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NUCLEAR STRUCTURE STUDY OF EVEN-EVEN 24-42Si ISOTOPES 

USING SKYRME - HARTREE - FOCK AND HARTREE - FOCK - BOGOLYUBOV METHODS 
 

The nuclear ground-state properties and the nuclear deformation of some even-even Silicon isotopes have been inves-

tigated. The spherical Skyrme - Hartree - Fock method that includes Hartree - Fock calculations in addition to several 

common Skyrme parameterizations, such as SkB, SkM*, SkE, SkX, SLy4, Skxta, SkP, UNEDF0, and UNEDF1, has been 

used to calculate the nuclear ground-state charge density distributions and the associated charge radii for 28Si and 30Si, 

because of the availability of the experimental data for these two stable isotopes. Furthermore, the mass, neutron and 

proton densities with the associated radii, the binding energies, the neutron skin thickness, and the charge form factors 

have been calculated for 24-42Si isotopes using SkM* parameterization. The quadrupole deformations of the selected  

isotopes have been investigated in terms of the potential energy curves that were deduced as a function of the quadrupole 

deformation parameters using the axially deformed configurational Hartree - Fock - Bogolyubov calculations with SkM* 

parameterization. 

Keywords: nuclear ground-state properties, Skyrme - Hartree - Fock, Hartree - Fock - Bogolyubov, quadrupole defor-

mation, silicon isotopes. 
 

1. Introduction 
 

The theoretical nuclear physics is aimed to study 
and understand the nuclear structure of systems that 
consist of individual interacted nucleons. Nuclear 
models are suggested to compile collective and de-
tailed concepts of nuclear structure and to study the 
static and dynamic nuclear properties of nuclei. The 
self-consistent mean-field models with appropriate 
effective interactions are proposed to describe the 
movement of nucleons in an average potential and 
consequently to describe the nuclear ground-state 
properties and low-energy dynamics, where these 
models are derived in terms of the nucleon-nucleon 
interaction [1, 2]. One of the most popular interac-
tions is the phenomenological Skyrme effective inter-
action [3] which is associated with Hartree - Fock 
(HF) calculations to make it feasible in nuclear phys-
ics and to provide a precise description of the nuclear 
ground-state properties [4, 5]. The self-consistent 
Skyrme - Hartree - Fock model (SHF) has been con-
sidered as a model that applied successfully in  
explaining the nuclear deformations of the stable nu-
clei near the valley of stability. The SHF calculations 
have the important advantage of reproducing the 
binding energies, nuclear densities and the corre-
sponding radii, where electron scattering experiments 
investigated these quantities extensively [6]. With 
high-energy electron scattering experiments, the scat-
tering cross-sections can directly be related to the 
charge, current and magnetization densities and thus 

related to the nuclear structures of these nuclei. The 
nuclear charge density distributions (CDD) and the re-
lated form factors provide a comprehensive perception 
of the spatial distribution of the nuclear charge, where 
these quantities have the same amount of data [7].  

Pairing effects are considered for the unstable  

nuclei or these located near the driplines. These ef-

fects are incorporated within the Hartree - Fock - Bo-

golyubov (HFB) theory [8]. The HFB is considered 

as an extended version of the standard HF and pro-

vides a generalized single-particle theory that can be 

used to describe aspects of deformations in addition 

to pairing correlations due to the short-ranged attrac-

tion, while the HF plus the conventional Bardeen - 

Cooper - Schrieffer (BCS) approximation [9] is not 

suitable for the weakly bound systems. The BCS 

method fails in treating the pairing correlations in un-

stable nuclei because of the leakage of nucleons into 

the continuum states. To describe deformation, the 

HFB equation can be solved for deformed nuclei by 

expanding the quasiparticle wave functions using the 

axially transformed harmonic oscillator (THO) bases 

states [10, 11]. The solution is carried out using the 

HFBTHO code [12], where the Hamiltonian of the 

HFB that depends on the selected Skyrme interactions 

and paring effects is diagonalized to deduce the self-

consistent solution. 

The nuclear structure of some isotopes has been 

investigated by some recent researches using the SHF 

method. The nuclear binding energy and density  
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distributions of Pb isotopes have been studied by 

Yulianto et al. [13]. Radii and density calculations of 
209Bi nucleus have been performed by Yulianto et al. 

[14]. Abdullah [15] studied the matter density distri-

butions and elastic electron scattering form factors of 
6He, 11Li, 12Be and 14Be two-neutron halo nuclei using 

SHF method with MSk7 Skyrme force. Taqi et al. 

[16] investigated the ground and transition properties 

of 40Ca and 48Ca nuclei. Alzubadi et al. [17] used the 

SHF method to study the nuclear structure of 17O nu-

cleus. HFB method has been used recently to study 

the nuclear structure of some nuclei. Bayram et al. 

[18] calculated the values of total binding energies 

and quadrupole deformation parameters for even-

even 112-134Te isotopes using HFB with Sly4 force. El 

Bassem et al. [19] employed the HFB method with 

Sly5 Skyrme force to study the ground-state proper-

ties of even-even and odd Nd, Ce and Sm isotopes. El 

Bassem et al. [20] applied the HFB method with Sly4 

force to study the ground-state properties of even-

even and odd Mo and Ru isotopes. Ouhachi et al. [21] 

studied the nuclear structure of neutron-rich Mn iso-

topes using HFB method with SLy4, SLy5, and 

SLy5T Skyrme effective interactions. 

In the present work, the charge, mass, neutron and 

proton densities with the corresponding root mean 

square (rms) radii, the charge form factors, the bind-

ing energies, and the neutron skin thickness have been 

calculated for even-even 24-42Si nuclei using SHF 

method with the aid of several Skyrme parameteriza-

tions. The quadrupole deformations of the considered 

isotopes have been investigated using the HFB 

method with SkM* parameterization. 
 

2. Theory 
 

Many nuclear properties were studied extensively 

in recent years using the HF calculations in addition 

to the widespread applied Skyrme effective forces 

that succeeded in studying these properties in a wide 

range of the nuclear chart. The Skyrme force consists 

of two parts; the first part 
( )2

ijv  is the momentum de-

pendent two-body part, and the second part 
( )3

ijkv  is the 

zero-range three-body part. The SHF Hamiltonian is 

defined as [4, 22]: 
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3ijk ij jkt =   , (4) 

 

where ( )ij i jr r = − , ( )jk j kr r = −  are the Dirac 

delta functions and ̂  are the Pauli spin matrices. The 

spin-exchange operator P̂ is given by 
 

 ( )1 ˆ ˆˆ 1 .
2

i jP = +    (5) 

 

For even-even spin saturated nuclei, we have 
 

 ( ) ( ) ( ) ( )3 2

3 0

1 ˆ1
6

ijk ij ijt P R

  = +   , (6) 

 

where ( )0 R  is the isoscalar density. The vectors 
ˆ
k

and 
ˆ
k  are the relative (momentum) wave vector  

operators of two nucleons acting to the right and the 

left, respectively, and given by 
 

 ( )
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The density-dependent Skyrme interaction has the 
form [23] 

 

( ) ( ) ( )0 0
ˆ ˆ, 1SkyrmeV R r t x P r= +  +  
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 ( ) ( ) ( ) ( )2 2 0
ˆ ˆ ˆ ˆˆ ˆ ˆ1 ' ' ,i jt x P k r k iW k r k+ +  +  +    

  (8) 

where ( ) 2i jR r r= −  and i jr r r= −  are the center of 

mass coordinates and the relative distance, respec-

tively. 0 1 2 3 0 0 1 2 3, , , , , , , ,t t t t W x x x x  and   are the 

Skyrme free parameters describing the strengths of 

different interaction terms. These parameters are de-

termined from the comparison between the calculated 

and the experimental nuclear ground-state properties 

such as binding energies, nucleon densities and root 

mean square radii. 

In the SHF method, the total binding energy is ex-

pressed by the sum of kinetic, Skyrme, Coulomb, 

pairing energies in addition to the correction of the 

spurious motion [24]. 
 

 kin Sky Coul Pair cmE =  +  +  +  −  . (9) 
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The kinetic energy of the nucleons is given by 

[25]: 

 
2 2

3

2 2
kin p n

p n

d r
m m

 
 =  +   

 
 , (10) 

where n  and p are the kinetic energy densities of 

neutrons and protons, respectively. 

The Skyrme energy takes the form [26] 
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Coulomb part depends only on the charge density 
and assigned as a sum of the direct term and exchange 
term. The contribution of the exchange term is since 
the Coulomb interaction is an infinite range. The Cou-
lomb energy is given by [27] 

 

 dir ex
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The direct and exchange terms are given by 

 
( ) ( )2 '

',
2 '

p pdir

Coul

r re
drdr

r r

 
 =

−   (14) 

 

 ( )
1 3

4 324 3
,

3

ex

Coul pe r dr
 

 = −  
 

  (15) 

 

where 2 1.44e =  MeV∙fm. 

The center of mass-energy is given by [28] 
 

 

2
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where cm i

i

P P=  is the total momentum operator of 

the center of mass, P is the momentum operator, m is 
the average nucleon mass, A is the nucleon number, 

w
and w  are the occupation probabilities of the 

states 
  and  , respectively. 

Pairing is a key ingredient in a mean-field descrip-
tion of nuclear structure [29]. It is especially im-
portant in the case of partially open shells with a high 
density of almost degenerated states. There are two 
widely used methods to treat pairing. The first one is 
the HFB method [8], where pairing correlations are 
included by introducing the concept of independent 
quasiparticles defined by the Bogolyubov transfor-
mation. The second one is the BCS approximation, 

which is a simplification of HFB for time-reversal-in-
variant systems [9]. The effective pairing interaction 
is given by a two-body zero-range local force includ-
ing a density dependence as [30]: 
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The pairing energy of the two-nucleon interaction 

is given by [15, 25]: 
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where 
 

 
22

q

q
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 ( )
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1

1 c
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
=
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The strength ,pair qV  is adjusted for each Skyrme 

parameterization. The term 0, pair  represents the nu-

clear saturation density that is typically equal to
30.16 fmc

− = , while ( )r  and ( )r  are the pairing 

and particle densities, respectively. 
 is the single-

particle state, f is the phase-space weight, v and u

are the occupation and non-occupation amplitudes, 

respectively; with 2 2 1u v + = . 

The charge, neutron and proton densities in spher-

ical representation are given by [24] 
 

 ( ) ( ) ( )
*

, ,k

k

r w r r k n or p  



 =   =  (22) 

 

where k  denote to the neutrons or protons of the nu-

cleus. The total CDD is given by [31, 32] 
 

 ( ) ( ) ( ),p n

ch ch chr r r = +  (23) 
 

and the proton and neutron parts of the total CDD 

have the forms 
 

 ( ) ( )int,( ) dr ,p

ch po p pr r r r   =  −   (24) 

 

 ( ) ( )int,( ) dr ,n

ch po n nr r r r   =  −   (25) 

 

where ( )int,po p r r −  and ( )int,po n r r −  are the 

point-like proton and neutron densities, respectively; 

while ( )p r and ( )n r  are the proton and neutron 

density distributions, respectively. 

The charge form factors are obtained in terms of 

the ground-state CDDs, where the form factor is 

simply transformed to the CDD with using the       

Fourier - Bessel transformations and vice versa [6]. 

Therefore: 
 

 ( ) ( ) 2

0

0

4
ch chF q j qr r dr

Z




=  , (26) 

 

where ( ) ( )0 sinj qr qr qr= is the zeroth-order spheri-

cal Bessel function and q is the momentum transfer 

from the incident electron to the target nucleus. In the 

limit 0q→ , the target will be represented as a point 

particle, and the form factor of this target is equal to 

unity ( )0 1F q → = . 
 

3. Results and discussion 
 

In the present work, several nuclear ground-state 

properties of 24-42Si isotopes have been studied using 

SHF and HFB methods. Firstly, we have calculated 

the charge, proton, neutron, and mass density distri-

butions in addition to the corresponding radii using 

the SHF method. Moreover, the binding energy per 

nucleon, the neutron skin thickness, and the charge 

form factors are calculated with the same method. 

These calculations are performed by using nine types 

of Skyrme parameterizations listed in Table 1. The 

charge density distributions are calculated for 28Si and 
30Si nuclei and plotted in Fig. 1, where the available 

experimental data for these nuclei are obtained using 

the Fourier - Bessel model-independent analysis [33]. 

The experimental data are very well interpreted by the 

calculations with SkM* that denoted by the black 

curves with neglecting the slight depression at the 

small regions of r, where the data are located higher 

than the calculations. The central depressions appear-

ing in density distributions are associated with the oc-

cupations of s-orbits [34]. The inset figures are im-

plied to show independently the agreement between 

the calculations with SkM* and the data.  

According to the deduced results of the CDD of 28Si 

and 30Si nuclei, and as a result of the lack of experi-

mental data for the other Si-isotopes, it is preferable 

to apply the SkM* parameterization to calculate the 

charge, proton, neutron and mass density distribu-

tions of all other isotopes. 
 

Table 1. The Skyrme parameterizations that have been used in this work 
 

Parameter 
t0, 

MeV∙fm3 
t1, 

MeV∙fm5 
t2, 

MeV∙fm5 
t3, 

MeV∙fm3 
W0, 

MeV∙fm5 0  1  2  3    

SkB [35] −1602.780 570.880 −67.700 8000.0 125.0 −0.165 0.0 0.0 −0.286 0.333 

SkM* [9] −2645.0 410.0 −135.0 15595.0 130.0 0.09 0.0 0.0 0.0 0.167 

SkE [36] −1140.250 309.610 −122.220 11608.100 111.450 0.798 0.0 0.0 1.632 0.800 

SkX [37] −1445.322 246.867 −131.786 12103.863 148.637 0.340 0.580 0.127 0.030 0.500 

SLy4 [38] −2488.910 486.820 −546.390 13777.000 123.000 0.834 −0.344 −1.000 1.354 0.167 

Skxta [39] −1443.180 257.229 −137.843 12139.420 180.441 0.341 0.580 0.167 0.0 0.500 

SkP [40] −2931.700 320.620 −337.410 18708.970 100.000 0.292 0.653 −0.537 0.181 0.167 

UNEDF0 
[41] 

−1883.688 277.500 608.431 13901.948 33.9006 0.00974 −1.778 −1.677 −0.381 0.322 

UNEDF1 
[42] 

−2078.328 239.401 1575.120 14263.646 109.685 0.0538 −5.077 −1.367 −0.163 0.270 
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Fig. 2 shows the calculated density profiles that 

are classified as the charge, proton, neutron, and mass 

density distributions, respectively. All density curves 

are obtained using SkM* parameterization. The inset 

figures have been embedded to show large scales of 

the overlapped curves at the tail regions (𝑟 ≥ 7 fm) 

of the density distributions. The effects of increasing 

the neutron number on the charge and proton density 

distributions are explained by the Fig. 2 (a and b), re-

spectively; where these distributions are decreased 

gradually for the sequence isotopes especially at the 

central and tail regions. The density distributions of 

neutrons and nuclear mass are presented in Fig. 2 (c 

and d), respectively. Adding neutrons to 24Si nucleus 

up to more neutron-rich 42Si isotope extending the 

densities exclusively at the fall-off and the surface re-

gions. At the central regions of the neutron and mass 

density distributions there are distinctive gaps  

between 24-28Si curves and these of 30-42Si, as well as 

the densities of 24Si - 28Si, increasing and these of 30Si 

- 42Si decreasing successively as neutron number in-

creasing. These discrepancies may be attributed to the 

redistributions of the nucleons as a result of the  

nuclear interaction with the additional neutrons and to 

the increasing of the quadrupole deformation of these 

isotopes, especially beyond the stable 28Si isotope. 

The proton and neutron density distributions for the 

stable Z = N 28Si nucleus are very similar along with 

all r values. The charge density and proton density 

curves for all investigated isotopes, and the neutron 

density and mass density curves for 24-28Si isotopes, 

are increasing progressively from r = 0 fm to form 

humps at the central regions of the nuclei around r  

1.5 fm and then these curves are sloped steeply be-

yond this point. The neutron density and mass density 

curves for 30-42Si isotopes exhibited a steep slope be-

havior along with all values of r. 

The calculated rms charge radii and binding  

energy per nucleon (BE/A) are given in Table 2  

together with the available experimental values. The 

smallest charges radii and the biggest BE/A are asso-

ciated with the nuclei that are stable or located near 

the stability line in the nuclear chart of isotopes. The 

calculated values using SkM* are very close to the 

experimental ones in comparison with the other  

calculated results. 
 

Table 2. Calculated rms charge radii and binding energy per nucleon 
 

A 24 26 28 30 32 34 36 38 40 42 

rms 

charge 

radii, fm 

Calc. 

SkB 3.174 3.160 3.151 3.184 3.213 3.242 3.248 3.255 3.261 3.267 

SkM* 3.156 3.128 3.129 3.135 3.176 3.217 3.225 3.233 3.242 3.251 

SkE 3.044 3.037 3.041 3.076 3.114 3.153 3.165 3.165 3.191 3.203 

SkX 3.147 3.117 3.104 3.123 3.163 3.204 3.213 3.225 3.237 3.250 

Sly4 3.181 3.152 3.136 3.151 3.189 3.226 3.236 3.246 3.256 3.265 

Skxta 3.169 3.140 3.111 3.144 3.176 3.213 3.223 3.235 3.249 3.264 

SkP 3.235 3.200 3.183 3.205 3.252 3.260 3.275 3.287 3.298 3.309 

UNEDF0 3.316 3.264 3.240 3.241 3.274 3.282 3.299 3.326 3.342 3.360 

UNEDF1 3.233 3.171 3.143 3.220 3.211 3.231 3.243 3.257 3.268 3.315 

EXP. 

[43] 
   

3.1224  

± 0.0024 

3.1336 

 ± 0.004 
      

BE/A, 

MeV 

Calc. 

SkB 7.149 7.665 8.182 8.393 8.410 8.489 8.268 8.115 8.019 7.970 

SkM* 7.179 7.928 8.461 8.553 8.478 8.315 8.110 7.864 7.641 7.382 

SkE 7.291 7.899 8.465 8.655 8.538 8.460 8.212 8.005 7.833 7.689 

SkX 7.007 7.695 8.234 8.615 8.504 8.410 8.074 7.683 7.626 7.435 

Sly4 7.144 7.794 8.335 8.426 8.395 8.362 8.129 7.818 7.588 7.458 

Skxta 7.018 7.736 8.291 8.471 8.394 8.442 8.057 7.823 7.611 7.415 

SkP 6.865 7.491 7.992 5.762 6.275 8.187 7.901 7.651 7.430 7.235 

UNEDF0 6.293 6.844 7.275 7.542 7.633 7.835 7.487 7.060 6.788 6.546 

UNEDF1 6.820 7.480 7.982 7.650 8.092 8.221 7.898 7.593 7.420 6.811 

EXP. 

[44] 
 7.167 7.925 8.448 8.521 8.482 8.336 8.114 7.890 7.661 7.372 

 

Fig. 3 provides us a clear perception of the effect 
of increasing the neutron number on the differences 
between the rms neutron radii and rms proton radii. 
These differences represent the neutron skin thick-
nesses that are referred to as the surplus of neutrons 
at the surface regions of nuclei. Fig. 3 shows the al-
most linear dependence of the variation of neutron 
skin thickness as increasing the mass number A of the 
nuclei which includes the neutron number. The nega-
tive values for 24Si, 26Si, and 28Si nuclei indicate that 
the proton rms radii are larger than the neutron rms 
radii. 

The form factors are considered as a strong test for 

the applicability of the nuclear models and provide 

significant maps of the nuclear structure. The inner 

structure of the nuclei can be identified in terms of the 

elastic charge form factors obtained by the Fourier 

transform of the spatial charge density distributions 

[6]. The theoretical calculations of the charge form 

factors, which performed in terms of SkM* parame-

terization, are plotted in Fig. 4. All curves beyond that 

of the 24Si nucleus are progressively offset by 102  

in the form factor to show the calculated results  
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explicitly. As a result of increasing the neutron num-

ber from 24Si to 42Si isotopes, the diffraction minima 

and maxima values of all curves are shifted to low 

values of momentum transfer q. These effects are 

noticed in the central regions of the CDD that pre-

sented in Fig. 2, a, where the humps of the consecu-

tive curves are increased progressively up to that of 

the 42Si isotope. So, the charge form factors are very 

sensitive to the effects of changing the neutron num-

ber as the sensitivity of the CDD to the same effects. 

The available experimental data for 28Si and 30Si  

nuclei are presented in Fig. 4. The data of 30Si are  

explained excellently by the calculations for all q  

regions and the calculations agree very well with the 

data of 28Si for the most regions of q except the slight 

deviation that appears beyond q  2.8 fm-1. 
 

 
Mass number A 

 
q, fm-1 

 

Fig. 3. Calculated neutron skin thickness r(n)-r(p) for  
24-42Si isotopes. (See color Figure on the journal website.) 

 

Fig. 4. Calculated charge form factors for 24Si, 26Si (×102), 
28Si (×104), 30Si (×106), 32Si (×108), 34Si (×1010), 36Si 

(×1012), 38Si (×1014), 40Si (×1016), and 42Si (×1018). The 

circles are the experimental data of 28Si that are taken from 

Ref. [45]. The squares and triangles are the experimental 

data of 30Si that are taken from Ref. [33] and Ref. [46], 

respectively. (See color Figure on the journal website.) 
 

The HFB method with Skyrme forces is used to 

study the shape of the selected Si-isotopes. The po-

tential energy curves (PECs) as a function of the 

quadrupole deformation parameter 2  are calculated 

using the HFB method with SkM* Skyrme force. The 

calculations are performed using HFBTHO code [12] 

that deals with the axially deformed configurational 

HFB calculations, where the HFB wave functions are 

expanded in a complete set of transformed harmonic 

oscillator (THO) states [10]. The quadrupole defor-

mation parameter 2  is widely used to describe the 

deformation of the nuclei than the mass quadrupole 

moments Q and the relation between these quantities 

is given by [25] 
 

 2 25

Q

A r


 = , (27) 

 

where 
2r  is the nucleus mean square radius. 

The obtained PECs for 24-42Si isotopes are dis-

played in Fig. 5, where 2 is ranging between −0.4 

and 0.4. The PEC for 24Si has two minima on the  

oblate and prolate sides at 2 = −0.15 and 2 = 0.15, 

respectively, with a small hump in the middle at  

2 = 0. The energy variation between these regions 

2  is about 0.036 MeV. So, the nucleus 24Si has ob-

late-prolate shape coexistence. Oblate shapes are 

found in 26Si and 28Si, where the oblate deformation 

minima of the PECs correspond to 2 values equal to 

−0.2 and −0.25, respectively. The oblate deformation 

grows as increasing the neutron number for 26Si - 28Si. 

The uniform and symmetric curve of 30Si in the spher-

ical minimum region indicates that this nucleus is 

very close to spherical shape. The spherical minima 

found in 32Si and 34Si around 2 = 0 indicate that these 

nuclei have spherical shapes, where 34Si has a shell 

closure at neutron magic number N = 20. Further-

more, the PEC shape for 36Si reveals that this nucleus 

has a spherical shape even though the small flat  

region confined between 2 = −0.1 and 2 = 0.1. The 

PECs curves for 38Si and 40Si have two minima for-

ming a coexistence of prolate and oblate deformations 
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located at 2 = −0.14 and 2 = 0.2 for 38Si and  

2 = −0.2 and 2 = 0.2 for 40Si. These two minima are 

separated by excitation energies of 0.188 and 

0.252 MeV for 38Si and 40Si, respectively. The last 

figure related to 42Si nucleus and this figure exhibits 

an explicit oblate deformation represented by the  

oblate minimum located at 2 = 0.24. Although 42Si 

nucleus has a shell closure at neutron magic number 

N = 28, this nucleus is deformed because of its  

proximity to the neutron drip-line region, where the 

nuclei in this region of the nuclear landscape become 

more deformed and unstable to neutron decay. 

 

   

   

   

 

 

 

 

Fig. 5. Calculated potential energy curves for 24-42Si isotopes using SkM* parameterization. 
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4. Conclusions 
 

The ground-state properties have been studied for 

some even-even Si-isotopes using the SHF method. 

The HFB method has been used to study the shape of 

nuclei in terms of the PECs that plotted as a function 

of the quadrupole deformation parameters. All  

studied properties are very important in gathering 

comprehensive concepts about the nuclear structure 

of the selected isotopes. The calculated CDD and 

charge form factors with SkM* Skyrme force for 28Si 

and 30Si nuclei are in very good agreement with the 

experimental data. The CDD is decreased gradually 

for the sequence isotopes at the central and tail  

regions as increased the neutron number. The  

obtained results of the rms charge radii and binding 

energy per nucleon are very close to the experimental 

ones. Our calculations confirmed that the stable iso-

topes have the smallest values of charge radii and the 

biggest values of binding energies. The calculations 

revealed the linear dependence of the neutron skin 

thickness as a function of the variation of neutron 

number. The obtained PECs showed that the 30Si, 32Si 

and 34Si isotopes have spherical shapes confirmed by 

the spherical minima around 2 = 0. 36Si nucleus has 

also a shape closer to the spherical shape. Our calcu-

lations showed that the 26Si, 28Si and 42Si isotopes 

have oblate deformations while the 24Si, 38Si and 40Si 

isotopes have oblate-prolate shape coexistence. 
 

The authors would like to express their deepest 

gratitude to the Directorate of Nuclear Researches 

and Applications, Ministry of Science and Techno-

logy, for supporting this work. 
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ДОСЛІДЖЕННЯ ЯДЕРНОЇ СТРУКТУРИ ПАРНО-ПАРНИХ ІЗОТОПІВ 24-42Si 

З ВИКОРИСТАННЯМ МЕТОДІВ СКІРМА - ХАРТРІ – ФОКА 

ТА ХАРТРІ - ФОКА - БОГОЛЮБОВА  
 

Досліджено властивості основних станів ядер та ядерні деформації деяких парно-парних ізотопів кремнію. 

Сферичний метод Скірма - Хартрі - Фока, що включає обчислення Хартрі - Фока на додаток до декількох загаль-

них параметризацій Скірма, таких як SkB, SkM*, SkE, SkX, SLy4, Skxta, SkP, UNEDF0 і UNEDF1, був викорис-

таний для обчислення розподілу густини заряду основних ядерних станів та пов’язаних зарядових радіусів для 
28Si і 30Si завдяки наявності експериментальних даних для цих двох стабільних ізотопів. Крім того, масові, ней-

тронні та протонні густини з пов’язаними з ними радіусами, енергіями зв’язку, поверхневими нейтронними тов-

щинами та зарядовими форм-факторами було розраховано для ізотопів 24-42Si з використанням параметризації 

SkM*. Досліджено квадрупольні деформації вибраних ізотопів у термінах кривих потенційної енергії, виведені 

як функції параметрів квадрупольної деформації за допомогою обчислень Хартрі - Фока - Боголюбова в аксі-

ально деформованій конфігурації з параметром SkM*. 

Ключові слова: властивості основного стану ядра, Скірма - Хартрі - Фок, Хартрі - Фок - Боголюбов, квадру-

польна деформація, ізотопи кремнію. 
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ИССЛЕДОВАНИЯ ЯДЕРНОЙ СТРУКТУРЫ ЧЕТНО-ЧЕТНЫХ ИЗОТОПОВ 24-42Si 

С ИСПОЛЬЗОВАНИЕМ МЕТОДОВ СКИРМА - ХАРТРИ – ФОКА 

И ХАРТРИ - ФОКА - БОГОЛЮБОВА 
 

Исследованы свойства основных состояний ядер и ядерные деформации некоторых парно-четных изотопов 

кремния. Сферический метод Скирма - Хартри - Фока, включающий вычисления Хартри - Фока в дополнение к 

нескольким общим параметризациям Скирма, таких как SkB, SkM* SkE, SkX, SLy4, Skxta, SkP, UNEDF0 и 

UNEDF1, был использован для вычисления распределения плотности заряда основных ядерных состояний и свя-

занных зарядовых радиусов для 28Si и 30Si благодаря наличию экспериментальных данных для этих двух стабиль-

ных изотопов. Кроме того, массовые, нейтронные и протонные плотности со связанными с ними радиусами, 

энергиями связи, поверхностными нейтронными толщинами и зарядовыми форм-факторами были рассчитаны 

для изотопов 24-42Si с использованием параметризации SkM*. Исследованы квадрупольные деформации выбран-

ных изотопов в терминах кривых потенциальной энергии, выведены как функции параметров квадрупольной 

деформации с помощью вычислений Хартри - Фока - Боголюбова в аксиально деформированной конфигурации 

с параметром SkM*. 
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