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THE EFFECT OF TWO-BODY SHORT RANGE
CORRELATION FUNCTIONS ON THE CHARGE
DENSITY DISTRIBUTIONS
OF SOME LIGHT NUCLEI
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ABSTRACT:

The effects of short range correlation are taken into account in an effective way, that is,
expressing the ground state wave function in terms of the occupation probabilites of singl
particle orbits for various closed and open shell nuclei with N=Z.

The effect of the SRC's and the occupation probability (77) of higher states on the ground

1/2
state 2BCDD's and the root mean square charge radii <r2> are investigated. It is found that

the inclusion of SRC's leads to enhance the probability of transferring the protons from the
central region of the nucleus towards its surface since this causes to reduce the central part of
the 2BCDD's significantly and increases the tail part of them slightly and consequently leads to

1/2
increase the calculated values of <r2> for “He, ?C, 0, %8si, **s and “°Ca nuclei.

Considering the effect of higher occupation probabilities and the effect of SRC's are important
in getting good agreement between the calculated 2BCDD's.
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INTRODUCTION :
The charge density distribution p, (r)is one of the many most important quantities in the

nuclear structure which has been well studied experimentally over a wide range of nuclei. This
interest in p,, (r)is related to the basic bulk nuclear characteristics such as the shape and the size of

nuclei, their binding energies, and other quantities connected with p_, (r). Besides, the charge
density distribution is an important object for experimental and theoretical investigations since it
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plays the role of a fundamental variable in nuclear theory [1]. From a theoretical point of view,
most of the efforts concerning short-range correlations (SRC)have been concentrated in the study
either of few-body systems (e.g. deuteron, triton, *He ), where exact calculations can be performed,
or of nuclear matter, a system which is obviously easier to study than finite nuclei [2]. A different
and more phenomenological point of view can be adopted in order to search for experimental
evidence of SRC effects. Instead of treating the energy of the system in a privileged way, as in
variational approaches, one would like to have a phenomenological framework in which one can
compute in a direct way the one- and two-body density matrices and thereby display the effects of
correlations on various physical quantities. The method should be simple enough to be used for
light as well as heavy nuclei. Such a programme seems to us appealing because it may help in
finding which experimental quantities are more sensitive to SRC effects [2]. The inclusion of short
— range and tensor correlation effects is rather a complicated problem especially for the microscopic
theory of nuclear structure. Several methods were proposed to treat complex tensor forces and to
describe their effects on the nuclear ground state [3,4,5].

A simple phenomenological method for introducing dynamical short range and tensor
correlations has been introduced by Dellagiacoma et. al. [6]. In that method a two — body
correlation operator is introduced to act on the wave function of a pair of particles. It resembles the

A
earlier approaches of construcing the exact wave function y by means of an operator F such

A A
that Fd =y, [7]or by a correlation Jastrow[8]and Jastrow — type [9,10 ] factorIT f such that

A
IT f ® =y acting on the uncorrelated determinant wave function (@ ).

A similar correlation operator was proposed earlier by Da Proveidencia and Shakin [11];
Malecki and Picchi [12] for describing the short — range correlation effects.

The effect of the short range correlations due to the repulsive part of two-body interaction on
the charge form factor of several p-shell nuclei has been analyzed in detail [13] with an
independent particle model (IPM) generated in the harmonic oscillator (HO) well [14,15]. In ref
[13], it was shown that the high-momentum parts (g>3 fm™) of the form factors calculated with and
without correlations behave in completely different ways, which indicates that electron scattering at
high momentum transfer could give useful information on the short-range correlations. Massen and
Moustakidis [16,17] derived analytical expressions of the one and two body terms in the cluster
expansion of the charge form factors and density distributions of sp- and sd- shell nuclei with Z=N.
Those expressions were used for the systematic study of the effect of short range correlations on the
form factors and densities, and they depend on the parameters b and g, which represent the
harmonic oscillator parameter and the correlation parameter, respectively. These parameters were
determined for various sp- and sd- shell nuclei by fitting the theoretical charge form factor to the
experimental one.

THEORY:

In the present work, we assume that the nucleons of the nucleus behave as point particles. The
particle density of a system ( nucleus ) consisting of A point — like particles can be described by
means of the operator[1]

AO(T) =%5<?—7i (1)

The one body density operator of equation (1) could be transformed into a two-body density form
by the following transformation[18].

A - A -
PP (r)=p@(r)
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- o - -
5r—r = o(r—r;)+o(r—r;
Z (r—ry)= 2A_ 1)5{ (r—ri)+o( J)} o
In fact, a further useful transformation can be made which is that of the coordinates of the two —
- - - -

particles, r; and r ;, to being in terms of that relative r; and center — of —mass Rij coordinates
[19] ,i.e.
) \/_ - - - - - -
()( r)= PRT \/Er—Rij—rij +0 \/Er—Rij-l-l’ij )
2(A 1) i#]

The effective two — body charge density operator of equation (3) , to be used with uncorrelated
wave function , can be written as :

- - - - - -

p(eif)( r)= V2 2. F (5 {5{\/5r—Rij—rij}+5{\/§r—Rij+r”}} () (4) where
Z(A ) i#]

the functions f(r;;)are the two — body short range correlation (SRC).Since f(r;;)are central

functions of the separation between the pair of particles which reduce the two—body wave function
at short distances, where the repulsive core forces the particles apart, and heal to unity at large
distances where the interactions are extremely weak . In this work, a simple model form of short
range correlation of Ref. [20] will be adopted, i.e.

f(rij)Zl—eXp[—,B(rij—rc)z] ®)
where 1, is the radius of a suitable hard — core and =25 fm?[20] is a correlation parameter. The

2BCDD of closed shell nuclei is given by the expectation values of the effective two-body charge
density operator of eq(4) and expressed as

([ P& | ) =30 i p@0n) [i1) -] §i)] ©)
i(]
where i and | are all the required quantum numbers, i.e.

IEnHEU j|’m|’t|’mt| and JEnJ1€11 JJ’mJ’tjimtJ
It is important to remark that our derived effective two-body charge density matrix elements
of eq(6 ) are of the form

</A3(2)(_r>)>eff =(¥ | pef)(r)| ¥)
or N - (7)
<,0(2)(r)>eff E<q)c0rr | p(Z)(r)| CDCO”' >

where D ore)=| f (rif) W) (8)

and f(rij) is the two body correlation functions of eq(5). Here we wish to indicate that the

uncorrelated slater determinant wave function ¥ is correctly normalized while the correlated wave
function @, of eq(8) is not. To address this matter we adopt the following renormalization

scheme

] 47”2</)(2) (r)>eff dr=Z ©)
0
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here Z=Z , (Z is the number of protons).While the real two-body charge density matrix elements

A -
<p(2) (r )>rea, should give a correct number of protons,i.e.

] 47rr2</3(2’ (7)>rea. dr=2 (10)
0

A — A -
Thus the matrix elements <p(2)(r)>eff and <p(2)(r)>rea, of eqg's (9) and (10), respectively, can

be related to each other as
A - Z /A -
<p(2)(r)>real :?<p(2)(r)>eff (11)

So that a correct number of charges (protons) can now be reproduced by introducing eq(11) into
eq(10), i.e.

j4nr2§<;(2)(r)>eff dr=2 (12)
0

We also wish to mention that we have written all computer programs needed in this study by the
languages of Fortran 90 power station .

RESULTS, DISCUSSION AND CONCLUSIONS

In figures (1) to (6) we present the dependence of the ground state 2BCDD's (in fm™=) on r (in fm)
for *He,*?C, 1°0, #®si, %S and *°Ca nuclei, respectively. Parts (a) and (b) of these figures are the
calculated distributions based on case 1 ( it based on the prediction of the simple shell model) and
case 2 (it have included the higher occupation probabilities) of tables (1) and (2), respectively. The
dotted symbols are the experimental results whereas the dashed and solid curves are the calculated
2BCDD's without and with the inclusion of the two body SRC's, respectively. As it is evident from
parts (a) of these figures, with the exception of figure (2), that the calculated 2BCDD's of case 1
deviated clearly from those of the experimental results especially at the region of small r (i.e. 0 <r <
2 fm). Introduction of the two-body SRC's in the calculations causes to reduce these deviations in
*He, S and *°Ca nuclei and increase them in *°0 and #Si nuclei as seen in the solid distributions of
these figures. While part (a) of figure (2) shows a very nice agreement between the dashed curve
and the dotted symbols throughout all values of r. It also shows a deviation between the solid curve
and the dotted symbols in the region of small r since the inclusion of the two-body SRC's leads to
underestimate the experimental data at this region. However, these deviations presented in the
above figures are attributed to the necessity of introducing the occupation probabilities of higher
states, in addition to those predicted by the simple shell model of case 1. So that, in parts b (case 2 )
of the above figures we have included the higher occupation probabilities of nlpy in “He nucleus,

2

in *C, *°0 and **si nuclei, 7754, in *S nucleus and N2p,, in “°Ca nucleus and considered
2

7725}/2 3

them as free parameters to be adjusted in order to obtain a satisfactory results for the 2BCDD's and

<r2>§, in comparison with those of experimental data. It is important to point out that these higher

occupation probabilities must be zero in case 1 and different from zero in case 2 as seen in tables
(1) and (2), respectively. In general, an improvement results for the calculated 2BCDD's, in the
region of small r (i.e. 0 < r < 2 fm), is obtained in part b (case 2 ) of the above figures since the
calculated 2BCDD's with the inclusion of the two-body SRC's are now much closer to those of
experimental data than before, i.e. the quality of agreement between the solid curves and dotted

VoY
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symbols is better reproduced in part (b) than part (a) of the above figures. It is concluded from these
figures that the dominant influence of the change of the shape of the 2BCDD's at the central region
(i.e. 0 <r <2 fm) is the occupation probability of higher states considered in table (2) for various
nuclei. In the above figures the contributions of the SRC's to the 2BCDD's
pSRC(r)zprc:O_S(r) —prczo(r) are also shown. We conclude from these figures that the inclusion

of the two-body SRC's has the feature of reducing the central part of distributions significantly and

increasing the tail part of the distributions slightly, i.e. considering of the two-body SRC's leads to

increase the probability of transferring the protons from the central part into the tail part of the

distribution and this will make the nucleus to be less rigid than before (i.e. the case with r.=0).
1/2

Thus an increase in the calculated <r2> Iof the nucleus is expected with the inclusion of the two-
ca

body SRC's as seen in table (1) and (2) of case 1 and 2, respectively.
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Table (1)
The values of harmonic oscillator spacing parameters (7 @) and the occupation probabilities used
1/2
in the calculation of <case 1 togther with correspoding results of <r2> o’
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Table (2)
The values of harmonic oscillator spacing parameters (7 @)and the occupation probabilities used in
1/2 1/2 1/2
the calculation of case 2 togther with correspoding results of <r2> , <r2> and<r2> and
re=0 re=05 SRC

1/2
those of <r2> [16] for all considered nuclei.
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Figure (): Dependence of the 2BCDD on (r) for “He nucleus.
The dotted symbols are the experimental data of Ref [ 21].
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Figure (Y): Dependence of the 2BCDD on (r) for **C nucleus.
The dotted symbols are the experimental data of Ref [22].
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Figure (*): Dependence of the 2BCDD on (r) for *°0 nucleus.
The dotted symbols are the experimental data of Ref [22].
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Figure (¢): Dependence of the 2BCDD on (r) for *®Si nucleus.
The dotted symbols are the experimental data of Ref [22].
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Figure (5): Dependence of the 2BCDD on (r) for **S nucleus.
The dotted symbols are the experimental data of Ref [22].
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Figure (6): Dependence of the 2BCDD on (r) for “°Ca nucleus.
The dotted symbols are the experimental data of Ref [22].



