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Symmetry Energy of the Nuclear EOS

1s important for nuclear physics and nuclear-astrophysics
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Nuclear Equation of State (EOS)

at zero temperature

Nuclear EOS neglecting Coulomb
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Constraints on J and L
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Neutron Skin Thickness of 208Pb
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Parity Violating Electron Weak-Scattering from 208Pb (PREX@J-Lab)
for Neutron-Skin Thickness and L
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Science Physicists Measure the Skin of a Nucleus

by Adrian Cho on 2 March 2012
Science Now

Nailing down such parameters would have equally big implications for the theory of neutron stars, says James
Lattimer, a theoretical astrophysicist at Stony Brook University in New York state. "That directly tells you the radius
of a neutron star [of a given mass] and a lot of other things like the thickness of its crust, the response of its
surface to explosions, et cetera," Lattimer says.

Alas, the uncertainty on the PREX measurement is still too large to pin down the parameters, Lattimer says. "It's a
very important experiment and has the potential to constrain theory very nicely, but it's not there yet," he says.
JLab's Michaels says the PREX team will run the experiment next year and aims to reduce the uncertainty to
one-third its current value. "Then it becomes a very interesting result," he says.

Something else physicists will be watching for: The PREX measurement suggests that the neutron skin of lead-208
is twice as thick as more-precise but model-dependent methods indicate. Right now, the PREX result has too
much uncertainty to pose a direct challenge to earlier estimates. But if the new value holds up as the uncertainty
shrinks, things could get really interesting, Nazarewicz says: "Then, there is something wrong with all theoretical
models." There's a possibility to set your skin a-tingling.
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Electric Dipole Response of Nuclel
and the Nuclear Symmetry Energy
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Electric Dipole Response of Nuclei

dielectric material
in an oscillating electric field
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Static Electric Dipole Polarizability (ap)

Electric dipole moment

ap: electric dipole polarizability [ —

nucleus
1n a static electric field
with fixing the c.m. position

Inversely energy-weighted sum-rule of B(E1)
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Static Electric Dipole Polarizability (ap)

Electric dipole moment |

p><E E l i

ap: electric dipole polarizability

| —
l nucleus
\  The restoring force originates in a static electric field
v from the symmetry energy. with fixing the ¢.m. position
A

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




Nuclear Equation of State (EOS)
at zero temperature
Nuclear EOS neglecting Coulomb
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Electric Dipole Polarizability (ap) in the correlation of J and L
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Electric Dipole Polarizability (op)
in the correlation of J and L
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Probing the E1 Response by Proton Scattering

Missing Mass Spectroscopy by Virtual Photon Excitation

% detector
@ @ proton beam
/ EM Interaction

virtual photon

@ o @ Select g~0 (~0 deg.)

* Missing mass spectroscopy:

Total strength 1s measured independently from the decaying channels.

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

e Coulomb excitation: EM Interaction
Absolute determination of the transition strength.



Experimental Methods
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@ High-Resolution Spectrometer “Grand Raiden”

RCNP
High resolution of 20-30 keV:

dispersion matching.
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Proton scattering
at very forward angles
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Setup for E282&E316
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B(E1): continuum and GDR region
Method 1: Multipole Decomposition
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B(E1): continuum and GDR region
Method 2: Decomposition by Spin Observables
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Electric Dipole Polarizability: 208Pb, 120Sn
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Electric Dipole Polarizability
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Constraints on the Symmetry Energy




Constraints on J-L from the EDP data
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Constraints on J-L from the EDP data
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IAS: Isobaric Analog State Energy
Danielewicz&Lee NPA2014

(MeV)

A
g

42

40

38

36

34

32

30

28

26

R4

IIIIIIIlIIIIIIIIIlI

LI

— SHF —
T O 1.3<|Aa,|/da,<1.5 3
- B 1< |Aa,|/da, < 1.3 3
— ® |Aa,|<da, —
E O M/ (i) min < 1/N, P U
3 o LI
== = =
— o © -
E_ SHF w/interpolation _f
e 1] 1AS .
— B 1aS +aAr,, —]
- 1 | | | I I | | | I | | L1 1 1 | | I | | L1 1 1 | | 1 .
0 20 40 60 80 100
L (MeV)

our strategy.

quoted neutron-skin studies

any average effects of asymmetry on the reactions competing with a variety of physical effects
subject to modeling uncertainties. In this paper we attempt to learn about the average effects of
neutron—proton asymmetry on nuclear energies, exploiting excitation energies to isobaric analog
states and to reach the conclusions in as model-independent manner as possible. Our early efforts
in this direction have been reported in [1-3]. As we progress, we find that we need to reassess

Nucleus Reference Data source Arnp [fm] Ar,‘,:;,F [fm]
BCa Friedman [93] pionic atoms 0.13+0.06
Gilsetal. [94] elastic « scattering 0.175+0.050
Ray [95] elastic p scattering 0.229 £0.050
Clark et al. [96] elastic p scattering 0.103 £0.040
Shlomo et al. [97] elastic p scattering 0.10+0.03
Gibbs et al. [98] elastic 7 scattering 0.11+0.04
combined results 0.129 +0.053* 0.218 £ 0.015
S0y Gils et al. [94] elastic o scattering 0.031 + 0.040 0.133 +0.011
64Ni Ray [95] elastic p scattering 0.167 £ 0.050 0.102 £+ 0.015
16g, Ray [95] elastic p scattering 0.146 + 0.050 0.103 £+ 0.015
1245 Ray [95] elastic p scattering 0.252 + 0.050 0.184 + 0.021
204pp Zenihiro et al. [99] elastic p scattering 0.178 £ 0.059 0.161 £ 0.024
206py, Zenihiro et al. [99] elastic p scattering 0.180 + 0.064
Starodubsky et al. [100] elastic p scattering 0.181 £ 0.045
combined results 0.181 £ 0.037 0.172 £ 0.024
207py, Starodubsky et al. [100] elastic p scattering 0.186 + 0.041 0.178 + 0.024
208py, Starodubsky et al. [100] elastic p scattering 0.197 + 0.042
Ray [95] elastic p scattering 0.16 £ 0.05
Clark et al. [96] elastic p scattering 0.119 £ 0.045
Zenihiro et al. [99] elastic p scattering 0.211 £ 0.063
Friedman [93] elastic 7+ scattering 0.11 &£ 0.06
Friedman [93] pionic atoms 0.15+0.08
combined results 0.159 £+ 0.041* 0.179 £ 0.023
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LA-UR-16-26401 Sagawa and Moller

The optimal values of the asymmetry variables J and L that we obtained from the mass model
FRDM (2012) study are

J = 323+05 MeV
L = 535+15 MeV

with the minimum rms deviation of oo <560 keV as shown in Fig. 2. The above optimal L value is

somewhat smaller than the value in Ref. [3], because| we have implemented a more accurate calcula-

tion of the zero-point fluctuation effect| see [2] for more details.

FRDM: Finite Range Droplet Model
Moeller ADNTD2016
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PDR: Pygmy Dipole Resonance in |
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1328n, 68N1, Carbone PRC2010 ]
. X 6
Wieland: PRL2009 ]
In summary, we have here presented the first experimen- (g i
tal search of a pygmy resonance in the neutron-rich *Ni B -
nucleus using the virtual photon scattering technique. 3
Evidence is found for the presence of sizeable strength 1
energetically located below the GDR and centered at :
~]11 MeV with approximately 5% of the EWSR strength. .
| . VFI’ —I(y,n) 0 0
- = -VPandR, 1120
102} SR
ol ‘ 0E
100} "l ©
107 _’l\__—“~\\\_40
3 Rossi: PRL2013
8 . GDR
o --- PDR
2 — Total
S 1t TABLE I. GDR and PDR parameters for Ni from fit to El
» strength, as shown in Fig. 3. Included as well are the GDR and
, PDR parameters from the literature.
ol l‘.‘ This work  Literature  Reference
01™"g"70 12 12 16 18 20 E,, [MeV] 17.1(2) 17.84 [30]
E,[MeV] GDR T  [MeV] 6105) 5.69 [30]
SEWSR [%] 98(7) 100
Ep [MeV]  9.55(17) 11.0(5) [25,31]
PDR o [MeV] 051(13) <1 [25]
Sewse %] 28(5) 50(1.5)  [1325]

R/

as(E1)/ak |e” mr/MeV]
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12
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Neutron Star Merger GW170817
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Constraints from the N-Star Merger GW

PRL119,161101(2017)
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I. Tews et al., talk in the next session
N-star merger GW analysis is giving constraints on the nuclear
EOS that are consistent with the study of atomic nuclei.
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Summary
>

* The electric dipole polarizability (EDP) of 208Pb, 120Sn, and

48Ca were measured precisely with Coulomb excitation by
proton scattering.

L (MeV)

e Constraint bands in the J-L plane has been determined that
describes the symmetry energy at and below the saturation densityz.8

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

Works in near future

e More experimental data are still in the analysis:
Sn 1sotopes, Zn 1sotopes, 154Sm

e Gamma-decay of Giant Resonances: damping mechanism and fine structure

e Systematic measurement on E1 with y,p,a-decays for nucleir A=~60.
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