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Nuclear equation of state

δ=0

δ=1

Bethe-Weizsäcker’s formula

L: Large uncertainty
M. B. Tsang et al., PRC 86, 015803



Status of L and J

A. Tamii et al., EPJA 50, 28 (2014)

IAS: Isobaric analog state 
HIC: Heavy Ion Collision 

PDR: Pygmy dipole resonance 
FRDM: Finite Range Droplet Model 
n-star: neutron star observation 

cEFT: Chiral Effective Field Theory 
QMC: Quantum Monte-Carlo 
DP: Dipole polarizability 



L and neutron skin

Large L → Small Esym in low-ρ  

→ Thick n-skin

proton

neutron

neutron skin

208Pb

Roca-Maza et al., PRL 106, 252501



E1 response of neutron-rich nuclei

• Giant dipole resonance (GDR): All stable nuclei 
• Restoring force: symmetry energy 

• Pygmy dipole resonance (PDR): Neutron-rich nuclei 
• 208Pb, 132Sn, 68Ni etc… 

• Oscillation of neutron skin? → symmetry energy?
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~5% of TRK sum
Sn

Giant: Ex~80A-1/3 MeV 

~100% of TRK sum



Dipole polarizability αD
• Inversely energy weighted sum rule of B(E1) 

!

• polarizability due to E1 field

larger restoring force 
→ smaller αD

Without skin With skin

smaller restoring force 
→ larger αD

J. Piekarewicz, arXiv:1307.7746



Previous research: 208Pb
P. G. Reinhard and W. Nazarewicz, PRC 81, 051303

X. Roca-Maza et al., PRC 88, 024316

Covariance analysis of EDF calc. 
→ Strong correlation

New correlation  

  ← droplet model

~L



Coulomb excitation of 208Pb

polarized proton  

at 295 MeV

5.2 mg/cm2 208Pb

Focal plane Polarimeter

Normal kinematics



Dipole response of 208Pb
A. Tamii et al., PRL 107, 062502



Dipole response of 208Pb

A. Tamii et al., EPJA 50, 28 (2014)

αD = 20.1 ± 0.6 fm3



Symmetry energy and PDR
PDR of unstable 68Ni and 132Sn by Coulomb excitation

EPDR = 11 MeV 

SEWSR = 5%

EPDR = 9.8(7) MeV 

SEWSR = 4(3)%

68Ni

branching ratio = 4%

O. Wieland et al., PRL 102 092502

P. Adrich et al., PRL 95132501

68Ni

67Ni+n



Symmetry energy and PDR
• relativistic EDF calculation

Combined analysis 
J = 32.3 ± 1.3 MeV 

L = 64.8 ± 15.7 MeV

A. Carbone et al., PRC81, 041301(R)



Experimental efforts for PDR

D. Savran et al., Prog. Part. Nucl. Phys. 70, 210 (2013).

N=82

Z=50
Z=40
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Experimental efforts for PDR

D. Savran et al., Prog. Part. Nucl. Phys. 70, 210 (2013).

N=82

Z=50
Z=40
Z=28

Z=20

Difference of Fermi surface



PDR strengths of Ca isotopes
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T. Inakura et al., PRC84, 021302 (2011)
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㉘ low-l orbit → larger PDR strength 

!

PDR is not collective?

E1 response of 48,50,52Ca@RIBF



E1 response of 52Ca and symmetry energy
• RPA calculation by Inakura-san



Experimental procedure

Eγ

β~0.6 
virtual photon absorption

n 
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Sn
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Eγ

~2% branch to γ decay



RIBF @ RIKEN

SAMURAI

Primary beam 70Zn@ 345 MeV/nucleon 

→Secondary beam 48,50,52Ca(102~104 cps)

70Zn

52Ca



Experimental setup

52Ca 
250 MeV/nucleon

n

51Ca

CATANA 

CsI(Na) array

2016年 実験予定

+NeuLAND



CATANA
• CAesium iodide array for γ-ray Transitions in 

Atomic Nuclei at high isospin Asymmetryの略 

• crystal: CsI(Na), 20 crystals per ring 

• High detection efficiency: ~60% for 1 MeV gamma

Beam



Supporting frame

Beam

Designed by N. Chiga (RIKEN)



gamma decay from PDR

Eγ

β~0.6 
virtual photon absorption
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~2% branch to γ decay



gamma decay from PDR

J. R. Beene et al., PRC41, 920

Pb

Coulex: (γ,γ’)

alpha

Inelastic alpha scattering

Decay to GS =  

E1 multipolarity



Isovector/Isoscaler property of PDR
• Core + neutron: both isovector and isoscaler

J. Endres et al., PRL 105 212503



PDR gamma experiments@RIKEN

Liq. He or Au target

NaI + LaBr3

beam

• Series of experiments at RIKEN RIBF in 2014 

• 132Sn(α,α’γ): T. Aumann  

• 70Ni(γ,γ’): O. Wieland 

• 20,22,24O(α,α’γ), (γ,γ’): H. Baba

238U 

or 
48Ca

Be target



Summary for E1 response
• E1 response of n-rich nuclei → Symmetry energy 

• Dipole polarizability, PDR 

• Experiment for 48,50,52Ca E1 response 

• in spring 2016 @ RIBF 

• gamma branch of PDR: measured at RIBF 

• 132Sn, 70Ni, 20,22,24O



Related topics



Production of Unbound 
26O states: Y. Kondo et al.
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Missing-mass measurement by DCX 
!  Exothermic reaction 4He(8He,8Be)4n at 200 AMeV. 

✦  Exothermic reaction  
 → small momentum transfer.            
 (almost recoil less condition) 

(Excitation energy of 4n) 

4n 

(8 He,
8 Be) (π- ,π

+ ) 

(1
8 0,18 Ne) θ=0° θ=1° 

q=ω !  Missing-mass spectroscopy 
✦  Energy resolution: ~ 1 MeV 
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2n 

2n 
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Direct decay�

Resonance 
peak�

Direct 
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Picture of 
reaction�

L.V. Grigorenko et al.: Broad states beyond the neutron drip line 195

Fig. 11. Continuum response of the 4n system in the MWS
with a “Gaussian” source (13). Solid, dashed and dotted curves
correspond to rms hyperradius ⟨ρsour⟩ of the source equal to
8.9, 7.3, and 5.6 fm, respectively. Panels are calculated with
(a) no final-state interaction, (b) RT potential (the correct n-n
scattering length). All calculations are normalized to unity at
the peak.

In our calculations we used for the oscillator radius r0

the value of 2.2 fm because this value gives the correct ex-
perimental radius of 8He in the COSMA model. This value
or r0 corresponds to the rms hyperradius of the source

⟨ρsour⟩ =
√

n + 9/2 r0

equal to 5.6 fm. Larger values of ⟨ρsour⟩ were also used in
this work to get a feeling of sensitivity to this parameter
and to imitate a non-Gaussian tail of the source function.

Figure 11a shows the continuum responses which could
be expected for sources of different sizes if no FSI was
present in the 4n system. This is a benchmark case [40]
which is mainly determined by the internal structure of the
source. To take FSI into account, we used the Reichstein
and Tang potential (RT) [41] which provides the correct
low-energy behaviour in the n-n channel. The interaction
in odd partial waves was considered to be absent (the
u = 1 case). It was shown in [33] that the net effect of this
component of the n-n interaction is the weak repulsion
which has very small effect on 4n. The response functions
obtained with Kmax = 16 have practically converged (see
fig. 12). However, they strongly depend on the source size
⟨ρsour⟩ (see fig. 11b). Comparing figs. 11a and b we can see
that the four-neutron FSI has a pronounced effect on the
continuum response. The FSI can shift the peak position
to quite low energy. However, in order to shift it down to

Fig. 12. Peak positions of the 4n continuum response with
RT (solid curve, ⟨ρsour⟩ = 5.6 fm), and Volkov V1 potentials
(dashed curve ⟨ρsour⟩ = 5.6 fm, dotted curve ⟨ρsour⟩ = 8.9 fm,
short-dashed curve ⟨ρsour⟩ = 15 fm). The horizontal dotted
line is the convergence energy for the exponentially extrapo-
lated solid curve. The lower limit of the plot corresponds to the
threshold energy for 4n → 2n +2 n decay for Volkov potential.

4–5 MeV, a very large size of the source is required, which
means that either the initial nucleus should be large, or
the reaction mechanism should enhance the contribution
from large distances, or both.

So, we see that the 4n ground state cannot be inter-
preted as a real resonance, but still can be observed as
some kind of a few-body continuum response in a reac-
tion. This response should depend on the initial structure
of the nuclei and the reaction mechanism, as well as on
the 4n FSI. Our calculations also give a clue as to why no
signature of 4n has been found in the pionic double charge
exchange 4He(π−,π+). The source size in such a reaction
should be comparable to the size of the α-particle, which
would produce the 4n missing-mass spectrum with maxi-
mum at energy around 30–40 MeV.

It could be of some methodological interest to see the
results of calculations for 4n with the Volkov V1 potential.
This potential cannot be considered as realistic for calcu-
lations of the 4n system as it makes the dineutron bound
for about 0.55 MeV (which should lead to the overbinding
of the whole system). Still it is often used in calculations of
light nuclei and we can draw some qualitative conclusions
for this example. The convergences of the peak positions
of the energy distributions obtained in MWS with Volkov
potential as functions of Kmax included in the calculations,
are shown by the dashed, dotted and short-dashed lines in
fig. 12. Calculations were carried out with sources of dif-
ferent radii (even with unrealistic radius ⟨ρsour⟩ = 15 fm).
We also made calculations of the 4 → 4 scattering search-
ing for the energy behaviour of the eigenphases. The dot-
dashed curve in fig. 12 shows the convergence of the en-
ergy, as a function of Kmax, where the lowest eigenphase
is passing π/2.

As can be seen from fig. 12, for Kmax < 14 the
calculated energies of the resonance depend strongly on

5.6fm�7.3fm�8.9fm�
size'of'wave'packet:�

PhD Thesis of K. Kisamori by S. Shimoura
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For Direct measurement of multi-neutrons: 
R&D of Multi-neutron tracker�
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中性子によって散乱された陽子を 3 × 6 mm2のセグメント化されたシンチレータで測定し、 
そのトラックから中性子の反応位置と時間を決定する。

x

y

z Prototype module (micro-hodoscope)�

•  3t×6w×100l mm3 plastic scintillator (BC408) × 16 
per plane 

•  MPPC (S12572) or sensL for sensing scintillation 
•  Supporting frame for Four micro-hodoscopes 
•  Readout using EASIROC�

反跳陽子の飛跡測定を行うために、検出器中で 3 層以上を通過する必要がある。検出器の性能評価を行うた

めに、検出器フレームを設計し、プラスチックシンチレータ（BC408）と MPPC（S12572-050C）を 8 個ずつ

使用したホドスコープを 4 層制作した（Fig 3）。検出器の構成は、

修士論文発表会で詳しく説明する。

4. 宇宙線を用いた減衰長の評価

　制作した検出器はでは、反跳陽子の飛跡測定を信号が発生した

シンチレータの ID から決定するため、各検出器からの信号に対し

て、検出しきい値をシンチレーション光の発光量に対して課すこ

とが必要である。また、シンチレーション光はシンチレータ内を

伝搬する過程で減衰するため、宇宙線を用いて減衰長の評価を

行った。実験のセットアップを Fig. 4 に示す。評価を行うシンチ

レータの上部と下部にシンチレータを配置し、15 mm毎に配置し

た上部のプラスチックシンチレータ ID1,2,3 のどれか 1 本と、下部

のシンチレータで MPPC 信号が得られた際に電荷情報を取得する。

この方法で評価するシンチレータに入射した宇宙線の位置を決定し、宇宙線スペクトルのピークの位置の変

化より、プラスチックシンチレータの減衰長を評価する。Fig.5 は各シンチレータの取得した宇宙線スペク

トルである。Fig.5右下は評価したシンチレータの宇宙線スペクトルに、ID1,2,3 をガウス関数でフィッティ

ングした 1σ 以内のイベントをそれぞれ重ねて表示したものであり、入射位置とピークの位置の関係につい

て Table.1 に示す。この測定の結果、減衰長は 9 mm と求まった。使用したシンチレータの減衰長のカタログ

値は 1× 20 × 200 cm の形状で 210 cm であるが、シンチレータを細くすることで約 1/200 程度になることがわ

かった。

5. 宇宙線の飛跡測定実験

　制作した検出器を用いて、宇宙線を用いて飛跡測定の精度

を評価する実験を 1月末に行う予定である。修士論文発表会では、

この実験の詳細と、器内で観測された宇宙線の飛跡測定について

発表を行う。
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Fig.3　制作した検出器の写真

Fig.4 測定時のシンチレータ配置図

Fig.5  得られた宇宙線スペクトル

Fig.5 測定で得られた宇宙線スペクトル

Table.1 宇宙線入射位置とスペクトルのピーク位置

上部シンチ

レータ ID

位置(mm) ピーク位置

(ch)

1 35 105

2 50 91

3 65 76



Summary
• E1 response of n-rich nuclei → Symmetry energy 

• Dipole polarizability, PDR 

• Experiment for 48,50,52Ca E1 response 

• in spring 2016 @ RIBF 

• gamma branch of PDR: measured at RIBF 

• 132Sn, 70Ni, 20,22,24O 

• Unbound Oxgen isotopes -> 3N force 

• tetra neutron -> pure neutron matter


