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Low-energy Nuclear Theory
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connection to low-energy QCD nuclear astrophysics applications



Localization and clustering in atomic nuclei:
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How atomic nuclei cluster
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Clustering in neutron-rich nuclei = molecular bonding of a-particles by the excess neutrons.
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...formation and evolution
of exotic cluster states
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Shape Quantum Phase Transifions

...evolution of nucleonic shells = phase transitions in equilibrium shapes (QPT)
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Nuclear Quantum Phase Transitions:

= the physical control parameter - nucleon number
= order parameters - expectation values of operators that as observables
characterize the state of a nuclear system.



Transitions between spherical and axially deformed shapes in the chain of Nd-Sm-Gd isotopes.
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Experimental evidence for a first-order shape phase transition at N=90
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Spectroscopy of quadrupole and octupole deformed heavy nuclei
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Octupole deformed (pear-shaped) heavy nuclei:
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Extrapolation to Superheavy Nuclei
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Extrapolation to Superheavy Nuclei

Higher density of single-particle states = the evolution of deformed shells with nucleon number

will have a more pronounced effect on energy gaps, separation energies, Qq-values ...
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Extrapolation to Superheavy Nuclei

Higher density of single-particle states = the evolution of deformed shells with nucleon number

will have a more pronounced effect on energy gaps, separation energies, Qq-values ...

Stronger competition between the attractive short-range nuclear interaction and the long-

range electrostatic repulsion ™ Shape transitions! Exotic shapes!
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Triaxial energy maps of 294No and 256Rf isotopes in the p—y plane (0 <y < 60°).
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Harmonic vibrations

Isoscalar monopole resonance Isovector dipole resonance Isoscalar quadrupole resonance



Exotic modes of excitations

Dipole response of neutron-rich nuclei
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Paar, Vretenar, Khan, Colo, Rep. Prog. Phys. 70, 1 (2007)
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Exotic modes of excitations

Dipole response of neutron-rich nuclei

El srength

Energy [MeV] >

In stable nuclei 100% of the E1 strength is

‘ absorbed in the Giant Dipole Resonance.
Paar, Vretenar, Khan, Colo, Rep. Prog. Phys. 70, 1 (2007)




Neutron-rich nuclei — weak binding of the excess neutrons, diffuse neutron densities,
formation of a neutron skin.

@@AA

Energy [MeV]

El srength

Neutron-rich nuclei — predicted occurrence of a collective soft
dipole mode (Pygmy Dipole Resonance)
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®Ni photoalbsorption cross sectio
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Neutron skin thickness from the measured electric dipole polarizability in Ni 68 , Sn 120 , and Pb 208
X. Roca-Maza, X. Vinas, M. Centelles, B. K. Agrawal, G. Colo, N. Paar, J. Piekarewicz, and D. Vretenar

Phys. Rev. C 92, 064304 (2015)
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http://journals.aps.org/prc/abstract/10.1103/PhysRevC.92.064304

Neutrino-nucleus reactions
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Large-scale calculations of supernova neutrino-induced reactions
N. Paar, H. Tutman, T. Marketin, and T. Fischer

Phys. Rev. C 87, 025801 (2013) Uncertainties in modeling low-energy

neutrino-induced reactions on iron-group

N. Paar, T. Suzuki, M. Honma, T. Marketin, and D. Vretenar
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Proton Number

B-decay half-lives of neutron-rich nuclei and matter flow in the r-process

N
o

Neutron Numberr

Proton Number

N
(=
L
L
u
L
u
m
i
)
N
N

| |
| |
ooooo

n . r._ cecococope I1E+025

00000000 1E+01s

28 Eh s sseeeeee 1E+00S
0000000 1E-01S

20 H'E H N N KN K N I1E-025
28 50 82 (b)

Neutron NumberV

Contour maps of experimental and theorefical f-decay half-lives for the Z = 20-50 even-even nuclei.

Niu, Niu, Liang, Long, Niksi¢, Vretenar, Meng, Phys. Left. B 723, 172 (2013).
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B-decay half-lives of neutron-rich nuclei and matter flow in the r-process

Proton Number
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Contour maps of experimental and theorefical f-decay half-lives for the Z = 20-50 even-even nuclei.

= impact of the predicted -decay half-lives on r - process abundances:

Niu, Niu, Liang, Long, Niksi¢, Vretenar, Meng, Phys. Left. B 723, 172 (2013).
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The impact of nuclear 3-decay half-lives on the r-matter flow.

10°

it

| ]
r
[ ]
. \
'
r " (
"’ ~ : 1
1 ; ° U }
\l :
)
R PR O 3 | I
% MY i) [, . ;
. b 1 Bk = L X ! Bt In
\( N Bl [
‘ . gl P ] V .| |
", ’
| L)
-2 . / ..
5 S ’ { o '@ ©°0 g0 0%
' :l. :. '
X o S [\ o
[) e °® 2000
¥ 2 ':.'.",...'-'u % v L
[] by e ©° . ® e '
. . cotes o i
° So%® °
R X
e s

YWy : i
g::? ~,\"o.a‘:. "l‘|‘l

80 100 120 140 160 180 20 80

Fii'i‘v' W e

Solar r-process abundance
-_—
o

100 120 140 160 180 200

Mass Number A
24



NuPECC
0 D LCE Long Range Plan 2017

Perspectives
In Nuclear Physics

How does the nuclear chart emerge from the underlying fundamental interactionse
Where are the limits of stability and what is the heaviest element that can be created?

How does nuclear structure evolve across the nuclear landscape and what shapes can
nuclei adopte

How does nuclear structure change with temperature and angular momentum®e
How can nuclear structure and reaction approaches be unified?

How complex are nuclear excitations?

How do correlations appear in dilute neutron matter, both in structure and reactionse

What is the density and isospin dependence of the nuclear equation of statee



