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Outline

1. Electric dipole response of nuclei and the symmetry energy

2. Experimental methods

3. Results and discussions on the symmetry energy parameters

4. (Other on going studies on the electric dipole response)



Outline of Our Work
Purpose

Symmetry energy of nuclear EOS at ≦ρ0

An observable that is sensitive to the density difference 
between p and n in heavy nuclei

Method

Experiment

Measured electric dipole response of Nuclei

Constraints on symmetry energy
Results

N≳Z
ρ ≲ ρ0
T=0

p and n

Starting point to further 
exotic conditions

Ordinary nuclear matter



Nuclei as a Micro Physics Laboratory
Study of nuclear properties

- Systematic properties of nuclei and nuclear matter

- Properties of individual nuclides, excited states, and reactions

Experimental Methods

- Stable nuclei (target): higher resolution, statistics, and accuracy

- Unstable nuclei (beam): exotic nuclei, broader systematics

Nucleus Neutron Star



N  Z
ρ ρ0
T = 0
p and n

Starting point for the studies of the more exotic conditions

Ordinary nuclear matter

I will focuses on the properties of the nuclear matter in the 
conditions of

Strategy

neutron matter
higher density 
finite temperature 
strangeness



Strategy

High-quality data of nuclear responses

Parameters of the nuclear equation of states

Theoretical models

Mean-field models

e.g. electric dipole response

e.g. J and L



Electric Dipole Response of Nuclei
and the Nuclear Symmetry Energy

~



Nuclear Equation of State: How?

Thermodynamics

Give a “small perturbation” to the system

then observe how the system changes

Give a small perturbation by an external field

then observe how the system changes

→ nuclear responses

External
Field

Nuclear EOS

equilibrium

V+ΔV
T+ΔT

p+Δp

p, V, T

p
How can we study the EOS?

→ responses
adiabatic
compressibility
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in an oscillating  electric field
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Electric Dipole Response of Nuclei
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Static Electric Dipole Polarizability (αD)

in a static electric field
nucleus

with fixing the c.m. position

E

Inversely energy-weighted sum-rule of B(E1)

first order perturbation calc. A.B. Migdal: 1944

E(w) ~

Electric dipole moment

αD: electric dipole polarizability
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Electric Dipole Polarizability (αD)

in a static electric field
nucleus

with fixing the c.m. position

E

Inversely energy-weighted sum-rule of B(E1)

first order perturbation calc. A.B. Migdal: 1944

E(w) ~

Electric dipole moment

αD: electric dipole polarizability



Electric Dipole Polarizability (αD)

in a static electric field
nucleus

with fixing the c.m. position

E

Inversely energy-weighted sum-rule of B(E1)

first order perturbation calc. A.B. Migdal: 1944

E(w) ~

Electric dipole moment

αD: electric dipole polarizability

The restoring force
originates from the 
symmetry energy.
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Electric dipole moment

αD: electric dipole polarizability

in a static electric field
nucleus

with fixing the c.m. position

E

The restoring force originates from 
the symmetry energy.
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Static Electric Dipole Polarizability (αD)

Electric dipole polarizability (EDP) is sensitive to the symmetry energy 
below the nuclear saturation density and to the neutron skin thickness.



Nucleon Density  (fm‐3)
E/
A
 (M

eV
)

Neutron matter 
(δ=1)

Nuclear matter (δ=0)

~J(=S0)

∝L

Saturation Density ρ0

~0.16 fm-3

Nuclear Equation of State (EOS)
at zero temperature

Density difference between n and  p increases 
the system energy by the symmetry energy.

Nuclear EOS neglecting Coulomb

Symmetry energy

Asymmetry parameter



Electric Dipole Polarizability (αD)
in the correlation of J and L

208P
b X. Roca‐Maza et al.,  PRC88, 

024316(2013)

insights from the droplet model

Correlations observed in various 
interaction sets in the framework of 
EDF.

Precise determination of αD of 208Pb gives a constraint band 
in the J‐L plane.

P.-G. Reinhard and W. Nazarewicz, 
PRC 81, 051303(R) (2010).

~L



Electric Dipole Polarizability (αD)
in the correlation of J and L

αD(208Pb)

X. Roca‐Maza et al.,  PRC88, 
024316(2013)

well-constrained

not-constrained

αD scales the J axis

αD scales the J axis.

The parameters of each set of
the effective interactions were
determined so as to
reproduce basic nuclear
properties like nuclear
masses and nuclear charge
radii of representative nuclei.
The parameters are well
constrained in the one
direction but not in the other
direction.

One of the unknowns, aD, has been determined 
experimentally to extract the constraint band in the J‐L
plane.



Electric Dipole Polarizability (αD)
in the correlation of J and L

αD(208Pb)

X. Roca‐Maza et al.,  PRC88, 
024316(2013)

well-constrained

not-constrained

αD scales the J axis

αD scales the J axis.

Effective Interactions

One of the unknowns, aD, has been determined 
experimentally to extract the constraint band in the J‐L
plane.

reproduce e.g. nuclear
masses and charge
radii of representative
nucleiconstrained in one
direction but not in the
other
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Electric Dipole Polarizability (αD)

Electric dipole moment

αD: electric dipole polarizability

in a static electric field
nucleus

with fixing the c.m. position

E

Inversely energy-weighted sum-rule of B(E1)

first order perturbation calc.
A.B. Migdal: 1944

dielectric material
in an oscillating  electric field

E(w) ~

The restoring force originates from 
the symmetry energy.



Sn Sp

0

g.s. GDR

oscillation between 
neutrons and protonsB(E1) 

1‐

(PDR)

oscillation of excess 
neutrons against the 
core?

core

excess neutron

Low-Lying 
Dipole Strength

Electric Dipole Response of Nuclei

Excitation Energy (MeV)
8 12 16

(p,p’)



Electric Dipole Response

a nucleus
in an oscillating  electric field

E(w) ~

photo-absorption
cross section

208Pb

H2O
absorption spectrum

Wavelength

A
bs

or
pt

io
n 

C
oe

ff
. (

cm
-1

)

E1 Reduced Transition Probability



• Missing mass spectroscopy: 
Total strength is measured independently from the decaying channels.

• Multipole decomposition of the strength in the continuum:
Includes the contribution of unresolved small states

• Coulomb excitation:
Absolute determination of the transition strength.

Probing the E1 Response by Proton Scattering

Select q~0  (~0 deg.)

Missing Mass Spectroscopy by Virtual Photon Excitation

EM Interaction

proton beam    
EM  Interaction



Nucleon Density  (fm‐3)
E/
A
 (M

eV
)

Neutron matter 
(δ=1)

Nuclear matter (δ=0)

~J(=S0)

∝L

Saturation Density ρ0

~0.16 fm-3

Nuclear Equation of State (EOS)
at zero temperature

⇔ difference between p-n chemical potentials:  
how the system energy changes when protons 
are replaced by the neutrons

Z≲N
Z≪N

Nucleus Neutron 
Star

Nuclear EOS neglecting Coulomb

Symmetry energy

Asymmetry parameter



Steiner et al., Phys. Rep. 411 325(2005)

核
子
当
た
り
の
エ
ネ
ル
ギ
ー

Nucleon Density  (fm‐3)

E/
A
 (M

eV
)

E/
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Nuclear Equation of State (EOS)

Neutron Matter (δ=1)

Prediction of the neutron matter 
EOS is much model dependent.

Neutron matter 
(δ=1)

Nuclear matter (δ=0)
Neutron Density (fm‐3)

~J

∝L

Saturation Density ρ0



Neutron density

Proton density

Neutron rms radius

Proton rms radius

Neutron Skin and Density Dependence of the Symmetry Energy 

Density distribution of protons and 
neutrons in a nucleus 208Pb



Neutron skin thickness

Density dependence of the symmetry energy 

Smaller Sδ2 at higher ρ

Larger Sδ2 at lower ρ

larger neutron 
skin

Energy minimum
(equilibrium)

Neutron Skin and Density Dependence of the Symmetry Energy 

For larger L:



Neutron skin thickness

Density dependence of the symmetry energy 

Larger Sδ2 at higher ρ

Smaller Sδ2 at lower ρ

smaller neutron skin

Energy minimum
(equilibrium)

Neutron Skin and Density Dependence of the Symmetry Energy 

For smaller L:



Neutron density

Proton density

Neutron rms radius

Proton rms radius

Neutron Skin and Density Dependence of the Symmetry Energy 

Neutron skin thickness

Density dependence of the symmetry energy

Density distribution of protons and 
neutrons in a nucleus

X. Roca-Maza et al., PRL106, 252501 (2011)

208Pb



Sn Sp

(p,p’)
Low-lying E1

(PDR)
IVGDR

0
g.s.

B(E1)

• Single shot measurement across Sn in Ex = 5-22 MeV.
• Uniform detection efficiency (80-90%) and solid angle
• High energy resolution (20-30 keV)
• Polarized beam, polarization detection
• Isotopically enriched target with a few mg/cm2 thickness

extraction of E1

E(ω) ~

Probing the E1 Response by Proton Scattering
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Experimental Methods

12
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CREX WS, March 17-19, 2013

RCNP
OSAKA

Tokyo

~18 neutron stars



High-resolution Spectrometer
Grand Raiden

High-resolution 
WS beam-line

(dispersion matching)

Research Center for Nuclear Physics (RCNP), Osaka University

Polarized p beam 
at 295 MeV



Intensity : 1-8 nA

Polarized Proton 
Beam at 295 MeV

AT et al., NIMA605, 326 (2009)

208Pb target: 5.2 mg/cm2

Proton scattering 
at very forward angles
at RCNP, Osaka Univ.

High resolution of 20-30 keV: 
dispersion matching.
High resolution of 20-30 keV: 
dispersion matching.

High-Resolution Spectrometer “Grand Raiden”





Neglect of data for >4: (p,p´) response too complex

Included E1/M1/E2 or E1/M1/E3 (little difference)

B(E1): continuum and GDR region
Method 1: Multipole Decomposition

Grazing Angle = 3.0 deg



spinflip / non-spinflip separationPolarization observables at 0°

E1 / spin-M1 decomposition T. Suzuki, PTP 103 (2000) 859

E1
spin‐M1

model-independent

B(E1): continuum and GDR region
Method 2: Decomposition by Spin Observables



Comparison with (,’) and (,xn)

low-lying 
discrete states

GDR region



Setup for E282&E316



Comparison between the two methods

Total

S = 1

S = 0



AT et al., PRL107, 062502(2011)

combined data

The dipole polarizability of 208Pb has been precisely determined.

E1 Response of 208Pb and D



AT et al., PRL107, 062502(2011)

Electric Dipole Polarizability: 208Pb, 120Sn

E

(γ,abs) at Mainz



AT et al., PRL107, 062502(2011)

Electric Dipole Polarizability: 208Pb, 120Sn

E

(γ,abs) at Mainz

(γ, n)

(p, p’)

(γ, xn)

1.12 ± 0.07

135 MeV

Total: αD = 8.93 ± 0.36 fm3

(γ, xn)

7.00 ± 0.29 0.82 ± 0.12

T. Hashimoto et al.,  PRC92, 031305(R)(2015).

120Sn

Fultz et al., PR’69

Lepretre et al., NPA’79

Utsunomiya et al., PRC’11



Electric Dipole Polarizability of 48Ca
where the EDF and ab-initio calculations meet each other

Theory: Darmstadt-Tennessee-TRIUMF

18
J. Birkhan et al., PRL118, 252501(2017)

A dedicated new measurement is planned 
in 2020 for smaller exp. uncertainty.



Relative Contribution of the Electric Dipole Responses to D

2.7 16.2 1.2αD

total 20.1±0.6 fm3

fm3

208Pb

(γ,abs)

size of the uncertainty

The area under the histogram is 
proportional to the contribution 
to αD.

GDR

PDR

quasi-d ex.

15



Electric Dipole Polarizability
Clear definitionClear definition

Unambiguous in the integration range

Inversely energy weighted sum-ruleInversely energy weighted sum-rule

Good convergence in the excitation energy

energy-weighted  (TRK) sum rule

Sum-rule for all the transitionsSum-rule for all the transitions

= Ground state property

More sensitive to the low-energy strengths

Pygmy Dipole Strength

easier comparison with theoretical predications

Inversely energy weighted 
sum-rule (DP)

D
ip
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e 
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riz
ab

ili
ty

 α
D

(f
m

3 )

αD in 208Pb

Energy weighted 
sum-rule (TRK)

TRK in 208Pb

• Measurements in a broad Ex range 
is required.

• Measurements in a broad Ex range 
is required.
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Electric Dipole Polarizability (αD)
in the correlation of J and L

208P
b

X. Roca‐Maza et al.,  PRC88, 
024316(2013)

insights from the droplet model

Correlations observed in various 
interaction sets in the framework of 
EDF.

Precise determination of αD of 208Pb gives a constraint band 
in the J‐L plane.



Constraints on J and L

17

Tsang  PRC2012

QMC: Quantum Monte‐Carlo Calc.
Gandolfi, EPJA50, 10(2014).

HIC: Heavy Ion Collision Analysis
Tsang PRL2009

IAS: Isobaric Analog State Energy
Danielewicz&Lee NPA2009

PDR: Pygmy Dipole Resonance in
132Sn, 68Ni, Carbone PRC2010

FRDM: Finite Range Droplet Model
Moeller PRL2012

n‐star: Quiescent Low‐Mass X‐ray
Binaries,  Stainer PRL2012

χEFT: Chiral Effective Field Theory,
Tews PRL2013
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Constraints on J and L

DP: Dipole Polarizability 208Pb
AT PRL2011&EPJA2014

Tsang  PRC2012

QMC: Quantum Monte‐Carlo Calc.
Gandolfi, EPJA50, 10(2014).

HIC: Heavy Ion Collision Analysis
Tsang PRL2009

IAS: Isobaric Analog State Energy
Danielewicz&Lee NPA2009

PDR: Pygmy Dipole Resonance in
132Sn, 68Ni, Carbone PRC2010

FRDM: Finite Range Droplet Model
Moller PRL2012

n‐star: Quiescent Low‐Mass X‐ray
Binaries,  Stainer PRL2012

χEFT: Chiral Effective Field Theory,
Tews PRL2013



DP: Dipole Polarizability
HIC: Heavy Ion Collision
PDR: Pygmy Dipole Resonance
IAS: Isobaric Analogue State
FRDM: Finite Range Droplet
Model (nuclear mass analysis)

n‐star: Neutron Star Observation
χEFT: Chiral Effective Field Theory

M.B. Tsang et al., PRC86, 015803 (2012)

I. Tews et al., PRL110, 032504 (2013)

QMC: S. Gandolfi, EPJA50, 10(2014).
QMC

Constraints on J and L for experiments and models

AT et al., EPJA50, 28 (2014).

C.J. Horowitz et al., JPG41, 093001 (2014)
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Quasi-Deuteron Excitation Contribution

120Sn

quasi-d contributionαD(120Sn):   8.93 ± 0.36 fm3

120Sn

208Pb
αD(208Pb):   20.1 ± 0.6 fm3

quasi-d:

quasi-d:

Photon absorption by a virtual deuteron in the nucleus

0.51 ± 0.15 fm3

0.34 ± 0.08 fm3

19.6 ± 0.6 fm3

8.59 ± 0.37 fm3

w/o quasi-d:

w/o quasi-d:

needs to be subtracted for comparison with EDF calculations.



Constraints on J-L from the EDP data

X. Roca-Maza et al., PRC92, 064304(2015)

T. Hashimoto et al.,  PRC92, 031305(R)(2015).

AT et al.,  PRL107, 062502 (2011).208Pb:
120Sn:

RCNP

RCNP

208Pb

120Sn

16
D.M. Rossi et al.,  PRL111, 242503 (2013).68Ni:GSI

68Ni



Constraints on J-L from the EDP data

X. Roca-Maza et al., PRC92, 064304(2015)

T. Hashimoto et al.,  PRC92, 031305(R)(2015).

AT et al.,  PRL107, 062502 (2011).

D.M. Rossi et al.,  PRL111, 242503 (2013).

208Pb:
120Sn:
68Ni:

RCNP

RCNP
GSI

208Pb

120Sn

68Ni



Neutron Skin Thickness of 
208Pb

X. Roca‐Maza et al.,  PRC88, 024316(2013)

ΔRnp = 0 .165 ± (0 .009)expt ± (0 .013)theor ± (0 .021)est fm 

for the estimated J=31 ± (2)est



Constraints on J-L from the EDP data

X. Roca-Maza et al., PRC92, 064304(2015)

T. Hashimoto et al.,  PRC92, 
031305(R)(2015).

AT et al.,  PRL107, 062502 
(2011).

D.M. Rossi et al.,  PRL111, 
242503 (2013).

208Pb:

120Sn:

68Ni:

RCNP

RCNP

GSI

208Pb

120Sn

68Ni

These αD data give essentially 
one constraint on the symmetry 
energy in the J-L plane.

These αD data give essentially 
one constraint on the symmetry 
energy in the J-L plane.



DP: Dipole Polarizability
HIC: Heavy Ion Collision
PDR: Pygmy Dipole Resonance
IAS: Isobaric Analogue State
FRDM: Finite Range Droplet
Model (nuclear mass analysis)

n‐star: Neutron Star Observation
χEFT: Chiral Effective Field Theory

M.B. Tsang et al., PRC86, 015803 (2012)

I. Tews et al., PRL110, 032504 (2013)

QMC: S. Gandolfi, EPJA50, 
10(2014).QMC

Constraints on J and L

AT et al., EPJA50, 28 (2014).

C.J. Horowitz et al., JPG41, 093001 (2014)

After Subtraction of 
the quasi‐d
contribution.
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Moller PRL2012

n‐star: Quiescent Low‐Mass X‐ray
Binaries,  Stainer PRL2012

χEFT: Chiral Effective Field Theory,
Tews PRL2013

Constraints on J and L

DP: Dipole Polarizability
208Pb  AT PRL2011
120Sn Hashimoto PRC2015
68Ni Rossi PRL2013

208Pb
120Sn
68Ni

DP
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The χEFT and QMC
calculations are consistent
with the information that is
extracted from αD.

QMC: Quantum Monte‐Carlo Calc.
Gandolfi, EPJA50, 10(2014).

χEFT: Chiral Effective Field Theory,
Tews PRL2013

Constraints on J and L

DP: Dipole Polarizability
208Pb  AT PRL2011

DP208Pb

10% larger αD

10% smaller αD

The αD data determine the
scale of the J‐axis of the
constraint band.



I. Tews, K. Hebeler et al.,  PRL110, 032504(2013)

χEFT
S. Gandolfi, J. Carlson et al.,  EPJA50, 10 (2014)

QMC

K. Hebeler et al., et al.,  EPJA50, 11 (2014)



F.T. Fattoyev et al., PRL120, 172702(2018)

Relativistic Mean‐field Calculation
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M. Lattimer et al., EPJA50, 40 (2014)

中性子星の物理

中性子星の観測の解析

A.W. Steiner et al., AJL 765, L5(2013)

PREX@JLab

I. Tews, K. Hebeler et al., 
PRL110, 032504(2013)

C.J. Horowitz et al., JPG41, 093001(2014)

χEFT 理論計算
A. Brown and A. Schwenk et al., 
PRC89, 011307R (2014).

Shell Model & 3NF

X. Roca‐Maza, G. Colo, N. Paar, 
J. Piekarewicz et al., PRC92, 064304 (2015).

W. Nazarewicz, P.‐G. Reinhard et al., 
EPJA50, 20 (2014)

G. Hagen et al., Nature Phys. 
12, 186 (2016)

Coupled Cluster 計算

S. Gandolfi, J. Carlson et al., 
EPJA50, 10 (2014)

QMC 理論計算

EDF & mean field 計算

S. Abrahamyan et al., PRL108, 112502 (2012).
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中性子星の半径と質量の関係
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Neutron Star Merger GW170817

LIGO

Simulation
A. Bauswein et al.

GW170817
PRL119, 161101(2017)



High-Spin Scenario Low-Spin Scenario

Tidal Deformation Parameters

PRL119, 161101(2017)

Tidal Deformatio

Neutron Star Merger GW170817



High-Spin Scenario Low-Spin Scenario

Tidal Deformation Parameters

PRL119, 161101(2017)

Tidal Deformatio

Constraints from the N‐Star Merger GW

E.R. Most et al., PRL120, 261103(2018)

F.J. Fattoyev et al., PRL120, 172702(2018)R1.4 < 13.76 km
N-Star Radius (1.4M⦿)

12.00 < R1.4 < 13.45 km

N-star merger GW analysis is giving constraints on the nuclear 
EOS that are consistent with the study of atomic nuclei.
N-star merger GW analysis is giving constraints on the nuclear 
EOS that are consistent with the study of atomic nuclei.

9.0 < R1.4 < 13.6 km I. Tews et al., talk in the next session



82

Summary

• The electric dipole polarizability (EDP) of 208Pb, 120Sn, and 
48Ca were measured precisely with Coulomb excitation by 
proton scattering. 

• Constraint bands in the J-L plane has been  determined that 
describes the symmetry energy at and below the saturation density.

• The result from the laboratory nuclear experiments is consistent with the 
information from GW170817. Further observation of N-Star merger GW’s are 
anticipated.

• EoS at higher than the saturation density need to be studied by Heavy-Ion-Collision 
measurements in combination with neutron-star observations and neutron-star 
merger GW observations.

• Study of nuclear responses and giant resonances is important to study the nuclear 
matter properties: further possible extensions to radioactive nuclei, e.g. by (p,p’) and 
(α,α’) with an active target system.
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Campaign experiments in Oct. – Dec. 2016 at RCNP 

Grand Raiden

CAGRA
12 Clover HPGe from

ANL, ARL, (Tohoku,) and IMP
+ 4 LaBr3

With large volume from Milano



1. Structure of the PDR *1
2. Inelastic ν-nucleus response
3. Super-deformed states, high-spin states

CAGRA(Clover Ge Array)

*1 A. Bracco, F. Crespi, V. Derya, M.N. Harakeh, T. Hashimoto, C. Iwamoto, 
P. von Neumann-Cosel, N. Pietralla, D. Savran, A. Tamii, V. Werner, and A. Zilges et al.

CAGRA+GR Campaign Exp. Oct-Dec 2016

E. Ideguchi and M. Carpenter

RCNP, Tohoku, ANL, LBNL, Milano, TU-
Darmstadt, GSI, Köln, KVI, IFJ-PAN,
IMP, …

*1 Collaboration

Clovers: ANL+Tohoku+IMP

(α,α’γ) and (p,p’γ) on 64Ni, 90,94Zr, 120,124Sn, 206, 208Pb

PDR type

GDR type

Estimated size of the
statistical uncertainty

208Pb(p,p’) at Ep=80 MeV

dσ
/d

Ω
  (

m
b/

sr
)

θcm (deg)

q-dependence of the nuclear excitation of PDR

n
pQPM calc.



Photo‐absorption by 208PbPhoto‐absorption by 208Pb

Photon energy ω(MeV)

dB
(E
1)
/d
ω

GDRPDR

Fine Structure and Damping Mechanism of the GDR

Dumping mechanism of the giant resonances:

Gamma decay from GDR: 

(p,p’)

γ-decay

RCNP-E498
performed in July 2018

E498 set up with Large volume 
LaBr3 detectors from Milano
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Summary

• The electric dipole polarizability (EDP) of 208Pb, 120Sn, and 
48Ca were measured precisely with Coulomb excitation by 
proton scattering. 

• Constraint bands in the J-L plane has been  determined that 
describes the symmetry energy at and below the saturation density.

• The result from the laboratory nuclear experiments is consistent with the 
information from GW170817. Further observation of N-Star merger GW’s are 
anticipated.

• EoS at higher than the saturation density need to be studied by Heavy-Ion-Collision 
measurements in combination with neutron-star observations and neutron-star 
merger GW observations.

• Study of nuclear responses and giant resonances is important to study the nuclear 
matter properties: further possible extensions to radioactive nuclei, e.g. by (p,p’) and 
(α,α’), with an active target system.
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Backup Slides



Dipole Polarizability of 48Ca

where the EDF and ab-initio calculations meet

A dedicated new measurement is 
approved for a smaller uncertainty.

Theory: Darmstadt-Tennessee-TRIUMF

J. Birkhan et al., PRL118_252501(2017)
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DP208Pb
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IAS: Isobaric Analog State Energy
Danielewicz&Lee NPA2014

quoted neutron‐skin studies
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LA-UR-16-26401  Sagawa and Moller
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Fine Structure of the Giant Resonances 
and

the Nuclear Level Density



Fine Structure of the GDR

Fine structure of the GDR 
is clearly observed.

→ Energy dissipation and damping

Gamma decay measurement of the 
GDR will be one of interesting probes 
to study the damping mechanism of 
the GDR.

See e.g. J. Beene et al., PRC41, 920 (1990)



Z.W. Bell et al., (gamma,n) PRC’82
A. Veyssierre et al., (gamma,n) NPA’70
Z.W. Bell et al., (gamma,n) PRC’82
A. Veyssierre et al., (gamma,n) NPA’70
(p,p’) at RCNP

Fine Structure of the GDR

Requirement: an energy resolution of 20-30 keV or betterRequirement: an energy resolution of 20-30 keV or better



(p,p’) at RCNP at 0‐0.5 degZ.W. Bell et al., (γ,n) PRC’82
A. Veyssierre et al., (γ,n) NPA’70

Fine Structure of the GDR

20-30 keV resolution is required.20-30 keV resolution is required.

~ 120 keV
~ 100 keV



Fine Structure of the GDR

Requirement: an energy resolution of 20-30 keV or betterRequirement: an energy resolution of 20-30 keV or better



Fine Structure of the GDR

Requirement: an energy resolution of 20-30 keV or betterRequirement: an energy resolution of 20-30 keV or better



Nuclear Level Densities

S. Bassauer et al., submitted

I. Poltoratska et al., PRC89, 054322 (2014)

All the Multipolarities

Level Density
Oslo

208Pb

(p,p’) E1 fluctuation analysis 
+ conversation to total (theo.)
(p,p’) E1 fluctuation analysis 
+ conversation to total (theo.)

E1
Level Density

Oslo method: Plenary talk by A.-C. Larsen

154Sm(p,p’)

J=1 Level Density

208Pb

extracted by fluctuation analysis using auto-correlation function

up to ~106 MeV-1 !

R. W. Fearick et al.



Gamma-Decay 
of 

Electric Dipole Excitations



1. Structure of the PDR *1
2. Inelastic ν-nucleus response
3. Super-deformed states, high-spin states

CAGRA(Clover Ge Array)

*1 A. Bracco, F. Crespi, V. Derya, M.N. Harakeh, T. Hashimoto, C. Iwamoto, 
P. von Neumann-Cosel, N. Pietralla, D. Savran, A. Tamii, V. Werner, and A. Zilges et al.

CAGRA+GR Campaign Exp. Oct-Dec 2016

E. Ideguchi and M. Carpenter

RCNP, Tohoku, ANL, LBNL, Milano, TU-
Darmstadt, GSI, Köln, KVI, IFJ-PAN,
IMP, …

*1 Collaboration

Clovers: ANL+Tohoku+IMP

(α,α’γ) and (p,p’γ) on 64Ni, 90,94Zr, 120,124Sn, 206, 208Pb

PDR type

GDR type

Estimated size of the
statistical uncertainty

208Pb(p,p’) at Ep=80 MeV

dσ
/d

Ω
  (

m
b/

sr
)

θcm (deg)

q-dependence of the nuclear excitation of PDR

n
pQPM calc.
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Fine Structure of GDR and its direct g.s. gamma decay

g.s.

The total width Γ will be determined 
for each part of the GDR.

fine structure of GDR

GDR

B.R.

pioneering works:
J. R. Beene et al.,PRC41, 920(1990)
A. Bracco et al., PRC39, 725(1989)

(p,p’) Coulomb‐Ex.

γ‐decay

(measurement in July 2018 for 90Zr)
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Damping Mechanism of the GDR

measured by γ-decay measured by (Coulomb) excitation

Characteristic width Γ can be studied across the IVGDR

γ0: gamma-decay  to the ground state

g.s.

Γγ0

S. Nakamura

RCNP-E498 in July 2018

measurement for 90Zr
LaBr3 scintillator array (Scylla)

viscosity between the n/p fluids



S. Nakamura working on the LaBr3 gamma-
detector array (Scylla)

Damping Mechanism of the GDR in 90Zr
(July 2018 at RCNP)

RCNP/Milano/TU-Darmstadt Collaboration

preliminary

A part of the E498 collaborators



Nuclear Viscosity: damping of the resonances

The damping of a resonance is 
induced by the viscosity.
(friction between nucleons of 
different motions)

Photon energy ω(MeV)

dB
(E
1)
/d
ω

Systematic understanding of the width and 
the fine-structures of the resonances.
(also at higher temperatures)

Navier-Stokes equations of viscous two fluids

N. Auerbach and A. Yeverechyahu, Ann. Phys. 1975
J. Wambach, Rep. Prog. Phys. 1988

GDR Width

GQR Width

(width)
208Pb
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RCNP-E498 July 2018



Summary

• The electric dipole polarizability (EDP) is sensitive to 
the symmetry energy parameters of the nuclear EOS at 
the saturation density.

• EDP is a well defined quantity, saturating quickly 
at ~30 MeV in 208Pb.

• The EDPs have been experimentally determined precisely for 208Pb and 120Sn (and 
for 68Ni at GSI). Constraint bands on the symmetry energy parameters, J and L,  
has been extracted.

• Gamma-coincidence projects are on going.

• The EDP of 48Ca has been extracted. A dedicated experiment 
for smaller exp. uncertainty is planned in 2020.



Neutron Skin Thickness of 
208Pb

C.J. Horowitz et al., JPG41, 093001 (2014)

X. Roca-Maza et al., PRC88, 024316 (2013)


