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The development of the Nuclear Shell Model
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The development of the Nuclear Shell Model

Later, the shell model included the interactions between the (valence) nucleons.

29Ne — sd valence space

195 2% YHigher, empty shells Traditionally, the effective
gng (Particles cannot be Interaction for the valence space
oy excited to these shells) has been obtained by either fitting
o (28] the TBME to selected experimental
2., 29 ) Valence shell spectra or G-matrices _obtalned by
— a bare NN potential with core
—O—0—  1dgp polarization corrections.
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(2 2 2 2 1p;f§ Core More methods of deriving shell model Hamiltonians
] have been developed and will be presented at the
1 [2) (Completely occupied  symposium, as well recent developments in no-core
e S1r2 _J shells) shell model and ab-initio methods.

GRANDVALLEY
STATE UNIVERSITY,



Nuclear reaction processes responsible
for the synthesis of elements

Elements rich in
neutrons:

neutron capture
nucleosynthesis,
competition between
neutron capture

Stable nuclei

82

[72]
S reactions and 3 decays.
°
9_- 50
o . .
5 Elements rich in
g protons:
= stejiar rusion

28 . i proton/alpha captures

20 Nuclel known ——— Jlorocess photodisintegration

o exist ——— neutron star processes
2 ——— supernova cores proton capture/neutron
S=-process - -
218 —— i-process induced reactions
2 8 20 28 50 82 126

Number of Neutrons
_——

GRANDVALLEY
STATE UNIVERSITY,



Solar abundance distributions for heavy-
element isotopes

02 | | | | | | « Simulations of elemental
abundance distributions are
obtained through
nucleosynthesis reaction
network codes.

» Astrophysical conditions of the
site where the nucleosynthesis
occurs.

* Nuclear properties of
participating nuclei. (For
Instance, peaks in the
abundance distribution
correlated to neutron shell
closures.)

Abundances [Si=10°]
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[-process

« r-process: Responsible for the production of half of the elements
heavier than iron, proceeding via successive neutron captures and beta
decays.

« |dentifying the astrophysical sites of the r-process remains challenging.
Modeling the r-process abundance distribution is subject to
uncertainties stemming from the challenges modeling these
astrophysical environments.

« Early r-process, high temperatures, statistical equilibrium between
neutron capture and dissociation reactions. Neutron separation
energies, determined by nuclear masses are important in that phase.

* When the available free neutrons are drastically reduced, the statistical
equilibrium fails. The competition between neutron captures,
photodissociation and (3-decay makes neutron capture rates important.
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Neutron Capture rates within the statistical
Hauser-Feshbach model

* For nuclei participating in the r-process the experimental derivation of
neutron capture rates is not possible. Neutron capture rates are predicted
theoretically through the Hauser-Feshbach statistical model. (Neutron and
target combine to form a compound system which subsequently decays by
emitting y-rays.)

« Main ingredients for neutron capture rate calculations within the statistical
Hauser-Feshbach approach:

— Nuclear Level Densities
— y-strength functions (ySF)
— Optical model potentials

« Hauser-Feshbach approach not applicable for low neutron capture Q
values.
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Impact of NLDs, ySF in neutron capture rates
Variations of neutron capture rates at 1.5 GK

Nuclear Level Density ~ ray Strength Function
Constant Temperature matched to the Fermi Gas model (CT+BSFG)[19] Kopecky-Uhl generalized Lorentzian (KU) [17]
Back-shifted Fermi Gas model (BSFG)[19],[20] Hartree-Fock BCS + QRPA (HF-BCS+QRPA) [21]
Generalized Super fluid model (GSM)[22], [23] Hartree-Fock-Bogolyubov + QRPA (HEFB4+QRPA) [24]
Hartree Fock using Skyrme force (HE'S) [25] Modified Lorentzian (Gor-ML)[26]

Hartree-Fock-Bogoliubov (Skyrme force) + combinatorial method (HFBS-C) [27]
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y-ray strength function

The ySF describes the average energy
distribution of y-rays emanating from high

A &hR energy states of the nucleus.
spln PDR

Low energy enhancement
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The ySF low energy enhancement becomes increasingly
important as the number of neutrons increases.
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Configuration-interaction shell model calculations using effective interactions
show an M1 contribution to the low-energy enhancement.
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Configuration-interaction shell model calculations using effective interactions and recent calculations
using the Shell model Monte Carlo method show a reduction in the M1 low energy enhancement with
increasing neutron number as another peak emerges, at the location of scissors mode resonance.
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Nuclear level densities (NLD)

Definition: number of levels per energy interval

Experimental NLDs
* Low energy discrete experimental levels

Level density from neutron resonance spacings at the neutron separation
energy (available only for specific spins)

e 2j+1 JUtD .
Spin distribution: f(J,0) = e 202 | @: Spin cut-off parameter

Oslo method and 3-Oslo technique
Particle evaporation from compound nuclear reactions
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NLD Models in Hauser-Feshbach codes

 Phenomenological: Fermi gas model,
Constant temperature model, Model
parameters must be determined from the
available experimental data or from
empirical expressions, knowledge of the
spin distribution and spin cut-off parameter
o IS required

* Microscopic models: built on combinatorics
and the HFB model

Total level density (MeV™) Total level density (MeV™") Total level density (MeV ™)
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NLDs from Shell model

* NLDs from configuration interaction shell model calculations using
conventional diagonalization are only possible in the sd-shell.

« Shell Model Monte Carlo; mid-mass and heavy nuclei ?
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Moments method — based on the CI shell model
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Moments method — comparison with experimental/theoretical NLDs
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Astrophysical reaction rates — Moments Method - TALYS
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Challenges

« Shell model level densities have a finite excitation range (~12 MeV);
need for an algorithm to continue to higher excitation energies

* Negative/positive parity levels
» Ground state is required; directly from a shell model calculation, other
extrapolation techniques

« Availability of reliable shell model interactions (away from stability
what?)
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Thank you




Model spaces

*Any model space for which an
effective shell model
Hamiltonian is available

Tested with 4
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MM vs Exact S
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MM vs Experimental NLDs
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MM vs other models & Oslo method
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