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ABSTRACT

The inelastic longitudinal form factors F(qg)'s, an expression for the transition charge
density are studied where the deformation in nuclear collective modes is taken into consideration
besides the shell model transition density. In this work, the core polarization transition density is
evaluated by adopting the shape of Tassie model together with form of the ground state two-body
charge density distributions and the effect of two body short range correlation function. It is
noticed that the core polarization effects which represent the collective modes are essential in
obtaining a good agreement between the calculated inelastic longitudinal F(q)'s and those of
experimental data for “He, *2C, 1°0, #Si, 3%S and “°Ca nuclei.
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1-INTRODUCTION

Inelastic scattering of medium energy electron provides a well-understood probe of the
charge, current and magnetization densities which characterized nuclear excitations. In light nuclei,
where the plan-wave Born approximation is quate accurate, provided a simple correction to the
momentum transfer for Coulomb distortion is made, the connection between the measured form
factors and the transition densities is direct and is simply expressed as Bessel transform. Also, it is
for light nuclei that the most extensive microscopic calculations of the transition densities can be
performed and tested[1].

Hotta et. al. [2] measured inelastic electron scattering cross section for “He at 180° for incident
electron energies of 130 and 200 MeV. Spectra, measured up to excitation energies of 54 MeV,
were relatively featureless and they showed no evidence for resolvable excitations. The longitudinal
and transverse form factors for *C were determined separately as a functions of the excitation
energy from (15-40)MeV in the momentum transfer range (0.75-1.56) fm™ by Yamaguchi et. al.
[3]. The nuclear response to 200-350 MeV electron inelastically scattered at 20° for six nuclei
ranging from A=9 to 181 was given. An excitation energy integral was formed and compared with
theoretical calculations of the total inelastic scattering cross section [4]. The longitudinal C2 and
transverse E2 form factors were analyzed in a conventional harmonic oscillator shell model. Elastic
and inelastic electron scattering form factors were calculated for the similar parity states of 1p-shell
nuclei in the frame work of the many particles shell model including core-polarization effects by
Adeeb [5].

Inelastic electron scattering with high energy resolution was used by Miska et. al. [6] to study
the states at 6.05 ( 0%), 6.13 ( 37) and 6.92 ( 2*) MeV excitation energy in *0 for momentum
transfers ¢ = 0.22 — 0.49 fm™.
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Coulomb form factors of C4 transitions in even-even N = Z sd-shell nuclei (*Ne, **Mg, **Si and
%25) have been discussed by Radhi [7] taking into account higher-energy configurations outside the
sd-shell model space which are called core polarization effects. Higher configurations are taken into
account through a microscopic theory, which allows particle-hole excitations from the 1s and 1p
shells core orbits and also from the 2s1d-shell orbits to the higher allowed orbits with excitations up
to 47w. The effect of core polarization was found essential in both the transition strengths and

momentum transfer dependence of form factors, and gives a remarkably good agreement with the
measured data with no adjustable parameters. The calculations were based on the Wildenthal
interaction for the sd-shell model space and on the modified surface delta interaction (MSDI)for the
core polarization effects. Shell-model wave functions obtained from a unified treatment of the
structure of the positive parity states in sd- shell nuclei have been used by Flaih [8] to calculate the

feature of the inelastic transition from J”* (0® —2" and 4" ) states in this region. Inelastic electron
scattering to 2" and 4" states for the even-even N=Z sd-shell nuclei have been discussed by Radhi
and Boucheback [9] and Boucheback [10] taking into account core-polarization effects. These
effects were included through a microscopic theory that includes excitation from the core 1s and 1p
orbits and also from 2s-1d shell to the higher allowed orbits with 27w excitation. These effects
were found essential in both the transition strength and momentum transfer dependence of form
factors and they gave remarkably good agreement with the data.

The purpose of the present work are to calculate the longitudinal C0, C2 and C4 form factors
for the inelastic electron scattering “He, *2C, 1?0, %Si, 32S and “°Ca nuclei depending on the ground
state two body charge density distributions which included the effect of two body short range
correlation. The Cohen-Kurath (CK) and Wildenthal (W)interactions are used to get the p- and sd-
shell model space wave functions, respectivly. The results will be compared with the available
experimental data and for different range of momentum transfer g.

2-THEORY
2-1 Inelastic Longitudinal Form Factors

Inelastic longitudinal electron scattering form factors involving angular momentum J and
momentum transfer g which can be written as [11].

2
Fr@f = #\ (T[T @]i)] [Fn@f [Fe@f &

where 'fJL (q) is the longitudinal electron scattering operator, F:(q)is the finite nucleon size
correction, F.,(q) is the center of mass correction and Z is the atomic number. The nuclear states
have well defined isospin Ti/f , therefore the form factors of eq (1) may be written in terms of the

matrix elements reduced in both angular momentum and isospin [12].
2

Fr@f | s e T )
’ z? (ZJ +1) | =021 _TZf 0 Tz,

|ch (Q)| ‘ Ffs (q)‘ (2)
where T is restricted by the following selection rule:
T —T |<T< T +T, 3)

Z—-N
and T, = T . The bracket ( ) in eq (2) is the three — j symbol and the reduced matrix

elements in spin and isospin space of the longitudinal operator between the final and initial many
particles states of the system including the configuration mixing are given in terms of the One Body
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Density Matrix (OBDM) elements times the single particle matrix elements of the longitudinal
operator[13], i.e.

< f H‘T}T m i>=ZOBDM T, f,3,ab) <b m TL \H a> @)
a,b
The OBDM elements are calculated in terms of the isospin-reduced matrix elements [14], i.e.

T, 0 T \/EOBDM(AT=O)
-T, 0 T,

OBDM(z,) = (-1)" "' (

v (D) (_TTfZ é TTZ j /g OBDM ;AT =1) ©)
The OBDM(AT ) is defined [14] as :
<f ‘ [ xa, [ i>
OBDM (i, f, j, j',AT) = (6)

V23 +1 2AT +1
The operatoraj- creates a neutron or proton in the single nucleon state j and the operator'éj'

annihilates a neutron or proton in the single nucleon state j'.

2-2 Core — Polarization Effects
The model space matrix elements is not adequate to describe the absolute strength of the
observed gamma-ray transition probabilities, because of the polarization in nature of the core
protons by the model space protons and neutrons [15]. Therefore the many particle reduced matrix
elements of the longitudinal operator, consists of two parts one is for the model space and the other
is for core polarization matrix element [16].
L

ms
<fHT}xrzmnw>=<f1ﬁxrzm»i>+<f
where the model space matrix element in eq.(7) has the form [16].

<f i>=awa2L(m)?LQ(Lfm) ®)
0

ms
The model space transition density p; (i, f,r) is expressed as the sum of the product of the
OBDM times the single particle matrix elements, and is given by [14].
pJ,rz (I' f ’r) = ZOBDM (I’ f !‘J! j! j'!Tz) <J||YJ || J,> Rnl(r) Rn'I’(r) (9)
ji'(ms)
where R, (r) isthe radial part of the harmonic oscillator wave function .
The core- polarization matrix element in eq. (7) takes the following form [16].
<f

core 0 core
’TJL(TZaq)Hi> = eijdr rzjj(qr)pJ @, f,r) (10)
0
core
where p ;is the Core- Polarization transition density which depends on the model used for core
polarization. To take the core- polarization effects into consideration, the model space transition

density is added to the core-polarization transition density that describes the collective modes of
nuclei. The total transition density becomes

. ms ) core .
Py, (T =py (L .0+ p . () (11)

core

-fJL (rz,9)

ms

-fJL (72,9)
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In the present work, the shape of the Tassie Model (TM) is employed for core-

polarization.
2-3 Tassie — Model

This model has been used to describe gamma-transition and the excitation of nuclei by electron
scattering. It is the multiple analysis of the inelastic scattering. For a uniform charge distribution
this model is reduced to the usual liquid drop model.  Tassie-Model is an attempt to a model with
more elasticity and modification that permits for a non-uniform charge and mass density
distribution. According to this model, the core- polarization transition density depends on the
ground state charge density of the nucleus. In this work, the ground state charge density is
formulated in terms of the two-body charge density for all occupied shells including the core.
According to the collective modes of nuclei, the core polarization transition density is given by the
Tassie shape [17].
PG, f,r) =N %(1+ rz)rj-l—d"’o(c'jl’rf ") (12)
where N is a proportionality constant and p, is the ground state two — body charge density

distribution, which is given

po= (¥ | P2 | ¥ ) =300 P2 [ )] §i )] (13)
i(]
where [18]:  p@(r)= T Al—l) f(rij)z{(sﬁ—?i)w(?—?j)}f(rij) (14)

and i and j are all the required quantum numbers, i.e.

i=ni, 4, jj»miti,m;, and jEnj,fj,jj,mptj,mtj

where the functions f (rij) are the two — body short range correlation (SRC). In this work, a simple
model form of short range correlation of Ref. [18] will be adopted, i.e.

f(r)=1-exp[- B(r;—r. )? 1]

where T, is the radius of a suitable hard — core and 4 is a correlation parameter.

The Coulomb form factor for this model becomes:-

4r 1% 5. .
Fir(q) = —[r?jy@an) pT(, f,r)dr
) 2Ji+1z{£ i @an pi=a, f,r)

< - d -’ f’
+N Idr r2 J;(ar) it —po((;r r)}ch (a) Fts(a) (15)
0

@, f,r)

2 ) d
The radial integral [dr r°**j; (ar) Po ; can be written as:-
r
0

o0

j%{r”l i, (ar) o (i, f,r)}dr—Tdr Q+Dr7 (@), G, f,1)
O : (16)

7 ad . :
—Jdrr’ 1d—JJ(qf)po(l, )
O r

where the first term gives zero contribution, the second and the third term can be combined together

as
d J+1/1.
+ —ﬂ i, @n) (17)

—qfdrr’*p, (i, f,r){
{ diar) ar

From the recursion relation of spherical Bessel function:
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d J+
{d(qr) T j|JJ(qr)_JJ—1(qr) (18)
o0 f a0
cfdrr JJ(qr)mrr)— qjdrr i, Po(i,f,r) (19)
0

Therefore, the form factor of eq. (15) takes the form:
1/2
4 1% 2 ms T dd
FL(q)= = r dr—Nq[drr r
5 (@) (ZJi+1J z{g @) py qg Po Ja(ar)

x Fem () Fr5(Q) (20)

The proportionality constant N can be determined from the form factor evaluated at q=k, i.e.
substituting g=k in eq. (20), we obtain

< . . 2J: +1
[drr2j, (kn) o5 G, £.1) — FF (K) Z, e
N=2 — (21)
k[drr?*p, (i, £,1) ;.4 (k)
0

The reduced transition probability B(CJ) is written in terms of the form factor in the limit
g = K (photon point) as [13]
I+ z

7 k2

B(CJ) = [

\ Ao (22)

In eq(22), the form factor at the photon point g=k is related to the transition strength B(CJ).
Thus using eq(22) in eq(21) leads to give

jdrr j, (kn) P2 G, f,1) - \/(ZJi”)B(CJ) :

N [(23 +)up (23)
k j dre*tp, (i, f,1) j,_, (kr)
(kr)”
Jj (kr)=——— (20 + D)1
where [13]: (24)
B (kr).]fl
JJ‘1(k'r)_(2a T

Introducing eq.(24) into eq.(23) , we obtain:

Tdrr“z Py, (i, F,r)=/(23; +1 B(CJ)
N=2 — (25)
I+ [drr® p, (i, f,1)

The proportionality constant N can be determined by adjusting the reduced transition probability
B(CJ) using eq. (25) with the experimental value of B(CJ).
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3-RESULTS, DISCUSSIONS AND CONCLUSIONS

The inelastic longitudinal electron scattering form factors are calculated using the expression
for the transition charge density. The model space transition density is obtained using eq. (9), where
the OBDM elements are taken from the interaction matrix elements of Cohen-Kurath (CK) [19] and
Wildenthal (W) [20] for 1p-shell and 2s-1d shell nuclei, respectively. For considering the collective
modes of the nuclei, the core polarization transition density of eq.(12) is evaluated by adopting the
Tassie model [21] together with the ground state two body charge density distributions of equation
(13).

In figures (1) to (8), the calculated results for inelastic longitudinal form factors of all nuclei
under study are plotted versus the momentum transfer q and compared with those of experimental

results for the transitions(Ji” T, > J{ T; ) It is important to point out that all transitions

considered in the present work are of an isoscalar character. In addition, the parity of these
transitions does not change. Let us first explore the calculated results for some light closed shell “He
, %0 , and “°Ca nuclei. Where these nuclei are cores of closed shell only, i.e. there are no valence
(active) particles moving outside these cores. Therefore, these nuclei have no model space
contribution, i.e. the longitudinal form factors of these nuclei comes totally from the core
polarization only. Figure (1) shows the inelastic longitudinal CO form factors for the transition

0% 0—0% 0in “He nucleus. In this transition, the electron excites the nucleus from the ground

state 07 O to the excited state 03 O with an excitation energy of E,= 27.17 MeV. The

experimental reduced transition probability B(CO) is equal to 2.02+0.32 e®.fm? [22]. The dashed and
solid curves are the calculated core polarization form factors without and with the inclusion of the
effect of the two body short range correlation functions(SRC) while the dotted symbols are those of
experimental data taken from Ref. [22 ]. It is obvious from this figure that the calculated CO form
factors (the dashed and solid curves ) predict the data clearly throughout the whole range of

momentum transfer g. The inelastic longitudinal C2 form factors for the transition 030 — 27 0 in
180 nucleus is presented in figure (2). Here, the nucleus is excited from the ground state 07 0to the

state 2, 0 with an excitation energy of E,= 6.917 MeV. The experimental reduced transition

probability B(C2) is equal to 40+10.8 e%. fm* [23]. The C2 form factors of °0 nucleus without and
with the effect of SRC's (the dashed and solid curves, respectively) are in a satisfactory description
with the experimental data [24].It is clear that the magnitude of the C2 form factor along the first
and second maximum are very well reproduced. Furthermore, the measured diffraction minimum is
reproduced at the correct momentum transfer. In figure (3) we present the inelastic longitudinal C2

form factors for the transition 0% 0 — 27 0 in **Ca nucleus. In this transition the nucleus is excited

by the electron from the ground state 070 to the excited state 2; 0 with an excitation energy of

Ex= 2.0 MeV. The experimental reduced transition probability B(C2) is equal to 84+3.0 e*.fm* [25].
The dashed and solid curves are the C2 form factors of “°Ca nucleus without and with the effect of
SRC's, respectively whereas the dotted and triangle symbols are those of measured data of Ref's
[25] and [22], respectively. The available data of this transition are restricted for a small region of
momentum transfer (q < 1.4 fm™ ). In the first maximum, a best coincidence for the form factors is
obtained between the calculation (the dashed and solid curves) and the experimental data, i.e. the
calculated form factors are in a very good agreement with the experimental data up to momentum
transfer region of q < 1 fm™. While for 1< q < 1.4 fm™, the data is underestimated by the
calculated results. However, the behavior of the calculated C2 form factors agrees quite well with
the experimental data. In addition, the calculated results for the C2 form factors reproduce the
diffraction minimum at the correct momentum transfer. The inelastic longitudinal C2 form factors
of *2C, %si and **S open shell nuclei are presented in figures (4), (5) and (6), respectively. Here, the
calculated longitudinal C2 form factors are plotted as function of the momentum transfer (q) for the

122



Journal of Kerbala University , Vol. 7 No.2 Scientific . 2009

transitions, (37T, > J7T,),0°0 — 2/ 0(Ex=4.44 MeV, B(C2)= 38.81+2.15 ¢fm* [26]) in*’C ,

00 — 2, 0( Ex =1.78 MeV, B(C2)= 327.24+9.47 ¢*.fm*[20] ) in *®Si and 0" 0 — 2; 0 (E =2.237
MeV,B(C2)=300.33+11.9 e%.fm*[20] ) in **S. In these figures, the dash- dotted curves represent the
contribution of the model space where the configuration mixing is taken into account, the dashed
curves represent the core polarization contribution where the effect of SRC's is considered, the solid
curves represent the total contribution, which is obtained by taking the model space together with
the core polarization effects into consideration and the dotted symbols represent the experimental
data of *°C [27], ?®Si[28] and %S [29]. The OBDM elements for the above transitions are given in
tables (1), (2) and (3) for *C, “®Si and %S nuclei, respectively . These figures show that the
contribution of the model space can not reproduce the experimental data since it underestimates the
data for all values of momentum transfer. Considering the effect of core polarization together with
the model space (the solid curves), leads to give an enhancement to the longitudinal C2 form
factors and consequently to make the calculated results to be in a satisfactory description with those
of the experimental data for all values of momentum transfer q . The inelastic longitudinal C4
form factors for 2°Si are displayed in figure (7). Here, the electron excites the 2’Si nucleus from the

ground state (J;"T, =070) to the excited state (J{T; =4,0) with excitation energy of 4.617 MeV.

The experimental reduced transition probability B(C4) is equal to 27.5+5.0x10° e%.fm® [20]. The
values of the one-body density matrix elements (OBDM) for this transition are illustrated in
table (4 ).In this figure, the contribution of the model space is represented by the dash- dotted curve,
the core polarization contribution with the effect of the SRC's is represented by the dashed curve
and the total contribution is represented by the solid curve and obtained by taking the model space
together with the core polarization effects into consideration. This figure shows that the model
space is not able to give a satisfactory description with the experimental data for the region of
momentum transfer g< 2 fm™ but once the core polarization effect is added to the model space,

the obtained results for the longitudinal C4 form factors become in a good agreement with the
experimental data throughout the whole range of momentum transfer g. In figure (8), we present the

form factors for the combination of the first J{T; =4, Ostate (with excitation energy 4.46 MeV

and B(C4)= 49.9 e?>.fm® [30] ) and the second J 1T, = 230state (with excitation energy 4.482 MeV

and B(C2)= 6.6520.48 e”.fm* [20] ) of *2S nucleus. The one-body density matrix elements for these
transitions are shown in table (5) and table (6). In fact, many attempts were made to explain the C4
transition in the upper half of the 2s-1d shell nuclei for the mass region (30 < A < 40). In this
region, there is no available data for the C4 electron scattering that can be used in the analysis. The
most logical candidate for improving this situation would seem to be the %S nucleus, where an
extensive C2 results are available. The main difficulty that prevents the calculations to be
improved with the **S nucleus is concerned with the closeness of the first 4%0 and the
second 2%, states in which their experimental energy separation is quite small and it turns out to
prevent the experiments of electron scattering of resolving them. However, the calculated form
factors of *2S  doublet is presented in figure (8). The dash — dotted curve represents the total C2
form factors which includes both contributions of the model space and core polarization effect, the
dashed curve represents the total C4 form factors with both contributions as well, the solid curve
represents the sum of C2 and C4 contributions and the dotted symbols represent the experimental
form factors taken from Ref.[31]. As we can see from this figure that beyond 1.4fm™ (q > 1.4 fm’
1y, the form factor is predicted to be nearly totally from C4 excitation .In general, the comparison
between the experimental data and the combined (2%,) and (4%,0) calculated form factors is in
excellent agreement since the solid curve shows a nicely consistency with the available data.
Figures (1) to (3) give the conclusion that the effect of the inclusion of the two body SRC's is
small in the calculations of the inelastic longitudinal form factors of closed shell nuclei and even it
becomes gradually smaller with increasing the mass number A of closed shell nuclei. Figures (4) to
(8) give the conclusion that the core polarization effects which represent the collective modes are
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essential in obtaining a remarkable agreement between the calculated inelastic longitudinal F(q)'s
and those of experimental data for all considered nuclei.

Table (1): The values of the OBDM elements for the longitudinal C2 form factors of the isoscalar
transition (2 0) at E, = 4.44 MeV for *C[19].

OBDM (AT =0)
0.0000000
0.7591841
3 05011840
2 03007547

Table (2): The values of the OBDM elements for the longitudinal C2 form factors of the isoscalar
transition (2 0) at E, =1.78 MeV for 2%Si [20]

BT

-0.2986
-0.4066
-0.3038
-0.5949
-0.0862
0.3835
0.1532
-0.1714
Table (3): The values of the OBDM elements for the longitudinal C2 form factors of the

isoscalar transition (2 0) at E, = 2.237 MeV for *°S [20]
-0.0701

-0.1542

-0.1105
-0.2155
-0.3730
0.1178
0.6000
-0.2492
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Table (4): The values of the OBDM elements for the longitudinal C4 form factors of the isoscalar
transition (4* 0) at E, = 4.617 MeV for 2Si [20].

[ N R

Table (5): The values of the OBDM elements for the longitudinal C2 form factors of the isoscalar
transition (2," 0) at E, = 4.282 MeV for *S [20].

25 Josowir |

-0.0516
-0.1443

—

s S |
WEWEWE - go1|go1|g o

WEFRFOIgWROIfLW R |§O1
N
N
-

Table (6): The values of the OBDM elements for the longitudinal C4 form factors
of the isoscalar transition (4 * 0) at Ey = 4.46 MeV for S [20].

OBDM (AT =0)
-0.0819

-0.2690
0.5603
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Figure (1): Inelastic longitudinal CO form factors for “He nucleus.
The dotted symbols are the experimental data of Ref [22].
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Figure (2): Inelastic longitudinal C2 form factors for'®O nucleus.
The dotted symbols are the experimental data of Ref. [24].
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Figure (3): Inelastic longitudinal C2 form factors for “*Ca nucleus. The dotted and triangle symbols
are the experimental data of Ref's. [25] and [22] respectively.
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Figure (4):Inelastic longitudinal C2 form factors for ~“C nucleus.
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Figure (5):Inelastic longitudinal C2 form factors for 2Si nucleus.
1E-2 —
1E-3 —
1E-4 —
S z
& -
1E-5 —
1 |r 350" 0— 2*0)
~1(B,=2.237) MeV,C2
1E-6 — _________
- CP
18  Exp.[29]
1E7 , i
0 1 3

Figure (6 ):Inelastic longitudinal C2 form factors for *2S nucleus.

128



Journal of Kerbala University , Vol. 7 No.2 Scientific . 2009

1E-3

-

1E-4

1E-5

IF(a)I’

# 2si00— 4°0)

\
\
\
\
Y
\
\
Y
\
. 1
1E-6 ,'(EX=4.617) MeV,C4 \"
1
1
1
1
1
1
1
1
1
1
[
2

F I - MS

1E-7 T | T

0 1

q (fm™) ’

Figure (7): Inelastic longitudinal C4 form factors for 2®Si nucleus.
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