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The longitudinal and the transverse electron scattering form factors for 6Li, 9Be, 11B and 12C nuclei have been
studied with and without core polarization effects using shell model calculations. The psdmwk is used as effec-
tive interaction for psd-shells. The core-polarization effects are calculated in the first-order perturbation theory
including excitations up to 4�� using the Michigan three-range Yakawa M3Y as a realistic interaction. The wave
functions of radial single particle matrix elements have been calculated with harmonic oscillator potential. For all
nuclei under studying, Comparison between experimental and theoretical calculations show that the form factors
with core-polarization effect calculations give good consistency with experiment data. So we concluded that the
large scale model space enhanced the results to become closed to the experimental data.
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1. INTRODUCTION
The scattering of electrons by nucleus is used to explain
the nuclear structure and so supply us the most spe-
cific information about the size and charge distribution of
nucleus.1 The electron scattering process can be explained
according to the first Born-approximation (FBA) as an
exchange of a virtual photon carrying a momentum q
between the electron and the nucleus.2�3 The first Born-
approximation is being valid only if a Z � 1, where Z
is the atomic number and a is the fine structure con-
stant. Depending on this approximation, there are two
kinds of electron scattering from the nucleus are clear.
The first kind is the transverse form factor which contain
the information about the magnetization distributions and
nuclear current. In this way the electron interacts with the
current distribution and magnetization, where the method
is considered as a default photon exchange with angu-
lar momentum ±1 along q direction. The second kind
is the longitudinal (Coulomb) scattering. These methods
contains all information about the nuclear charge distri-
bution and the electron interacts with the charge distribu-
tion of the nucleus, whereas the interaction is regarded as
a default photon exchange with zero angular momentum
along (q) direction. The transverse form factor according
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to the parity selection rules can be sorted into trans-
verse electric and magnetic form factor.4 The realistic
nucleon–nucleon (NN) realistic (M3Y) interaction is used
for core-polarization (CP) effect calculations with micro-
scopic theory.5 The single particle matrix elements have
been calculated with Harmonic Oscillator (HO) potential.
Recently, Jassim et al.5–10 have been completed many

studies about nuclear structure of some nuclei in p, sd
and fp model space using shell model calculations. These
studies give good agreement in energy levels and electron
scattering form factors calculations comparing with the
experimental data. Majeed et al.11 have been studied the
Longitudinal and transverse electron scattering form fac-
tors for some positive and negative parity states of stable
odd-A nuclei (7Li, 13C and 17O) by considering the higher
energy configurations outside the p-shells. The ground-
state spins and parities of the odd-A phosphorus isotopes
25–47P were studied with the relativistic mean-field (RMF)
model and relativistic elastic magnetic electron-scattering
theory (REMES) by Ref. [12].
The purpose of the present work is to account the longi-

tudinal and the transverse electron scattering form factors
with the effect of the CP. The one body density matrix
(OBDM) elements calculations have been performed using
large scale model space to include the psd shells. Two
shell model codes, CPM3Y and nushell for windows have
been use in our calculations. The large scale two-body
(psdmwk) effective interaction is used with M3Y as a
residual interaction for the CP calculation. The psdmwk
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effective interaction has the 1p3/2, 1p1/2, 1d5/2, 2s1/2 and
1d3/2 shell model wave function which is used for 6Li,9Be,
11Be, 12C in this study. The wave function of radial single
matrix elements have use Harmonic Oscillator (HO).

2. THEORY
The reduced matrix elements of the electron scattering
operator T̂

�
� consist of two parts, one is for the Model

Space (MS) matrix elements and one for the CP matrix
elements.13

�Xf �
∥∥T̂ �

�

∥∥�Xi�=�Xf �
∥∥T̂ �

�

∥∥�Xi�MS+�Xf �
∥∥�T̂ �

�

∥∥�Xi�·CP (1)

where the state �Xi� and �Xf � are described by the model-
space wave functions. Greek symbols are used to denote
quantum numbers in coordinate space and isospin, i.e.,
Xi ≡ JiTi, Xf ≡ Jf Tf and �≡ J T .

The MS matrix elements are expressed as the sum
of the product of the one-body density matrix elements
(OBDM) times the single-particle matrix elements, which
is given by:

�Xf �
∥∥T̂ �

�

∥∥�Xi�MS =
∑
���

OX
XiXf

����	���∥∥T̂ �
�

∥∥���MS (2)

where � and � denote the final and initial single parti-
cle states respectively (isospin is included) for the model
space. OX

XiXf
are the OBDM elements.

Similarly, the CP matrix element can be written as

�Xf �
∥∥�T̂ �

�

∥∥�Xi�cp =
∑
���

OX
XiXf

����	���∥∥�T̂ �
�

∥∥���cp (3)

By using the first order perturbation theory, the single-
particle matrix element for the higher-energy configura-
tions outside the core and MS is given by:14

����T̂ �
� ��� = ���V12

P

Ei −H�0	
T̂

�
� ���

+���T̂ �
�

P

Ef −H�0	
V12��� (4)

where P is the projection operator onto the space outside
the model space and V12 are adopted as a residual two-
body interaction. Ei and Ef are the energies of the ini-
tial and final states, respectively. H�0	 is the unperturbed
Hamiltonian. Equation (4) is written as14
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1
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2
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×
√
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	�1+��2�
	+A (5)

where A represents additional terms with �1 and �2

exchanged with an overall minus sign. The indices �1 and

�2 run over particle and hole states, respectively, and e
is the single-particle energy. The CP parts allow particle-
hole excitations from the core and model space into higher
orbits. These excitations are taken up to 4��.
The reduced single particle matrix element becomes:

��2

∥∥�T̂ �
J T �
∥∥�1� =

√
2T +1

2

∑
tz

IT �tz	��2

∥∥T̂ �
Jtz

∥∥�1� (6)

where:

IT �tz	=
{
1 for T = 0

�−1	1/2−tz for T = 1
(7)

and tz = 1/2 and −1/2 for the proton and neutron,
respectively.
Elastic and inelastic electron scattering form factors in

terms of angular momentum J and momentum transfer q,
between the initial and final states of spin Ji� f and isospin
Ti�f , are given by.15

�F �
J �q	�2 =

4�
Z2�2Ji+1	

·
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T=0�1

�−1	Tf−Tzf

(
Tf T Ti

−TZf MT TZi

)

×�Xf �
∥∥T �

J �T �q	
∥∥ �Xi�

∣∣∣∣
2

×�Fc·m�q	�2×�Ff ·s�q	�2 (8)

where Tz is the projection along the z-axis of the ini-
tial and final isospin states. Ffs�q	 = exp�−0�43q2/4) is
the nucleon finite size (fs) form factor and Fcm�q	 =
exp�q2b2/4A) is the correction for the lack of translation
invariance in the shell model. A and b are the mass number
and the harmonic oscillator size parameter, respectively.
The single-particle energies are given by14

enlj =
(
2n+ l− 1

2

)
��

+

⎧⎪⎪⎨
⎪⎪⎩
−1
2
�l+1	�f �r	�nl for j = l− 1

2
1
2
l�f �r	�nl for j = l+ 1

2

(9)

with
�f �r	�nl ≈ 20A−2/3 MeV

��= 45A−1/3−25A−2/3
(10)

The realistic M3Y effective NN interaction, which is used
in the electron scattering v12, is expressed as a sum of
the central potential part, vC12, spin-orbit potential part, v

LS
12 ,

and long range tensor part, V TN
12 , as follows16

V12 = V
�c	
12 +V

�LS	
12 +V

�TN 	
12 (11)
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The two-body matrix elements of the realistic M3Y effec-
tive NN interaction consist of three parts: the central
matrix element, the spin-orbit matrix element and the ten-
sor matrix element.

�j1j2�V12�j3j4�
 = �j1j2�V c
12�j3j4�
 +�j1j2�V Ls

12 �j3j4�

+�j1j2�V TN

12 �j3j4�
 (12)

The reduced transition probability is related to the form
factor at the photon point, which is given by17

B�CJ 	= ��2J +1	!!�2
4�

Z2e2

k2L
�F Co

J �q = k	�2 (13)

where q = k = �Ex	/�� c	 is the momentum transfer and
the term �F Co

J �q = k	�2 is the longitudinal (Coulomb) form
factor at k = q, which is given by

�F Co
J �k	�2 = 4�

�2Ji+1	
1
Z2

∣∣∣∣
	∫
0

drr2jJ �kr	J �i� f � r	

∣∣∣∣
2

(14)

Here J �i� f � r	 is the transition charge density for ini-
tial and final states. For the two-body matrix elements of
the residual interaction ���2�V12����1�
 , which appear in
Eqs. (5) and (11), the Michigan three Yukawas (M3Y)
interaction of Bertch et al.4 is adopted. The interaction is
taken between a nucleon in any core-orbit and a nucleon
that is excited to higher orbits with the same parity and
with the required multipolarity (�	, and also between a
nucleon in any sd orbits and that is excited to higher orbits
with the same parity and with the required multipolarity.
This interaction is given in the LS-coupling.

3. RESULTS AND DISCUSSION
A microscopic theory has been applied to calculate elec-
tron scattering form factors with CP effects using M3Y as
a residual interaction for some light nuclei: 6Li, 9Be,11B
and 12C. The OBDM elements are calculated by using the
shell model NUSHELL code18 with psdmwk as effective
interactions using large scale psd (1p1/2, 1p3/2, 1d3/2, 1d5/2

and 2s1/2) model space. The radial wave function for the
single-particle matrix elements have been calculated with
the HO.

4. THE EVEN–EVEN NUCLEI: 6Li AND 12C
The M1 form factors for 1+ (0.0 MeV) state in 6Li nucleus
calculated with and without CP effects on 1p and large
scale psd-shells wave function, see Figure 1. The solid
curves and Plus-Symbol curve represent the calculation
with and without CP effects, respectively, using micro-
scopic theory with CPM3Y code. The dashed curves rep-
resent calculations with CP effects on the 1p model space
wave function. The experimental data are taken from Ref.
[19] (squares) and Ref. [20] (circles). The form factor with
inclusion of the CP effect using large scale shells gives
agreement in the first and second maximum diffraction,

Fig. 1. Elastic M1 transverse form factors for the 1+ 0 (0.0 MeV) states
in the 6Li nucleus calculated with CP effects on the psd model space wave
function. The experimental data are taken from Ref. [19] (squares) and
Ref. [20] (circles). The solid curves and Plus-Symbol curve represent the
calculation with and without CP effects, respectively, using the CPM3Y
code. The dashed curves represent calculations with CP effects on the 1p
model space wave function.

but the calculation with inclusion CP effects in 1p-shell
doesn’t affect significantly the calculation of the form fac-
tors in the momentum transfer region q ≥ 1�5 fm−1. The
transverse M1 form factors have two peaks at 0.6 and
1.82 fm−1, respectively, where these peaks nearly have the
same position for all calculation with and without inclu-
sion CP effects. In general the large scale shell model
calculation enhanced the calculations in the all momen-
tum transverse region comparing with 1p-shell model
calculations.
Figure 2 shows the transverse M1 form factors for the

transition from the ground state 1+ 0 to 0+1 states with
excitation energy 3.562 MeV for 6Li. The calculation with-
out inclusion CP effects fails to describe the experimen-
tal data in all momentum transfer region. The form factor
with CP effect using 1p and psd-model space give a good
agreement in the first maximum diffraction. The 1p-shell
calculation with inclusion CP effects in the second maxi-
mum diffraction fails to described between the momentum
transfers region (1�5< q < 2�5) fm−1 comparing with the
experimental data.21�22 The large scale shell model calcu-
lations described the experimental data very well in all
momentum transfer region comparing with 1p-shell calcu-
lations. The first and second maximum diffraction without
inclusion CP effects are 0.7 and 2.1 fm−1, respectively,
while the first and second maximum region with inclusion
CP effects are 0.5 and 1.9 fm−1, respectively. From these
results, we concluded that the CP effects shifted the first
and second peak toward decreases momentum transfer by
0.2 fm−1.
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Fig. 2. Elastic M1 transverse form factors for the 0+ 1 state with
(3.562 MeV) in the 6Li nucleus calculated with CP effects on the psd-
shell model wave function using the psdmwk effective interaction. The
experimental data are taken from Ref. [21] (squares) and Ref. [22] (cir-
cles). The solid curves and Plus-Symbol curve represent the calculation
with and without CP effects, respectively, using the CPM3Y code. The
dashed curves represent calculations with CP effects on the 1p-shell
model wave function.

The 12C nucleus is considered as an inert 4He core
plus eight nucleons distributed over 1p3/2-1p1/2 shell. The
single-particle radial wave functions are those of the HO
potential with size parameter brms = 1�64 fm. Figure 3

Fig. 3. Elastic longitudinal (C2) form factors for the 2+ (4.438 MeV)
state in the C12 nucleus calculated with CP effects on the psd-shell model
wave function using the psdmwk effective interaction. The experimen-
tal data are taken from Ref. [23]. The solid curves and dashed curves
represent the calculation with and without CP effects, respectively, using
the microscopic theory. The Plus-Symbol curves represent the calculation
calculated with CP effects on the 1p-shell model wave function

shows the relation between the longitudinal form factor as
a function of momentum transfer, where the dashed curve
represents the results of the electron scattering form fac-
tor for 1p-shell model, while the solid curve represents
the extended model space (psd-shells) results of the form
factor with CP effect. The results of C2 form factors with
extended model space and CP effect gave a clear applica-
bility comparing with experimental data, while the results
without CP effects gave a poor results. The result with 1p
model space with CP effects as show as plus curves devi-
ated from the experimental data23 comparing with large
scale shell mode calculations. This related that using large
scale shell model with CP effects enhanced the C2 results
comparing with 1p shell model.

5. THE ODD-A NUCLEI (9Be AND 11B)
Elastic transverse (M1+M3) form factors for the 3/2−

(0.0 MeV) state in the 9Be nucleus are shown in Figure 4,
where the solid curve represents the calculation of the
large scale (psd) model space with CP effects by using the
psdmwk effective interaction. The M3Y realistic interac-
tion used as a residual interaction for the CP effect cal-
culation. According to the conventional psd-shell model,
it is described as an inert core of 4H plus five nucle-
ons distributed over psd-shell. The experimental data are
taken from Refs. [19, 24]. Results are good described the
momentum transfers range between (0.6–1.4) fm−1, while
the results with p model space causes reduced the elec-
tron scattering form factors comparing with experimental.

Fig. 4. Elastic Transverse (M1 + M3) form factors for the 3/2−

(0.0 MeV) state of the 9Be nucleus calculated with CP effects on the
psd-shell model wave function using the psdmwk effective interaction.
The experimental data are taken from Refs. [19, 24]. The solid curves
and dashed curves represent the calculation with and without CP effects,
respectively, using the CPM3Y code. The Plus-Symbol curves represent
the calculation calculated with CP effects on the 1p-shell model wave
function.
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All calculations with and without CP effects using p and
psd model space give agreement with experimental data
after q larger than 0.6 fm.
Elastic longitudinal (C0+C2) form factors for the 3/2−

state of the 9Be nucleus calculated with CP effects on
the psd-shell model wave function, which are shown in
Figure 5. The CP effects with the M3Y realistic inter-
action are included by allowing particle-hole excitation
from (1p1/2, 1p3/2, 1d3/2, 1d5/2, 2s1/2) shells up to higher
shells with 4�� excitations. The Psdmwk interaction has
been used to calculate the multiple decompositions C0
and C2. The C0 has the dominant contribution in the
entire momentum transfer region, but the contribution of
the C2 (dashed curve) is added to the FC0 (q) (as dotted
curve). The results of total transverse form factors (C0+
C2) (as a solid curves) give in a agreement, comparing
with the available experimental data of Ref. [25] (circles)
and Ref. [26] (triangles).
The ground state of 11B is angular momentum 3/2−

and with isospin is 1/2. It is described in terms of seven
nucleons outside a closed 1s-shell distributed over 1p1/2

2s1/2 1p3/2 1d5/2 and 1d3/2 shell. The size parameter
brms =1.611 fm is chosen from a fit to nuclear charge
radius.27 In this nucleus the elastic longitudinal form fac-
tors for this state is multi-polarity mixed (c0+c2	, which
is shown in Figure 6. The CP effect with psd-shell model
contributions given as a solid curve. While the C0 and C2
contributions are shown as a red dotted curves and blue
dashed curves, respectively. The calculations of C0+C2
with CP effects give good description comparing with the
experimental data, especially at the momentum transfers

Fig. 5. Elastic longitudinal (C0 + C2) form factors for the 3/2−

(0.0 MeV) state in the9Be nucleus calculated with CP effects on the
psd-shell model space using the psdmwk effective interaction. The exper-
imental data are taken from Ref. [25] (circles) and Ref. [26] (triangles).
The dotted curves, dashed curves represent calculations of longitudinal
C0 and C2, respectively, the solid curves represent the calculations with
CP effects.

Fig. 6. Elastic longitudinal (C0 + C2) form factors for the 3/2−

(0.0 MeV) state in the B11nucleus calculated with CP effects on the psd-
shell model wave function using the psdmwk effective interaction. The
experimental data are taken from Ref. [27]. The dotted curves, dashed
curves represent calculations of longitudinal (C0) and (C2), respectively,
The solid curves and represent the calculation with C0+C2 CP effects
using the CPM3Y code.

region between (0–1.3) fm−1, where the main contribution
is come from C0 multipole as show in Figure 6.

6. CONCLUSION
The elastic and inelastic electron scattering form factors for
different states in the 6Li, 9Be,11B, 12C have been calcu-
lated taking into account higher energy configurations out-
side the p-shell model space with 6�� excitation which are
called CP effects. The psdmwk interactions for psd-shell
are used with the M3Y effective NN interaction as a resid-
ual interaction for the CP calculations. The large scale shell
model with the effect of CP give good description compar-
ing with experimental data. The use of a modern interaction
may give a better description of the form factors.
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