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EOS of Nuclear Matter
/ Equatlon of State (EOS) \
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Neutron-rich Nuclei :Microscopic Laboratory for Neutron Star
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"+ Nuclear Force (NN, 3N)
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° Many-body Correlations (Superfluidity(pairing), = condensation ...)
at Extreme Conditions (not like normal N~Z nuclei)

-- Wide range of Density 10-3p, --- 10p,
-- Asymmetric nuclear matter N>>Z

-- Density Dependence
-- Isospin Dependence /




How to determine the EOS? ---Projects of B02

OS(p) : Sp, L(pressure), Ky, (Incompressibility)
<& Collective Motion of Neutron-rich Nuclei
n-skin

Pygmy Dipole Resonance (E1)
Breathing Mode (EO)
«—— Y.Togano, CATANA- PDR of %2Ca,
PDR Approved (Grade-A) by PAC in Dec.2013
O Superfluidity €Dineutron correlation in low-dense matter
ﬂ Coulomb Breakup of 2n Halo %2C and '°B

Done at SAMURALI, 2012.
nn Analysis is in progress

Study of Deformed Driven Halos: 31Ne,3'M
OS(p)€Nuclear force udy iv g

(density dependence, isospin dependence, 3N/4N force)

& tetra neutron, exotic nucleonic system 4 e 26,280
S.Shimoura 4n exp at SHARAQ Done, Next-generation N-array (%)

Kondo: 260, Done at SAMURALI, 2012, 220 exp Approved by PAC (Grade-S)
Sekiguchi 3N/4N force

OS(p)<Bulk Property
< neutron skin thickness(Tamii,Togano),masses (Yamaguchi)




Evolution Towards the Stability Limit

Neutron Skin/Pygmy Resonance

. N 2Ca
Shell? Deformation? Ca 7
Halo? Skin? A K
Drip Line? Cl

E>Nuc|ear Force |§

E>Many Body i:

Correlation Mg

Na
Ne

£
=28

' Boundary of
4

Island of inversion?

B 1n halo known
B 2n halo known

4n halo/skin




[ Probe-1: Nuclear Breakup]

—e.g. 1n knockout reaction of 3'Ne (TN etal., PRL112,142501 (2014).)

3INe 31N e*
e* 30Ne _
‘ ‘ W ‘ 30Ne P(BO Ne)
n (v)
Target 2 %@ J=30
P = 0.6
E 0.4
f 2702
B ] s
b= () e -* o
P (30 Ne) 200 -100 0 100 200
/ P, (MeVic)

" v ray in coincidence = 30Ne(2*) / 3°Ne(0*) Contribution
*c_,, and P, distribution -‘9 ¢ of valence n, configuration

Theory: Eikonal Approximation



[ Probe-2: Coulomb Breakup J

—> E1(Electric Diplole) Rresponse->Soft E1(Halo),Pygmy Dipole(Skin)

22
C 220 ‘ 200
& — .
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Inclusive Coulomb/Nuclear Breakup of 3'Ne/*’Mg

N.Kobayashi, TN et al.
- g J|
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BigRIPS 3"Ne: 230 MeV/nucleon
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Spectroscopic factor (C?S) & Separation energy (S,) of 3!Ne

31Ne(3/2°) : *®°Ne(04%) ®1p3»

*r Only one configuration can couple with 0*
ap y= *Ne+Pb>Ne(gs)+X — ;/solate C2Sqand S "
2 “F Coulomb breakup n
o3
T 1=
] 01 R N € Exp. 0,4,(E1;0%; ) = 448(108) mb
~ sk 31Nﬁ+C? 30Nbe(gs 0 Theoretical calculations for
g) % L 2 ucliear orea up |31Negs > - |30Ne(0+gs) ® p3/2>
5 b | s. s.
Q/VO-OS:*' ; 77 . : . :
3 . '—-i”,f-',/ /1 , /1//// €— Exp. 0.,,(C;0%;,) =33(15) mb
ob—— e
0.8 2 ssuc L S, (3'Ne)=-0.06(0.42) MeV
D o6F SNy / L.Gaudefroy et al.
¢ . S ’
O o4 ,),.. .,, PRL109,202503(2012)
02 777
', = = I R CZS 20324_3%
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Results on 1n Halo:

week ending

PRL 112, 142501 (2014) PHYSICAL REVIEW LETTERS 11 APRIL 2014

Deformation-Driven p-Wave Halos at the Drip Line: *'Ne

T. Nakamura,_N_Kobavashi ' Y. Kondo,' Y. Satou,"* J. A. Tostevin,” Y. Utsuno.* N. Aoi,” H. Baba.’
N. Fukuda,” J. Gibelin,® N. lnﬂhe.j M. Ishihara,” D. K:uneda,j g I Kubn,j i Mntnbayashi,j T. Ohnishi,” N. A. Orr.”
H. Otsu,” T. Otsuka,” H. Sakurai.” T. Sumikama,® H. Takeda,” E. Takeshita,> M. Takechi.’ S. Takeuchi.’
¥ "l‘ug:um,'j and K. Yoneda®

week ending

PRL 112, 242501 (2014) PHYSICAL REVIEW LETTERS 20 JUNE 2014

Observation of a p-Wave One-Neutron Halo Configuration in *’"Mg

N. Knbzwashi,"* T. Nakamum,' Y. Knndn,' JLA. ’l'nstevin,z" Y. ljtsunn,3 N. Ani,‘*"T H. Baha,4 R. Bzu“rhelen‘;y,5
M. A. Famiann,5 N. Fukuda,4 N. lnabr&:,4 M. lh‘hihﬂ]‘il,4 R. Kﬂnungn,ﬁ S. l‘{im,T T. Kubo,4 G. S. Lee,' H.S. Lee,7
M. l'%.flzltsus]lim,4‘i T. Mntnhayashi," T. 'Dhnishi,4 N. A. O]‘]‘,ﬂ H. 'Dtr;u,4 T. Otru.lka,‘9 T. Szlkn,' H. Sakumi," Y. Samu,T
T. Sun‘nikama,m"&i H. ’l'akeda," S. ’l‘akeuchi," R. ’l‘anaka,' Y. ’1‘()gzln(1,4‘1| and K. Yoneda®

31Ne S, =0.1577% MeV

o
p-wave halo neutron

Deformation $~0.5 (~ 3:2)
Coulomb/nuclear breakup cross sections—>p-wave 30%->Deformed and Halo
Strongly deformed although it is N=21 (20+1)



Exclusive Coulomb Breakup of 42C, 1°B

SAMU RA‘I Magnet
y

NEBULA

DALI2' ppcjy
i

SBT

;j,/ J.Tsubota’s
;g:;' Poster
240MeV/nucleon s >

‘-/




Coulomb Breakup of %2C

2C+Pb>22C*> 20C+n+n

R.Minakata et al.

50—

Preliminary

counts

Strong Soft E1 > Halo
(Preliminary value: ~0.9b) Dineutron Correlation?



Study of unbound nuclei °0O and %°0

Spokesperson Yosuke Kondo

Experimental study of unbound oxygen isotopes
towards the possible double magic nucleus 220

24Ne°Ne PSNe 27I]Ie 28I]Ie 2Ne|30Ne*'Ne|32Ne
23F | 24F | 25F | 2 2 28F | 29F | 30F | 31F
220)| 230 240 250260 -2;5=28_C)_: 7=8

21N| 22N| 3N N=20
20C|21C|#C Oxygen Anomaly
og| N=167

Energy (MeV)

T. Otsuka et al., PRL105, 032501 (2010)

(a) Energies calculated (b) Energies calculated
from phenomenologicalq{ r from G-matrix NN A
forces + 3N (A) forces
Drip line Drip line
I & Exp. : + Exp.
| = SDPF-M  : m— NN + 3N (A
= [JSD-B ===NN
1 4 1 i |
14 16 14 16 20

1 1 : | 1 1 : |
0 8
Neutron Number (N) Neutron Number (N)

The effect is large at N>16

G. Hagen et al., PRL108, 242501(2012).
H. Hergert et al.,, PRL110, 242501(2013).



Counts /50keV

Slide by Kondo

Decay energy spectrum
(*°F+C>20->240+n)

! 26F+C>250>240+
il F C% O% . n C.R.Hoffman et al.,
e PRL100. 152502 (2008)
0or | NDF=19
1000 Ewl |
s 60y z \ }
E, 40 | . [
I threshold S
- 20 o
0_| 1 | | { R |l: | i iLLI | | 1 I_Ll.il.J | |.| Lckoh |
0 1 2 3 4 5 6 7 8 9 10 T D 5 =~ & 8
Decay energy (MeV) 0.0 0.5 1.0 1. 5 2. O 2 5 3.0

Neutron decay energy (MeV)

50 times higher statistics!
Different decay channel (©°O->230+2n) can be studied




Decay energy spectrum (2’F+C>260->240+2n)

E. Lunderberg et al.PRL108, 142503 (2012)

:: 24 O+n+n 1o LA (b)
E’ 30 s\
Y.Kondo et al. & ° i
(&)

0 0.5 1 1.5 2 25 3 35 4
E gecay (MeV)

Preliminary data

C. Caesar et al.PRC88, 034313
™ é_fu_:l 3),4 K q IIIIIIIIIIIIIIIIIIII Ground state
g 6: S Excited state
a :_ — eff. X acc.
%42_" ____H____ :(l‘laj
- —— T 06 5
nrsl 04
Ground state IR AL R
1 H HPR A %_””I”“I””I IIIIIIIII —Iomelei
5 times higher statistics 2% Er<120kev | | FitBI;‘ ‘ Fit
. i g 6F ¢ 0 _ 1a one_
>better determination of energy - (95% CL) ‘ ----- 5 included in
. O complete Fit
Excited state at ~1.3MeV £ .
First observation, Most probably 2* ==
0

No peak at ~4.2MeV



Summary

* |nclusive Coulomb/Nuclear Breakup

- Deformed driven Halo in 3'Ne, 3’"Mg (N.Kobayashi et al.)
PRL112,142501(2014), PRL112,242501(2014).

« Exclusive Coulomb breakup of 22C/'°B
- 2n correlation -- Analysis in Progress

* Production of unbound nuclei 2°0,2°0

—->Observation of 1st excited state of 260 - 3N
force

« 280 (Doubly magic? 24O+4n) — Planned in 2015

With NeuLAND (n-detector, GSI) and MINOS (H-target,
SACLAY)

* Tetra neutron = S.Shimoura’s talk, Pygmy->Togano’s
talk, Inakura’s talk



E. Lunderberg et al.PRL108, 142503 (2012)
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= R3B-LAND (this work)

1.5 = MoNA/NSCL (2008, 2012y
—— NN+3N + residual 3N
——-—  NN+3IN
% 1
s
= Ly
@ _______
S 05
=
|

0

T T T T | T T T T I T T T T | T T T T | T T T
H
-

“0 >0 0

FIG. 8. (Color online) Comparison of the experimental O
and °O energies with theoretical shell-model calculations based
on chiral NN and 3N forces (NN +3N) and including residual
3N forces. Note that the contribution from residual 3N forces
is 0.1 MeV in 0. The data labeled as MoNA/NSCL are from
Refs. [6,13].

- Constraint on
Theories on 3-body Force



