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Abstract. Elastic and inelastic electron scattering from even–even Z = N sd-shell (28 Si, 32 S and 36 Ar) nuclei
has been studied using the nuclear shell-model configurations. The transition rates B(C2 ↑) from the ground 0+
state to the first excited 21+ state, the electric quadrupole moments Q, the elastic longitudinal C0 and inelastic
longitudinal C2 form factors are calculated. SDBA and USDA model spaces have been used. The radial wave
functions of the single-particle matrix elements have been calculated in terms of the harmonic oscillator (HO) and
Skyrme–Hartree–Fock (SHF) potentials. The configurations higher than the core and the model space are taken into
account within a microscopic theory that includes one particle–one hole excitations from the core and model space
orbits to higher allowed orbits with 2h̄ω excitations. These effects are defined as core polarisation (CP) effects.
Two-body Michigan three-range Yukawa (M3Y) effective nucleon–nucleon interaction and the modified surface
delta interaction (MSDI) have been used as residual interactions for the CP matrix elements. The calculations are
performed using the shell-model code Nushell@MSU, where the deduced results, including CP, are more compatible
with the available experimental and theoretical results.
Keywords. Electron scattering form factors; electric quadrupole moments; electric quadrupole transition rates;
core polarisation effects; sd-shell nuclei.
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1. Introduction
Shell model with configuration mixing is one of the
many models that are adopted to understand the nuclear
structure and study the static and dynamic properties
of nuclei. The shell model deals with limited active
nucleons outside an inert core, where the nuclear state
is expressed by restricting configurations including a
majority of its wave function, but only some important
components that could be deduced accurately in terms
of adjustable parameters are added to the shell-model
calculations.
The nuclear structure was investigated theoretically
using the nuclear shell-model configuration mixing
codes, such as Oxbash [1], Nushell [2] and Nushellx
[3], where these codes are required to introduce suitable
effective interactions constructed from sets of singleparticle energies (SPE) and two-body matrix elements
(TBME). The sd-shell nuclei are assumed as sd-model

space that includes 1d3/2 , 1d5/2 and 2s1/2 orbits with
valence (A-16) nucleons distributed over them within
the limits of the Pauli principle, in addition to 16 O
core nucleus that is represented by (1s)4 (1p)12 with
no allowed excitations out of these filled orbits.
Wildenthal interaction or universal sd Hamiltonian
(USD) [4,5] is considered as the most common interaction that is intended for sd shell and adopted in many
papers to study and describe the sd-shell nuclei. The
USD interaction consisted of 63 sets of TBME besides
three quantities of SPE for sd-model space orbits. The
TBME and SPE of the USD are obtained from the leastsquares fit of the 447 values of energy with errors ≤ 0.2
MeV for 66 nuclei.
The new Hamiltonian of type USD, which is called
(USDA) [6] and the Bonn A Hamiltonian (SDBA) [7]
are constructed with new sets of energy levels and
binding energies. These Hamiltonians have provided
more accurate sd wave functions that are used to study
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the nuclear structure. The SPE of 1d3/2 , 1d5/2 and
2s1/2 orbits are 1.9798, −3.9436 and −3.0612 MeV for
USDA and 1.64658, −3.94778 and −3.16354 MeV for
SDBA, respectively.
Electron scattering is considered as an effective tool
to study the properties and the structure of the target
nuclei. Electron scattering experiments give a precise
test for the applicability of various microscopic models that are used to study the nuclear structure. The
nuclear shell model is one of the many models that
succeeded in describing most of the nuclear properties when the calculations are modified by using a
microscopic theory including a combination between
the shell-model wave functions and the wave functions
of higher configurations outside the model space. These
effects are called core polarisation (CP) effects [8,9].
Several studies [10–15] have investigated the CP effects
on form factors, quadrupole moments and transition
rates for some sd-shell nuclei. Residual interactions,
such as modified surface delta interaction (MSDI) [8]
or Michigan three-range Yukawa (M3Y) interaction
[16], are used to generate the CP matrix elements
that are combined with the model-space matrix elements to construct the electron scattering reduced matrix
element.
The present work is devoted to calculating the elastic (C0) and inelastic (C2) form factors, the electric
quadrupole moments (Q) and the reduced electric
quadrupole transition probabilities B(C2) for some
even–even (Z = N ) sd-shell nuclei using the harmonic
oscillator (HO) and Skyrme–Hartree–Fock (SHF)
potentials. The 2h̄ω excitations of one particle and one
hole (1p–1h) outside 2s–1d shell to higher configurations are adopted to test the effects of CP on the
deduced results of the considered nuclei. The SDBA
and USDA Hamiltonians are adopted for the modelspace wave functions. The M3Y–Elliot-type interaction
and the MSDI interaction are used to examine the effects
of CP. The effective charges of proton (epeff ) and neutron
(eneff ) are used to consider the model-space truncation effects. The calculations are performed using the
Nushell@MSU code that involves featured contents of
the shell-model effective interactions.

  η  
where f T̂ i MS is the reduced matrix element of
  η  
the model space, f δ T̂ i CP is the reduced matrix
element of CP and |i  and |f  are the initial and final
states of the nucleus, respectively.
The MS and CP reduced matrix elements are given
by
  η  
f T̂ i MS

  η  
=
OBDM (f , i , α, β) α T̂ β MS ,
(2)


α,β

 η  
f δ T̂ i CP

  η  
=
OBDM (f , i , α, β) α δ T̂ β CP ,

(3)

α,β

where OBDM are the one-body density matrix elements;
and α and β are
initial states,
 and
 single-particle
 final
 the
η  
η  
respectively. α T̂ β MS and α δ T̂ β CP are the
MS and CP single-particle matrix elements, respectively.
The OBDM(t Z ) are given by
OBDM(f , i , α, β, tz )
 
J  
i ,
= (2J + 1)−1/2 f  a+
α,tz ⊗ ãβ,tz

(4)

where tz = 1/2 for the proton and −1/2 for the neutron. a+
α,tz and ãβ,tz are the creation and annihilation
operators of a particle in single-particle states α and β,
respectively. It is very appropriate to evaluate the OBDM
in terms of the isospin-reduced matrix elements because
isospin is considered as a good quantum number. So, the
OBDM is written as [17]
OBDM (f , i , α, β, tz )
√ T
0 Ti
= (−1)Tf −Tz 2 f
−Tz 0 Tz
OBDM (f , i , α, β, T = 0)
×
2
√
Tf
1 Ti
+ (2tz ) 6
−Tz 0 Tz
×

OBDM (f , i , α, β, T = 1)
,
2

(5)

where OBDM( T ) is defined as

2. Theory
The reduced many-particle matrix elements of the elecη
tron scattering operator T̂ consist of the sum of the
model space (MS) part and the CP part [11]:
  η     η  
f T̂ i = f T̂ i MS
  η  
+ f δ T̂ i ,
(1)


CP

OBDM (f , i , α, β, T )
(J, T )  
   +
i
f  aα,tz ⊗ ãβ,tz
.
=
√
√
2J + 1 2 T + 1

(6)

According to the first-order perturbation theory, the
reduced single-particle matrix element is expressed as
[8]
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with
IT (tz ) =
(7)

where Q is the projection operator acting outside the
model space. The initial and final energies are denoted
by E i and E f , respectively. H (0) is the unperturbed
Hamiltonian. Vres is the residual two-body interaction.
The first term on the right-hand side of eq. (7) represents the zero-order contribution. The second and third
terms, perturbed terms, are the first-order contribution
or the CP contribution that are given by [18]

  η  
α δ T̂ β CP =

(−1)β++α2
e − eα − eα1 + eα2
α1 ,α2 , β

α β 
× (2 + 1)
α1 α2 



× 1 + δα1 α 1 + δα2 β


   η  

× αα1 Vres βα2  α2 T̂ α1 +χ .
(8)
Here χ represents the additional term with α1 and α2
being exchanged with an overall minus sign, the index
α1 = jp tp denotes the particle states and the index α2 =
jh th denotes the hole states, α = ja ta and β = jb tb are
the single-particle final and initial states, respectively, e
is the single-particle energy,  ≡ J T and  ≡ J T
correspond to the total spin and T = 1(0) for isovector
(isoscalar) contribution.
The single-particle energies are given by [17]
1
enl j = 2n + l −
h̄ω
2
⎧
1
1
⎪
⎨ − (l + 1) f (r )nl for j = l − ,
2
2 (9)
+
1
1
⎪
⎩ l f (r )
for j = l +
nl
2
2
with
f (r )nl ≈ −20 A−2/3 MeV.
The value of h̄ω can be obtained from [11,19]


h̄ω = 45A−1/3 − 25A−2/3 MeV.
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(11)

By using the Wigner–Eckart  theorem,
 η  the
 reduced




single-particle matrix element α2 T̂ α1 is written
as [8,15]

  η  
  η  
2T + 1 
α2 T̂ α1 =
IT (tz ) α2 T̂ jtz α1
2
t
z

(12)

1
for T = 0,
(−1)(1/2)−tz for T = 1.

(13)

The TBME of the residual interaction Vres in eq. (8) are
considered as the M3Y interaction of Berstch et al [16]
or MSDI [17].
The realistic M3Y effective nucleon–nucleon (NN)
interaction is expressed as the sum of the central potential part (VC ), spin–orbit part (VSl ) and long-range tensor
part (VTN ), as follows [16,20]:
M3Y
Vres
= VC + VSl + VTN .

(14)

The central part is expressed as [16]

Vi Y (r12 /Ri ),
VC =

(15)

i

where Vi and Ri are the scalar potential and the range
parameter of the NN interaction, respectively. The
strength parameter Y (βr12 ) is given by
e−x
x
with r12 = |r1 − r2 | and β = 1/Ri .
The spin–orbit part is given by [16]

VSl =
Vi Y (r12 /Ri ) S · l,
Y (βr12 ) = Y (x) =

(16)

(17)

i

where S and l are the spin and relative angular momentum operators, respectively.
The tensor part has the following form [16]:

2
VTN =
Vi r12
Y (r12 /Ri )S12 ,
(18)
i

where S12 is the tensor operator.
The two-body matrix element of the realistic M3Y
effective NN interaction consists of three parts: the central matrix element, the spin–orbit matrix element and
the tensor matrix element, and is given by
 M3Y 


 j3 j4 = j1 j2 |VC | j3 j4 
j1 j2 Vres
+ j1 j2 |VSl | j3 j4 
(19)
+ j1 j2 |VTN | j3 j4 .
For MSDI interaction, the residual two-body interaction
is given by [8]
MSDI
= −4π A T δ (r (1) − r (2))δ(r (1) − R0 )
Vres
+B (τ (1).τ (2)) + C ,

(20)

where r (1), r (2), τ (1) and τ (2) are the position vectors of
the interacting particles, R0 is the radius of the nucleus
and A T , B and C are the strength parameters of the
interaction.
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MSDI is given by
The two-body matrix element of Vres
[8]
 MSDI 


 Jc jd = 1 A T (−1)n a +n b +n c +n d
ja jb Vres
2

(2 ja + 1)(2 jb + 1)(2 jc + 1)(2 jd + 1)
×
(1 + δab )(1 + δcd )

× (−1) jb + jd +lb +ld
×

jc
jd
J
1/2 −1/2 0

ja
jb
J
1/2 −1/2 0
[1 − (−1) J +T +lc +ld ]


ja jb J
jc jd J
[1+(−1)T ]
1/2 1/2 −1
1/2 1/2 −1
(21)
+ [(2T(T + 1) − 3) + B + C] δac δbd ,
−

where A T , B and C are the products of strengths A T ,
B and C with the radial integral C(R0 ), respectively.
Electron scattering form factors involving angular
momentum J , isospin T and momentum transfer q from
the incident electron to the target nucleus are given by
[21]
 η

4π
 F (q)2 =
J
2
Z (2Ji + 1)



T
Ti
Tf
× 
(−1)T i−T z
−T
M
T
zf
T
zi

T =0,1

2

 η 

× J f T f T̂ J T  Ji Ti 



× |Fcm (q)|2 × |Ffs (q)|2 ,

(22)

where Fcm (q) = e−q b /4 A is the centre of mass correction given in terms of the HO size parameter b and mass
2
number A. Ffs (q) = e−0.43q /4 represents the nucleon
finite size correction.
The reduced electric transition probability B(CJ) is
related to the longitudinal form factor and is given by
[22]
2 2

2
[(2J + 1)!!] Z 2 e2  L
 ,
(q
=
k)
(23)
F
J
4π
k 2J
where E x is the excitation energy of the nucleus and
FJL (q = k) is the longitudinal form factor when q = k.
The electric quadrupole moment is related to the
reduced transition probability and is given by [8,23]

16π 
Jf
J Ji
Q=
(2Ji + 1) B(CJ). (24)
−J f 0 Ji
5
B(CJ) =

The isovector and isoscalar charges are given by e1 =
eIV = 1/2e and e0 = eIS = 1/2e, respectively, while

the isovector and isoscalar effective charges are given
by
eTeff =

epeff + (−1)T eneff
MJT + MJT
,
e=
2MJT
2

(25)

where MJT and MJT denote the reduced matrix elements of MS and CP, respectively; epeff = e0eff + e1eff and
eneff = e0eff − e1eff are the proton and neutron effective
charges, respectively.
The nucleon polarisation charge δe for pure isoscalar
transition (T = 0) is given by
δe =

MJ
e.
2M J

(26)

Hence, the proton and neutron effective charges become
[24]
epeff = e + δe , eneff = δe .

(27)

3. Results and discussion
Longitudinal form factors, electric quadrupole transition probabilities and electric quadrupole moments are
calculated for some N = Z even–even sd-shell nuclei.
CP calculations are adopted to include the exhausted
higher configurations outside the sd-model space. These
calculations incorporate one particle–one hole excitations from 1s and 1p core orbits and from 2s–1d
shell-model space orbits into higher allowed orbits with
2h̄ω excitations. The CP effects are calculated according to eq. (8) with M3Y and MSDI residual interactions.
The M3Y parameters are selected as Elliot parameters
that are given in table 1 of [16]. The strength parameters
of MSDI are taken to be A0 = A1 = B = 0.45 MeV
and C = 0 [11]. The radial wave functions for the
single-particle matrix elements are calculated with HO
potential and SHF mean-field potential of type SKxs20
[25]. All studied nuclei are considered as 16 O core
nucleus with (A-16) nucleons distributed over the sdmodel space and covering the orbits 1d3/2 , 1d5/2 and
2s1/2 . The effective charges of protons and neutrons
are calculated according to eq. (27). The size parameter value of HO potential for each nucleus and the
SKxs20 parameters are listed in table 1. The OBDM elements, given in eqs (2) and (3), are calculated using the
Nushell code by adopting SDBA and USDA effective
interactions.
3.1 The 28 Si nucleus
The calculated ground-state C0 form factors for the 28 Si
nucleus (0+ 0), 0.0 MeV, are presented together with
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the experimental results in figure 1. The momentum
transfer is taken up to q ≤ 4 fm−1 to display the
Table 1. Size parameter values [26] and SKxs20 Skyrme
parameters [25].
28 Si
32 S
36 Ar

SKxs20 parameters

brms = 1.827 fm
brms = 1.881 fm
brms = 1.938 fm
t0
t1
t2
t3
x0
x1
x2
x3
W0
α

−2885.239
302.733
−323.733
18237.492
0.137
−0.255
−0.607
0.054
162.726
1/6

Figure 1. Elastic longitudinal C0 form factors for 0+ (0.0
MeV) state in 28 Si nucleus. The experimental data are taken
from [27].

theoretical values within a wide range. The calculated
C0 form factor with USDA+HO, which is represented
by the dashed curve, shows very good agreement with
the experimental data [27] for the whole momentum
transfer range in comparison with the other calculated
curves.
For the C2 longitudinal transition, the nucleus is
excited from the ground state (0+ 0) to the first excited
state (2+
1 0) with an excitation energy of 1.779 MeV [28].
The reduced electric quadrupole transition rates in units
of e2 fm4 are calculated by including CP effects and are
presented in table 2. The calculations are performed
using the effective nucleon charges that are deduced
from the CP effects. The M3Y interaction gives
epeff = 1.130e and eneff = 0.272e, while MSDI interaction gives epeff = 1.311e and eneff = 0.608e. The
calculations are compared with the experimental value
[28] and with the theoretical values of shell-model calculations of [11,28].
It is so obvious from table 2 that the calculated
result with SDBA+HO including CP effects of M3Y
interaction is the closest to the experimental value
in comparison with the other results. There is an
agreement between the calculated result of SDBA+
SKxs20+MSDI and the theoretical one of [28]. The
theoretical value of [11] is well reproduced using
USDA+HO+MSDI.
Figure 2 shows a comparison between the experimental inelastic longitudinal C2 form factor that is taken
from [27] and the calculated results after the inclusion
of CP effects. We can see that excellent agreement can be
achieved between the calculated value and the measured
data throughout most of the momentum transfer regions,
using SDBA+SKxs20+M3Y as shown in figure 2a by
the dash–dotted curve and USDA+SKxs20+MSDI as
shown in figure 2b by the dotted curve.
Electric quadrupole moments of 28 Si nucleus are
calculated and presented in table 3. Inspection of these
results reveals that the experimental data are well
described by all calculations with M3Y interaction.
Adopting SDBA+HO+M3Y and USDA+SKxs20

Table 2. Electric quadrupole transition rates B(C2↑) of the 28 Si nucleus, calculated with HO and SHF
potentials using CP effects with M3Y and MSDI interactions and compared with the available theoretical
and experimental results.
Nucleus A

Int.

Cal.
Jπ

28 Si

2+

B(C2 ↑) (e2 fm4 )

Ex. (MeV)
Exp.

M3Y

39

MSDI

Theor.

Exp.

epeff = 1.130e
epeff = 1.311e
eff
eneff = 0.608e
en = 0.272e
HO SKxs20 HO SKxs20
SDBA 1.350 1.779 [28] 355.0 403.8 665.1 747.2 440.1 [11] 326.7+55
−45 [28]
USDA 1.940
237.7 266.6 445.3 493.5 707.0 [28]
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28
Figure 2. Inelastic longitudinal C2 form factors for 2+
1 (1.779 MeV) state in the Si nucleus with the inclusion of CP effects
of type M3Y (a) and CP effects of type MSDI (b). The experimental data are taken from [27].

Table 3. Quadrupole moments of the 28 Si nucleus, calculated with HO and SHF potentials using
CP effects with M3Y and MSDI interactions and compared with the available theoretical and
experimental results.
Nucleus A

Jπ
28 Si
2+

Q (e fm2 )

Int.

SDBA
USDA

M3Y

MSDI

Theor.

Exp.

epeff = 1.130e
eneff = 0.272e
HO
SKxs20
+17.15 +18.92
+14.41 +15.21

epeff = 1.311e
eneff = 0.608e
HO
SKxs20
+23.47 +24.89
+19.72 +20.69

+17.6 [29]
+20.75 [30]

+16 ± 3 [31,32]
+17 ± 5 [33]

+MSDI makes the calculated values to be closer to the
theoretical values of [29,30], respectively. The deduced
results confirm the prolate deformation of the 28 Si
nucleus.
3.2 The 32 S nucleus

Figure 3. Elastic longitudinal C0 form factors for 0+ (0.0
MeV) state in 32 S nucleus. The experimental data are taken
from [27].

Four theoretical curves concerning the calculated
elastic longitudinal C0 form factors for (0+ 0) state,
0.0 MeV, in 32 S nucleus are presented in figure 3. All
the obtained curves are coinciding with each other up to
q ≈ 1.38 fm−1 . Beyond this value of momentum transfer, the coincidence is limited to the calculated curves
with HO and to the calculated curves with SKxs20. The
experimental data are well described by the calculated
form factors with HO potential up to q ≈ 2.13 fm−1
and by those calculated with SKx20 potential up to
q ≈ 1.38 fm−1 .
The 32 S nucleus is excited from the ground state
+
(0 0) to the first excited state (2+
1 0) with an excitation
energy of 2.230 MeV [28]. The values of the effective
nucleon charges that are deduced from the inclusion
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Table 4. Electric quadrupole transition rates B(C2↑) of the 32 S nucleus, calculated with HO and SHF
potentials using CP effects with M3Y and MSDI interactions and compared with the available theoretical
and experimental results.
Nucleus A

Int.

Cal.
Jπ

B(C2 ↑) (e2 fm4 )

Ex. (MeV)
Exp.

M3Y

MSDI

Theor.

Exp.

epeff = 1.098e
epeff = 1.325e
eneff = 0.632e
eneff = 0.238e
HO SKxs20 HO SKxs20
SDBA 1.6
2.230 [28] 295.8 312.8 634.8 661.4 299.4 [11] 295.8+85
−44 [28]
USDA 2.146
145.4 165.8 312.0 349.9 413.0 [28]

32 Si
2+

32
Figure 4. Inelastic longitudinal C2 form factors for 2+
1 (2.230 MeV) state in the S nucleus with the inclusion of CP effects
of type M3Y (a) and CP effects of type MSDI (b). The experimental data are taken from [27].

Table 5. Quadrupole moments of the 32 S nucleus, calculated with HO and SHF potentials using
CP effects with M3Y and MSDI interactions and compared with the available theoretical and
experimental results.
Nucleus A

Q (e fm2 )

Int.
M3Y

Jπ
32 Si
2+

epeff = 1.098e
eneff = 0.238e
HO
SKxs20
SDBA +10.58 +10.78
USDA −8.59 −9.354

MSDI
epeff = 1.325e
eneff = 0.632e
HO
SKxs20
+15.50 +15.67
−12.58 −13.58

of CP effects with M3Y and MSDI interactions are
epeff = 1.098e, eneff = 0.238e and epeff = 1.325e,
eneff = 0.632e, respectively. The reduced electric
quadrupole transition rates in units of e2 fm4 are calculated by including the CP effects and tabulated in table 4
together with the available experimental and theoretical
data.
Table 4 shows an excellent coincidence between
the calculated value of SDBA+HO+M3Y and the

Theor.

Exp.

−13.6 [29]

−16 ± 2 [31,32]

experimental one. Furthermore, the calculated values
using SDBA+SKxs20+M3Y, USDA+HO+MSDI and
USDA+SKxs20+MSDI are reasonably close to the
experimental results. The value of SDBA+HO+M3Y
shows a significant agreement with the theoretical value
of [11].
The calculated inelastic C2 form factors for the
state 21+ , 2.230 MeV, of 32 S nucleus are shown in
figure 4. The incompatibility between the calculations
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Figure 5. Elastic longitudinal C0 form factors for 0+ (0.0
MeV) state in 36 Ar nucleus. The experimental data are taken
from [36].

with M3Y interaction and the data is so apparent from
figure 4a. Within the momentum transfer range 0.74 ≤
q ≤ 0.95 fm−1 , the experimental data are interpreted
by the solid and dash–dotted curves that are deduced
using SDBA+HO+M3Y and SDBA+SKxs20+M3Y,
respectively. Furthermore, when 1.30 ≤ q ≤ 1.52 fm−1 ,
the dashed curve, which is deduced using USDA+HO
+M3Y, provides a satisfactory agreement with the
experimental longitudinal form factor.
Figure 4b displays the calculations that are performed
in terms of MSDI interaction. The solid and dash–
dotted curves as well as the dashed and dotted curves
are coinciding with each other up to q ≈ 1.78 fm−1 .
It can be seen that the dashed and dotted curves show
agreement with the measured data within the momentum transfer range from q ≈ 0.72 fm−1 up to q ≈
1.58 fm−1 .
Table 5 presents a comparison between the calculated
and experimental electric quadrupole moments of the
32 S nucleus. It is so clear that the SDBA interaction provides positive values of Q that contradict the theoretical

Table 6. Electric quadrupole transition rates B(C2↑) of the 36 Ar nucleus, calculated with HO and SHF
potentials using CP effects with M3Y and MSDI interactions and compared with the available theoretical and
experimental results.
Nucleus A

Int.

Cal.
Jπ

36 Ar
2+

B(C2↑) (e2 fm4 )

Ex. (MeV)
Exp.

M3Y

epeff = 1.098e
eneff = 0.235e
HO SKxs20
SDBA 1.726 1.970 [28] 189.8 193.9
USDA 1.790
158.0 166.3

MSDI

Theor.

Exp.

epeff = 1.330e
eneff = 0.648e
HO SKxs20
+20
417.8 420.9 234.09 [35] 301.0−11
[28]
348.0 360.7 244.92 [35]

36
Figure 6. Inelastic longitudinal C2 form factors for 2+
1 (1.970 MeV) state in Ar nucleus with the inclusion of CP effects
of type M3Y (a) and CP effects of type MSDI (b). The experimental data are taken from [36].
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Figure 7. The calculated inelastic longitudinal C2 form fac36 Ar nucleus with the
tors for 2+
1 (1.970 MeV) state in
inclusion of CP effects of type MSDI multiplied by a factor of 0.45. The experimental data are taken from [36].

and experimental values, whereas the USDA interaction gives negative values. The calculated Q value with
USDA+SKxs20+MSDI is very close to the theoretical
value and gives a good agreement with the experimental one in comparison with all the other obtained values.
The calculated values with SDBA interaction refer to
the prolate deformation of the 32 S nucleus, whereas the
values of USDA interaction confirm the oblate
deformation of the nucleus.
3.3 The 36 Ar nucleus
The ground-state calculations of the elastic C0 form factors for the 36 Ar nucleus (0+ 0), 0.0 MeV, are shown in
figure 5. As the experimental data are limited to a short

range of q confined between 0.53 and 0.95 fm−1 [34],
the calculations were performed with an extended range
of q reaching 4 fm−1 to show a wide range of theoretical results. The agreement with experimental data is
excellent for all the obtained curves.
For the Coulomb quadrupole excitation in 36 Ar, the
nucleus is excited from the ground state J π = 0+
to the first excited state J π = 21+ with an excitation
energy of 1.970 MeV [28]. The deduced effective
nucleon charges by applying CP calculations with M3Y
and MSDI residual interactions are epeff = 1.098e,
eneff = 0.235e and epeff = 1.330e, eneff = 0.648e, respectively. The transition rates B(C2 ↑) that are calculated
with these effective charges are presented in table 6
for comparison with the available data. The value of
USDA+HO+MSDI is closer to the experimental result
and the value of SDBA+SKxs20+M3Y is closer to the
first theoretical value of [35]. The other calculated values of M3Y and MSDI underestimate and overestimate
the available data, respectively.
Figure 6 shows the dependence of the inelastic
longitudinal C2 form factors on q for the first excited
state 21+ , 1.97 MeV, in the 36 Ar nucleus. The calculations with M3Y interaction are presented in figure 6a,
where the obtained curves show very good agreement
with the measured results [36]. The dotted curve that
is deduced in terms of USDA+SKxs20+M3Y can
be considered as the best-calculated curve. It can be
noticed from figure 6b that there is a clear difference
between the calculations with MSDI interaction and the
measured results.
Inspection of figure 6b and comparison with
figure 6a reveal that the use of the M3Y potential
achieves much better results than the use of the MSDI
potential. To overcome the obvious contradiction that
appears in figure 6b between the theoretical and the
experimental results, the theoretical results must be multiplied by a factor of 0.45 such that they show agreement
with the experimental data, as shown in figure 7.

Table 7. Quadrupole moments of 36 Ar nucleus, calculated with HO and SHF potentials using
CP effects with M3Y and MSDI interactions and compared with the available theoretical and
experimental results.
Nucleus A

Jπ
36 Ar
2+

Q (e fm2 )

Int.

SDBA
USDA

39

M3Y

MSDI

epeff = 1.098e
eneff = 0.235e
HO
SKxs20
+12.64 +12.78
+10.82 +11.07

epeff = 1.330e
eneff = 0.648e
HO
SKxs20
+18.75 +18.83
+16.05 +16.31

Theor.

Exp.

+ 14.3 [29]

+11 ± 6 [31,32]

39
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The calculated electric quadrupole moments for the
state of the 36 Ar nucleus are displayed in table 7.
All calculated values are obtained in terms of M3Y
potential and the values of USDA+HO+MSDI and
USDA+SKxs20+MSDI predict the experimental value
very well, especially the value of USDA+SKxs20
+M3Y that gives an excellent coincidence. The calculated values of SDBA+HO+M3Y and SDBA+
SKxs20+M3Y are closer to the theoretical value of
[29] in comparison with the other values. Our calculations confirm the prolate deformation of the 36 Ar
nucleus.
21+

4. Summary and conclusions
In this paper, the sd-shell-model space, SDBA interaction, USDA interaction, HO potential and SHF potential
are adopted to calculate the elastic C0 and inelastic C2
form factors as well as the transition rates B(C2) and
quadrupole moments Q of 28 Si, 32 S and 36 Ar nuclei.
Two residual interactions are adopted in this work, for
the CP terms, which are the M3Y and MSDI effective
interactions. The residual interactions are used to deduce
the nucleon effective charges.
In our calculations, CP effects have been included by
employing the nucleon effective charges that enhanced
the deduced results, succeeded in achieving satisfactory
descriptions of the studied nuclear properties and made
the calculations more acceptable in comparison with the
available data.
The accurate inspection of the obtained results of all
studied nuclei leads us to conclude that the shell model
is less successful in describing the C2 form factors, transition probabilities and quadrupole moments unless the
CP effects are considered. The CP effects are necessary,
beneficial and play a major role in describing the nuclear
properties.
Our calculations combined two types of effective
interactions for sd-model space, two types of potentials and two types of residual interactions for CP
effects to investigate which set is appropriate for providing theoretical predictions of the structure of each
nucleus and which set is capable of achieving a high
degree of conformity with the available results. One
set, or more, succeeded in describing the available data
of the transition rates B(C2) and inelastic C2 form
factors.
USDA+HO gives a more appropriate description of
C0 form factor data for all nuclei than SDBA+HO,
USDA+SKxs20 and SDBA+SKxs20.
The calculated values of the electric quadrupole
moments Q using SDBA and USDA interactions confirm the predominance of prolate shape in nuclear
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deformation of 28 Si and 36 Ar nuclei. The 32 S nucleus
has oblate deformation which is confirmed using USDA
interaction in addition to the prolate deformation provided by SDBA interaction.
Our calculations can be repeated using appropriate
interactions to include the fp-shell nuclei.
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