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STUDY OF THE NUCLEAR STRUCTURE FOR THE 80
BY USING NuShellX@MSU CODE

In this study, the energy levels, electromagnetic transition probability, and charge density distribution of the 80
nucleus were calculated using the NuShellX@MSU code within the sdpn-shell and using the effective USDEPN and
WCPN interactions. The charge density distribution values were also reasonably consistent with existing experimental
data. Comparing the theoretical and experimental results indicates that applying the nuclear shell model using the
USDEPN and WCPN interactions is successful within the sdpn-shell.
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1. Introduction

The nuclear shell model has proven to be a very
successful tool for investigating the nuclear struc-
ture: using an appropriate selection of the remaining
effective interaction, a shell model can compute
various observations accurately and systematically
[1]. The shell model was developed by Mayer and
Jensen [2], and successfully used to assess nuclear
structural properties such as rotation, parity, magne-
tic moment, etc. of relatively light and near closed-
shell nuclei. It is one of the essential microscopic
nuclear models and is considered the exporter and
rationalization of other macroscopic nuclear models
[3]. There are several standard effective interactions
for light nuclei such as the Cohen-Kurath and USD
interactions for p- and sd-shells, respectively. The
analysis of neutron-rich sd-nuclei has been highly
interesting in modern years as they introduce new
aspects of nuclear structure [4, 5]. The nuclear shell
model codes such as Oxbash [6], Antoine [7],
NuShell [8], and NuShellX [9] and others, were used
extensively for shell model calculations in the
p shell, and sd-shell, and also in the fp-shell [10].
These codes are globally used to examine the struc-
ture of nuclei. The fundamental inputs to most shell
model configuration mixing codes are groups of
single-particle matrix elements (SPEs) and two-body
matrix elements (TBMEs). These groups are de-
scribed as “model-space Hamiltonians™ or “effective
interactions”. The sd-model space contains the 0ds,
0ds/2, and 1s1» valence orbits. There are 3 SPEs and
63 TBMEs for this model space, which in the mass
region of A = 16 - 40 can locate the energies and
wave functions for about 106 levels [11]. In this
research, the energy levels, electromagnetic transi-
tions, and charge density distribution of the 20 iso-
tope were calculated using the two interactions

USDEPN [9] and WCPN [9] within the sdpn-shell
and using a NuShellX@MSU code. The isotope
under study has been theoretically studied previous-
ly by [12 - 15].

2. Theory

NuShellX is a collection of computer programs
created by Bill Rae [8] to obtain accurate energies,
eigenvectors, and spectroscopic overlaps for low-lying
states in computations using the shell model Hamil-
tonian matrix with extremely large basis dimensions.
It makes use of a J-coupled proton-neutron basis and
can take into account J-scheme matrix dimensions up
to the order of 100 million. NuShellX@MSU is a
collection of wrapper scripts created by Alex Brown
[9] that generate input for NuShellX using model
space and Hamiltonian data files.

In the classical shell model calculations, instead
of calculating the system’s overall energy, it is
common to compute the energy levels for a single
nucleon outside the doubly magical core relative to a
closed shell. When there are several nucleons
outside the core, energy is assumed to be an
eigenvalue of the Hamiltonian Ho, and the overall
Hamiltonian is expressed as [16]:

H= kZ:;(Ho)k +E/kli 1)

k<l

where Vi — the residual two-body interaction, this
exists in addition to the typical shell model potential
and which we may write as:

Z:\/kl =

k<I
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where < > — the matrix element of the residual two-
body interaction; ajy (j,j,) — is an operator that

creates a pair of nucleons in the single-particle states
ja and jp with total angular momentum JM;

ayy (Jap) — the one that destroys a pair of particles
in states jc and jq; it is the Hermitian adjoin operator
to a\;rM (ja Jb)

The transition probability A(cL) for a gamma-ray

emission of multipolarity L and letter ¢ is given by
[17]:

x( LJ —J )_M E 2L+1X
T (2L s e
xB(GL,Ji—>Jf), 3

where B(oL) — the reduced transition probability;
Ey — the y-ray energy.

With the use of the reduced matrix element
(yflIM(oL)Ilyi), the reduced transition probability
may be expressed [16]:

1
2, +1

B(oL, 3 3¢ )= 5| FIIM (L) v (4)

The density distribution of a system containing A of
nucleons gets [1]:

Po(N =2 [N (5)

3. Results and discussions

The calculations for 20 are done using the shell
model in the Windows NuShellX@MSU code [9];
the model space used is sdpn with USDEPN and
WCPN effective interactions, with neutrons (N = 2)
above the %0 close core for the above isotope. The
goal of the current work is to use harmonic oscillator
potential (HO, b), b > 0 for the O isotope to
compute energy levels and reduce electromagnetic

transition probabilities, {B(E2), B(M1)}. The calcu-
lations have accounted for the impacts of core
polarization using the effective charges of both
protons and neutrons.

3.1. Energy levels

The ground state of the 'O nucleus is a closed
0 nucleus with two neutrons outside the closed-
shell distributed in the sd-shell, where J = 0* and
T=1. We have applied the two interactions
USDEPN and WCPN to calculate the energy levels
for the 180 isotope using NushellX@MSUcode.

When applying effective interaction USDEPN,
we conclude the following.

The total angular momentum and ground state
parity of the 0] level was matched when compared
with the available experimental values.

The agreement is appropriate for the values of
energies calculated theoretically 1.988, 3.498, 4.359,
4.596, and 5.403 MeV corresponding to the angular
momentum 2/, 4;,2,,0;,and 3, when we compa-
red it with the available experimental data.

The total angular momentum was confirmed
only for experimental energy 10.24, 11.49, and
16.399 MeV which corresponds to angular momen-
tum 17, 17, and 2. This study also confirmed the
total angular momentum for values of uncertain
experimental energy 10.99 MeV that corresponds to
angular momentum 2~ but in a positive parity.

In our calculations, we expected that the total an-
gular momentum and the parity of the experimental
energies 9.030, 9.890, 10.82, and 15.23 MeV is

47, 23,3,,0; due to the convergence of measured

values with our theoretical values.

We have observed from our calculations that the
highest calculated energy value is theoretically
16.173 MeV while the highest experimental energy
value is 36 MeV. Table 1 shows a comparison be-
tween the theoretical results and available experi-
mental results [18] for the 20 isotope by using the
USDEPN interaction.

Table 1. Comparison of the experimental excitation energies [18]
and excitation energies predictions for the 0O isotope by using USDEPN interaction

J* (theoretical) Energy (theoretical), MeV Energy (experimental), MeV | J (experimental)
01 0 0 0*
21 1.988 1.982 2"
4 3.498 3.554 4*
22 4.359 3.920 2"
0: 4.596 3.633 0*
31 5.403 5.377 3*
4, 9.019 9.030 -
23 9.862 9.890 -
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Continuation of Table 1

J* (theoretical) Energy (theoretical), MeV Energy (experimental), MeV | J (experimental)
1, 10.779 10.24 0,1,2)
32 10.882 10.82 -
24 11.042 10.99 (2)
1, 11.276 11.49 0,1,2)
03 15.001 15.23 -
25 16.173 16.399 (3,2)

While applying the effective reaction WCPN to
the 0 isotope to calculate energy levels we
conclude the following.

The total angular momentum and ground state

parity of the 0 level was matched when compared
with the available measured values.

The agreement is appropriate for the values of
energies calculated theoretically 2.179, 3.782, 4.32,
4.439, and 5.726 MeV corresponding to the angular
momentum 2;,4,,0;,27, and3; when we compared
it with the available experimental data. Also,
through our calculation, we got agreement that is
appropriate for the value of energy calculated theo-
retically 10.555 MeV corresponding to the angular
momentum 3;, but in different parity.

The total angular momentum was confirmed only
for experimental energy 9.270 and 11.49 MeV

which corresponds to angular momentum 2~ and 1.
This study also confirmed the total angular momen-
tum for values of uncertain experimental energy
10.99 MeV that corresponds to angular momentum
2~ but in a positive parity.

In our calculations, we expected that the total an-
gular momentum and the parity of the experimental
energies 8.66, 10.820, 14.45, and 15.95 MeV s

4;,17,03, and 2. due to the convergence of measu-

red values with our theoretical values. In our calcu-
lations, we have observed that the highest calculated
energy value is theoretically 15.693 MeV while
the highest experimental energy value is 36 MeV.
Table 2 shows a comparison between the theoretical
results and available experimental results [18] for
the 80 isotope by using WCPN interaction.

Table 2. Comparison of the experimental excitation energies [18] and excitation energies predictions
for the 80 isotope by using WCPN interaction

J* (theoretical) Energy (theoretical), MeV Energy (experimental), MeV J (experimental)

0, 0 0 0*

21 2.179 1.982 2*

44 3.782 3.554 4+

0, 4.32 3.633 0*

22 4.439 3.92 2*

3 5.726 5.377 3*

45 8.75 8.66 -

23 9.466 9.270 ,1,2)y
32 10.555 10.396 3"

1 10.823 10.920 -

2, 10.928 10.99 2)

1, 11.341 11.49 0,1,2)
03 14.135 14.45 -

25 15.693 15.95 -

3.2. Electromagnetic transition probability
B(E2) and B(M1)

Gamma-rays can be considered a kind of elec-
tromagnetic radiation that contains a changing elec-
tric field that leads to a changing magnetic field and
vice versa. Radiation can be produced by an oscilla-
ting charge that causes the external magnetic field to
fluctuate, or by changing the current or magnetic

ISSN 1818-331X AJEPHA ®I3MKA TA EHEPTETUKA 2023 T.24 Ne3

moment, which produced a changing magnetic field.
The radiation emitted from the previous mechanism
is called electric radiation (E), and the last leads to
the generation of magnetic radiation (M) [19]. The
electromagnetic transition probability has been cal-
culated for the 0O isotope within the nuclear shell
model using USDEPN and WCPN interactions, for
each in-band transition, the computation was per-
formed using the harmonic oscillator potential (HO,
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b), where b > 0. Core polarization effects were
comprised by using effective charge e, = 1.450,
en = 0.750 for both interactions of the proton and
neutron effective charges. Also, the g-factor was
changed to obtain an agreement with the practical
values of the ground state of the magnetic transitions
(gsp = 7.500, gsn = —5.500) for both interactions
respectively.

For USDEPN and WCPN interactions we found a
good correspondence for the electric transitions
B(EZ) 21—>01, B(EZ) 41—>21, B(EZ) 22—>01, with
available experimental data. Also, the magnetic tran-
sition B(M1) compatibility was good for the transi-
tions B(M1) 2,—2,, B(M1) 4,—41, B(M1) 2,—2,,
B(M1) 25—2,, B(M1) 25—24 with available experi-
mental data. At the same time, the compatibility was
reasonable for the rest of the transfers, and through

our calculations, we also obtained new transitions
for which there have been no experimental values
until now. When comparing some of our results for
the electrical transitions of the interaction USDEPN
with the theoretical study [20] we found a good
agreement for the transitions B(E2) 2,—0:, B(E2)
4,—2,, and the agreement was acceptable for the
rest of the transitions. As for the interaction WCPN,
our results were in good agreement with the
transfers B(EZ) 21—)01, B(EZ) 41—)21] B(EZ) 24—)42,
B(E2) 24—01, while the compatibility was accepta-
ble for the rest of the transfers. Some of our results
by using USDEPN interaction are listed in Tables 3
and 4 for electric and magnetic transition probabili-
ties respectively and Tables 5 and 6 for WCPN
interaction for electric and magnetic transition pro-
babilities, respectively.

Table 3. Comparison of the B(E2) results by using USDEPN interaction in units e’fm*
for the 80 isotope with the experimental data [18] and theoretical study [20]

B(E2)
el Our results for USDEPN Experimer?t(j 2rzzsults [18] Theoretifa(lEri)suIts [20]
ep = 1.450, e, = 0.450

2:—0; 9.040 9.302 8.126
41—2; 7.206 3.334 5.884
0—21 0.9204 47.635 12.049
2,—01 0.3607 3.642 4.483
4,—2, 1.594 6.165 89.667
24—4; 3.019 6.725 1.961
23—0, 0.0144 64.448 67.250
24—0; 0.0661 2.522 0.168
4,—2 1.322 - 0.14

Table 4. Comparison of the B(M1) results by using USDEPN interaction in units p?
for the 80 isotope with the experimental data [18]

B(M1)
=) Our results USDEPN Experimeﬁgzla\:I i()esults [18]
gsp = 7.500, gsn = —5.500

2,—2 0.2303 0.251
4,—4, 2.1230 0.127
2,—2 0.3070 0.199
25—2, 0.0067 0.043
25—24 0.0930 0.013
32—>21 0.2047 -
12—>23 36300 —
1,—24 7.8210 -

Table 5. Comparison of the B(E2) results by using WCPN interaction in units e*fm*
for the 180 isotope with the experimental data [18] and theoretical study [20]

B(E2) B(E2) B(E2)
el gpui rlesrslgs ];c:]r:V\é_CAng Experimental results [18] Theoretical results [20]
21—0; 9.126 9.302 8.126
41—2; 7.065 3.334 5.884
0,—2 1414 47.635 12.049
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Continuation of Table 5

B(E2) B(E2) B(E2)
I S:L rles:;gs f;}r!\éil;lgl Experimental results [18] Theoretical results [20]
2,—0; 0.349 3.642 4.483
4,—2, 2.054 6.165 89.667
24—4, 2.308 6.725 1.961
23—0, 0.021 64.448 67.250
24—0; 0.0195 2.522 0.168
4,—2, 1.5010 — 0.14

Table 6. Comparison of the B(M1) results by using WCPN interaction in units p?
for the 80 isotope with the experimental data [18]

B(M1)
el Our results WCPN Experimeigzla\fI it)esults [18]
gsp = 7.500, gsn =-5.500

2o—21 0.2513 0.251

4,—4, 2.1660 0.127

24—25 0.3292 0.199

25—25 0.0348 0.043

25—24 0.1892 0.013

3—21 0.1853 -

1,—23 2.4700 _

1,524 6.0610 -

3.3. Charge density distribution

The charge densities of the 0 isotope were
calculated and shown in Figure. We notice from
Figure that the value of the charge density at the

p, efm3

0.09

0 1 2 3

center of the nucleus is 0.072 e-fm3, then begins to
decrease down to r = 5 fm, and then its value is fixed
at zero. The Figure shows a comparison of the
theoretically calculated charge density distribution
with the experiment results [13].

® Exp.data

Theo.data

5 6 7

r, fm

Comparison of the charge density distribution of the ‘80 isotope with the experiment data [13].
(See color Figure on the journal website.)

4, Conclusions

The current study showed that the interactions
USDEPN and WCPN used to calculate the energy
levels, the electromagnetic transition probability, and
the charge density distribution give results that are in
acceptable agreement with the available experimental
results. In our calculations, new energy levels have
been obtained and many levels of energy have been

ISSN 1818-331X AJEPHA ®I3MKA TA EHEPTETUKA 2023 T.24 Ne3

confirmed for both interactions, Likewise, the B(E2)
and B(M1) were reasonably compatible with the
experimental values. Also, through our calculations,
we concluded the value of the charge density
distribution is at the center of the nucleus in
0.072 e-fm=, then begins to decrease, and then its
value is fixed at zero. Finally, we got to the
conclusion that the shell model configuration mixing
in the sdpn-shell works quite well.
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JOCJIKEHHA CTPYKTYPHU SIJIPA 20 3A JIOMMOMOI'OIO KOJ1Y NuShellX@MSU

Y 1npoMy JOCTIIDKEHHI €HEepreTHYHi piBHI, WMOBIPHICTh €JNEKTPOMArHiTHUX IEpeXOJiB Ta PO3MOALT IIIJIBHOCTI
sapsany sgpa 20 pospaxosano 3a momomoro koay NuShellX@MSU 3 sdpn-oG0NOHKOK Ta 3 BHKOPHCTAHHSAM
edpexruBHuX B3aemoaii USDEPN ta WCPN. Pozmozin mineHOCTI 3apsiay 3HAXOANTHCS B IOCTATHIHN 3rofi 3 iCHyIOUMMHA
eKCTIEPUMEHTAIbHUMHU JaHUMHU. [IOpIBHSHHS TEOPETHMYHMX 1 BUMIPSIHUX pE3yNbTaTiB IOKa3ye, L0 3aCTOCYBaHHS
Mozeni siaepHoi 00omoHKH 3 BuKopuctanHsaM B3aemotii USDEPN i WCPN e ycninmanm 3 sdpn-000J0HKOTO.

Kniouosi crosa: enepreTndHi piBHI, €IEKTPOMArHITHI IEPEXOAH, TycTHHA 3apsiay, kox NuShellX@MSU.
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