o Gl do bl dunoulitd| dedad !

The Scientific Journal of King Faisal University

Addanlly Zewladl] pglall
Basic and Applied Sciences

Study of the Electric Quadrupole Transitions

in 5951 Mn Isotopes by Using F742pn and

FZcdpn Interactions
Ali Khalaf Hasan, Fatema Hameed Obeed and Azahr Nadham Rahim

Department of Physics, Faculty of Education for Girls, University of Kufa, Najaf, Iraq

& ol | bl 3 2 i 39

§ F742pn sk J\uemiti®o51Mn il
F7cdpn

ey (o5l e dees Aabold (s 1S o

Glyadl ccamill dgSI dnale (licl) o AN A (o Linall e

LINK RECEIVED ACCEPTED PUBLISHED ONLINE ASSIGNED TO AN ISSUE
E H E Gl J bkl | Jowd| (el L puied| Said Wyl
- https://doi.org/10.37575/b/sci/0070 27/12/2020 14/03/2021 14/03/2021 01/12/2021
. NO. OF WORDS NO. OF PAGES YEAR VOLUME ISSUE
wibolld| a2 ilaivall 3as il | dall edy daad| dy
E H’ 4267 2021 22 2

ABSTRACT

Jaadl|

The nuclear shell-model has been used to compute excitation levels of
ground band and electric quadrupole transitions for ***’Mn isotopes in f-
shell. In the present study, £742pn and f7cdpn effective interactions have
been carried out in full f-shell by using Oxbash Code. The radial wave
functions of the single-particle matrix elements have been calculated in terms
of the harmonic oscillator (Ho) and Skyrme20 potentials. The predicted
theoretical results have been compared with the available experimental data;
it has been seen that the predicted results are in agreement with the
experimental data. From the current results of the calculations, many
predictions of angular momentum and parities of experimental states have
been made, and the energy spectra predictions of the ground band and B(£2.
1) electric quadrupole transitions in ***’Mn isotopes of the experimental
data are not known yet. In the nuclear shell-model calculations framework,
energy levels have been determined for ***’Mn isotopes; new values of
electric quadrupole transitions have been predicted in the studied results.
This investigation increases the theoretical knowledge of all isotopes with
respect to the energy levels and reduced transition probabilities.
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1. Introduction

The nuclear structure of neutron-rich nuclei above *’Ca magic nucleus
has been the recent experimental focus. The mechanism can cause
changes in nuclear structure as neutron numbers increase in any
nuclear system mechanism (it is an open question)!!(Srivastava and
Mehrotra 2010). Neutron-rich f-shell isotopes are of private interest,
too. In astrophysics, like the electron capture rate in supernovae
explosion, experimental and theoretical explanations can be achieved
as a satisfactory description for these isotopes (Kaneko et al., 2008).
Previously, several neutron-rich nuclei in f;-shell studies have been
carried out and investigated by many researchers, including the three-
body force manifestations in spectra, binding energies, seniority
mixing, particle-hole symmetry, electromagnetic and particle
transition rate (Volya, 2009). The energy states and electric
quadrupole transitions for the Of;,, proton-shell nuclei (*°Ti, 3'V, **Cr,
>>Mn, **Fe, and **Co) have been calculated within the spherical shell-
model framework, assuming a *Ca as a closed core (Saaymant and
Irvine, 1976), as well as f;,shell-model study (**°Ca and **Sc) in
pure f";, configuration (Muto et al.,1978). Hundreds of years ago,
many models and theories were built to describe and illustrate the
experimental observations of the nuclear structure and reaction
properties for various nuclei (Bacca, 2016). One of those nuclear
models is the nuclear shell-model, which has successfully explained

the nuclear structure for several nuclei in different areas of the periodic
table, such as Ca, Ti, Cr, and Fe (Gambhir et al ., 1982). The nuclear
shell-model is considered the primary theoretical tool for
understanding the nuclei properties. It can be used for preparing
qualitative understanding due to its simple single-particle form, which
is essentially based on the effective interaction use, actually because of
its. well-known form. Within the shell-model approach, just the
particles outside the close core can make up the filled shells (valence
nucleons), which are considered active nucleons, and calculations are
achieved in truncated Hilbert space called the model space (Gargano
et al., 2014). Nuclear shell-model calculations are carried out within a
model space in which the valence nucleons are limited to distribute
over a few orbits that are incapable of reproducing the measured static
moments or transition strengths and other nuclear properties (Radhi
and Bouchebak, 2003). Multipole transition probability, binding
energies, separation energies, beta decay, quadrupole moments, and
magnetic moments have been calculated based on nuclear shell-
model codes such as OXBASH (Brown et al., 2005), NSHELL(Brown
and Rae, 2007), ANTOINE (Caurier and Nowacki, 1999), NATHAN
(Caurier et al.,, 1999) and NuShellX@MSU (Brown and Rae, 2004).
These had been vastly utilized besides the single-particle wave
function, the two-body matrix element (TBME) of variety shell-model
spaces, and different effective interactions had been suggested
depending on two-body interaction strength. TBME has been
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represented as an important action in calculating the nuclear
properties (Brown and Rae, 2004). However, in the current
calculations, the Oxbash Code has been performed to find some
nuclear properties for nuclear structure. This is a set of codes for
carrying out shell-model calculations with dimensions up to 50,000 in
the /-7 scheme and about 2,000,000 in the M-scheme. Oxbash comes
with a library of model spaces and interactions (Hasan and Obeed,
2017). The current study aims to compute the energy levels and
electric quadrupole transitions for’”*’Mn isotopes by using effective
interactions f742pn and f7cdpn in f-shell then make a comparison of
the current results with the available experimental values.

2. Theory

In this work, nucleons of **>'Mn isotopes have been distributed to
the nucleons in f;-shell, and these isotopes have proton and
neutron numbers lying above the magic numbers Z=20 and N=20.
Although the number of active valence nucleons is low enough in
these nuclei to allow for a full shell-model description, these nuclei
forms can be an interesting island in the nuclide chart. An essential
objective of nuclear structure theory has carried out shell-model
studies with single-particle (SP) energies and residual two-body
interactions that are both derived from a realistic nucleon-nucleon
interaction (Coraggio et al., 2007). Generally, a quantum mechanics
solution to the Schrédinger equation have been necessary steps to a
specified appropriate Hamiltonian, so that a standard shell-model of
effective Hamiltonian can be written as:

H
- Z EaNg + Z Z V]T(ab; cd) Z A]+MTTZ (ab)A/MTTZ(Cd)]
asb,csd T MTz

a

(1)
Where n,: describes the number operator of an orbit (a) of quantum
numbers (n,1, /) but the symbol (A;yrr,(cd)) denotes the
creation operator of nucleon-pairs in orbits (a and 5) with spin
quantum numbers (/M) and isospin quantum numbers (7, 7), but
the last terms in equ. (1) can be written as the following (Honma et
al,, 2002:135¢):

Yt Viem[Rash e<a Z]T V/T(abi cd) ZMTZ A/J'MTTZ (ab)A]MTTZ (cd)] (2)

Where Zk<l Vi, is expressed on residual two-body interactions and
can be re-written as:

V<t Viee = GualVizljzia) (3)
From the equ. (1, 2, and 3) it can get on the following :

H=yY, Mkt (jalVizljsja) = Zi=e Ho + (ufalVaalizja) (4)

By separating the summations into core and valence contributions
in eq. (4), the eq. (4) can be re-written:

H = Heope + Hy + Hy + (jij2lVi2li3)a) (5
Here, H;,ye implies on all of the interactions of nucleons making up
the close core, while H; and H;, refer to the single-particle
contributions from particles (1 and 2) and (j1j,|Vi21j3js) are the
residual interactions describing all interactions between particles (1
and 2) as well as any interaction with core nucleons. Inserting this
form of the Hamiltonian into the Schrédinger equation yields an
analogous expression for the energy (Lawson, 1980:43):

E = Ecore + E1 + E3 + {(jij2Vi21j3ja) (6)

The terms of (equ. 6) can be interpreted as follows. E¢ore is the
binding energy of the core nucleus, E; and E; are defined as the
single-particle energies of orbitals outside the core, and
(jiJ2|Vi2lj3j4) is the residual interaction. Equation (6) is necessary

to calculate the energy levels for pure configurations only. The
excitation energy levels, wave functions, effective charges, and core
polarization effects are necessary inputs to calculate the reduced
electric quadrupole transition probabilities, B (F2|). Reduced
electric quadrupole transition probabilities are considered the
observable necessity, and quadrupole moment ratios within the
low-lying state bands can provide more information about the
nuclear structure (Hasan, 2018:191). The present theoretical results
of the reduced quadrupole transition probability B( £ 2]) can be
carried out from the recent calculations study of the reduced electric
matrix element and from the initial and final nuclear states that are
given in the following equation (Ali, 2018:1):

TED =l 2k e(k)éj(f)k”]i Yms @)
e(k): represents the electric charge for the k-th nucleon and e(k) = 0
for the neutron.

While the electric matrix element can be represented in terms of the
model space matrix elements only by assigning effective charges (e ¢
(t,)) to the neutrons and protons (Pandya and Singh, 1974:66)

T(E]) = X, eerr(tDUrQ2 (7, a2l ms (®)

It can be the expression for the effective charges to include the
neutron excess explicitly (Brown, 2001:575):

eerr(t) = e(t) +ede(t),be(t) = £ 220D _
2t, [032 — 22022 ©)

Where e(tz) is expressed from the polarization charge for
nucleon.

The reduced quadrupole transition probability can be according to
the relation:

(f||lTE2
21;+1

B(EZ L > I 1) = (10)
The chi-square between the computed and the experimental values
for each energy level can be calculated according to the following
equation (Walker, 1995:62):

2
2 (Eexp._Etheor.)
Xe=r—— (1)
theor.
But chi-square conditions are not applied for reduced electric
quadrupole transition probability.

3. Results and Discussion

In this paper, some properties of nuclear structure for ground bands
of *”*’Mn isotopes have been calculated using Oxbash Code.
Valence nucleons of these isotopes are distributed in f-shell. In these
calculations, £7pn model space, f742pn, and f7cdpn interactions
have been utilized to estimate the energy levels and the reduced
quadrupole transition probability for the isotopes mentioned above.
The reduced quadrupole transition probabilities have been carried
out using harmonic oscillator (Ho) and Skyrme20 potentials at the
isotopes' Oxbash Code under this study. So the ***’Mnisotopes can
be discussed as follows.

3.1. Energy Levels:

Table.1 illustrates the comparison between the predicted theoretical
results of positive parity states in *’Mn nucleus for f742pn and
f7cdpn interactions and the recent experimental data. This nucleus
consists of (25 proton) and (25 neutron) outside “’Ca magic core,
which have filled out the ((77,,)shell). In table 1, theoretical values
of {1," and 2,%} states of f742pn and f7cdpn interactions have
agreed very well with experimental energies {0.651 and 0.800} Mel/
respectively (Chen and Singh, 2019: n/a). The experimental energies
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{0.659 and 1.765MeV} appeared in good agreement with expected
theoretical values at both 742pnand f7cdpninteractions in order to
confirm the states {3," and 4,7} of the above experimental energies.
The theoretical states {7,, 9,", and 11,} have confirmed the
experimental values {1.030, 2.534, and 4.585} and MeV/respectively
. In current studied results, the states {8,"} are determined at the
experimental energies {3.177} MeV, which are unknown at spins
and parities experimentally. New values at energies and states in
both £742pn and f7cdpn interactions have been predicted in the
studied present results as the states {6,%, 10, and 12,"} have not
been known at the energy and state values experimentally.

Table 1: Comparison between theoretical and experimental excitation energies (Mel) (Chen and
Singh, 201 9:n/a) for **Mnnucleus by using F742pnand F7cdpnInteractions

) E(x)theor. Egy X z
F742pn. FZcdpn. g Ep F742pn. FZcdpn. Status

i Interaction Interaction Interaction | Interaction
0, 0.000 0.000 0| 0.000
5 0355 0.464 5 [0225| 00848 0120 | 4cceprance
T 0523 0637 T 0651
37 0611 0718 ©) | 0659 —
6 0.903 1001 | | 0.0309 0.0492 | determination
7y 1139 1203 77 | 1030
27 1148 1190 7~ | 0.800

s — 0.0007 N
7, 1878 1979 (7,7 [ 1.765 | 0.0025 confirmation
E 7809 2863 @) | 2534
(N 3026 3099 | — 377
7 7658 7682 (1) | 4585

_ 01182 01619
104 5.348 5375 | —-- | - total
124" 7.958 7936 | - | -

While *"Mn isotope has 25 protons and 26 neutrons, which have
occupied the 7f,,shell above *“’Ca magic core. The compression
between the theoretical and experimental results (Jimin. and
Xiaolong, 2017:n/a) are shown in table.2. From these comparisons,
there has been a good agreement for theoretical energy values at
states {11/2,7, 15/2,7,17/2,7,19/2;, and 23/2,} with experimental
data. In this study, calculations of the state {1/2;} have been
affirmed for experimental energy {3.423} Mel/and have not been
affirmed at states experimentally. The theoretical states like {25/2,7}
have been determined as new states of available experimental data
{8.498 MeV}. In this nucleus, new levels of energies and states have
appeared in this study at both £742pnand f7cdpn states interactions
like states {3/2,, 13/2y, and 21/2;} and disappeared in the

ST\ isotopes at both £742pn and f7cdpn interactions and the
experimental data. Tables 3—6 display the comparison between
theoretical values of the electric quadrupole transition probability
and the experimental data. For S9Mn nucleus, tables 3 and 4 show
that the experimental values of B(E2]) from{2{ — 07 } and
{(94)—(7:")} have agreed with the predicted theoretical values of
f742pn and f7cdpn interactions. While tables 5 and 6 show the
comparison between the predicted theoretical values of the electric
quadrupole transition probability and experimental data of >"Mn
nucleus. From this comparison, an excellent agreement of
theoretical values of the experimental data has appeared, such as
(7\2,7—5\27 902, =72 11\ —>7\2 32— A2, and  1\2,
—5\27}. New values of the quadrupole electric transitional
probability of *T5TAMn nuclei have been expected in this studied
results like B(£2|) from {6,"—4,",(8,")—(6,"),10,/— 8,"and
12,"—10,"} of *?Mn nucleus but of *’Mn nucleus the values have
been  {15\2,—>11\2,,19\2,—>15\2,"21\2,—17\2,,23\2, —
19\2," and 25\2,—21\2,7}; these values have not been known in
the experimental data.

Table 3.Comparison between theoretical and experimental values(Chen and Singh, 2019:n/a) of
electric quadrupole transition for *’Mn nucleus by using F742pninteraction

BUEZ 1) thoor
B(EZ 1) B(EZ1) BTEZ 1) BTEZ1)
- e’ fm* W.u e’ fm* W.u
= e Ho Ho SKZU SRZU | B(E2 Vg
e,=1.523e e,=1.523e e,=1.523e e,=1.523e W.u
e,=0.536e e,=0.536e e,=0.536e e,=0.536e
2,"—0," 153.1 13.992 150.9 13.791 13.9%%%
4, —>2," 0.3272 0.0299 0.3316 0.0303 >15
6,"—4," 37.20 3.399 36.65 3.349 —
8,6, 79.64 7.278 78.48 7472 -
10,"—8," 0.003658 0.000334 0.003604 0000329 | -
12, =10, 11.76 1.074 1158 1058 | -
31" 149.9 13.700 147.7 13.498 64439
9, —7, 163.5 14.943 161.1 14.723 12.9*2%

Table 4: Comparison between theoretical and experimental values( Chen and Singh, 2019:n/a) of
electric quadrupole transition for */ Mn nucleus by using F7cdpn interaction

experimental levels scheme. Ji— e B(E2 D) iyeor
B(E2]) B(E2 1) B(E2) B(E2)

Table 2.Comparison between theoretical and experimental excitation energies (Mel) (Jimin. and 2ot Wau & fin W

Xiaolong, 2017:n/a) for *'Mn nucleus by using F742pn and F7cdpn Interactions B(E2 1)y,
Torer Eover Ter | Eor | X7 7 Status Ll il S S0 W

F742pn. Fcdpn. e,=1.523¢ e,=1.523%¢ e,=1.523¢ e,=1.523¢
F742pn. Fredpn. Interaction | Interaction e,=0.536¢ e,=0.536e e,=0.536e e,=0.536¢

Interaction | Interaction 2,+—0," 1531 13.992 1509 13791 13.9%
5/2y 0.000 0.000 5/2 0.000 acceptance
7727 0.093 0.054 77T 0237 | 00136 0.0072 47—2, 1.039 0.0949 1.040 0.0951 >15
3727 1526 T506 | —— | —= — s y ” p
LIen T529 T508 5T T139 Jetermination 6" 4, 36 338 3645 33
T2, 57T T523 TT/T T488| 0.0022 0.0022 86, 7873 71954 78.25 71516 | -
1572, 3236 3777 1577 3250
1727 3.290 3297 (17Z,7/Z) | 3423 confirmation 10,'—8," 0.2357 0.0215 0.2309 00211 | e
13727 3490 3455 | - | 0.0003 0.0047
772, 3730 378 7 <650 12,°—10," 0.2002 0.0182 0.2042 00186 | e
;? iw' g;é; g;;g 19/2° 4139 | 371, 1485 13572 146.3 13371 64+39

T § 281 | - | —— total

23727 5522 6.445 2377 6477 0.0161 0.0 9" —7," 163.4 14.933 161.0 14714 12,9424
25/27 8.453 8305 | - 8.498

3.2. Reduced Electric Quadrupole Transition Probability:

The radial wave functions for the single-particle matrix elements
have been calculated using the (Ho), default SK20 potentials, and
the effective nucleon charges. Oxbash Code has been used to
calculate the reduced electric quadrupole transition for estimating a
better fitting with the experimental values. The (Ho) and SK20
parameters are size parameter values of (***’Mn isotopes) and are
b=1.928 fm of°°’Mn nucleus and b= 1.9235 fm of >’ Mn nucleus and
Skyrme parameters are 1, 1, 13 W, a X, X, X5 X3 of values
{1445.322,246.867,-131.786, 12103.863,148.637, 0.5,0.340, 0.580,
0.127, 0.030} respectively. There has been excellent acceptance
between the theoretical values of the transition strength B(£2]) of

Table 5: Comparison between theoretical and experimental values (Jimin. and Xiaolong, 2017:n/a)
of electric quadrupole transition for *’Mn nucleus by using F742pninteraction

BTEZ ) theo
BE) BEZ ) BE2) B |
s & fm” W e fm* W.u
S Jr Ho K20 SK20 B(E2 V) gy
e,=2.168e e,=2.197¢ W.u
e,=1.275¢ e,=1.317e
N2 —5\2, 5286 46973 5276 47:13
N2 =2y 2215 19.683 2200 27£10
N2 —5\2, 1228 10912 1220 156
N2, —>7\2, 3155 28.036 3136 21£6
EVE=Y.vE 110.0 9774 1092 12£10
N2, —5\2, 4278 3.801 4358 4615
T2, —13\2, 16.75 1488 16.66 0.092:4
15\2, — 112, 3423 30417 3401 | 30222 |
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19\2,—15\2; 136.6 12138 135.8 12067 [ = -
21\, —17\2¢ 103.2 9.170 102.8 9135 | -
23\2,—19\2¢ 2281 20.269 227.0 20171 | e
25\2,—21\2; 139.9 12.431 1393 12378 | -
Table 6: Comparison between theoretical and experimental values (Jimin. and Xiaolong, 2017:n/a)
of electric quadrupole transition for *’Mn nucleus by using F7cdpninteraction
B(E2 D heor,
B(E2]] B(EZ1) B(E2) BEZ)
& fm’ Wu fm’ W.u
U=t Ho o3 to3e P :5521339 k2o BEZ D
PRI e=1.315¢ e=1.315¢ Gl v
e,=1.315 & & e=1.315¢
7\2,7—5\2¢ 526.7 46.804 523.6 46.528 47+13
N2, —7\2y 219.5 19.505 2181 19.381 2710
N2, —5\2; 1226 10.894 121.8 10.823 156
TN\, —7\2¢ 317.4 28.205 315.5 28.036 21+6
3\ —7\2y 229.2 20.367 227.8 20.243 <0.14
N2, —7\2, 108.3 9.623 107.5 9.552 12+£10
N2, —5\2, 42.69 3.793 43.44 3.860 46+15
N2, —7\2, 0.1509 0.0134 0.1566 0.0139 2.6£15
17\27—13\2¢ 19.99 1.776 19.87 1.765 0.092+ 4
15\2, —11\2, 343.8 30.551 341.6 30355 | e
19\2, —15\2" 1341 11.916 1332 11.836
2N\ —17\2¢ 106.1 9.428 105.6 9.383
23\2, 19\ 227.9 20.251 226.7 20.145
25\27—21\2¢ 141.7 12.591 1337 1881 |

4. Conclusions

The calculations for the positive and negative parity levels of 05T Mn
isotopes have indicated that the nuclear shell-model and £742pn and
f7cdpn interactions have been very successful in explaining the
nuclear structure of these nuclei due to the less complex interactions
of valence nucleons. There has been an acceptance agreement of the
studied theoretical results and experimental data of all properties that
have been calculated in the present results. Also, some spins and
parities of these isotopes have been confirmed and determined. This
showed in chi-square values that appeared very small when the
observed data lies close to the expected data from through agreement
values of them as well as determination, confirmation, and total.
Furthermore, new values of energy levels and the quadrupole electric
transitional probability, which have been predicted in this study's
results, have not been known in the experimental data. These values
can add more information for theoretical knowledge for all isotopes in
this work. All calculations have been compared with the available
experimental data; furthermore, they are very functional for compiling
nuclear data tables. It has been concluded that the present calculations
have consolidated two forms of effective interactions and two types of
residual interactions for (f-shell) to calculate the energy levels and the
electric quadrupole transition probability whose set has been
appropriated for providing theoretical predictions of the nuclear
structure for each isotope and can achieve a high degree of conformity
with the available results, also succeeded in describing the available
transition data.
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