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Abstract

In present work, a density dependent nucleon-nucleon interactions based on the
G -matrix elements of the Paris nucleon-nucleon potential have been used to calculate
the real part of the nucleus-nucleus optical potential. We have compared our results
with those deduced from experiment. We found that our results, obtained using a
suitable approximation of the kinetic energy density, agree satisfactory with those
extracted from experiment at the strong absorption radius. Moreover, the higher
values of the compressibility, K, agree better with experiment than the lower values.

Introduction

Recently Khoa and von Oertzen [1] proposed three density and energy dependent
nucleon-nucleon (NN) forces that correspond to three different values of the compressibil-
ity of nuclear matter. These forces reproduced correctly both the features of the normal
nuclear matter and the microscopic results for the nucleon optical-model potential. They
were used to fit the recent heavy ion (HI) scattering data and to determine the nuclear
equation of state of cold nuclear matter. The latter is important in both nuclear physics
and astrophysics [2]. More application of these forces to other nuclear phenomena is
needed.

The aim of the present work is to examine to what consistently appears in nuclear
matter study as the microscopic derivation of the heavy ion optical potential. For this
purpose we used the so called M3Y NN interaction based on the G-matrix element of the
Paris [3] (M3Y-paris) potential and its density and energy dependent versions, derived in
Ref. [1], to calculate the real part of the nucleus-nucleus interaction potential at strong
absorption radius (Ry), for different pairs of interacting nuclei.
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In section 2 we briefly present the derivation of the real HI optical potential using
an approximation based on the DME method. Our results are given in section 3.

Formalism

The energy dependent real part of the HI potential at a separation distance R
between the centers of the two ions is obtained by

U(E,R) =Up(E,R) + Upx (E, R), (1)

where Up(F, R) and Ugx (F, R) are the energy-dependent direct and exchange parts of
the HI potential. Up(E, R) is obtained by using the usual folding method [4]:

Up(E,R) = / p1(F)p2(72) Vo (p, E, 8)dFy dity, §=7 — 7 + R. (2)

Ugx (E, R) is calculated within a generalized version of the double folding model [5],

iK(R)-§

Upx(E,R) = /01(771,771 + 8)pa (72, 72 + 8)Vex (p, E, $) exp ( 7

) iy dity.  (3)

In equations (2) and (3) Vp(p, E, s) and Vgx(p, E, s) are the density and energy depen-
dent direct and exchange parts of the effective NN force, p; and ps are the densities of
the two colliding nuclei and K (R) is the relative-motion momentum given by [5],

K*(R) = 2 [~ U(B, R) - Ve ()] (4)

Here, M[= ApAr/(Ap + Ar)] and Ec p are the reduced mass and the relative energy
in the center of mass system, respectively. m and Ve(R) are the nucleon mass and the
coulomb potential. In order to simplify the numerical calculation of Ugx (E, R), many
authors [1, 2, 5, 6] have used an approximation [7] for the density matrix derived from
the DME method of Negate and Vautherin [8]. This approximation is

p(R, R+ 3) =p<§+1*> 7 (Keff <é+%§> 5> (5)

N}

with ji(x) = 3(sinz — z cosz)/x® and,

5 1
2 2
K2y = o [70) = 19000 ©
Usually, 7(r) is calculated using one of the two approximations
3.0 Lo 1 |€P(7")|2
== — - - 7
7(r) = o Kjp(r) + 3Vip(r) + o o) (7a)
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r(r) = SK30(r) + $V0(0) +

1 |[Vp(r)?
4 p(r) -~

The first term in each approximation is the Thomass-Fermi term with

3 2/3
K} = [§7T2p(7°)] .
The two equations (7a) and (7b) are derived from the extended Thomas-Fermi approxi-
mation which is given by

3 1
T(T)Zg ,%P(T)+§VQP(7“)+CS

[Vp(r)|?
p(r)

The third term is the so-called Weizsacker term with strength Cs. It represents the
contribution of 7(r) from the surface of the nucleus. Normally one takes Cy = 31—6 for a
finite fermionic system (Equation (7a)). Many authors [6] have used this value together
with the ordinary M3Y force to derive the real optical potential. A detailed study by
Baltin [9] has shown that, in a region of small density, the value of Cs should be Cy = i
(Equation (7b)). This value has been used to derive the ion-ion potentials in refs. [2, 5].

Our choice for the NN interaction Vpgx) (p, E,s) is the so-called density and

energy dependent NN interaction. It is given by [1-2],

Vpex) (o, E,5) = f(p)9(E)VpEx)(s), (8)

where Vp(gpx)(s) is the so-called M3Y-paris interaction [2] given by,

exp(—4s) exp(—2.5s)
=11061.625————+ — 2537.5——7——=
Vp(s) = 11061625 537.5 (9a)
Viox (s) = —1524 25exp(—4s) _E18 75exp(—2.55) _x 8474exp(—0.70725) (9h)
T T s T 25s ' 0.7072s
and
fp) =C(1 = ap’). (10)

Here, p = p1 + p2 and the parameters C,« and § are taken from ref. [2]. ¢(E) in
equation (8) is given by,
g(E) = (1 —0.003E). (11)

E is the energy per projectile nucleon in laboratory system [11].

71



OSMAN

Results and Discussion

The total ion-ion potential U(R) is obtained from equation (1) by using the
iteration procedure [2]. In our calculations, we used the so-called M3Y-paris NN force and
its density and energy dependent forces denoted by BDM3Y1, BDM3Y2 and BDM3Y3
derived in Ref. [1]. The density dependent NN forces BDM3Y1, BDM3Y2 and BDM3Y3
correspond to the values of nuclear matter compressibility 210.6,332.1 and 453.6 MeV,
respectively. The matter distribution of either the two colliding nuclei was approximated
by the Fermi shape,

(r) = o
p 1+ exp[(r — Ro)/a]’

where the parameters pp, Rp and a are taken from Ref. [4]. Let us denote the HI
potential U(R) calculated using equation (1) with 7(r) defined by equations (7a) and
(7b) by Ui(R) and Uz (R), respectively.
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Figure 1. The real part of the optical potential Ui (R) for the nuclear pair O'®— 0% calculated
at Fr, = 331.2 MeV using three density dependent interactions and the conventional M3Y-paris
force.
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Figure 2. The same as Figure 1 for the potential Uz(R).

Figures (1) and (2) show the potentials U;(R) and Us(R) for the nuclear pair
O'6 — O'% at energies E; = 82.88,331.2 and 745.6 MeV for three values of the HI
separation distance. The figures and the table show that both U;(R) and Usz(R) become
more repulsive as the value of the nuclear compressibility increases. Also, the three density
dependent NN forces produce more repulsive potentials compared with that derived from
M3Y-paris force. For all NN forces the potential Uy (R) calculated with approximation
(7a) for 7(r) is slightly attractive than the other HI potential Us(R). Inref. [1] calculated
cross sections and the experimental data for O'6 — O'® system are ploted versus ¢R
using a different type of the optical potential, where ¢ is the linear momentum transfer
and R = 2/times16'/316'/3 fm. From this plote one can clearly see that the BDM3Y1
potentials are the best choice of the real folded potentials. As we have mentioned before,
the aim of the present calculations is to show that the NN force can be used for a consistent
description of the nuclear matter properties and the derivation of HI optical potential.
For this purpose we have calculated the HI potential at the strong absorption radius R
for 10 ion-ion scattering cases in the energy range 3-20 MeV /nucleon. Also, we consider
3 cases with Ar%Y as a projectile at energy 44 MeV /nucleon.

Our result are given on Table 2 for the optical potential U;(Rs) and on Table 3 for
the potential Us(R;). Table 2 shows that the data can be summarized in the energy range
3-20 MeV /nucleon by the normalization factor N = 0.88 £ 0.11 for the force M3Y-paris,
N; = 0.80 £ 0.10 for the force BDM3Y1, Ny = 0.86 + 0.11 for the force BDM3Y2 and
N3 = 0.89 4 0.12 for the force BDM3Y3. For Ar%’ data at energy 44 MeV /nucleon the
normalization factors required are N = 0.65+ 0.05, Ny = 0.58 £ 0.05, Ny = 0.62 £ 0.05
and N3 = 0.66 + 0.05. Table 3 also shows that the potential Uy(R;) can be normalized

73



OSMAN

on the energy range 3-20 MeV /nucleon by the factors N = 0.97 £0.12 for the M3Y-paris
force, N1 = 0.88 & 0.11 for the force BDM3Y1, Ny = 0.94 £ 0.12 for the force BDM3Y?2
and N3 = 0.9940.12 for the force BDM3Y3. For Ar%® data at energy 44 MeV /nucleon,
these normalization factors are N = 0.6940.05, N; = 0.63£0.04, No = 0.68 £0.04, N3 =
0.70 £ 0.05. The Tables 2 and 3 show that the ion-ion potential Us(R) is better than
U1(R) in predicting the experimental data at the strong absorption radius. The tables
show also that the higher values of the compressibility, K, agree better with experiment
than the lower values. Thus the effect of compressibility on both Ui (Rs) and Us(R;) is
opposite to the density effect on M3Y interaction.

Table 1. A comparison between the ion-ion potentials U; (R) and Uz(R) calculated in
the relvent tail region for the nuclear pair O'® — O'®. The table shows this comparison at three
different energies in the laboratory system by using the so-called M3Y-paris nucleon-nucleon
force and its density and energy dependent interactions BDM3Y1, BDM3Y2, BDM3Y3.

M3Y BDM3Y1 BDM3Y2 BDM3Y3
Epab R
MeV fm Ul U2 U1l U2 U1l U2 U1l U2
4 -153.55 -143.27 -129.53 -124.81 -119.57 -115.06 -113.37 -109.5
82.88 6 -23.34 -20.8 -22.89 -22.09 -20.17 -19.52 -19.6 -19.1
8 -1.34 -1.23 -1.47 -1.34 -1.31 -1.22 -1.3 -1.22
4 -141.57 -133.36 -111.33 -104.00 -107.23 -99.91 -102.2 -94.94
331.2 6 -21.78 -133.36 -19.91 -17.97 -19.25 -17.41 -18.82 -17.03
8 -1.24 -1.18 -1.32 -1.21 -1.23 -1.15 -1.20 -1.14
4 -124.64 -118.8 -103.8 -99.61 -98.3 -94.21 -94.5 -89.15
745.4 6 -19.74 -18.47 -19.08 -18.47 -17.72 -17.18 -17.07 -16.85
8 -1.21 -1.15 -1.27 -1.17 -1.16 -1.07 -1.12 -1.04

Table 2. The normalization factors required for U;(Rs) to fit the experimental data at
the strong absorption radius Rs. N, N1, N2 and N3 are the normalization factors for the forces
M3Y-paris, BDM3Y1, BDM3Y2 and BDM3Y3 respectively.

PAIR ErMeV Rfm N Ny Ny Ns
C"2 —Ca*® 45.0 9.00 0.81 0.75 0.80 0.83
C'2 — Ca*0 51.0 9.10 0.75 068 0.74 0.77
C12 — Zp90 98.0 10.0 0.80 0.73 0.76 0.79

C12 — pb?08 96.0 12.2  9.00 0.99 1.06 1.13
016 — Cqa* 74.4 9.3 9.10 0.75 0.82 0.85
016 — N80 61.4 10.1  10.0 0.91 0.99 1.03

016 _ Nj60 141.7  9.60 0.98 0.89 0.96 1.00
016 _ pp208 192.0 124 0.82 0.76 0.79 0.80
016 _ pp208 312.6  12.1 095 0.87 0.90 0.93
Ca®® — Ca®® 1436 107 0.77 0.69 0.74 0.76
Arf0 — NS0 1760.  10.15 0.58 0.54 0.57 0.59
Arf0 — Sp120 1760 1155 0.66 0.59 0.62 0.67
Ard0 — pb208 1760 129 070 0.61 0.68 0.71
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Table 3. The same as Table 2 but for Uz(Rs)

PAIR ErMeV Rfm N Ni Ny, Ny
C"2 — Qg 45.0 9.00 091 0.83 0.89 0.92
C'2 — Cg* 51.0 9.10 0.83 0.75 0.81 0.85
C'2 — zp90 98.0 10.0 0.88 0.80 0.87 0.90
C12 — py?08 96.0 12.2  1.22 1.10 1.17 1.26
0% — 0?0 74.4 9.3 092 083 090 0093
06 — N80 61.4 10.1  1.11 1.00 1.08 1.13
016 — N460 141.7 9.60 1.07 0.98 1.05 1.09
016 — pp208 192.0 124 090 0.83 0.86 0.90
016 — pp208 312.6 12.1  1.03 0.93 0.97 1.01
Ca* — Ca* 143.6 10.7 0.86 0.75 0.81 0.86
Art0 — N60 1760. 10.15 0.63 0.58 0.62 0.63
Ard0 — §pt20 1760 11.55 0.70 0.65 0.69 0.71
Ard0 — pp208 1760 12.9 0.74 067 0.72 0.75
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Figure 3. Fits to the elastic O'® — O'® scattering data at Fr = 145 and 480 MeV using the
density dependent interaction BDM3Y1 (see Ref. [1]).

Comparing the normalization factor for the ordinary M3Y-paris NN force with the
corresponding normalization of the BDM3Y family, one can say that the BDM3Y forces
which are derived by fitting both the nuclear matter and the nucleon-nucleus optical
potential data is also successful when applied to HI scattering. This shows that it is
possible to derive a nucleon-nucleon forces for consistent description of both nuclear
matter and scattering data.
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