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Investigation of electrical and magnetical multipoles contributions to
the total longitudinal and transverse form factors in some positive and
negative 2’Al states using different interactions
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ARTICLE INFO ABSTRACT

The shell model and Skyrme interaction calculations were used to study the nuclear
structure of the 2’Al nucleus. In particular, inelastic electron scattering form factors, energy
levels, and transition probabilities for positive and some negative parity low energy states
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have been calculated. The sd shell model was used with SKX parameters for positive parity
cases. The calculations were performed on sd space interactions and the best results were
obtained from HBUMSD, HBUSD, CWH, PW, and W interactions. For negative parity
cases, the zbm model space with SKXcsb parameters has been used with zwm interactions.
The excitation energies and transitions probabilities to the ground state 5/2* for positive
parity states have been also calculated. The calculated form factors, energy level diagrams,
and transition probabilities were compared with the available experimental data. It was
confirmed that the Skyrme interaction is suitable with the shell model to study the nuclear
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1. Introduction

Nuclear and Particle physics are one of the most
important fundamental physics fields quest to study the
structure of atomic nuclei. The most championed scientific
tool used for this purpose is the electron scattering which
gives important information about the inner structure of
nuclei. The weak well understood electromagnetic force of
electrons interacting with the nucleus gives electrons the
greatest advantage as a probe. As a result, nuclear
characteristics may be retrieved unambiguously from the
data, as unknown probe properties are excluded from the
analysis. Elastic electron structure
information about the nucleus in its ground state. When
energy transferred to the nucleus increase, the interaction
starts to become more inelastic and can be used to stimulate
the nucleus to a higher excited state, which is often
described in the context of the nuclear shell model

scattering  gives

description of a discrete nucleon excitation.

The low-lying odd and even parity states for the
very interesting sd shell nuclei have received attention
recently from both experimental and theoretical points of
view.
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These nuclei have been used for studying the
applicability of nuclear models such as the nuclear shell
model which is one of the most successful models in
describing the nuclear structure. In this study, we present the
YAl nucleus as a single-4 light nucleus that lies in the
transitional region where the nuclear deformation changes
from prelate for 2Mg to oblate for 28Si.

The features, both static and dynamic, of this
nuclear system, have been studied in a number of research.
For the ground states with J = 3/2" and J = 5/27, shell wave
functions for A = 19-39 cores were utilized to construct the
one-body densities on which the M1, E2, M3, E4, and M5
moments are based. authored by B. Brown, A. et al,[1]
Theoretical values were compared to experimental data and
assessed in terms of deviations from the predictions of the
pure formation envelope model. The even-parity states of
27Al below 7 MeV, inelastic electron scattering form factors
were observed By P. J. Ryan et al, [2] the data span a
momentum transfer range of (qg=0.75 to 2.80 fm'). Brown,
B., et al., [3] study electron scattering on '°F is described in
its entirety, both theoretically and experimentally.
Theoretical approaches for deriving the various components
of electron scattering form factors from multiparticle shell-
model wave functions are outlined. They employed 1s0d
shell-model wave functions generated with a new
“‘universal" Hamiltonian, and Op-Is0d shell-model wave
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functions based on Millener and Kurath's cross-shell
Hamiltonian for negative-parity states. For momentum
transfers up to 2.4 fm!, the comparisons are done with
measured longitudinal and transverse form factors.

Electron scattering form factors for the low positive
valences of Al were performed by R.A. Radhi [4]. Strong
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excitation of M1 and M3 was observed by magnetic form
factors for the low states at 2’Al by R.A. Radhi et al. [5]
who studied the magnetic formations of the elastic core of
the ground state 5/2" within 0.5 - 2.5 fm' transfer
momentum region.

Predictions for a large area The longitudinal and
transverse (electrical) form factors from the excitation of 2"
and 4% instances at '?)C, N, and **Mg were calculated
using Hartree-Fock wave functions. The results of such
large-structure-based space models are contrasted to finite-
base-space predictions (the shell model) to demonstrate that
momentum-transfer-dependent corrections can be quite
varied. authored by Amos, K. and C. Steward [6].

Elastic and inelastic electron scattering agents for
light nucleus, including ?’Al, were studied by Khalid S.
Jassim et. al [7] for the momentum transfer region 0.5 and
2.5fm?,

Ali A. Alzubadi et al studied the inelastic
electronic form factors for the positive and negative parity
states of the 'F nucleus [8] within 0.6 - 2.5 fm™ transfer
momentum region. Hartree-Focke’s field approach with
Skyrme type interaction has been stressed as the best and
most suited method for the shell model. Longitudinal and
transverse electron form factors of the 'O nucleus were
studied for positive and negative parity states by Ali A.
Alzubadi et al [9]. Shell model and self-consistent Hartree-
Fock computations were used for analyzing 'O nuclear
structures. For this objective, two alternative shell model
spaces were used. The first is the psdpn model space for
positive parity states, while zmbe has been presented for
states with negative parity.

This study is concerned in investigating the total
electrical and magnetical contributions to the longitudinal,
transverse inelastic from factors in some positive and
negative ?’Al parity states. The sd model with SKX
parameters was used with positive parity states consisting of
the active 1dsz, 2s12 and 1ds.2 shells above the inactive '°O
core in (I1s)*(1p)!? which remains closed. The interactions
HBUMSD, HBUSD, CWH PW and W were used to provide
realistic sd-shell wave functions (1ds2, 1ds2, 2s12) for
positive valence states 5/2 © ground state (GS) 5/2* ,1/2
(0.844) MeV, 3/2° 1.014 MeV, 5/2" (2.735 MeV), 7/2*
(2.211MeV) and 9/2* (3.004 MeV). The zbm model space
with SKXcsb parameters was used for the 1/2° (4.055)
MeV, 3/21 (5.156) MeV and3/2,” (5.827) MeV negative
parity states.

The matrix element of single-particle for all excited
states was derived using Skyrme interaction with various
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parameterizations. The Skyrme interaction generates an
analytic energy density functional that can be swiftly
computed to yield minimal energy and single-particle
densities. This model has shown to be very useful for
nuclear mean-field (MF) computations since Vautherin and
Brink [10] implemented the Skyrme interaction. It allows
for the truncation of the shell-model space to a closed-shell
configuration as well as three-body interactions with a
minimal set of parameters, such as expansions of s and p-
wave of an effective nucleon—nucleon interaction, as well as
the dependent density part. The interaction parameters must
be determined from experimental data because it is
phenomenological [11].

2. Theory and methodology

The total form factor can be represented with the electron
scattering angle 6 as the sum of the two terms; longitudinal
FX(g) and transverse FT(gq) as follows:

IF(q)I?

= |F*(@)I? + [1/2 + tan?(6/2)][F" (q)]? (1
For the total form factors, longitudinal (L) and transverse
(7), it can be written as [12]:

IFL@I2 = 3)m0lF (@) @)
FT @ = > {lF @’
J=0
+|F @’} 3)

where |F ]E (q)|2 and |F }V’ (q)|2 are the transverse electric
and magnetic form factors, respectively.

The sum of the product of the elements of the one-body
density matrix (OBDM) X]] f]i(tz, Jir jf) and the single-
particle matrix elements represented the reduced matrix
element of the electron scattering operator T/,tz for a chosen

model space and is given by [12]:
Ul Ty Uiy = 25 X7 Ji(ter i ) U T D
“4)
states with in

with initial and final

concerning model space j; and j; and t, =1/2 and

single-particle

—1/2 for proton and neutron respectively.

Center of mass Fem(g) and finite-size Fx(g) corrections
were included the electron scattering form factor involving
momentum transfer ¢, between initial and final states of spin
Ji s as follows [13]:

[F (@]’

_ 41
722, + 1)

2
D e UL @D Ea@ Fa@ 6
tZ

with p is either the longitudinal (L) or transverse (T) form
factors.

The reduced transition probability is given by [3]
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where k=Ex/ hc.

+

B = >
- J¢, B(M1) in units of uy, B(E2) in units of uy fm?
,B(E1) units of e*fm?

The central potential is represented here with the
one-body mean-field Skyrme potential were used for which
is an approximated field provided from all two and three
body interactions between nucleons inside the nucleus. This
potential can be given in terms of two-and three-body parts
as follows [10]:

iy 2 3
VSkyrme Zl<] V( ) + Zi<]‘<k Vl](k) (7)

The two-body part is given by
VO gyme=V™ +V LS+Pt

7™ = to(1+ xPe) 812 + 2 (1 + x39,)p®(ry) 61z +
21+ x,9,) (812K + K '815) +(1 + x,9,)K'kS1,
‘7 LS
= it(6,+6,).k’
* k6,
7t =2{(3(6,k) (6. %) — (8,.8)k) 81, +
812(3(6.k )(6,k') - (51.62)’22)} +
to(3(6.k")81,(6.k") —
(6,.6)k" . 815k ) (8)
were 8;, = 6(r; — 1) and the three-body part by

(3
VS‘kyrme

t3 512 613 (9)

The k and k' are relative momentum operators which are
defined as

1/ <

7i(7 %)

with the k" acting to the left. The tensor force is usually
neglected.

k= _(Vl 2)' k' = (10)

The saturation properties have been presented in
the first item of Equ.(8), while surface properties were
shown in momentum-dependent terms which is account for
finite-range force effect [14]. SkXcsb parameterizations
were implemented in this study [15] which delivers the best
rms (root-mean-square) results. Direct and exchange
Coulomb (CD and CE) factors as well as the Charge
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symmetry breaking (CSB) in the s wave section, are
included in this parameterization. Folding the computed
charge distribution, Pen(r), with the two-body Coulomb
interaction yields the direct Coulomb potential, which is
given by [16].

ff pp(r)pp(r)d3rd3r’ 6)

[r—1'|

The Coulomb interaction exchange part comes
from the Slater approximation and as a function of density
matrix expansion:

3 o0
HCE=i(—)1/3 f o (7)

3. Results and Discussion

The latest version of the OXBASH shell model
code uses proton and neutron formalisms have been
obtained to calculate the OBDM elements which used then
in MJ and EJ matrix elements operators. The single particle
elements of radial wave functions were computed using the
SHF potentials of the type SkX and SkXcsb types for
conditions of positive and negative parity, respectively.
Results will be separated into two parts for discussion. The
first part included the positive parity states form factors,
transition probabilities and energy levels. The inelastic form
factors for the negative parity states were included in the
second part.

3.1. States with a positive parity

The calculations of longitudinal and transverse
form factors in positive low parity states case have been
adopted using distinct two-body effective interactions
utilizing the sd-model space. Fig. 1(a) shows the total
inelastic longitudinal form factors (Co+C2+C4) for the first
5/2" at energy 2.734 MeV calculated with sd model space
using SKX parameterizations for all interactions identified.
This figure shows that all interactions are suitable for
reproducing experimental form factors data in the area
where momentum is transferred between (0.5 to 2.4 fm™).
The shape of the theoretical curve agrees well with the
Experimental for all interactions. In terms of longitudinal
form factors, Contributions were made of the coulomb
C0,C2,C4 form factors for the best HBUMSD interaction
concluded from Fig.1(a) were illustrated in Fig.1(b). We
notice a small contribution of CO which is considered
negligible. The contribution of C2 with the experimental
data has been noticed to be considered in the momentum
transfer region (0.5 to 1 fm') and C4 is the most
contributory in the region above 1.5 fm™.

The total transverse form factors (electrical and
magnetic), Fig.1(a and b), were shown in Fig.1(c) for all
interactions. The two peaks, at the 1 and 2.25 fm’!, have
been represented very well by theoretical curves. It agrees
with the results of the experiment for all interactions in the
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transfer of momentum region (0.75 to 3 fm!). Fig.1(d)
represents the contribution of the total magnetic M1+M3
and total electric E2+E4 form factors using the HBUMSD
interaction. One notices that the main contribution belongs
to the total magnetic form factors M1+M3 which show the
largest contribution in the transfer of momentum region
(0.75 to 3 fm™).

Fig.2(a) shows the inelastic longitudinal C2 form
factor for the first 1/2* (0.844 MeV) state using also the five
interactions chosen with SKX parameters give a fine
agreement with the momentum transfer experimental data
region (0.6 to 2.5fm™). The calculated curves represented by
two peaks are overestimating the experimental data for the
region (0.5 to 1.5 fin!). For the second peak one can see that
the calculated results are underestimating the experimental
data. The inelastic (electrical and magnetic) transverse form
factors are shown in Fig.2(b). The calculated results show
better agreement with experimental data for the second peak
with transfer of momentum over 1.5 fm™!, than the first peak
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in which our results higher than the experimental one.
Fig.1(c) shows the contribution of the electric (E2) and
magnetic (M3) the proportion of transverse form factors in
the total transvers form factor calculated using HBUMSD
interaction along with the experimental data. It was
observed that the main contribution is given by M3 at the
higher momentum transfer region larger than (1.5 fm™),
while the contribution of E2 appears greater for low
momentum transfer regions (smaller than 1.5 fm'). In
general, the results represented the whole transvers shape
very well.
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Fig.1: Calculated longitudinal (a and b) and transverse (c
and d) form factors for (2.735 MeV 5/2+) compared to
experimental data using SkX parameterization [2].
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Fig.2: Calculated longitudinal (a) and transverse (b and c)
form factors for (0.844 MeV 1/2") compared to
experimental data using SkX parameterization [2].

The computed C2+C4 longitudinal form factors
were calculated for first 3/2 state at 1.014 MeV. An
examination of these curves in Fig.3(a) reveals that the
predictions using SKX parameters are in good agreement
with the results of the experiments. The longitudinal form
factors were calculated for this transition, where the total
sum of the C2+C4 longitudinal shape factors agrees well
with the experimental data for the five interactions selected
for the a range of momentum transfer regions from (0.6 to
2.5 fm™). In Fig. 3(b) one can notice clearly that the main
contribution to the total longitudinal form factors belongs to
C2 curve for all momentum transfer, while C4 contribution
is considered negligible. Fig.3(c) represents the transverse
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form factors of the sum of E2+E4 and M1+M3 for the five
selected reactions. The agreement is good with the results of
the experiment for the second peak with transfer of
momentum larger than 1.75 fm!. For the region of
momentum transfer (0.75 to 1.75 fm') the experimental
data are underestimate the theoretical curves. Fig.3(d)
represents the contributions of the total electric and
magnetic form factors with the best interaction (HBUMSD).
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Fig.3: Calculated longitudinal (a,b) and transverse (c,d)
form factors for (1.014 MeV 3/2") compared to
experimental data using SkX parameterization [2].

Fig.4(a) shows C2+C4 inelastic longitudinal form
factors for the tramsition 7/2* (2.211 MeV) for all
interactions selected in the momentum transfer region (0.3
to 2.5 fm) along with experimental data. The calculated
results are in complete agreement with experimental
findings one for all interactions. Fig.4(b) represents the best
interaction of CWH with the contribution of both C2 and C4
with the experimental data. The contribution of C4 was
almost negligible, while the contribution of C2 is greater
and can be considered for all momentum transfer region.
Fig.4(c) shows the overall transverse form factors that
correspond well in the momentum regions. (0.4 to 3 fm™) to
the experimental curve is located on top of the theoretical
curve. Fig(4.d) represents the best interaction with the
contributions of transverse form factors (electrical and
magnetic), as it was noticed that electric (E2+E4) curve
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gives a good contributes to the total transverse form factor
in the low and medium momentum transfer, and the largest
contribution is clearly belongs to the magnetic
(M1+M3+M5) curve.

In Fig. (5.a) the calculated inelastic longitudinal form
factors C2 + C4 for the transition 9/2* at (3.004 MeV ). Our
results are in complete agreement with experimental
findings in momentum region (0.3 to 2.5 fim™!) of all the five
selected interactions especially with HBUMSD interaction.
The individual C2 and C4 contributions to the longitudinal
form factor have been shown in Fig.5(b) along with the
results of the experiment for the best interaction. The
contribution of C4 is observed to be considered for over 1.5
fm™!, while the contribution of C2 is significantly for the
transmission of all momentum. The transverse form factors
of this transition represented by the sum of the magnetic and
electrical form factors for each selected interaction were
dissipated in Fig.5(c). All interactions are in excellent
agreement with the results of the experiments at the
momentum transfer region (0.4 to 2.9 fm™).

Fig.5(d) shows the best interaction with the
contribution of the electric curve E2+E4 and the magnetic
M3+MS curves. We notice that the contribution of E2+E4 is
large, while the contribution of M3+MS5 is considered for
high transfer of momentum (over 1.5 fm™).
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Fig. 4: Calculated Longitudinal (a,b) and transverse
(c,d) Form factors for (2.211 MeV 7/2+) compared to
experimental data using SkX parameterization [17,
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Fig. 6(a) represents the inelastic form factors of the
11/2" transition at 4.580 MeV for all interactions. it was
found that the theoretical curves are in excellent agreement
with
interactions for this transition are HBUMSD, CWH and W,
within the transmission of momentum region (0.75 to 2.5
fm™!). Fig. 6(b) represent all the obtained multipoles
(longitudinal and transverse) (C4, E4, M3, M5) for this
inelastic transition. The figure clearly appear the dominate
and strong contributions of the longitudinal C4 multipole,

the experimental data. The most
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Fig.7 show a comparison between the calculated
energy levels with the experimental energy spectrum for
different interactions selected in this study. although the

agreement

between the theoretical and experimental

schemes has not been implemented with great success, one
can conclude that the reaction W is the most consistent
reaction with the practical results, followed by the HBUSD

reaction.

3.5

Energy (MeV)

0.5

5/2t ——

Exp.

0.5

hbusd

hbumsd cwh

Fig. 7: Comparison of positive parity energy levels of the
YAl nucleus using different interactions.

Tablel: Reduced transition probabilities and excitation
energies for 2’Al nucleus ( states with a positive parity)

Excitation energy e
B(E2)(e“fi
JroJE (MeV) (E2)(*fm™)

Theory | Exp. Theory | Exp.
5/2*—1/2* 0.921 0.844 46.4 12.740.5
5/2*—3/2* 1.294 1.014 28.89 25.542.6
5/2*—>7/2* 2.326 2.212 82.19 94.6+5.4
5/2*—5/2* 2.704 2.734 11.27 8+3
5/2°—9/2+ 3.026 3.004 46.6 55.9+3.2
5/2+—11/2* 4.580
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3.2. Negative parity states

The zbm model space has been used with SkXcsb
parameters for the calculations of the negative parity states.
The zwm two body interactions are the only interactions
which used for these calculations. The longitudinal and
transvers for the initial excitation 1/2°! state at 0.055 MeV
have been calculated and shown in Fig .8 (a and b), as well
as the experimental points. The pure longitudinal C3 and
transverse E2,M3 are present in this transition. The shape of
the computed form factors calculated with SkXcsb
parameterization is in qualitative agreement with the
experimental one, according to these curves in the transfer
of momentum region (0.75 to 2.5 fm™!). The results showed
that the shape of the theoretical curve is the same as the
shape of the experimental curve represented by one peak.
Fig. 8(b) represents the transverse form factors (E3,M2 )
and their sum. The results are not in good agreement with
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the results of the experiments. As one can see from the
figure that our results are overestimate the experimental one.
In comparison to actual data, the shape of the computed
E3+M2 form factor is well reproduced, however in low
momentum transfer region it is underestimated. The two
figures show that the longitudinal form factors correspond
well and better than the transverse form factor.

(a)

longitudinal form factor
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o

Fig 8. Theoretical longitudir(;a(ll (;1) and transverse (b) form
factors for the negative parity state 1/271, 0.055MeV using
zbm with SkXcsb parameterization compared with
experimental data[19]
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The calculated longitudinal form factors for the first
and second negative-parity state 3/21” (5.156 MeV) and
3/227 (5.827 MeV) were shown in Fig. 9 (a and b)
respectively with  the The total
longitudinal form factors for transition 3/2:" represented by
(C1+C3) agrees well with the experimental data especially
when the momentum transfer is higher than (1.5 fm) and
the contribution of C1 is lower than C3.

experimental one.

longitudinal form factor KRN
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N zbm model space SkXcsb
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Fig.9. Theoretical longitl(;c(lin)al form factors for the first
negative parity state 3/27, 5.156 MeV (a) and (b) second
negative parity state 3/27, 5.827 MeV using zbm with
SkXcsb parameterization compared with experimental data
[19].

For the 3/27, (5.827) MeV state, the shapes of the
form factors are in qualitative agreement with these data.
Little discrepancy can be noticed in longitudinal form factor
the calculated C3 at medium momentum transfer. The
calculated results are in general in a good agreement with
the experimental data.

4 .Conclusions

It has been emphasized that the Skyrme interaction
is probably the best and most appropriate interaction with
the shell model in calculating single-section array elements
to study nuclear structure and is necessary to obtain a
reasonable description of the longitudinal and transverse
electron scattering form factor. For energy level and
transition probabilities, it has been found the best interaction
for sd-model space the experimental data is ¥ interaction
followed by HBUM. For negative parity states model space,
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