T AL DI CIRFE D

TP HHE XD

SRl -2 ok

Atsushi Tamii

Research Center for Nuclear Physics,

Osaka University, Japan

BVERZ 2kt S - —, 20234E8 H4H, lrkth 2z BXx v % —

slide: https://www.rcnp.osaka-u.ac.jp/~tamii — EH D [ DJj


https://www.rcnp.osaka-u.ac.jp/~tamii

Outline

Methods (spin—Ml excitation) (El excitation )

(decay—coincidence )

Physics EI polarizability
photo-nuclear reactions spin susceptibility
decéy EoS
damping PDR
width E1 toroidal
Vi1Scosity n-skin

d-like correlation

o level density
np-pairing

characteristic scale




an 1image of

Nuclear ground states

mean-field like component (low-momentum) «— single particle orbit
occupation
@
d-like correlation (inc. high-momentum) — a-cluster bEEN 5
?

d-like correlation D 7€ &= Y EE D




Experimental Methods
Briefly
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Cyclotron Facility at RCNP
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@ High-Resolution Spectrometer “Grand Raiden”

RCNP
High resolution of 20-30 keV:

dispersion matching.
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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.



Probes for the Electric Dipole Response of Nucleil

1. Virtual photon excitation lj

Coulomb excitation -

 proton inelastic scattering at 0 deg. ¢

Ex distribution in one shot measurement

Proton beams at RCNP
and iThemba LABS total photo-absorption c.s.
up to 32 (24) MeV at RCNP (iThemba)
2. Real photon absorption
I
* (v,y’) Nuclear Resonance Fluorescence Y
(<'>) On

* (y,n), (v,2n), (v,p), ... photodisintegrations

pure EM probe

precise absolute c.s.
partial strength including »
up to 20 MeV at ELI-NP

Real y-beam at ELI-NP
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Photo-Nuclear Reaction
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PANDORA Project

Photo-Absorption of Nucle1 and Decay Observation for Reactions in Astrophysics
Systematic Measurement on E1 Strength Distribution and n,p,a.,y decays up to A=60

inter-galactic propagation of UHECRs
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PANDORA Project

Photo-Absorption of Nucle1 and Decay Observation for Reactions in Astrophysics
Systematic Measurement on E1 Strength Distribution and n,p,a.,y decays up to A=60

Understanding of photo-nuclear reactions for light nuclei

* photo-absorption c.s. ~ B(E1) distribution

* decay process

R D IR 2 IR K SRl L 72 v ELER
HAtgaEaa ¢ B ia BRI A+

PANDORA White paper, AT et al., to be published in EPJA 12
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Extragalactic Propagation of UHECR Nuclei

Another Galaxy Milky Way Galaxy
Earth

Ultra High Energy Cosmic Rays (UHECRS)

CMB
photons

» o—Mo»—». —@\

UHECR collision excites
nucleus GDR photo-disintegration

N

hock front

Production Propagation Observation

Photo-nuclear reactions determine the maximum travel

Cosmic Microwave Background (CMB) : : : o
= distance of UHECRs nuclei and their composition/

T“Q\;I? II{) energy modification in extra-galactic propagation.
O— >+ = @ = @
IR =i excites = :
nucleus photon GDR photo-disintegration

GZK cut-off 14
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Photo-disintegration Pass of 5¢Fe
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(v,xn), (y,a) reactions also take place.
Several unstable nuclei also contribute.

15



15

10

Photo-disintegration Pass of 5¢Fe
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PANDORA Project: Collaborator

Nuclear Experiments,_, ., .

RCNP A. Tamii, N. Kobayashi, T. Sudo, M. Murata, A. Inoue, R. Niina, T. Kawabata, T.
Furuno, S. Adachi, K. Sakanashi, K. Inaba, Y. Fujikawa, S. Okamoto
ELI-NP
ELI-NP ) ) . . 1
P.-A. Soderstrom, D. Balabanski, L. Capponi, A. Dhal, T. Petruse, D. Nichita, Y. Xu
) iThemba LABS, Univ. Witwatersland, Stellenbosh Univ.
iThemba LABS L. Pellegri, R. Neveling, F.D. Smit, J.A.C. Bekker, S. Binda, H, Jivan, T. Khumal, M.

Wiedeking, P. Adsley, L.M. Donaldson, E. Sideras-Haddado, K.L. Malatji, S. Jongile,

A. Netshiya
TU-Darmstadt P. von Neumann-Cosel, N. Pietralla, J. Isaak, J. Kleemann, M. Spall

U. Milano/INFN  A. Bracco, F. Camera, F. Crespi, O. Wieland

Shanghai H. Utsunomiya
U. Oslo K.C.W. Lj, S. Siem, ...
Nuclear Theory
AMD M. Kimura, Y. Taniguchi, H. Motoki Large Scale
Shell Modle
NRFET E. Litvinova, P. Ring, H. Wibowo
Y. Utsuno, N. Shimizu
RPA /DFT RPA by T. Inakura, QPM by N. Tsoneva
TALYS S. Goriely, E. Khan
UHECR Theory
PI‘Op aga tion D. Allard, B. Baret, 1. Deloncle, J. Kiener, E. Parizot, V. Tatischeff
and production S. Nagataki, E. Kido, J. Oliver, H. Haoning 17




Predictions
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Theoretical Model Developments

AMD + Laplace Expansion (M. Kimura et al.,)
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RPA by T. Inakura
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E1 Polarizability
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Static Electric Dipole Polarizability (ap)

Electric dipole moment

ap: electric dipole polarizability [ —
1 nucleus
\ | The restoring force originates from the in a static electric field
™ 4 symmetry energy. with fixing the c.m. position
A
|

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

Sre? “ dB(E1)
ol = E(w)
D
o | & | O
first order perturbation calc. A.B. Migdal: 1944 21

dielectric theorem



Electric Dipole Polarizability: 208Pb, 120Sn

2OCpb(p.p’) at EF_,=205 MeV
. . : . . . . T . .

(p.p’) at 0.0—2.5 deg

s 10 15
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total 20.1+0.6 fm3

el O T
T AT et al., PRL107, 062502(2011)




Symmetry Energy (J and L parameters)
Keys to Understand the Neutron Matter Equation of State (EOS)

Nuclear Equation of State

Electric Force Symmetry Energy 40 T
T I neutron
v ~| matter
O
| i 2
v I <\‘: ]

m N .
op 18 determined by the | symmetric
balance between the two. | nuclear

i i S B 1 matter (N=Z)
_30 | 1 11 l 1 1 1 | I | I l kl 1 1 l 11 1 1
0 0.05 0.1 0.15 02 0.25

Nucleon Density §m-3)

Nucleus Neutron Star

Saturation Density po
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(0.283 £ 0.071) fm.

PREX-2 106+37 MeV

R,—-R,

skin —

L (MeV) *

>

B.T.Reed et al.,
PRL2021

Constraints on Symmetry Energy (J and L)

[u—
(\O)
-

32

34 J (MeV)

L(MeV)

B.T.Reed et al., PRL2021

120 |~

Jorstraints on S,

80

60

DP: Dipole Polarizability
208Ph AT PRL2011 24



Symmetry Energy of the Nuclear EOS

is fundamental information for stellar processes

Core-collapse supernova Neutron star mass vs radius
. . . 2.5 MPAT / ot
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heavy nuclei
Radius (km)

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

Si=burning shell

Nucleosynthesis

Langanke and Martinez-Pinedo

Neutron star structure

A NEUTRON STAR: SURFACE and INTERIOR

Neutron Star Merger Neutron star cooling . BT
Gravitational Wave b e

| CRUST:

Symmetry Energy ® B fi#: neutron-skin, n-star radius, n-

star merger GW, ...

INCEFALNTW S DT, a3 L 72\

pum . Amaes 4

https://www.youtube.com/watch?v=IZhNWh_IFul Lattimer and Prakash, Science 304, 536 (2004).

http://www.astro.umd.edu/~miller/nstar.html 25



Quasi-Deuteron Excitation Contribution

Photon absorption by a virtual deuteron 1n the nucleus
Needs to be subtracted for comparison with EDF calculations.

208Ph

ap(298Pb): 20.1 + 0.6 fm3
quasi-d: 0.51 +£0.15 fm3
w/o quasi-d: 19.6 +£ 0.6 fm?3

~2.5%
120Sp
ap(129Sn): 8.93 £ 0.36 fm3
quasi-d:  0.34 + 0.08 fm3
w/o quasi-d:  8.59 + 0.37 fm3
~4%

2800
g1

°© L
250
o

200/— 4

1208

150 §

100/ { |

quasi-d excitation

A N~ r 2 - l .
T iy S L R )

o by 8 .5 o s o o
20 40 60 80 100 120 140
Excitation energy (MeV)

50—

%

oL

quasi-deuteron excitation O BRf#:

d-like correlation in nuclei
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Quasi-Deuteron Excitation Contribution

LeVin g cr C Onst ant Levinger, PR84, 43(1951).

Tavares and Terranova, JPG18, 521 (1992)

PR G2

G'E.d(E..A) =L

" ’

L=68—-11.24"27+ 574743

0 PERPER BRI

— A PR S ST S | "
2 5 10 20 50 100 200
Mass number, A
Figure 1. Levinger's constant L plotted against mass number A. The dots represent L.
values calculated according to Levinger’s model as explained in the text. The line is the
trend obtained by least-squares fitting of the calculated L values (equation (9)). Full
circles represent L values obtained from total nuclear photoabsorption cross section data

[14]. Open symbols represent L values deduced from: O, data by Stibunov [16]; A, data
by Homma et al [17, 18).



spin-Magnetic Excitation

)
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IS /TV-spin-M1 distribution
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H. Matsubara et al., PRL115, 102501 (2015)

g’
eff: correction with ——
8

(a) Isoscalar : )" | M(0) |2

' Non-quenching

Exp. I USD —— USD-eff------

(b) Isovector : ) | M(G1z) |2
1 GTEL7+aO7 0Bk

Quenching
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Target mass

Squared Nuclear Matrix elements
>
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IV spin-MUEZ AT 2E3R (2 quenching 23D 2 B3
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“ab 1nitio” couple-cluster model etc.
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H. Matsubara et al., PRL115, 102501 (2015)
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Magnetic dipole (M1) operator
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Magnetic dipole (M1) operator

-t /ﬁu/ﬂﬁ«A\

171 o

M= x,H
Xs: magnetic susceptibility fgifl=

OM)=glt+gBc+gt-t+g"0 7
IS(1) and IV(1) terms
=Byl <f|20i|0>2
3N T w l.
0.006
0.005
|
0.004
S o 0003 !
= 0.002
' Very Preliminary
0.001 Ff Nz
0.000 . . . . . .
10 15 20 25 30 35 40

A

0.0044(7) MeV-lat p=0.16 fm-3

B EH . AFDMC model
G. Shen et al., PRC87, 025802 (2013)

— BRI, ALK, .




Damping of Giant Resonances
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Pygmy Dipole Resonance
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Pygmy Dipole Resonance (PDR) o2,
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(p,py) in CAGRA+GR Campaign
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Quasi-free Scattering at O-deg
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Quasi-free scattering c.s. at 0-deg
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describing quasi-free scattering c.s. at 0-deg?
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