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Abstract
Inelastic longitudinal electron scattering form factors for the
excitation of 2+ in 58Ni nucleus have been studied through nuclear
shell model of the (p3/2,p1/2,1f5/2) configurations. Effective transition
operators relevant to the model space are derived by considering
particle-hole excitation from the core orbits and via the model space
orbits into the higher orbits with 2߱ for C2 transition within the
framework of a first-order perturbation theory. Using F5PVH
potential as an effective interaction to generate the model space wave
function. The simple harmonic oscillator (HO) potential is used to
generate the single particle wave functions.
Discarded space (core orbits + higher configuration orbits) will be
included as a first order correction which is the so called core
polarization effect.
Modern realistic interaction of the two body Michigan sum of three
range Yukawa potential (M3Y-P2) and Gogny have been adopted as
a residual interactions to couple the particle-hole pair.
The investigated nucleus is considered to be consisting of 56Ni core
nucleus plus extra valence nucleons represented by two neutrons
distributed over fp-shell.
The obtained theoretical results had been compared with available
experimental data.
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58

Ni  لنواة النيكلC2 عوامل التشكل الطولية لالستطارة االلكترونية غير المرنة
 فاضل محمود حمود،فراس زھير مجيد
 العراق، بغداد، جامعة بغداد،كلية العلوم، قسم الفيزياء

الخالصة
 لحالة التھيج58Ni لنواة النيكلC2 تم دراسة عوامل التشكل الطولية لالستطارة االلكترونية غير المرنة
فجوة من-( من خالل انتاج زوج جسيمp3/2,p1/2,1f5/2) من خالل نظرية القشرة النووية للتشكيالت2+
اوربيتاالت القلب الخامل الى اوربيتاالت التشكيالت العليا عبر اوربيتاالت أنموذج الفضاء بطاقة تھيج مقدارھا
كتفاعلF5PVH  وباستخدام جھد التفاعل، من خالل نظرية االضطراب من المرتبة االولىC2  لالنتقال2߱
.تم استخدام جھد المتذبذب التوافقي البسيط لتوليد دالة الموجة للجسيم المنفرد.فعال لنموذج الفضاء
الفضاء المستثنى المتضمن اوربيتاالت القلب واوربيتاالت التشكيالت العليا تم تضمينھا كتصحيح من المرتبة
 كتفاعل بقية لربط الزوجGogny وM3Y-P2 تم استخدام التفاعلين.االولى والذي يدعى تاثير استقطاب القلب
. فجوة-جسيم
56
 كنواة قلب مع توزيع النيكولونات االضافية المتمثلة بزوج منNi اعتبرت النواة انھا تتالف من النواة
.النيوترونات على اغلفة انموذج الفضاء وقد قورنت النتائج النظرية مع البيانات التجريبية المتوفرة
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Introduction
The electron scattering from the
nucleus at high energy gives perfect
and good information about the nuclear
structure. When the energy of the
incident electron is in the range of 100
MeV and more, the de Broglie
wavelength will be in the range of the
spatial extension of the target nucleus,
Thus with these energies, the electron
represents a best probe to study the
nuclear structure [1,2].
The electrons scattering from a
target nucleus can occur in two types:
first, the nucleus is left in its ground
state after the scattering and the energy
of the electrons is unchanged, this
processes is called “Elastic Electron
Scattering”. In the second the scattered
electron leaves the nucleus in different
excited state which has a final energy
reduced from the initial just by the
amount taken up by the nucleus in its
excited state, this processes is called “
Inelastic Electron Scattering” [3,4].
It is known that the inelastic
electron scattering has proven to be a
good technique for studying the
properties of excited states of nuclei, in
particular their spins, parities, and the
strength and structure of the transition
operators connecting the ground and
the excited states[5].
Electron scattering is an excellent
tool for studying the nuclear structure
because of many reasons. Since the
interaction between the electron and
the target nucleus is relatively weak of
order α =1/137, the fine-structure
constant, and known where the
electron interacts electromagnetically
with the local charge, current and
magnetization densities of nucleus. [6].
The form factor can be found
experimentally as a function of the
momentum transfer (q) by knowing the
energies of the incident and scattered
electron and the scattering angle. The
electron scattering process can be
explained according to the first Born

approximation as an exchange of a
virtual photon carrying a momentum
between the electron and nucleus. The
first Born approximation is being valid
only if Z1, where  is the fine
structure constant [7].
The scattering cross section for
relativistic electrons from spinless
nucleus of charge Ze, where Z is the
number of protons in the nucleus, was
first derived by Mott (1929) [8].
The nickel isotopes had been
described in terms of strongly admixed
spherical shell-model configurations of
neutrons occupying the 2p3/2, 1f5/2, and
2p1/2orbits. A set of effectiveinteraction matrix elements is deduced
which accurately reproduces the
spectra of the Ni isotopes from Ni58 to
Ni67. The wave functions resulting
from the calculations of the energy
levels are then used to calculate the
single-nucleon spectroscopic factors.
These are in fairly good agreement
with the experimental spectroscopic
factors found in pickup and stripping
experiments. The E2 transition
probabilities in the even-mass isotopes
of Ni are calculated and found to be in
agreement with experimental facts [9].
A report of experimental for a set
of inelastic form-factor measurements
on the first excited state of 58Ni, 60Ni,
and 62Ni, which, together with the
accurate Coulomb-excitation B(E2)
measurements
by
Stelson
and
McGowan, provide for the first time an
accurate experimental check on the
distorted-wave calculation of Griffy et
al. The experimental measurements
were carried out at the Yale Linear
Electron Accelerator Laboratory using
incident energies ranging from 45 to
65 MeV and scattering angles from 70°
to 130° [10].
Using the experiment to study the
inelastic scattering of electrons from
60
Ni with an over-all energy resolution
of 0.1% by the use of 183 MeV and
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2500 MeV eleectron beam
ms from thhe
Tohhoku
300
MeeV
lineear
acceelerator[11]].
Inelastic electron
e
scaattering crooss
secttions have been measured up too a
mom
mentum transfer
t
q=3.9
q
fm
m-1,
deteermining very preecisely thhe
trannsition charrge density
y of the firrst
+
58
exciited (2 1) sttate of Nii. The resullts
have been inteerpreted in a fully sellfconsistent theeoretical trreatment ffor
bothh the grouund state and
a
the (2+ 1)
58
trannsition chargge density of
o Ni [12]..
E
Elastic annd inelastiic electroonscatttering
form
faactors
ffor
mulltipolarities up to L=
=7 and som
me
trannsition-strenngth distriibutions aare
calcculated wiith shell-m
model wavve
funcctions for about
a
ten tarrget nuclei in
the mass rangge A = 52--62 includinng
52,53
Cr, 54,56Fe, 53Cr, 55Mn
n, 59Co annd
58,600,62
Ni. It is found that the strengtths
of tthe calculatted magnettic transitioons
are always lesss than abou
ut 50% of thhe
puree single-parrticle valuess [13].
A microscoopic descrip
ption of daata
on the inelastiic scatterin
ng for factoors
for the 0+
2+ as welll as 0+
4+
trannsitions in some doubly
y even Ti, C
Cr,
Fe, Zn, and Ni isotop
pes includinng
58,600,62
Ni is atttempted in terms of th
the
projjected
H
Hartree-Fock
k-Bogoliuboov
wavve functionss resulting from
f
realisttic
effeective interaactions opeerating in th
the
2p-11f shell [14]].
T
The effectivve interactio
on GXPF1 ffor
shelll-model caalculations in
i the full pf
shelll had beenn tested in
n detail froom
variious viewppoints such
h as bindinng
enerrgies, elecctromagnetiic momennts
and transitionss, and excitaation spectrra.
Thee semi magic structure
s
is
succcessfully deescribed for N or Z=228
nuclei, 53Mnn, 54Fe, 55Co, annd
56,577,58,59
Ni, sugggesting thee existence of
signnificant corre excitatio
ons in low
wlyinng modell over conventionnal
calcculations inn cases wheere full-spaace
calcculations stiill remain to
oo large to bbe
pracctical [15].

The exp
perimental single-parrticle
nergies and
d occupatioon probabillities
en
fo
or neutron states neear the Fermi
5
en
nergy in 58,60,62,64
Nii nuclei had
sttudied and
d
obtaineed from joint
j
ev
valuation of
o the datta on nuccleon
sttripping and
d pickup reeactions on
n the
saame nucleu
us. The resuulting data had
beeen analyzzed within a mean-field
model
m
with dispersivee optical-m
model
po
otential. Good agreem
ment had been
b
ob
btained bettween the calculated and
ex
xperimentall [16].
High-precision redduced elecctricqu
uadrupole transitionn probabillities
B(E2;
B
0+1→ 2+1) have been measured
frrom single-sstep Coulom
mb excitatio
on of
58,60,62,64
5
seemi-magic
Ni ((Z = 28) beeams
att 1.8 MeV per nucleoon on a nattural
caarbon targeet. The enerrgy loss off the
niickel beamss through thhe carbon taarget
were
w
directly
y measuredd with a zeroz
deegree Bragg
g detector aand the abso
olute
B(E2)
B
valuees were nnormalized by
Rutherford
R
scattering.. The B(E2)
B
vaalues disag
gree with recent lifetime
sttudies that employedd the Dopp
plersh
hift attenuattion methodd [17].
Calculated
d elastic andd inelastic form
f
faactors and for
f the trannsition from
m the
grround state to
J+1 (L = J = 2,
2 4)
sttate in 58−688Ni and 24M
Mg, carried
d out
th
he starting point
p
of meethod was a set
off Hartree-Fock-Bogooliubov wave
w
fu
unctions geenerated wiith a constrraint
on
n the axiall quadrupolle moment and
ussing a Skyrme
S
ennergy den
nsity
fu
unctional [18].
The Core Polarizatioon (CP) eff
ffects
deerivation with higher cconfiguratio
on in
th
he first ordeer perturbattion theory and
th
he two-body
y matrix eleements of three
t
paarts of reaalistic interraction: cen
ntral,
sp
pin orbit an
nd tensor fo
force which
h are
beelong to M3Y-P2
M
annd Gogny as a
reesidual interactions in a sepaarate
piictures will be studiedd in the preesent
work.
w
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(L) or transverse (T) (electric(El) or
magnetic (mag)). The reduced matrix
elements of the electron scattering

operator T consist of two parts, one is
the "Model space" matrix elements and
the other is the "Core-polarization"
matrix elements [21].

A computer program is written in
FORTRAN 90 language to include
realistic interaction M3Y and Gogny in
the original code which is written
by [19].
Theory
Many particle matrix elements of
the electron scattering operator Tˆ  are

 f Tˆ i   f Tˆ i



expressed as the sum of the product of
the one-body density matrix elements
(OBDM) times the single-particle
transition matrix elements [20]:



f

MS

  f Tˆ i

CP

(2)
is the model-space

Tˆ   i

MS

matrix elements.
 f Tˆ i   OBDM i , f , ,    Tˆ 



 ,

(1)

i

is

the

core-

CP

f

model-space wave functions.
The model-space matrix elements
are expressed as the sum of the product
of the one-body density matrix
elements (OBDM) times the singleparticle matrix elements which are
given by:

the initial and final states of the
nucleus, while α and β denote the final
and
initial single-particle states,
respectively (isospin is included), the
superscript η represents longitudinal

MS

 Tˆ  i

polarization matrix elements.
are described by the
 and 

where   JT is the multipolarity in
spin and isospin respectively, and the
states i  J i Ti and  f  J f T f are

 f Tˆ i

f

  OBDM (i ,  f , ,  )  Tˆ 
 ,

(3)
MS

The core-polarization matrix element
in Eq. (2) can be written as
follows[21]:
 f Tˆ i

cp

  OBDM (i , f , ,  )  Tˆ 
,

According to the first order
perturbation theory, the single-particle

 TˆJ    TˆJ
where

Vres

(4)
cp

matrix element for the higher-energy
configurations is given by [22]:

Q
Q
V    Vres
Tˆ 
(0) res
(0) J
EH
EH

(5)

The single-particle energies
calculated according to [22]:

is adopted here as a

residual nucleon-nucleon interaction.
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 1
 (l 1) f (r )
 2
 (2n  l  1 )  
2

1 l f (r )

nl

2


e
nlj

expressed as a sum of the central
potential part v(C ) , spin-orbit potential

1
nl for j  l  2

12

for j  l  1
2

part v ( LS ) ,
12

(6)
with:
f (r )

 20 A 2 / 3MeV

nl

(7)

v

12

  (t n

(c)
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t DD PTE.  (r1) a

( TE )

  (r )
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(10)
And for Gogny Eq.(9) becomes:


v  (t P  t P  t P  t P )e r
 
v  (t P  t P )  (r) L .(s  s )
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( SE)

12
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1

n
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TO
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 t DD PSE. (r1) a t DD PTE. (r1) a   (r12 )


( SE)

)

f

(C )
n

(r12)

(9)

2

(r12) r12 S 12



( TE )

  (r )
 12


are the strength parameter in the

n

TO

n

TO

n

strength parameter in tensor part for
(tensor even), (tensor-odd) and tDD(SE),
tDD(TE) are the strength parameter in
density dependence parts for (singleeven), (triplet-even) respectively.
The first range parameters of the
interaction (R1) between two nucleons
in centeral and spin-orbit force is 0.25
fm, the second range (R2) is 0.4 fm,
and the longest range (R3) is 1.414 fm.
These parameter values are given in
Table 1 [23].

( LS )

( LSO )

n

n

12

SO

n

n

P

spin –orbit part for (singlet-even),
(singlet-odd), t (TNE ) , t (TNO ) , are the

n

(TO )

(8)

n

n

( LS )

v

SE

n

n

( SO )

TE

( DD )

 

tn(LSO )

represented Gogny interaction, then for
M3Y,
Eq. (9) becomes:
r
v   (t P  t P  t P  t P ) e
r


v   ( t P  t P ) f (r ) L .(s  s )
(c)

(TN )

where t (SE ) , t (SO ) , t (TO ) , t (TE ) are the
n
n
n
n
strength parameter in central part for
(singlet-even), (singlet-odd), (tripletodd) and (triplet-even), and t(LSE) ,

 2 (r )

LS

n



parameter

fn

( LS )

(r12) L12 .( s 1  s 2)

 t DD PTE .  (r1 ) a

n

interaction,  :

(TO )

 tn

SO

f

for M3Y

n

(c)

 v12  v12  v12  v12

The four potentials are expressed
as[23]:

The realistic M3Y and Gogny
effective NN interaction, which is used
in electron scattering (Vres =v12) is
12

12

and density dependence part v ( DD ) as
12
follows[23]:

  45 A 1 / 3  25 A  2 / 3

v

long range tensor part v(TN) ,

(TE)

(11)
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Table 1: The values of the best fit to the potential parameters for M3Y-P2 [23].

R1=0.25 fm

R2=0.40 fm

R3=1.414 fm

Oscillator matrix elements
(Channel)

t1
MeV

t2
MeV

t3
MeV

Centeral Singlet-Even (SE)

8027

-2880

-10.463

Central Triplet-Even (TE)

6080

2730

31.389

Central Singlet-Odd (SO)

-11900

-4266

-10.463

Central Triplet-Odd (TO)

3800

-780

3.488

Tensor-Even(TNE)

-131.52
MeV fm-2

-3.708
MeV fm-2

0.0

Tensor-Odd(TNO)

29.28
MeV fm-2

1.872
MeV fm-2

0.0

Spin-Orbit Even(LSE)

-9181.8

-606.6

0.0

Spin-Orbit Odd(LSO)

-3414.6

0.0

0.0

0.0

0.0

0.0

0.0

Density- single even (SE)
Density- Triplet even (TE)

181
MeV fm
1139
MeV fm

The longitudinal C2 form factors of
Ni from the ground state (JπT=0+1) to
the excited state (JπT=2+1) at
Ex=1.398 MeV have been calculated
with core contribution only, since the
model space of neutrons has no
contribution to the charge form factor,
because they are neutral particles, then
only core protons will be taken into
account. Two realistic interactions
M3Y-P2 and Gogny as a residual
interaction are used.
Fig.1 by using M3Y interaction
shows that an excellent agreement is
obtained for the first maxima (3×10-3)
of the form factor for momentum
transfer range 0≤q≤1.75fm-1, where
the data are correctly reproduced up to
1
q=1.4 fm , but the second maximum

Results and discussion
The model space adopted in this
work is 2p3/2 1f5/2 2p1/2 configuration

58

58

Ni nucleus. Core-polarization
for
effects are taken into account through
first order perturbation theory, which
allows particle-hole excitation from
shell core orbits 1s1/2, 1p3/2, 1p1/2, 1d5/2,
2S1/2, 1d3/2 and 1f7/2 (shell model space
56

having Ni as an inert core).
The
model
space
effective
interaction F5PVH potential has been
used to give the (1f5/22p3/22p1/2) shell
58

model wave functions for Ni .
The single particle wave functions
of the harmonic oscillator (HO) with
size parameter b= 1.988 fm are
used [24].
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(1×10-5) for region q~1.75 fm-1 to
q~3.5 fm-1 had been quenched, that is
clear, the calculations underestimate
the experimental data, there are a clear
deviation in diffraction minima from
the theoretical calculation to the
experimental data approximately 0.5
fm-1 with respect to the q values.
Fig.2
using Gogny interaction
shows
that
the
form
factor
-3
value about 3x10 represented the first
maximum for the range 0≤q≤1.75fm-1,
which is an excellent agreement is

obtained with experimental data up to
q=1.5 fm-1, but the second maximum
(6×10-6) for region q~1.75 fm-1 to
q~3.5 fm-1 have been quenched, clearly
the calculations underestimate the
experimental data.
The OBDM elements for this
transition are shown in Table2. The
experimental data are taken from
Ref. [18].



Table 2: The values of the OBDM elements for the longitudinal C2 transition of the 2 1,
first state of 58Ni using F5PVH model space effective interaction, with the residual
interaction M3Y and Gogny at EX=1.398 MeV.
Ji
Jf
OBDM (∆T=0)
OBDM (∆T=1)
5/2
5/2
-0.13643
-0.11140
5/2
3/2
0.13559
0.11071
5/2
1/2
-0.13677
-0.11167

3/2

5/2

-0.07833

-0.06396

3/2

3/2

-0.65956

-0.53853

3/2
1/2
1/2

1/2
5/2
3/2

-0.19730
-0.14353
0.35839

-0.16110
-0.11719
0.29263

Fig.1: Inelastic longitudinal C2 form factors (total) for the 21 (Ex=1.398 MeV) state in
58

Ni with M3Y, theoretical data represented by solid curve, the experimental data (filled

circles) are taken from Ref. [18].

21

Iraqi Journal of Physics, 2016

Firas Z. Majeed and Fadhel M. Hmood

58

Fig.2: Inelastic longitudinal C2 form factors for the 21 (Ex=1.398 MeV) state in Ni with
Gogny, theoretical data represented by solid curve, the experimental data (filled circle) are
taken from Ref. [18].

Fig.3 shows the quadrupole C2
charge form factors for second
transition from the ground state
(JπT=0+1) to the final state (JπT=2+1)
at Ex=2.743 MeV, with a residual
interaction M3Y, for the second lobe a
good agreement with maxima value of
form factor 3×10-3 at 0 ≤q≤1.25 fm-1,
one can see that the results are very
small almost be neglected, while the
second lobe with value of form factor
1×10-3 for momentum transfer region
from q~1.25 fm-1 to q~3.25 fm-1. It is
clear that calculations deflected in
phase and overestimates, the difference
between
the
calculation
and
experimental data are about 9 with
respect to form factor value.
From Fig. 4, for first maximum the

theoretical data overestimate the
experimental data and the difference
between experimental data and
theoretical calculation is very small
with respect to form factor values,
which is equal to 4×10-3 at range from
0 to 1.25 fm-1 with respect to the q
values, while the second maximum, the
theoretical results overestimate, and
the difference between the theoretical
and experimental is about 3 with
respect to form factor values, the form
factor value about 5×10-4 for q range
1.25≤q≤3 fm-1,
The OBDM elements for these
transitions are shown in Table 3. The
experimental data are taken from
Ref.[18].


Table 3: The values of the OBDM elements for the longitudinal C2 transition of the 2 1,


second 2 state of 58Ni using F5PVH model space effective interaction for M3Y and
Gogny at EX=2.743 MeV.
OBDM (∆T=0)
OBDM (∆T=1)
Ji
Jf
5/2
5/2
-0.10910
-0.08908
5/2
3/2
0.46568
0.38023
5/2
1/2
-0.05029
-0.04107
3/2
5/2
-0.26904
-0.21967
3/2
3/2
0.56880
0.46442
3/2
1/2
-0.12203
-0.09964,
1/2
5/2
-0.05278
-0.04309
1/2
3/2
0.22167
0.18099
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58

Fig.3: Inelastic longitudinal C2 form factors for the 2 2 state ( EX=2.743 MeV) in Ni
with residual interaction M3Y (solid curve), experimental data (filled circle) are taken
from Ref. [18].

58

Fig. 4: Inelastic longitudinal C2 form factors for the 2 2 state (2.743 MeV) in Ni with a
residual interaction Gogny (solid curve), experimental data (filled circle) are taken from
Ref. [18].

Fig.5 by using M3Y interaction
shows the calculation for the C2

shape and magnitude when the results
overestimate by 3 with respect to the
form factor values.
Fig.6 Gogny shows the calculation



transition for third case 2 3 from the
ground state (JπT=0+1) to the final state
(JπT=2+1) at Ex=3.250 MeV, only one
lobe obtained from this calculation, the
maximum value of form factor about
5×10-3 at the momentum transfer
region from 0 to 3 ݂݉−1. It is very
clear that there is difference between
the theoretical and experiment data in



for the C2 transition for third case 2 3
from the ground state (JπT=0+1) to the
final state (JπT=2+1) at Ex=3.250
MeV, only one lobe obtained from this
calculation, the maximum value of
form factor is about 3×10-3 at the
momentum transfer region from 0 to 3
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݂݉−1. It is very clear that there is
difference between the theoretical and
experiment data in shape and
magnitude
when
the
results
overestimate by 2 with respect to the
form factor values.

The OBDM elements for these
transitions are shown in Table 4. The
experimental data are taken from
Ref.[18].


Table 4: The values of the OBDM elements for the longitudinal C2 transition of the 2 1,


third 2 state of 58Ni using F5PVH model space effective interaction., with M3Y and
Gogny as a residual interaction at EX=3.250 MeV.

Ji

Jf

OBDM (∆T=0)

OBDM (∆T=1)

5/2
5/2
5/2
3/2
3/2
3/2
1/2
1/2

5/2
3/2
1/2
5/2
3/2
1/2
5/2
3/2

0.10875
0.46464
0.06828
-0.26844
-0.37085
0.20316
0.07166
-0.36903

0.08879
0.37938
0.05575
-0.21918
-0.30280
0.16588
0.05851
-0.30131

0.1

0.01

0.001

0.0001

1E-005

1E-006

1E-007

1E-008
0

1

2

3

58

Fig.5: Inelastic longitudinal C2 form factors for the 2 3 state at (Ex=3.250 MeV)in Ni
with M3Y as a residual interaction (solid curve), the experimental data (filled circles) are
taken from Ref. [18].
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Fig.6: Inelastic longitudinal C2 form factors for the 2 3 state at Ex= 3.250 MeV in 58Ni
with Gognyas a residual interaction (solid curve), experimental data (filled circles) are
taken from Ref. [18].
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Conclusions
1. The realistic potential M3Y, and
Gogny as a residual interaction used
to calculate core –polarization
effects
has
improved
the
calculation, in general, the results
towards the agreement with the
experimental data.
2. The
core-polarization
effect
enhances the form factors and
makes the theoretical results of the
inelastic longitudinal form factors
closer to the experimental data in
the C2, which is studied in this
work.
3. From our calculations for inelastic
longitudinal form factor, we
founded that for the first inelastic
transition represented by C2 that the
first transition 21 with using Gogny
is the best one to give us results
closer the experimental for all
calculation.
4. Present calculations have revealed
significant discrepancies vice versa
the large-momentum-transfer at
(q=1.5 fm-1) for the form factor
data.

Future research
Choosing of different inert core for
the same nucleus will give different
results depending on the nucleons in
model space whether protons or
neutrons, where the presence of
protons in the model space gives its
role in the calculation, that unless we
find it in our calculation as the
confinement of protons in the space
deprived of contribution for Coulomb
transition.
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