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Nuclear energy levels; Inelastic electron scattering C4 form factors for nucleons that were present outside closed core for the isobars #Ca
nuclei, which occupied low levels fp-LS shell (1f72,1f52, 2p312,2p112), within shell model calculations had been studied. The interaction has
been used to calculate the nuclear energy levels which is fpd6pn with fp shell model space. The results are compared with each other and
with available experimental data its agreement with some results is clear. All inscriptions are given in diagrammatic notation., the wave
vectors and analysis are modeled in the so-called diagrammatic notation. The potential of oscillator is utilized to construct single particle
vector, considering 39Cas, as a core. For the form factors the residual interaction M3Y has been adopted to include the inert core to the
calculations. The OXFORD BEUNES AIRES SHELL MODEL CODE is utilized to accomplish the results for all tested nuclei.
Keywords: Nuclear energy levels; Calcium isotope 44; Nuclear reaction; Diagrammatic notations FPD6pn; OXBASH
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1. INTRODUCTION

Many studies had been performed to understand the nuclear properties and the internal structure of nuclei. Due to
the complex nature of nuclei, there is no unified theory to describe the nuclear behaviors, properties and structures [1].
The shell theory has many benefits and properties such as the model independence of suggested, the applied physical N-N
potential, beside the traditional Hamiltonian related to different categories of eigenvectors, and for plenty of nuclei. The
shell theory stays valid to supplies the main theoretical methods for realizing all measurable of nuclei [1].

Excitation energies, binding energies, and spectroscopic factors were calculated in the LS shell (1f51,2p3p, 2pis2)
space so acquired effective N-N matrix elements [2]. Interactions between PN had been inspired to measure for the
presence of a orbits distance at N=32 in isotopes rich neutron localized in the nearby of magic nucleus “Ca [3]. Filled pf-
LS shell model inspections of A=48 nuclei were executed [4], modified Kuo-Brown (KB) [10] to KB1 and KB3G. The
isobaric chains A=50, A=51 and A=52 studied [5] using KB3G and FPD6 and their released version KB3G [6].

The shell theory introduced an important method for such research. In this hypothesis, realistic potentials are founded
and the basis vectors are denoted by exact quantum numbers of angular momentum (J), isospin (T) and parity () [7].
A plenty of researches [8] were done to detect the distribution of eigen functions constructs the framework of the shell
model [9]. Independently by Maria Mayer, and by Jensen, Haxel, and Suess) in the 1950s, the nuclear shell theory has
regarded a major theory in the understanding of nuclear structure [10]. Extreme single-particle motion in spherical
symmetry, only the addition of strong spin-orbit term was invoked to permit redesign of a wide range of results for
isotopes near the nuclear magic numbers [11].

Calculations had been accomplished in model space of full fp- LS shell contains 1£72,1f52, 2p3/2, 2p1» subshell and
considering*’Ca as a core. The number of particles which can be excited to higher configurations is not restricted. Thus,
apart from testing the suitability of GXPF1A interaction in explaining the experimental data, a comparison of results with
that of him results would also throw light on the role of intruder go» orbital, appropriate choice of core, and the effect of
truncation on the particles to be excited [12]. Nuclear energy levels; total angular momenta and even-even parity for
nucleons that were present outside closed and no core for (**Ca, **Ca, Ca and*®Ca), which occupied fp-shell
(1£72,1€5/2,2p3/2,2p112), within shell model calculations had been interested.

Four interactions had been assigned to calculate the nuclear energy spectrum of “*Ca, **Ca, “°Ca and*®Ca. The results
of the FPD6, GXPF1 and KB3G interactions are compared with each other and with available experimental data, its
agreement with some results is clear, the results are compared with GOGNY-P2 (fp, fpg and fpgd model space)
interaction. The technique of frozen orbitals and restricted occupations were adopted (applied) in the framework of full
space calculation, when GOGNY-P2 interaction had been used as an effective full space two body interaction [13]. Code
OXBASH had been utilized to generate model space wave vectors and in the same time receive the comparable model
space effective interaction that are selected for this study. The aim of this thesis is to reproduce the nuclear energy levels
of (**Ca) isotope, utilizing FPD6pn as a model space effective interaction to generate model space vectors, the calculations
is performed by using OXBASH code [14]. The calculated energy levels for the isotopes under study with different set
of effective interactions will be compared with the available experimental data.

2. THEORY
2.1. Interacting Particles in One and Two Active Orbits
The two particles wave function can be written as a product of a spin and an isospin dependent part as [15]:
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DQpmrrz (1,2) = in((1Di(2)Orr(H(1H(2)). ()

where j +j=Jand ¢t + ¢ =Twith T=0 or I since t=1/2.
A diagrammatic notation for the spin part of Eq. (1) has been introduced and one can write as [15]:

o (j(Dj(2) = Z(jmjm’I]M)qum(l)cpjm,(z) = s o

mm/ "
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where @jn(1) and &;(2) are the single-particle States for particles 1 and 2 with their angular momenta j has been coupled
to a total J. The coupling yields:

P @ (j(Dj(2) = (1@ (j(1)j(2) = = (=1 @ (/(1j(2)) €)
when Py,: interchanges operator. So, the isospin dependent part as [15]:

Orr, (t(1t(2)) = Z(ttztt'z|TTz)9ttz(1)9tt’z(2) = ) § )

tyt'y -
77

Condensed the notation to include spin and isospin as, p = (j,t) andI' = (J, T). So, Eq. (1) can be rewritten as:

(Dr(ljz) _ m) ,/\)_:_ W) , (5)

J T r

Anti-symmetry of a wave function is referred to by a circular arc and one obtains for two particles in two different

orbits p and A

r

For two particles in the same orbit the notation can be further formed as

o (1,2) = T ()

One can be extended easily to wave functions of more than two particles in one Orbit p as

O¥(1,2,...,n) = (3)

2.2. Coefficients of Fractional Parentage
The n-particle function with all particles in one orbit p is given as [14]:

®r(1,2,...,n) = )

The group p™! is coupled to J,, Te, x. with x. denoting all further quantum numbers needed to specify the state
[p™" 1), uniquely. When the operator P; interchanges all coordinates of particles i and j, then one obtains for i, j< n-1 due

to the anti-symmetry:
SSRGS o
r r r

The result of the permutation P for i or j equal to n, however, cannot in general be represented by a simple expression
in terms of the original function as in Eq. (10).
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¥ (1,2,...,n) = (11)

The wave function of eq. (9) due to anti symmetrization. Also, one can write:

= X{p"T}p" "€) (12)

r

where (p"I"| } p"~1€) represented “coefficients of fractional parentage” or c.f.p. The normalization and orthogonality lead
to the states |p™)r be denoted by x as:

erxr(pnfx|}p"'1F’x’)(p"Fx"I}p"_lf'x’) — 6xx”_ (13)
The simple reordering depending on equation (12), if the particle numbered £ is willing to decouple, then:
D3(1,2, .,k 0,n) = (D) FOR5(1, 2, ..., k). (14)

In the completely antisymmetric wave function leads to the expansion [15].

r = (D" Zelp"T}p" "e) ) (15)

r

It is beneficial to discuss in detail the derivation of c.f.p. for the relatively simple case of three identical particles
(maximum isospin) in one orbit with j < 7/2. It is only for j < 7/2 that three particles couple in an unique way to a given
total spin J. Thecouplingofthreesingle-particlewavefunctionstoanon-antisymmetrized function of total spin J can be
obtained by using the same diagrammatic representation as given in details in [15].

2.3. The Reduced Matrix Elements of the Longitudinal Operator (77 = Co)

The longitudinal form factor describes the spatial distribution of the charge (the transition charge densities), so the
longitudinal scattering might be considered as a result of the interactions of the incident electrons with the charge
distribution of the nucleus [18]. The longitudinal form factor operator is defined as [18]:

5 (q)=] @i, (qr) ¥ (2,)p(F1.) (16)

where j, (gr) is the spherical Bessel basis, Y, (Q,) is the spherical harmonic and p =(7,z.) is the nucleon charge

density operator. From equations (2-29) and (2-30), one obtains:
T, (9)=e(t.) ), (4r) Y, (@) a7
2.4. Core polarization effects

Microscopic theory will include the discarded space as a first order perturbation that is particle hole state (p-h), and
using mixing interaction in order to calculate these effects as a residual interaction, For Nuclei of A>40, Z, N> 20, the

fpLS shell model space is the suitable space [18], with a core of “Cais assumed. The electron scattering operator 7}

reduced matrix elements is formed by two parts, the former "Model space" matrix elements, and the latter is for the
"Core-polarization" matrix elements [18].

(r i)

r)={r 7]

r,.> +<r»fm5f1 H

MS

r,.>'cp. (18)

3. RESULTS AND DISCUSSION
Microscopic models have been introduced to constitute nuclear energy states. The model with mixed multi-nucleon
conformations is one of the most important models. In the adopted method, the systems 40Ca and 32S are considered a
non-active core with extractive baryons (neutrons only) that are named the LS shell. Calculations of the shell model are
carried out within a model-space in which the nucleons are free to occupy a few orbits and are able to reproduce the
measured static moments and transition strengths [16,19].
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The shell theory is a major part of the nuclear theory and an essential theoretical topic for the micro scale calculations
of nucleus build-up. The essential assumption in the shell model is that every particle plays separately in a potential
average, including a dominant non-central spin-orbit part, and consists of the baryons themselves [19]. After this, the
baryons allied into classes, the "shells, “distant from each other. By this approach, the nucleus is divided into an inert core
made up of filled LS shells plus a certain number of valence nucleons called the valence bodies [16,20]. Energy level
values in this work are calculated by the shell model calculations that are performed via the computer code OXBASH [14].

The calcium elements that existed in the human’s bone structure are very important. It’s very important to study the
calcium isotopes. Some of the experimental properties of**Ca, **Ca, *°Ca and**Caisotopes shown in Table.

Table. Experimental properties of some Ca isotopes [17]

42Ca 44Ca 46Ca 48Ca
Jm 0" 0* 0* 0"

M (micro-u) 41958617.828 43955481.543 45953687.988 47952522.904
Mex (MeV) -38.547245 -41.468675 -43.139361 -44.224629
B/A (MeV) 8.616563 8.658175 8.668979 8.666686

Sp (MeV) 10.27667 12.18226 13.81269 15.80162
S2p (MeV) 18.08529 21.62394 25.04405 29.02964

Sh (MeV) 11.48067 11.13117 10.3985 9.95153
San (MeV) 19.84349 19.06406 17.81332 17.2279
Qu (MeV) -6.25734 -8.8537 -11.1416 -13.97629

Es MeV) -6.426092 -3.65269 -1.378143 0.279213
Qpn (MeV) -17.97615 -13.35189 -10.13878 -7.95935
Q23 (MeV) -13.44257 -3.92011 0.98844 4.26808
Qap (MeV) -45.277 -28.108 -13.66779 -1.40261

4. INELASTIC LONGITUDINAL FORM FACTOR IN “Ca FOR THE TRANSITION (02— 4%2)
AT Ex=1.561 MEV
Inelastic longitudinal (C4) form factors were calculated by using M3Y-P1. Fig. 1 represents the calculated form
factors using (M3Y-P1) as a residual interaction in the first peak the results overestimate the data at all ¢ > 1.2 till 2.2 fm'!
while the calculations underestimate the data at the second peak. The form factor for C4 transition in **Ca with an
excitation energy Ex=1.561 MeV is displayed in Fig. 1, where the total contributions are due to the core polarization
effect. The data are well explained for the first lobe, and also up to q =3 fin~'. Higher q values are estimated. The values

of |F (q)|2 are in between 10 and downward with the maximum at q=1.8 fin™".
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Figure 1. Inelastic longitudinal C4 form factors for the 4, (Ex=1.561 MeV) (The value of Ex is theoretical) state in *Ca using
M3Y-P1 as a residual interaction.
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5. CONCLUSIONS

From Figure 2 which represents the energy level scheme for “Ca, it is clear that there are clear differences between
the calculated and experimental results in general. The calculated results reveals that there are an energy gap between
JE =07 and JT = 43 by the value of AE = 3MeV but this state has a well defined value as compared with the
experimental one and the state /¥ = 27 has a fair agreement with the experiment but the higher the states the wider the
difference with the laboratory states. The function of energy levels density will be very useful to identify the energy
spectrum and study the distribution of states between 1 to 10 MeV besides the number of every state and their values,
nuclear shell theory is based on some dependable not sure realistic and a wide range of fitting parameters are not well
reproduced to generate the static and dynamic nuclear properties and they need to be readjusted to meet the experimental
results table 1 tabulates some nuclear properties for some even Ca isotopes.
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Figure 2. The energy levels scheme of ““Ca by using fpd6pn interactions with closed core ’Ca for (J§T), positive parity, ten orders
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PIBHI SIIEPHOI EHEPTIi ¥ “Ca 3A BAKOPUCTAHHSI FPD6PN B3A€MOII
Maplam K. Xaccan, @ipac 3. Maoswcuo
bacoaocvruil ynisepcumem, Hayxosuii koneddc, ghaxyromem ¢hizuxu, bazdao, Ipax

VY paMkax po3paxyHKiB 0OONOHKM Mojeni OyiaW BHBUEHI DiBHI simepHOi eHeprii, ¢opmdpaktopu C4 HEnpy>KHOTO PO3CiIOBaHHS
€JIEKTPOHIB /IS HYKJIOHIB, sIKi OyJIM IIPUCYTHI 32 MEKaMH 3aKPUTOTO sapa Juist i306ap suep *4Ca, i siki 3aiiMany Hu3bKi piBHI 000IOHKH
fp-LS (1£7/2,115/2, 2p3/2,2p1/2). insa po3paxyHKy piBHIB siiepHOi eHepril Oyi1a BUKOpHUCTaHa B3aeMogis, sika € fpd6pn 3 mpocTopom
MoJieni 00ooHkH fp. Pe3ynbTaty MOPIBHIOIOTHCS OMUH 3 OJHHM, i 3 HAABHHMHU CKCIICPUMEHTAILHIUMHU JaHUMHU YiTKO 30iraeTbes 3
JEeSKUMH pe3yJibTaTaMH. XBUIbOBI BEKTOPH Ta aHaji3 MOJENIOIOTHECS y Tak 3BaHOMY JiarpaMHoMy 3amnwmci. J[ns moOynoBu onHO
YaCTKOBOTO BEKTOPA BUKOPHUCTOBYETHCS MOTEHI[a] OCIHIATOPA, PO3TIAfaloun 39Caz, y sxocti smpa. s dopm-¢paxTopis Gyimo
MIPUIHATO 3IMIIKOBY B3aeMofiro M3Y, mo0 BKIIOYHTH 10 PO3paxyHKIB iHepTHe sapo. st oTpUMaHHs pe3yibTaTiB Ul yCix
NepeBipEeHHX siAep BUKOPUCTOBYETHCs ko1 Mozeri obononkn OXFORD BEUNES AIRES.

KirouoBi cnoBa: s0epni enepeemuuni pigui; izomon xanvyiro 44, adepua peaxyis, oiazpamuuii 3anuc FPD6pn; OXBASH



