
B02: 
Properties of neutron-rich nuclear matter 
with low-to-medium nuclear density
中性子過剰な中低密度核物質の物性

中村隆司 東工大

実験と観測で解き明かす中性子星の核物質
23-25 Sep., 2014, @Atagawa

下浦享 東大CNS
近藤洋介、栂野泰宏 東工大
寺西高 九大

T.Nakamura, Y.Kondo, Y.Togano
Tokyo Inst. of Tech.
S.Shimoura 
CNS, U. of Tokyo
T.Teranishi
Kyushu U.



EOS  of Nuclear Matter

Symmetry Energy: S()
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Neutron-rich Nuclei :Microscopic Laboratory for Neutron Star

Equation of State (EOS)

• Nuclear Force (NN,3N)
• Many-body Correlations (Superfluidity(pairing),   condensation …) 
at Extreme Conditions (not like normal N~Z nuclei)

-- Wide range of Density 10-3 --- 10 -- Density Dependence
-- Asymmetric nuclear matter N>>Z         -- Isospin Dependence



How to determine the EOS?

PDR

S() : S0, L(pressure), Ksym(Incompressibility)
 Collective Motion of Neutron-rich Nuclei

Core

n-skin Pygmy Dipole Resonance (E1)
Breathing Mode (E0)

SuperfluidityDineutron correlation in low-dense matter 

n n

S()Nuclear force 
(density dependence, isospin dependence, 3N/4N force)
 tetra neutron, exotic nucleonic system

S()Bulk Property 
 neutron skin thickness(Tamii,Togano),masses (Yamaguchi)

---Projects of B02

4n 26, 28O

Y.Togano, CATANA PDR of 52Ca,  
Approved (Grade-A) by PAC in Dec.2013 

Coulomb Breakup of 2n Halo  22C and 19B
Done at SAMURAI, 2012.  
Analysis is in progress

S.Shimoura 4n exp at SHARAQ Done, Next-generation N-array
Kondo:  26O, Done at SAMURAI, 2012, 28O exp Approved by PAC (Grade-S)
Sekiguchi 3N/4N force 

Study of Deformed Driven Halos:  31Ne,37Mg
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Evolution Towards the Stability Limit

2n halo known
4n halo/skin

1n halo known
22C

31Ne

Halo? Skin?
Shell? Deformation? Ca

37Mg

19B

Boundary of 
Island of inversion?

25O26O28O21C

18B

Drip Line?
Nuclear Force

Many Body
Correlation

4n 5H 7H

52Ca
Neutron Skin/Pygmy Resonance



31Ne
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Target

30Ne
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Probe-1: Nuclear Breakup 
e.g. 1n knockout reaction of 31Ne (TN et al. , PRL112,142501 (2014).)

30Ne

 ray in coincidence  30Ne(2+) / 30Ne(0+) Contribution
-1n and P// distribution  of valence n, configuration

Theory: Eikonal Approximation
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22C

High-Z Target 
(Pb)

20C
n

(virtual photon)

=        NE1(Ex)
dB(E1)
dEx

dCB
dEx 9hc

163

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

Invariant Mass
Equivalent Photon Method

relx , EE
)C(),(),( 20PnPnP



22C*

Probe-2: Coulomb Breakup


>0.3

C.A. Bertulani, G. Baur, Phys. Rep. 163,299(1988).

n

E1(Electric Diplole) RresponseSoft E1(Halo),Pygmy Dipole(Skin)



48Ca
345MeV/nucleon  

C and Pb 
target

TOF BE
TOF,E
B
@ZDS

Inclusive Coulomb/Nuclear Breakup of 31Ne/37Mg

31Ne: 230 MeV/nucleon
37Mg: 240 MeV/nucleon

N.Kobayashi, TN et al.
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Exp. σ-1n(C;0+
g.s.)  = 33(15) mb

Exp. σ-1n(E1;0+
g.s.) = 448(108) mb

Theoretical calculations for
|31Neg.s. 〉 = |30Ne(0+

g.s.) ⊗ p3/2〉
Nuclear breakup

Coulomb breakup

Spectroscopic factor (C2S) & Separation energy (Sn) of 31Ne 

Sn (31Ne)=-0.06(0.42) MeV
L.Gaudefroy et al., 
PRL109,202503(2012)

Only one configuration can couple with 0+

→ isolate C2S and Sn
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31Ne+Pb30Ne(gs)+X

31Ne+C30Ne(gs)+X



Results on 1n Halo:

31Ne

p-wave halo neutron
Deformation  ~0.5  (~ 3:2)

Strongly deformed although it is N=21 (20+1)

30Ne core
MeV15.0 16.0

10.0

nS

Coulomb/nuclear breakup cross sectionsp-wave 30%Deformed and Halo 



Exclusive Coulomb Breakup of 22C, 19B

22C
240MeV/nucleon

20C

n

n

J.Tsubota’s
Poster



Coulomb Breakup of 22C
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R.Minakata et al.

22C+Pb22C* 20C+n+n

Preliminary

Halo
Dineutron Correlation?

Strong Soft E1
(Preliminary value: ~0.9b)



Study of unbound nuclei 25O and 26O

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

Drip line Drip line

The effect is large at N>16

Experimental study of unbound oxygen isotopes 
towards the possible double magic nucleus 28O

Spokesperson Yosuke Kondo

24O

23N

22C

25F 26F 27F 29F

22N21N

23O22O

20C 21C

25O 26O

31F

27O 28O

30F28F24F23F

24Ne 25Ne 26Ne 27Ne 28Ne 29Ne 30Ne 31Ne 32Ne

Z=8

N=20

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

Oxygen Anomaly
N=16?19B



Decay energy spectrum
(26F+C25O24O+n)

50 times higher statistics!
Different decay channel (25O23O+2n) can be studied

C.R.Hoffman et al.,
PRL100, 152502 (2008)

Edecay=770keV

Decay energy (MeV)
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eV 26F+C25O24O+n
(preliminary)

24O+n

Edecay

n-decay
threshold

Edecay=770keV 25Ogs

Slide by Kondo



Ground state
5 times higher statistics
better determination of energy

Excited state at ~1.3MeV
First observation, Most probably 2+

No peak at ~4.2MeV

Decay energy spectrum (27F+C26O24O+2n)

Er<200keV

Er<120keV
(95% CL)

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

C. Caesar et al.PRC88, 034313 
(2013)

Y.Kondo et al.

Preliminary data



Summary
• Inclusive Coulomb/Nuclear Breakup
Deformed driven Halo in 31Ne, 37Mg (N.Kobayashi et al.)

PRL112,142501(2014), PRL112,242501(2014).

• Exclusive Coulomb breakup of 22C/19B
2n correlation  -- Analysis in Progress

• Production of unbound nuclei 25O,26O
Observation of 1st excited state of 26O 3N 

force
• 28O (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



 Constraint on 
Theories on 3-body Force

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


