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In this study, the longitudinal charge |F,,(q)|? and |F(C2, q)|*form factors for the nuclei °Be and 2*Si lying in the p and sd shells are
studied by employing the Harmonic Oscillator potential (HO) and Skyrme effective interaction (Sk35—Skzs*). The C0O and C2 from
factors calculated for the ground state 3/27, the 5/2° (2.429 MeV) and 7/2° (6.380 MeV) for °Be, while the ground state 0" and 2*
(1.779 MeV) state for ?Si nucleus. Calculations of microscopic perturbations that involve intermediate one-particle, one-hole
excitation from the core and MS orbits into all upper orbits with nhwexcitations are utilized to generate the effective charges necessary
to account for the “core polarization effect”. The shell model calculations are utilized on the extended model space to include all 1s,
1p, 2s-1d, 2p-1f orbits with (0 + 2)Aw truncation. Bohr-Mottelson collective model and Tassie model with properly estimated
effective neutron and proton charges are taken into account to consider the effect of the core contribution. The estimated form factors
were compared with the measured available data and they were in good agreement for most of the studied states. A conclusion can be
drawn that (0 + 2)Aw truncation is very good choice to study the longitudinal form factors.
e The choice of Harmonic Oscillator potential (HO) and Skyrme effective interaction (Sk35—Skzs*) is adequate for form
estimation of longitudinal form factors.
e  Theestimation of the effective charges based on microscopic perturbations that involve intermediate one-particle, one-hole
excitation from the core and MS orbits into all upper orbits with nhw excitations is adequate.
e  The (0 + 2)hw truncation proves to be very successful to perform the study.
Keywords: Shell Model; Charge form factor, Longitudinal Form Factors;, Harmonic Oscillator, Skyrme Interactions
PACS: 21.60.Cs, 13.40.Gp, 25.30.Dh, 03.65.—w, 21.30.Fe

INTRODUCTION

The investigation of nuclei has more access neutrons, than what is known as “neutron-rich nuclei” far from the line
of stability is important for understanding nuclear structure. Exotic features differ from those of stable nuclei and deserve
experimental and theoretical exploration. One of the most striking characteristics of neutron-rich nuclei is nuclear
deformation, which may be studied both theoretically and empirically using electromagnetic properties like electric
quadrupole (Q) moments and magnetic dipole (1) moments. Using a microscopic particle vibration model, Sagawa and
Asahi [1] investigated the N/Z dependence of the quadrupole polarization charges of C isotopes. The single-particle wave
functions and gigantic quadrupole resonances are approximated using the Hartree-Fock and random-phase
approximations. The polarization charges of nuclei with a high N/Z ratio experienced a significant quenching. Cohen and
Kurath [2] model properly explain the features of low energy p shell nuclei, but it fails to represent the form factors of
higher momentum transfer. Radhi et al. [3-6] have previously stated that the CP effects must be taken into account for
nuclei in the p shell and sd shell to improve form factor calculations. Taihua Heng et al. [7] used the ab initio no-core full
configuration NCFC technique to explore the characteristics of "Li with the NNLOoy chiral nucleon-nucleon and JISP16
interactions, as well as "Be with the JISP16 interaction. They calculated observables like energy spectra, proton point
radii at the root mean value, transitions, and electromagnetic moments. Zheng et al. performed calculations based on
large-basis shell model without core calculations for p-shell nuclei using six main shells (from s to 3p-2f-1h) 8, 9]. All
nucleons are active in these calculations, according to Zheng et al., If computer resources are restricted, we have to adopt
a truncated calculation without core with some freezing orbits, in which only a few Aw excitations of the lowest
unperturbed configurations are evaluated can be used. The result will converge and approximate that of the full no-core
calculations as the number of Aw increases. In the work of Navratil ef al. [10] it is found that the predicted rate of the E2
transition with 4Aw space for °Li is weaker than 6Aw space prediction. Majeed et al. [11-13] revealing that the form
factor calculation on a large basis of the shell model was used to analyze nuclei in the p, sd, and Fp shells, including the
contribution of high-energy configurations beyond the p, sd, and Fp shell space model space is essential to be considered
to consider the effect of the core polarization contribution arises from the closed core.
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In this study, the longitudinal charge and C2 form factors for °Be and 2%S exotic nuclei utilizing the shell model
calculations by considering the major shells 1s, 1p, 2s—1d, 2p—1f, with partially inert core using the model space spsdpf
with wbt effective interaction using the code NushellX@MSU [14]. Since the space configuration is a very large
dimension, the shell model calculations in the whole spsdpf space are not possible, therefore a truncation is required in
the valence space. We will consider the (0 4+ 2)hw truncated spsdpf model space (ms) calculation. The form factors will
be calculated by considering the residual interactions, between harmonic oscillator (HO) and Skyrme effective interaction
(Sk35—Skzs*) [15] with using the Tassie and Bohr-Mottelson collective models. The core polarization (CP) will be
considered by evaluating the suitable effective charges at zero photon point. Theoretical results of CO and C2 were
compared with the available measured data for each studied case for the studied nuclei.

METHOD DETAILS
Tassie and Bohr-Mottelson models were adopted along with Harmonic Oscillator potential and Skyrme effective
interaction (Sk35—Skzs*) with suitable parametrization were adopted. As mentioned in Ref. [16], the neutron and proton
effective charges for the model of Tassie are predicted by using microscopic perturbation calculations that include
intermediate (1p-1h) excitations from the orbit contribution MS and core to include higher orbits with nhw excitations.
The effective proton and neutron charges for Bohr-Mottelson were estimated using the equations [17]

el (t,) = e(t,) + ebe(t,)
eSe(t,) = Z/A—032(N —Z)/A — 2t,[0.32 — 0.3(N — 2)/A], (1)

where t,(p) = 1/2 and t,(n) = —1/2

In terms of transition charge density, the element matrix of Coulomb can be represented as the sum of the MS and
CP elements [18]

0(CA, q) = q [ drr2j, (qr)pils () + [, drr2j, (qr)ap,(r) )

where the momentum transfer is q and j, (qr) is spherical Bessel function. For the initial (i) and final (f) nuclear states,
the nucleons charge density F of the transition is described using the one-body density matrix [18]

P () = Xk, F(, fo ke, kp, A, w)al1Yalljp) Rigr, (W) Ry, (1), 3)

where k stands for (n [ j) the s.p. states and (u) is the index which refers to either neutrons or protons.
The transition density for the CP valence model is given by [18]

Apy (r) = Seppis (1) + Senp)ls (r) 4)

de, , e, are the charges associated with the neutron and protons to account for polarization.
The CP for Tassie model transition density is provided by

_ dpc’ore+MS(r) _ dpc’ore+MS(r)
Bpp(r) e rAt = = N 5)
The charge density of the ground state is [18]
dpsy M (r) = ZRhe ™M F G f kar kb, 0,0)GalYolljn) Rugry (M) Ry, () (6)

At the photon point, the proportionality constant N is given by the matrix elements of gamma transitions M(E1), q =
E,/hc, where E,, is the energy due to excitation [18]

© 4 2.1 Ms o 5 241 2065 M@
M(EQ) = {e Jy drr?ri(gr)piy () + N [ drr?r T} 7
The matrix of gamma transition elements can be described as MS matrix elements with effective charges.
M(ED) = )" [ drr2r(qrplls(r) + ei/ [ drr2 v (qrp}ls () ®)

Equating Eq. (7) with Eq. (8) yields the constant of proportionality N by means of the effective charges. A detailed
discussion of these above-mentioned models for effective neutrons and protons [18]
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Skyrme energy is produced through Skyrme interaction. According to Eskyme 1S @ two-body density-dependent
interaction that represents central spin-orbit and tensor components in coordinate space and replicates the strong force in
the particle-hole channel [19]

Vlz = to(l + xoﬁg)é‘(ﬁ - Fz) +%(1 + xlpa-) (1226(?1 - Fz) + 6(1;)1 - Fz)i’(\z) + tz(l + pro')i’(\'é‘(?l - ?2)]2 +

77')1 + 'Fz

here R = and « is the force of Skyrme parameters. The operators k = (Vl - Vz) /2i and k=- (51 - %2) / 2i are

the relative momentum wavevectors for the two nucleons acting to the right and left, with coordinate 7 respectively. When
the nuclear structure data is fitted, the variables to, t;, t, t3, X1, X2, X3, and Wy are free parameters taken to describe the
components of various interactions. The Pauli matrices (&), the spin-exchange operator, and the delta function of Dirac
8(#, + 7,) are all mathematical terms. The energy of the total density of the nucleus is expressed as follows in the (SHF)
model [19]:

E= Ekin + ESky(pu + Tu + §u +ju + 55u) + ECoul + Epair - Ecm (1 1)

Here Ey;n, refers to energy of kinetic motion, Egy,, refers to Skyrme energy which include time even (nucleon p,,

kinetic energy t,, and orbital-spin §u and the odd-time (current J,,, spin §,,, and the vector of the kinetic energy Tu) both
densities and the pairing energy Epq; and the mass at the center E.,. The u label refers to neutrons or protons. The
Skyrme type of parametrization is taken to perform the calculations is (Sk35—Skzs*) [16].

The “mean square charge radius” is expressed by the formula [16]

2
(12) = )+ (RE) + 2 + 3 (5 (12)
(r?) = (2) +0.769 — 20.1161 + 0.033 (13)

Here 1, is the radius comes from the distribution of the proton point of the nucleus, R, and 7;, are the charge radii of
the free proton and neutron, and the final term is known as the Darwin-Foldy term (0.033 fin?).

RESULTS AND DISCUSSION

The longitudinal Coulomb charge |F,,(q)|? and |F(C2, q)|? form factors for the °Be and 2*Si nuclei have been
calculated by considering a truncated spsdpf model space with wbt effective interaction [20] with (0 + 2)Aw. The CO and
C2 from factors calculated for the ground state 3/2-, the 5/2° (2.429 MeV) and 7/2" (6.380 MeV) for °Be, while the ground
state 0" and 27 (1.779 MeV) state for 28Si nucleus. In all proceeding figures (see Fig.1, panels a, b, ¢, and d), the dotted
grass green and magenta curves display the results of the calculations of the Tassie and Bohr-Mottelson models using the
valence model (MS) calculations only, while the solid red and blue curves show the calculations of Tassie and Bohr-
Mottelson models including the core polarization effect by means of effective charge of protons and neutrons.

’Be nucleus
The nucleus °Be is a neutron-halo with 4 protons and 5 neutrons considered as (4a+n) and it is stable with the ground
state is 3/2". The effective charge at the zero-photon point considered in this work is taken from Ref. [21]. The longitudinal
Coulomb charge |F,;,(q)|? and |F(C2, q)|? Form factors for the ground state have been calculated (]}T =3/27,T=1/2)
of the ?Be as displayed in Figure 1 panels (a, b, c and d) by utilizing the Tassie and Bohr-Mottelson collective models.
Due to large number of dimensions to be used in the model space spsdpf, a truncation has to be used, therefore the
truncation is taken as (0 + 2)Aw following the restriction adopted in Ref. [16].

The state (3/27 1/2) at 0.000 MeV (g.s)

The CO and C2 form factors and their sum (C0+C2) for the ground state 3/2" are depicted in Fig.1 , b, ¢, and d.
The calculations were performed by using harmonic oscillator (HO) and Skyrme effective interactions (Sk35—Skzs*)
for both Tassie and Bohr-Mottelson models. Panels a and b represent the Tassie model with the Harmonic Oscillator
potential (HO) and Skyrme effective interaction (Sk35—Skzs*), while in ¢ and d in Fig.1, represent Bohr-Mottelson
model Tassie model with the Harmonic Oscillator potential (HO) and Skyrme effective interaction (Sk35—Skzs*). The
effective charges for neutron and proton are 0.70¢ and 1.075¢e, respectively [21], while for Bohr-Mottelson estimated
using Eq.1 as 0.17 and 0.4 for the proton and neutron respectively. The observed data from Ref. [22] for this state form
factor. The data could not be reproduced in all regions of the momentum transfer using bare model space computations.
Introducing the effective charge in both Tassie and Bohr Mottelson with account for the core polarization effect makes
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a remarkable improvement especially for Bohr Mottelson calculations shown in panel (a) where the solid bule line
which is (C0+C2) form factor matches the measured data in all momentum transfer regions using HO as the residual
effective interaction.
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Figure 1. Longitudinal CO and C2 form factors and their sum CO+C2 for the Tassie and Bohr-Mottelson models by using the
Harmonic Oscillator potential (HO) and Skyrme effective interaction (Sk35—Skzs*) in comparison to the measured data [22].

The state (5/27 1/2) 2.429 MeV
Figure 2 shows the calculation of the form factor for C2 for the state (5/2° 1/2) at E,=2.429 MeV. The bare model
space calculation for both Bohr-Mottelson collective model and Tassie model by using the Harmonic Oscillator potential
(HO) and Skyrme effective interaction (Sk35—Skzs*) underestimates the measured data in all momentum transfer regions.
The measured data for this state are taken from [22-24]. The form factor of Bohr-Mottelson model reproduces the high q
values of the effective charge to consider the CP effects, explains the data up ¢ = 1.5fm™2.
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Figure 2. The C2 longitudinal form factors for the Tassie and Bohr-Mottelson models by using the Harmonic Oscillator potential
(HO) and Skyrme effective interaction (Sk35—Skzs*) in comparison to the measured data [23, 24].
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The state (7/27 1/2) 2.429 MeV
The longitudinal C2 form factor for (7/2- 1/2) at E,=6.380 MeV. The calculation of the model space for the Tassie
and Bohr-Mottelson models at the peak value, it underpredicts the data by nearly a factor of three. The measured data are
scattered therefore Introducing the effective charge in both Tassie and Bohr Mottelson to account for the core polarization
effect aren’t able to reproduce the measured data for these states. The measured data are taken from [22] (Fig. 3).
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Figure 3. The C2 longitudinal form factors for the Tassie and Bohr-Mottelson models by using the Harmonic Oscillator
potential (HO) and Skyrme effective interaction (Sk35—Skzs*) in comparison to the measured data [23, 24].

8Si nucleus
The nucleus 2%Si is even-even nucleus with 14 protons and 14 neutrons and it is stable with the ground state is 0™,
The longitudinal Coulomb charge |F.;, (q)|? and |F(C2, q)|? form factors are calculated for the transitions to the ground
state (]}T =0%T= 0) of the 2Si as demonstrated in Figure 4 by utilizing the Tassie and Bohr-Mottelson collective
models. Due to large number of dimensions to be used in the model space spsdpf, a truncation has to be used, therefore
the truncation is taken as (0 + 2)Aw following the restriction model from Ref. [16].

The state (0* 0) 0.000 MeV (g.s)

The CO form factor for the ground state 0*is displayed in Fig.4. The calculations were performed by using Harmonic
oscillator (HO) and Skyrme effective interactions (Sk35—Skzs*) for both Bohr-Mottelson collective model and Tassie
model. In both Tassie and Bohr Mottelson models, the effective charge is included to account for the core polarization
effect. The measured data is taken from [25]. The theoretical calculations of the model space only don’t reproduce the
measured data for all q values. The inclusion of the core polarization in the Bohr Mottelson model harmonic oscillator
(HO) describes the experimental data very well up to momentum transfer ¢ = 1.5fm™2 and is able to reproduce the
measured data very well and agrees with previous theoretical work in Ref. [6].
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Figure 4. Longitudinal CO form factors for the Tassie and Bohr-Mottelson models by using the Harmonic Oscillator potential (HO)
and Skyrme effective interaction (Sk35—Skzs*) in comparison to the measured data [25].
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The state (2* 0) 1.779 MeV

Figure 5 displays the longitudinal C2 calculations with their comparison to the measured data for the state (27 0) at
1.779 MeV to the ground state (0" 0). The measured data is taken from [25] The model space (0 + 2) only with Harmonic
oscillator (HO) and Skyrme effective interactions (Sk35—Skzs*) for Bohr-Mottelson collective model and Tassie model
underestimate the experimental data in the first maxima and second maxima. The inclusion of the core polarization in the
Bohr Mottelson model harmonic oscillator (HO) and Skyrme effective interactions (Sk35—Skzs*) describe the
experimental data very well up to momentum transfer ¢ = 1 fm~2. The effects of core polarization enhance the C2 form
factors at the first and second maximums, bringing the calculated values extremely near to the experimental data.
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Figure 4. Longitudinal C2 form factors for the Tassie and Bohr-Mottelson models by using the Harmonic Oscillator potential (HO)
and Skyrme effective interaction (Sk35—Skzs*) in comparison to the measured data [25].

CONCLUSION

The longitudinal charge |F,,(q)|? and |F(C2, q)|? form factors the nuclei (°Be and 2*Si) in the p-and sd-shells by
utilizing the shell model calculations by considering the major shells 1s, 1p, 2s—1d, 2p—1f, including a partially inert core
using the model space spsdpf with wbt effective interaction using the code NushellX@MSU were conducted. The residual
interactions used in the calculation of the form factors are harmonic oscillator (HO) and Skyrme effective interaction
(Sk35—Skzs*) by employing Tassie and Bohr-Mottelson collective models. The result of the form factors with (0 + 2)Aw
shell is not able to reproduce the data for all momentum transfer regions for both nuclei under study. Introducing the
effective charges in both Tassie and Bohr Mottelson to account for the core polarization effect makes a remarkable
improvement especially for Bohr Mottelson calculations.
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JOCIIKEHHA OBOJOHKOBOI MOJIEJ TESKUX p-TA sd-OBOJIOHKOBHUX SIJTEP
3 TAPMOHIYHUM OCIIMJIATOPOM TA SKYRME B3A€MOAISIMA
Capa M. O6eiin?, lllaiima A. A66ac, Aiima Axi Xyceiin®, Hyp Axian MoxammenS, ®yan A. Mamxkin®
aJlenapmamenm inocenepHoi meduunoi gizuxu ma padiomepanii, Inxcenepro-mexuiunuil konedxc Anv-Haodocag,
Texuiunuii ynisepcumem Ano-Oypam Anv-Aycam, Ano-Haoocag, Ipax
b Tenapmamenm ¢hisuxu, Oceimnuiti konedc wucmoi nayxu (I6u-Anvxaiimam), bazoadcvkuil ynicepcumem, bazoao, Ipax
“Minicmepcmeo oceimu, I enepanvruii oupexmopam oceimu Rusafa3, bazoao, Ipax
4llenapmamenm pizuxu, Oceimuiti koredsic wucmux nayx, Basunoucvxuii ynisepcumem, Basunon, Ipax

V uboMy AociipKenHi nosaosxHiit sapsn |Fa (q)|? 1 |F(C2, q)|?hopmbaktopu mns saep *Be i 28Si, mo nesxath B p i sd 060710HKaX,
BHUBYAIOTKLCS 3a JIOTIOMOTO0 MOTEHITiany rapmoHiuHoro ociisitopa (HO) Ta epextuBna Skyrme B3aemonii (Sk35—Skzs+). CO1 C2 3
(axTopiB, po3paxoBaHKX Il OCHOBHOTO cTany 3/2-, 5/2- (2,429 MeB) i 7/2- (6,380 MeB) mist *Be, BoaHouac sk OCHOBHHA cTan 0+ i
2+ (1,779 MeB) nns sapa 28Si. PospaxyHku MiKpOCKONIYHHX 30ypeHb, SKi Hepea0adyaloTh IPOMiKHE 30yKEHHS ONHIET YACTUHKH,
onHiel gipku 3 opOiT siapa Ta MS Ha Bei BepxHi 0pOiTH 3 30YIKEHHAME N/1(0, BHKOPHCTOBYIOTHCS ISl CTBOPEHHS €(PEKTUBHUX 3apsiB,
HEOOXiMHUX Ui BpaxyBaHHsS «e(eKTy monspusanii sapa». Po3paxyHKH Mozeni OOOJOHKH BHKOPHCTOBYIOTHCS B PO3LIHPEHOMY
TIPOCTOPI MOJIEN JUIsl BKJIIOUSHHS Beix opOiT 1s, 1p, 2s—1d, 2p 1f 3 ycikanmsam (0 +2)ho. Konextneaa Moznens bopa-Motrenscona ta
Mmozenb Tacci 3 mpaBUIIBHO OLIHEHUMHU C(EKTHBHUMH HEHTPOHHHMH Ta MPOTOHHHMH 3apsiaMH BPaxOBYIOTHCS Ul BpaxXyBaHHs
edekTy BHeCKy saapa. OuineHi hpopM-hakTopu MOPiBHIOBAIK 3 HASBHUME BUMIPSIHUMH TJAHUMH, 1 BOHHU J100pe 30iraiucs Jyis OUIbIIOCTi
JOCIIKyBaHHUX cTaHiB. MO)KHA 3p0OHUTH BUCHOBOK, 110 (0 +2)%@® CKOPOYEHHS € Ty)Ke XOPOIINM BHOOPOM 15l BUBUSHHS MO3OBXKHIX
¢dopm-pakTOopiB.

. Bubip norenuiany rapmosniiinoro ocumisitopa (HO) ta epexruBroi Skyrme B3aemogii (Sk35—Skzs*) € anexkBaTHUM AJIsI OLIHKK

(dbopmu I03710BXKHIX HopMPaKTOpiB.

. Ominka e)eKTUBHUX 3apsfiB HA OCHOBI MiKPOCKOMIYHUX 30ypeHb, SKi BKIIOYAIOTh MPOMDKHI OJHOYACTHHKOBI, OHOIPKOBI
30y/uKeHHA Bif opOiT siapa Ta MS 1o BCiX BEepXHiX OpOiT 31 30yIKEHHAMH NA®, € aJJeKBaTHOIO.
. Ckopouenns (0 +2)A® BUSABISLETHCS TyXKe YCHILIHUM JUTs BAKOHAHHS TOCITIIKCHHSI.

KuarouoBi cioBa: modens obononxu; gopm-ghaxmop 3apsdy; no3008dicHi popm-gpaxmopu, eapmoniunuii ocyunsmop; Skyrme
83a€M00ii





