.
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_ Neutron-rich Nucleus
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Skin  Shell Evolution?
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Shell Structure: Established T
Magic Number: 2,8,20,28,50,82,126



RIKEN RI Beam Factory (RIBF)

Completed in 2007 e-Rl scattering with SCRIT

New-Generation RI-beam facility = 2013

| SLOWRI
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Materials RI poduction

| Space
Multi-RI Production ~ Return BT \\\ A 210017 "

(construction)

SRC: World Largest Cyclotron (K=2500 MeV)
Heavy lon Beams up to 238U at 345MeV/u (Light lons up to 440MeV/u)

eg.
48Ca beam (345 MeV/nucleon) ~200pnA (250pnA max.)

238U beam (345 MeV/nucleon) ~12pnA (15pnA max.) Increasing Year by Year!



New Isotopes observed at RIBF

(~50 species) T.Ohnishi, T.Kubo et al., JPSJ 77 (2008) 083201.
T.Ohnishi, T.Kubo et al., JPSJ,79 (2010) 073201.
238U(345MeV/u)+ Be/Pb  3rXiv:1006.0305v1 [nucl-ex]
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How To Produce Rl Beam (F&ZEREBE)

A BT 8 B #E [ it (Projectile Fragmentation)
PrOJeCUle()\ET.H:z) (SpectatorfEE3E)
e.g. *8Ca Projectile Fragment

_________ — b
------------------------------- B

~0.7c Target ParticipantZ &
350 MeV/nucleon Target Fragment
(Typical Energy at RIBF) (Spectatorf5 & #)
238 1T Z  (Infight Fission)

Projectile( A5t #%)

L))

. Heavy Target(Pb)
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Courtesy of T.Kubo
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Pictures of Atomic Nuclei

« r=ryAY3
 Woeizsacker-Bethe Mass Formula
* Spherical

KZ
Fermi Gas @T=0 . .
SEEEQ * Fermi Motion
x —
Momentum Space N=Z Symmetry
BB S 2R Neutron star
Fermi Sphere 3K

v" Liguid Drop

v Fermi GAS

v' Simple SHELL Model (single-particle state)

W(nucleus) = core(O+ )> X ¢p(nlj)
A(=N+Z)-many-body problem—>0ne-body problem

v" Correlations
(Large-scale) Shell Model, Deformation, a Cluster,
Paring, Di-neutron, Super-fluidity, Halo, Skin,... More
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Review

Fermi Gas Model

Free Fermions (n or p) are confined in a volume Q @T=0

No.of states Uncertainty

~ 3 Q 4 5  Principle
n—2fdrfdp/h = 2”)33771@ 0
Fermi Momentu/T v
k, = (3:72,0)| FEASTTLIEHEASENA a
~280 MeV/e, (P.)~210MeV/c el
(for N= Z)

Fermi Energy
n’k,’ U

Ep = ~40MeV 3

2/a K|Z

K Fermi Sphere

Coordinate Space
Momentum Space




Symmetry Energy by a Fermi-Gas Model

For a Given A 2 N=Z is favored Why?

1 ”

v |Vnp| > |Vnn], |Vpp| “np”:More Attractive than “pp”,
v’ Kinetic Energy is smallest for N=Z

N>Z N=Z=A/2
(N+Z=A)

k—3np

2

N-Z

m=T(N,Z)- TN_é z=_)=lgF( )
2 2) 3

Quiz Extract the radius of a neutron star with 2 solar mass
using Fermi-Gas Model



Shell Model Major o
V(r), shell ¢r+

\ g ——— 2d; Oitsr2

i _
- R —
e Oh,,  1?
h i 0
L N=4 ‘ } @@ éds/z

N=6

1 nucleon moves independently i P
in a mean-field potential ’ g
3 = NS e F;f
1 é@ P32
V(r)= Emcuzr2 +V, (1-s)+ DI’ | —
in- . N=2 s . R 19
HO. Spin-orbit R ?g‘s,;
hao~4147" Mevl
- B
@ Same Parities within Major Shell
- Different Parity (Intruder States) oL 4 M0 8§ e @ Os.
appear at high energies in stable nuclei ** 2’ *e-s)

@ Energy Gap between Major Shells: ~const. for stable nuclei
Different from Atomic Shells !

Unstable Nuclei = Shell Structure Evolves —>New Magic Numbers, 6,16,32,34 !
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Evidence for a new nuclear ‘magic number

from
D.Ste

the level structure of **Ca
ppenbeck, S.Takeuchi et al.

Nature 502, 207 (2013).

-- Experiment at RIBF, RIKEN
New Magic Number 34
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Correlation
(Large-scale) Shell Model, Deformation, a Cluster,
Paring, Super-fluidity, Halo, Skin, Di-neutron, Tensor

sE
Single Particle State correlation
(Simple Shell Model, One-Body Potential)
V(r) .
o ]

J

Unstable Nuclei

Importance of Surface --- Surface(Halo/Skin), Fermi Surface
proton-neutron asymmetry

Change of Density

Importance of Tensor Force (pn), 3-body Force

Paring
Correlation

—> Larger Degree of Freedom = Deformation/ Shell Evolution



Neutron Halo ##&+/\a—

0 " Pn ~ lexp(-r/A)/rf? (p?)~40MeV/c (p~0.03c)
T \ | (r2)~5—7fm
~3fm ~20fm (T2)~6fm
AT+ DR
A 1 . > r2 S =504keV
'u llBe
=0 (s orbital
£=0 (s orbital) (p?)~230MeV/c
(f~0.2c)

« Small S, S, <1MeV<<8MeV
- Extended p, Distribution beyond Range of Nuclear Force

r—o forS, -0 ( (r2)~1/Sn) ~0.1lnmat S, = 1meV

« Small Fermi Momentum—-> Small Kinetic Energy
* Orbital Angular Momentum ¢ = 0,1 (Small Centrifugal Barrier)

> Nuclear Stability At the Limit&<—> Shell Evolution/Deformation
< - Halo Structure




Two-neutron Halo
S 8Li + n Barely Unbound
L a=- (13-23) fm PLB642, 449(2006).
n + n Barely Unbound
a;=- 18.9(4) fm

°%Li + n+n Bound
S,,=0.37MeV <<8MeV

S,.=0.37MeV J
Borromean

Few-body physics, eg. Efimov?

Dineutron Correlation?
A.B. Migdal Sov.J.Nucl.Phys.238(1973).

Dineutron correlation
(short-range)
@Weak-binding

BCS-lik
e Low-density e

nn correlation
(long range)

N M.Matsuo
PRC73,044309(2006).
A.Gezerlis, J.Carlson, n-star
PRC81,025803(2010) Superfluidity




Neutron Skin Nuclei $4¥+X+>

Normal Nuclei Neutron-Skin Nuclei (Neutron-rich Nuclei)
core

P
Skin

r
Larger p,=> Larger Pressure > Larger <r_>

[

Neutron-Skin .
Neutron-skin

0.2-0.8fm

—
Neutron Skin Thickness depends on EOS of neutron matter
as in NS radius Experiments are very difficult! (Tamii’s Talk 28th)




Breakup of Drip-Line Nuclei at RIBF
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Evolution Towards/Beyond the Stability Limit

Where is the neutron drip line?
What are characteristic features of drip-line nuclei?
How does nuclear structure evolve towards the drip line?

Halo?
Shell?
Deformation?
Si
Al
Mg
Na
Ne

F

Ca [ ] H B
K [ ]
Ar H B
Cl ]
S ]
P S
\ » 0(\9
/ [\ ’ ﬁe\)’dO(\
l" =28
N

=20

e

~ N=Y6

22CC: K.Tanaka et al.
PRL104,062701 (2010).

Island of Inversion

31Ne T.Nakamura et al. PRL(2009).

B 1n halo known

B 2n halo known
B 4n halo/skin



[ Probe-1: Coulomb Breakup ]

—>Photon absorption of a fast projectile

P(n), P(*Ne)

Invariant Mass

:> ExaErel

030Ne
/

1000 ¢
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31N6 31Ne>x<
QO >
Virtual
$~0.6 Photo
High-Z Target
(Pb)
Equivalent Photon Method |
docy 167 . \dB(EI)

dEX 9HC El(E )

Cross section = (Photon Number)x(Transition Probability)

C.A. Bertulani, G. Baur, Phys. Rep. 163,299(1988).
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nEl(E‘y)
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How a nucleus responds, when it absorbs a photon?

B(E1)
(E] Transition Probability)

E ~80A-13MeV

uce

Giant
Dipole
v None! Resonance
[~2MeV 1p20Mev  Es (GDR)
B(E1) (=Ev) 5K TUBT 215

(E1 Transition Probability)

A

Y JRE1 i
Soft E1 Excitation

A

Y 1~2MeV 10~20MeV  E,
(=Ey)




E1 Response of halo nuclei (Coulomb Breakup of 1n halo)

Giant Dipole Resonance
JBED) pl~2MeV . (EATIEF 1£18)
dE, B

-lying 10~20MeV X
—___E1 Strength (Soft E1 excitation)
11Be B(E1)=1.05= 0.06 o2fm2  N.Fukuda, TN et al., PRC70, 054606 (2004)

_ | TN et al.,PLB 331,296(1994)
W (3.29+0.06 W.u)  Palit et al., PRC68, 034318(2003)

Direct Breakup Mechanism

1.5 T

05—

dB(E1)/dE, (e*tm?)

o T R AT X S &

Ex (MeV) o ~ C?Slexp(-r/N)/r|?

E1 Strength 2S =0.72+0.04
dB(E1) CK

NVt 0 .
oc| (exp(igr)|=rY' _|D <:> o >
dE, | (explig g™l o Fourier -S| Halo State

o C2S| (exp(iqr)%rYlmbW) > | Transform

n

Soft E1 Excitation of 1n halo—Sensitive to S,,, [ , C2S




Dineutron Correlation in 11Li (Coulomb Breakup of 2n halo)

T.Nakamura
et al. PRL96,252502(2006).

n
D

RO 1T T T T Vo
[ ¢ Present work (RIKEN) | dB ( E 1) -
— leki et al(MSU). 1 B(E]) = f n
150 —1 shimoura et al.(RIKEN) |

_ _ Zinser et al.(GSI)

| 4o\ A
| B(E1)=1.42+0.18 & fin*(E., = 3MeV)
| —1.78(22) €’ fm* — (0,,) = 48" s deg.

]
@ 0 Dineutron Correlation Qn
W) ->Strongly Polarized
S Strong E1 Excitation
HL1 s,=037MeV
Soft E1 Excitation of 2n-halo—+dineutron-like correlation

=i(@) (17 +12 4207 7))

dB(E1)/dE,, (e*tm?/MeV)

Weak 2n correlation
—->Weakly Polarized
—->Weak E1 Excitation

“n




[ Probe-2: Nuclear Breakup ]

—>e.g. 1n knockout reaction of 3'Ne

30
*'Ne SINe* 30Ne P(ON::O)
O > Q'E;‘%% Ne
O
(v)
p~0.6 ¢/Small(s, p)

?:large(d, f)

F, (30 Ne)

® v ray in coincidence = 3°Ne(2*) / 3°Ne(0*) Contribution
® 0, and P, distribution -’> ¢ of valence n, configuration

Theory: Eikonal Approximation



Inclusive Coulomb/Nuclear Breakup of Drip-Line

. TN., N.Kobayashi, ... et al., PRL 103, 262501 (2009).
Nuclei at RIBF v 12009)

N.Kobayashi, T.N. et al., PRC86, 054604 (2012).
Ph.D Thesis, N.Kobayashi

Ca
K
Ar
Cl
S
P
Si A -
Al P NP e
Mg Y ¥ 2
Ne 7 >< 39S
F
N
C (S.=0.29(1.64) MeV)
B *Ne *'Ne '™n o et al. PLB649.43(2007)
Be N=Y6
L] ] 1n-halo known
H =
H N=8 ¢ (s,,.=0.42(94) MeV) B 2n halo known

B 4n halo/skin



Inclusive Coulomb Breakup

B (E 1 ) “1 6Jr dB(E1
(E1 Ténsition Probability) o(El) = f Ny (E,) ( )
s o O%hc dE
oft E1 Excitation Eth X

(Halo Nuclei)

Dipole Resonance 31Ne+Pb—=>3Ne+X
nuclei)

22C+Pb—>20C+X
-2MeV E_
T T by, Target |1 (ZEy)
500?\ bog=12.6fm E
5; 50 960#@% ]
Q > %o
N i Halo/Non Halo can be
N E distintinguished only from
S I P NP | P the inclusive cross section !
E., (MeV)

o(E1)~0.5--1b <~0.1b



Experiment at BigRIPS & ZDS at RIBF

- % J\
From wap
Present Facility
\ /”.,/7\
\ = ) '

! S Y

L
‘ RI Beam Factory

] ZeroDegree =1 Fl1
TOF FSB P, AE spectrometer
CHITHIIHD,, ' K10 TO F, AE
Bp
@ZDS
1st stage , 2nd stage
l;roduct_ion a]?cli{ 0 Tagging of RI beams ta rg et
Separation o eams: s
BORIPS 190’200,220
48Ca g 29.31Ng,33.35.37\g

345MeV/nucleon 39.41Gj
60-150pnA 230~240MeV/nucleon



13 10" Partic'e Idenﬁﬁcaﬁon

{25 e Rl beam Intensity @RIBF

‘ 10° ~103-10* times/RIPS 48Ca@60pnA 2008

121 3Ny 3

B TEENNEE
JE U 2 >1Ne: 230MeV/nucleon
B i ~5 counts/s
10
9 cf.3'Ne -- 4 counts/day
| @RIPS H.sakurai et al., PRC54,2802R(1996).
88 20 3 31 32 33 ' S0TiBeam

A/Z

48Ca@100pnA 2010
(=200pnAin 2012)

3'Mg: 244MeV/nucleon
~6 counts/s




_ ] c.f. S, (3'"Ne)=-0.06(0.42) MeV
3INe (N=21) Shell Configuration L.Gaudefroy etal. 2012

30 + 2
OB tep,

\ / 5.00[\ .
N\

1.00

0.50

{Exp.Val

0.10}

0.05 |

0.01 [ A A A " A A A A A A " A A A " A A A A r
0.0 0.2 0.4 0.6 0.8 1.0
S_ (MeV)

2P, OF 2S,, Low-L orbits > Large E1->1n-halo structure of 3"Ne
30Ne(0*)X1f,,, Excluded ->Shell gaps(20,28) vanish at *'Ne

Sn/C?S—> Nuclear Breakup (*"Ne+C, y coincidence,
Kinematically complete measurement of Coulomb Breakup)




Spectroscopic Factor

{5l :3INe: 31RZRDEENBIELE . 1HIFENE [core x n]DOverlap

CZS(O+;p3/2) = <3ONG(O+)®p3/2 ‘ 31Negs (3/2_)>

0, &

P
3/2 3INe (314K FR,)7=3/2)

FER: AN)YE YT KIG(d,p), 1 BLF 52 Bt 5t
BT EF& oc C2S

B3 R TN ERHEATLE >

=+

a .

J JA>

A+1<> B . <J
i C*S(J "snlf) =

\2J 5 +1




Semi-inclusive cross sections 3'Ne — 3°Ne(0*

30Ne(2*)>3Ne(0*4,)
792 keV

l 3INe + Pb — 3%Ne

2 10

p '
S itedlt ol
S~

C —

-

(@)

O

N

O_Illl‘l.‘llll1.‘l.lﬁ}+llj L] Ll (|
500 1000 1500 2000
E, (MeV)

Fitted with a response function (GEANT4)
+ exponential background
Y. Yanagisawa et al., PLB 232566, 84 (2003)

gs.)

Inclusive o_,(E1) = 529(63) mb
o_,(E1; 2%, 4% etc.) = 81(87) mb
— 04,(E1; 0%y 5) = 448(108) mb

0%ys./ Inclusive =~ 85%

Inclusive o_,,(C) = 90(7) mb
0.4,(C; 2%, 4%, etc.) = 57(13) mb
— 0.44(C; 0%, ) = 33(15) mb

0%ys./ Inclusive = ~37%



Combined analysis

-- Estimation of C2S & S of 3'Ne

31Ne(3/2°) : *°*Ne(04%) ®1p3»

3
, O 2
o)
@ l
@)
5 0.15
oo 0.l
Ov
T 005
0.8
D 06
O 04
0.2

Coulomb breakup

S, (3*'Ne)=-0.06(0.42) MeV
L.Gaudefroy et al.,
PRL109,202503(2012)

Only one confiquration can couple with 0*

— isolate C?S and S,

Nuclear breakup

-
3
-
-
L
-
-

U A

Hpppiiiaziiiiillllllilllidiilii/ddididdidddddiiidddddd

S, (3'Ne) (MeV)

< Exp. 0,,(E1;,0%,,) = 448(108) mb

Theoretical calc. for
|31Neg.s. > = |30Ne(0+g.s.) ® p3/2>
(C?S =1)

< Exp.0.,,(C;0°,,) =33(15) mb

R
: >y C?S of [¥Ne(0°) © Py in [*'Neg.,)
> o = Exp. / Theo.(C4S=1)
2 +0.21
e C*S =032
o | | S =0.157> MeV
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O

C’s

Possible configurations
31Ne(1/2*) : 3°Ne(0%) ® 15,

Pb
0.8

=

0.2 jﬁ//f”/

//// // '

N\

*'Ne(3/2°) : ¥Ne(0*) ® 0d,

oL
o0
[a—

AN
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N\ NN
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N UIC

C2S < 1

\\\\\\\‘L
2 FAANT N

S
?’/”?///f//f///f// /////

Mass —

P ///// ”//// W,
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Y
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S, (MeV)

0 02 04 0.6

\\\
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0.8

--Overlap: Breakup by Pb(Coulomb) and C

31Ne(3/2") : 3°Ne(0+) Q 1p3,

08 N lomb

p 0.6} / /////,//
0.4
0.2 /

S, (MeV)



do/dP, [mb/(MeV/c)]

Inclusive momentum distribution of *°Ne fragment (C target)
Case of p-neutron removal (3'Ne(3/2))

O

O

-

O

Lines were calculated based on eikonal model.

State C?S a(mb)
8T S 3°Nees)  0.09 3.0
: |>°Ne®p) 0.55 45.7
6 3°Need)  1.33 27.8
: |39Neef) 0.80 18.8
4+ total 93 mb
all Exp. 90(7) mb
o | State cs
I ombine
B *°Ne(0*y s )2 130 0.26€ analysis
0. ~ |3°Ne(2*,)21ps» 0.265 (sm:0.21)

-200 -100 O 100 200

P, (MeVic) 3Ne, . (3/27) is supported

P-wave Neutron Halo surrounding the deformed Core.



Picture of 3!Ne extracted from Breakup Reactions

Extremely Small Separation Energy
Large Configuration Mixing

J*=3/2", C25(0+;p3/2) = 0-323?;
S =0.157° MeV

1n Halo, Deformed, Nucleus

e S

Excellent Agreement with Large Scale Shell Model !
(SPDF-M Interactions Utsuno, Otsuka)

TR 3p-2h dominant
o— 172 o— 2p312

-0290— 1d3/2 Pl ifg% N=20,28 gap

00— 25172 o S - Disappeared
000000 5> 000000 5> PP

8 Large Q-moment, E2 transition

00— 1p1/2 o-9— 1pr1/2 >Q,~60fm?
-0-0-0-0 - - - - - 0 _,

2~ P32 2~ P32 B~0.5 (EAR/E1E~2)
—00— 1512 00— 1512

) R(0.¢)=R,[1+ BYy (0.9)]
KBS ILETILFHE—TLREZD" " LR S KLIIEoT!



Theoretical consideration (3'Ne)

ESLTERLI=OM? p2ifsiz

Nilsson Model  3p-2h State

—>Quadrupole Deformation

— . e v e dbrvva bevna b rr e bvr e v v berrababbr ot

N_21 . 6 Neutron one-particle levels in Woods-Saxon potential [
2p5/, 1 Vws--400MeV  R-3000m (A-31) a-0.67 s
4 = — o
~2MeV : . - Tme) :
1f, 2P3, 119 2 3 o
41 ~ . | n
Z=20 7Z=10 ~ -2 E
N=21 N=21 Y 4 o .
-6 :—
fp Degeneracy E
-8 .

>
(5]

(Nuclear Jahn-Teller Effect)  -1G€mmn G
0.4 -0.3 -0.2 0100 01 02 0.3 0.4 0.5 0.
fp Degeneracy DR Al EHE-B V() ERE+
Fermif JL{55, Weakly Bound A
Y.Utsuno et al.PRC60,054315(1999). \ SE::0Far 81

I.Hamamoto, PRC76,054319(2007).
l.Hamamoto, PRC85,064329(2012).




In 2012

Inclusive = Exclusive
/DS -2 SAMURAI



SAMURAI (sm@urrELEE)
Superconducting Analyzer for MUIti-particle from RAdio Isotope Beam

Kinematically Complete measurements by detecting multiple particles in
coincidence AR EZRICDTEEHFATEDI=ODARIOA—LZ (HAZEEHE)

Large momentum acceptance

Superconducting BPmax / BPmin ~ 2~ 3
RI beam Magnet Good Momentum Resolution
from BigRIPS (3T, 2m dia. Pole Ap/p~ 1/700 (designed value)

(50 separation for A=100)

Large angular acceptance for n
20 deg (H) x 10 deg(V)
(~100% coverage <E,, ~ 2MeV,
T ~ 30% coverage atE_ ~ 10 MeV)
Stage: Rotatable (-5 -- 95 degrees)
Versatile Usage
ey Invariant mass for n+Hl
Veiy Invariant mass for p+HI
’# (p,n),(p,p’),(p,Pn)(pP,pP) etc.
Heavy lon Collision
polarized deuteron, etc.

Neutron(s)

o
Proton "% Heavy Ion
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22

O Prominent 2n-Halo?

Reaction cross section measurements
(<r2>)2=54(9) fm c.f. ~3.5 fm'Li =
K.Tanaka et al., PRL 104, 062701(2010). S

©
O N=16 Magicity? o
800 - C
‘
1d3/2 s 19 20 A 21 2

eoecoe ], A.Ozawa et al., PRL 84, 5493 (2000).

N
@)
E 1200
N —

1000 -

o
(OS]

[0 Heaviest s-wave dominant 2n Halo within reach?

c.f. 3s,, Halo: Far away for the current and near-future RIB facilities
N~60-70

Kinematically Complete Measurement of Coulomb/Nuclear Breakup of 22C




Coulomb Breakup of 22C

Soft E1 Excitation---Good Probe for 2n correlation
e.g. "Li T.Nakamura et al. PRL96,252502(2006).

4 [ I I I ! |
180 0.04
) 22C+F’b | 160 0.035
7 No correlation . 140 0.03
SES | e 8’ 120 0.025
o | “ — Correlated | 2 128 0.02
% I No correlation ag} 60 0.015
=,L I — even-l only | A0 0.01
= Correlated 20 0.005
2 ) Calculation b ° ’
5 alculation y
‘g,:' A K.Hagino Dineutron Correl f;” "
-V ineutron Correlation
0 ) » \/\Fj ~+S2n 5QOkeY
0 2 5 6 7
EreI (MGV)
Correlated: a|(@s,,)2> +6 1(1d3,)2> +112p2)?> + (152> ...
1.05b 625%  24.2% 4.7% 3.8%
Non-Correlated: |@2s,,)?>
(sonly) 166p 100% >Kinematically Complete

Measurement of Coulomb Breakup



[Coulomb Breakup]
22C

o > 22Cbc =

_— )On
n

~230MeV/nucleon v
@ Equivalent Photon Method
docy 16rc3 dB(E1)

dEx :9hC El(E )

[ Nuclear Breakup ]
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Invariant Mass Spectroscopy of 2'C and %2C

Pb(22C,2°C+n+n) . E
yy rel D0(*
22 20 C#n#n
C(¢<C,<°C+n+n) E =E,+S,| E, E,
M*=/(Ey +E, +E,)* (P, + B, + B,)’ 2c MGk

Erel =M*_(M2O+Mn +Mn)

C 1.79 g/lcm? |4 SAMURAI Magnet
Pb 3.26 g/cm? | | B=3T, superconducting

~230 MeV/nucIeong
Good Energy Resolution

AE_(MeV) = a,/E,,
a~0.2MeV (10)

secondary targe

(MeV) (at the center of DALI2
DALI2 FDC1

Sm



SAMURAI Experiment May/2012

First Full Exclusive Coulomb/Nuclear Breakup Measurement of 22C and '°B

SAMURAI Magnet
ﬂ I

NEBULA




Rl Beam Spectra @ SAMURAI May/2012
48Ca 150~200pnA (Max 250pnA)

Tuned for ?2C Tuned for 1°B
(#2C+Pb/C>2°C+n+n) (°B+Pb/C->1"B+n+n)
2C ~10/s (@150pnA) B ~50 /s (@200pnA)
2N ~80 /s 7B ~1000 /s -
e S W — E—— I - T — =

AE f 4 60 ;
140 f i 4°;
120 f - 20;
100 - 00|

5 by d | gt
[ T '\

- 10 F i
80 ; ; ; PR A— 80

- i F'I : : TP ' -

- ] = 3 " .
60 m3 2 60 .
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High intense RIBF Beam
22C: ~10/s (c.f. 10/hour K.Tanaka,PRL2010, RIPS@RIKEN)

Gain of ~3600!




Results on Inclusive Data

PID of Downstream Detectors at SAMURAI By S.Ogoshi

3f e
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Clear Separation of Mass and Charge

Beam Trigger
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Reaction Cross Sections = Matter Radii of Halo Nuclei 22C and °B
Inclusive —xn cross sections - Reaction Theory, Shell Structure



Heavy lon + 1 neutron : 22C+C—>21C*>20C+n
20)

220 230 240 250 260 27Q 280 @

23F | 24F | 25F | 26F 21F 28F 29F | 30F | 31F

1 d3/2

®®

23,
21N | 22N] 23N eoeeoe 1 .,
200 21 C 22ND21C*>20C+n

N=16 S.Mosby et al.(MSU) NPA909,69(2013)
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Study of unbound nuclei 220 and %0
Spokesperson Yosuke Kondo

Experimental study of unbound oxygen isotopes
towards the possible double magic nucleus 280

24Ne°Ne P6Ne 27I]Ie 28|]|e 29Ne|30Ne[>'Ne|32Ne T. Otsuka et al., PRL105, 032501 (2010)

(b) Energies calculated
from G-matrix NN 1

(a) Energies calculated
from phenomenological{ [

23F | 24F | 25F | 2 28F | 29F | 30F | 31F

forces + 3N (A) forces

> _ 1t ]
20| 30| 240220260 ) 27012801 7=g z ™ Drip line Drip line
21N | 22N| 23N N=20 2_40 e Exp. :
| ——SDPE-M | 1t NN +3N (43 ]
20C|21C|%2C Oxygen Anomaly — USDB i '
-60 ! 1 ! i ! 1 1 1 i ] ]
N=167 ° Neutron %\lllumlbeer (N) %ron %\ilmlbil‘ (N) *
250 and %0 measurement as a 1st step The effect is large at N>16
260 2n radioactivity G. Hagen et al., PRL108, 242501(2012).

—>Talk by Kondo on 28th!
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Collaborators

Inclusive Coulomb Breakup of *"Ne and 22C
(3"Ne Coulomb BU: PRL103,262501(2009)

22C Coulomb BU/Nuclear BU: In preparation )
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E.Takeshita,M.Takechi, S.Takeuchi, K.Tanaka, K.N.Tanaka, N.Tanaka,
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SAMURAI Dayone Experiment
(May 2012)

First experimental campaign for the 3 physics programs
1. Coulomb breakup of 2°C and *°B (T. Nakamura)

2. Study of unbound states of %2C, 21C, *°B, 8B (N. A. Orr)
3. Study of unbound nuclei 220 and %°0 (Y. Kondo)
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GANIL: A.Navin

Technische Universit"at Darmstadt: T.Aumann

Rikkyo Univeristy: D.Murai

Universit'e Paris-Sud, IN2P3-CNRS: M.Vandebrouck




