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Symmetry Energy of Nuclear EOS 
is important in nuclear physics and nuclear-astrophysics 

Lattimer et al., Phys. Rep. 442, 109(2007) 

Accreting neutron star 
 X-ray burst 

Neutron star mass vs radius 

Neutron star structure 

Core-collapse supernova 

Neutron star cooling 

Nucleosynthesis 

http://www.astro.umd.edu/~miller/nstar.html 

Langanke	  and	  Mar+nez-‐Pinedo	  

Y. Suwa et al., ApJ764, 99 
(2013). 

La#imer  and  Prakash,  Science  304,  536  (2004).	



Nuclear Equation of State (EOS) 
at zero temperature 

Determination of the symmetry energy parameters 
especially L is becoming important. 

Symmetry energy 

S: symmetry energy at the saturation density 
L (slope parameter): density dependence 

EOS for Energy per nucleon 

Saturation Density ~0.16 fm-3 

(Baryonic Pressure) 



Steiner  et  al.,  Phys.  Rep.  411  325(2005)	
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Nuclear  Equation  of  State  (EOS)	

Neutron  Ma#er  (δ=1)	

Prediction  of  the  neutron  ma#er    
EOS  is  much  model  dependent.	
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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 208Pb 



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 



Correlation Between the Dipole Polarizability (αD) 
and L (and the neutron skin thickness) 

Strong correlation between the  
dipole polarizability and the  
neutron skin of 208Pb 

208Pb	

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

~L 

~neutron skin thickness 

Inversely energy weighted sum-rule of B(E1) 

Restoring force  ← symmetry energy 

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



Sn Sp 

0 

(PDR) 
GDR g.s. 

oscillation  of  neutron  
skin  against  core?	

oscillation  between  
neutrons  and  protons	B(E1) 1-"

core 
neutron skin 

Low-Lying  
Dipole Strength 

Electric  Dipole  Response  of  Nuclei	
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neutron separation energy 

(p,p’) 
Low-lying E1 
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Electric  Dipole  (E1)  Response  of  Heavy  Nuclei	

(γ,γ’) 
NRF 

0 
g.s. 

B(E1) 



Coulomb  excitation dominates 

Real Photon Measurements, NRF or (γ,xn) 

Probing the EM response of the target nucleus 

Decay γ  or n is detected. 

Select q~0  (~0 deg.) 

Missing Mass Spectroscopy with Virtual Photon 

Scattered p is detected. 

EM Interaction is well known  
(model independent) 

Only the excitation part is probed. 
→ total strengths independent of the decay channel 



High-resolution polarized (p,p’) measurement  
at zero degrees and forward angles 

Experimental Method  



Spectrometers in the 0-deg. experiment setup 

Intensity : 1-8 nA 

As a beam spot monitor  
in the vertical direction 

Dispersion Matching 

Polarized Proton 
Beam at 295 MeV 

Focal Plane Polarimeter 

AT et al., NIMA605, 326 (2009) 

208Pb target: 5.2 mg/cm2 

at RCNP, Osaka 





"    Neglect of data for Θ>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 separation "   Polarization 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 between the two methods 

Total 

ΔS = 1 

ΔS = 0 



AT et al., PRL107, 062502(2011) 

combined data 

The dipole polarizability of 208Pb has been precisely determined. 

E1 Response of 208Pb and αD 





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  
cEFT:  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). 

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



Dipole  Polarizability  of  120Sn	T. Hashimoto et al.,  
submitted 

Red:  ΔS=0	
Blue:  ΔS=1	
Black:  total	

→  E1	

Green:  E2	



Dipole  Polarizability  of  120Sn	

(γ, n) 
(p, p’) 

(γ, xn) 
(γ, xn) 

T. Hashimoto et al.,  
submitted 



PDR  in  120Sn	
A.M. Krumbholtz et al., PLB744, 7(2015) 

(γ,γ’): B. Özel-Tashenov, et al., �
PRC90, 024304(2014)"

The observed strength by (γ,γ’) is significantly smaller 
than the present (p,p’) data. 



(γ, n) 
(p, p’) 

(γ, xn) 

αD (fm3) 

1.12 ± 0.07"

135 MeV 

Total: αD = 8.93 ± 0.36 fm3"

Dipole  Polarizability  of  120Sn	

(γ, xn) 

7.00 ± 0.29" 0.82 ± 0.12"

T. Hashimoto et al.,  
submitted 



Dipole  Polarizability  of  120Sn  and  208Pb	T. Hashimoto et al.,  
submitted 

theor. calc. by P.-G. Reinhard 
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Plans in Near Future 

•  Measurements on 112Sn, 124Sn and on 92Zr, 94Zr have been done in 
May-June, 2015. 
 

•  Data analyses on 90Zr, 96Mo, 48Ca, and 154Sm 
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Summary 
•  Electric dipole response of 208Pb and 120Sn have been precisely 

measured. Proton inelastic scattering was used as an electro-
magnetic probe (relativistic Coulomb excitation). 
 
 

•  Electric dipole polarizability (αD) is sensitive to the difference 
between the proton and neutron distributions. 

•  The neutron skin thicknesses and the constraints on the symmetry 
energy parameters have been extracted with the help of mean field 
calculations. 

αD(120Sn) = 8.93 ± 0.36 fm3"

αD(208Pb) = 20.1 ± 0.6 fm3"



Thank you 	


