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ABSTRACT

The differential cross sections of the elastic scattering of 12C+12C at
energies 1016, 1449 and 2400 MeV and 1<;O+12C at energy 1503 MeV are
calculated using high energy folding model. An analytical expression for
the optical potential is derived. The effect of introducing imaginary phase
and the dependence of the ratio of the real to imaginary parts of the
forward nucleon-nucleon scattering amplitude on the square of
momentum transfer are taken into consideration. Two different types of
nuclear densities of the projectile and the target nuclei are considered.
The considered systems of interaction are studied by using both modified
Glauber I and modified Glauber II. The results show that the elastic
scattering differential cross section for the considered interacting systems
can be satisfactorily reproduced by this model.
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INTRODUCTION

The elastic scattering of heavy-ions is the most direct and simplest approach to
study heavy-ions at intermediate energies .It is widely analyzed on the basis of the
double folding model [1]. Also, Glauber's theory of multiple scattering was used in the
analysis of the data for intermediate and high energy ranges. This model has been
developed by many authors [2,3]. In this model [4] each partial wave phase shifts is
expressed as integral along straight line trajectories of quantities involving
contribution of microscopic collisions weighted by the local matter density. This
model is called standard Glauber model [5]. The last model is modified to account for
Coulomb distortion of trajectory occurring in case of heavy-ion scattering and it is
called modified Glauber model (I) (MGI) [2]. The modified Glauber model (I) was
modified again to include the deflection effect of trajectory due to the real nuclear
potential in addition to the Coulomb effect which is called modified Glauber (II)
(MGII) [6].

Many studies [7,8] have shown that the introduction of the imaginary phase in the
scattering amplitude of NN interaction gives good description for nucleon-nucleus and
nucleus-nucleus interactions. Finally, authors [9,10] conclude that the choice of the
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dependence of the ratio of real to imaginary parts of the forward NN scattering
amplitude (a) on the square of the momentum transfer (q2) improve the results
especially at large momentum transfer. We have derived an analytical expression for
nuclear phase shift using both MGI and MGII. In our calculations, the nuclear density
of either the target or the projectile is taken to be of Gaussian and harmonic oscillator
forms[l 1]. For the NN amplitude, first we considered the form adopted by Townsed et
al.[l 1] which we refer by A|.This form is then modified by introducing the phase
variation[7] (case A2). After that we adopt another modification of the NN amplitude
which is the dependence of a on q2 (case A3). Finally both modifications [12] are
considered, this referred as case A4. The elastic scattering of 12C-12C at energies
1016, 1449 and 2400 MeV and 16O-12C at energy 1503 MeV, are considered for our
study.

The formalism is given in section II. In section III we draw the results and
discussion.

II. FORMALISM

The high energy double folding potential for the nucleus-nucleus scattering is given
by:

Ap and AT are the projectile and target masses respectively, pp and p^are the

projectile and target nuclear densities normalized to unity. We choose two different
forms of the density ;
(1) Gaussian form given by [11]:

ap,T r2

where

C 2 _ p,i <YI
Sp'T~ 4 ' 6

and rn is the radius of the proton and

a,
( i "

where {i'pj)2 is the r.m.s. of the projectile or target nucleus. The values of r.m.s.

are given in table (1).
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Table (1). The parameters of Gaussian density[14].

Nucleus

I2C
>6Q

(rlTy (fm)
2.450
2.718

(2)Harmonic Oscillator density [11]:

3 ^

,3
*P,T

1 +

2 2 ^

,2
*PJ

165,

(3)
where the parameters flnj and Yp,T a r e g i v e n m table (2) and pp

determined from the normalization condition.

Table (2). The parameters of harmonic oscillator density[15].

Nucleus
I2C

a (fm)
1.692
1.835

7
1.082
1.544

In equation (1) 7(e,y)is the energy dependent constituent averaged two-nucleon
transition amplitude obtained from scattering experiment. In the present work we used
four different types of NN scattering amplitudes:

-y
2/2/3{e)

{In /3{e)}3/2
(4)

7 ( \ ( i ^tNN{e,y)={elm) -y
2/25(e) (5)

-y
,3/2
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where " e " is the NN kinetic energy in the CM. system. The parameters used in
equations (4-7) are the iospin average of data values given in table (3).

Table (3). Parameters of the NN scattering amplitude[16].

E
(MeV)
100
150
200

o-flpCmb)

33.2
26.7
23.6

a

1
1
1

PP

87
53
15

0
0
0

,(fm2)

.66

.57

.56

apn (mb)

72.7
50.2
42.0

a

1
0
0

pn

.0
96
71

PPn

0.
0.
0.

(fm2)

36
58
68

The nuclear phase shift is given by :

(8)

2mApAT

p AT

W{x) (9)

where "m " is the nucleon mass and ub " is the impact parameter which is determined
according to 1)MGI :the value of "6" is replaced by d0 given by [2]

1/2
(10)

where TJ is the Sommerfeld parameter gi\-cn by: 7] = ZPZTe~ I'hv

and 2)MGI1[6]:

(11)
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The differential cross section is given by [11]:

dQ.

where the scattering amplitude f(0) is given by:
1 CO

(12)

(13)
i _ i

where fc (0) is the Coulomb amplitude for point charge and

(14)

III. RESUTS AND DISSCUSION

The elastic scattering differential cross section for the reactions C+ C at energies
1016, 1449, 2400 MeV and 16O+I2C at energy 1503 MeV have been calculated using
high energy folding model given by equation (1). The present work has been done
using two different nuclear densities defined by equations (2,3), and four different
types of NN scattering amplitudes traced by equations (4,5,6&7). The values of the

0 2 4 6 8 10 12 14 16 18 20

9c.NI.

Fig. (1). Calculations with Gaussian density for 12C-!2C at 1016 MeV .
2

imaginary phase "&>" and the parameter "c " of the dependence of a on q are
chosen to be free parameters. Calculations with equations (4,5,6&7) are denoted by
Ai, A2, A3 and A4 respectively in the figures. Generally, it is found that the results of
MGII is better than that of MGI.

Figure (1) shows that the agreement with the experimental data is good up to angle
8° only for the form A| of NN amplitude. But the introduction of imaginary phase
(form A2) produces a reasonable change in the fitting especially at angles greater than
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8°. At the same time the effect of form A3 produces effective change up to angle 14° in
comparison with At. The effect of the form A4 produces better agreement with the
experimental data than the other three forms for 9>12°.

Figure (2) indicates that the form A2 (with H.O. density) gives better fit with the
experimental data than the other forms. The two forms A3 and A4 give better results
than that of A, especially at 0>1O0.

I tT r f\<t.fc+v l r

1.E+00

1.E-01

1.E-02

0 2 4 6 8 10 12 14 16 18 20

0C.M.

Fig.(2). The same as fig. (1) but using H.O. density.

From figure (3), it is obvious that the fitting for Ai is good up to angle 5°. The
introduction of the imaginary phase (form A2) reproduces acceptable improvement up
to 12°. The forms A3 and A4 continue the improvement at larger angles.

1.E+00

-£ 1.E-01
b

1.E-02 L

1.E-03

0 2 4 6 8 10 12 14 16

Fig. (3). The same as Fig. (1) but at 1449 MeV.

It is shown from figure (4) that the form A? gives better fit with the experimental data
than the other three forms.
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1.E+01
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1.E-02

1.E-03

0 2 4 6 8 10 12 14 16

Fig. (4). The same as Fig.(2) but at 1449 MeV.

Figure (5) indicates that the agreement with the experimental data (at higher energy) is
good for large angles for A3 and A4 NN amplitude, but they don't give satisfactory
agreement with the data in the angular range 2°-6°.

1.E+01

1.E-03

Fig.(5). The same as Fig.(l) but at 2400 MeV.

In figure (6) we noticed that the agreement with experimental data can not be
considered reasonable for the two forms Ai and A3. But the other two forms (A2 and
A4) has better improvement at angles greater than 5°.

202
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Fig.(6). The same as Fig. (2) but at 2400 MeV.

It is noticed from fig. (7) that A3 and A4 give better agreement with the experimental
data than that of Aj and A2 and this could be attributed to the inclusion of complex
amplitude and q2-dependence.

1.E+01 i

0 2 4 6 8 10 12 14 16

1.E-03

Fig.(7). The same as Fig. (1) but for 16O-12C at 1503 MeV.

From figure (8) one can notice that the only fair agreement is obtained with the form
A2uptoe<10°.

-203-



1.E+02

Fig.(8). The same as Fig. (2) but for I6O-12C at 1503 MeV.

In general, the fit with the experimental data has clear improvement if we introduce
both imaginary phase and the "q2' dependence of a especially at large angles,
however more investigation on nuclear density is required. Hostachy et al[17]
calculated the elastic and inelastic scattering of 12C+ C at energies 1016, 1449 and
2400 MeV using Glauber model including Fermi motion, Pauli blocking and finite size
effects. The present model (A4) gives better results than those obtained by them at
energy 1016 MeV and similar results for the other two energies. Lenzi et al [18] used
Glauber model with optical limit to describe elastic and inelastic scattering of 12C+12C
at different energies, besides'they introduced a coupled channel in the Glauber model
in another paper [ 19]. The present calculation, gives better results than the first and
similar to the second.

Metawei et al [20] used Glauber model with density-dependent interaction in the
NN amplitude to describe the elastic scattering of both 12C+I2C and 16O+12C. The
present calculations give better results than theirs. Moharam et al [22] have analyzed
the elastic scattering of C+ C and 0+ C using high energy folding with density
dependent interaction and four alpha cluster model for I6O. They used the Love and
Franey [24] for the NN interaction. We obtained better results than that they obtained.

Kezhong et al [21] used both the independent a-particle model and individual
nucleon model of 12C-nucleus for elastic scattering of 12C+12C at 120 MeV/n and 200
MeV/n. Their results using independent a-particle model are better than ours, while
using the individual model our results are better. El-Gogary et al [23] using a full
Glauber series with consistent center of mass correlation to describe the elastic
scattering of 12C+I2C and I6O+l2C. Their results for 12C+I2C at 1440 MeV are similar
to that of ours, but for l2C+l2C at 1016 MeV and 16O+12C at 1503 MeV our model
gives better results.

-204-



CONCLUSION

From the results and discussion we reach to the following conclusions:
1- Introducing either the imaginary phase or the dependence of the real to imaginary

part of the forward scattering amplitude on the square of the square of the
momentum transfer or both may improve the calculations compared with the
experimental data.

2- For all the studied reactions at different energies it was found that, in comparison
with the experimental data, calculations with A3 and A4 give better results than
the others using the Gaussian density. While using the harmonic oscillator
density, calculations with A2 give better results.

3- Further improvement could be obtained by including:
a)Non-eikonal terms in the calculations.
b)The introduction of density-dependence in the NN amplitude.
c)The description of the a-cluster nuclei i2C and 16O according to a -cluster model.
d)The effect of inelastic channels on the elastic scattering using coupled channel.
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