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A comprehensive analysis of9Li + 70Zn fusion cross section by using proximity
potentials, temperature dependent density distributions and nuclear potentials
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The fusion cross section of9Li + 70Zn reaction is studied in an extensive manner within the framework of different theoretical approaches.
For this purpose, three different methods which consist of proximity potentials, temperature dependent densities and temperature dependent
nuclear potentials are used in order to determine the real part of the nuclear potential. The imaginary part is considered as Woods-Saxon
potential. The calculated fusion cross sections are compared with the experimental data. The theoretical results describe the experimental
data very well. It is seen that the applied approaches are different ways to study the reactions involving fusion cross sections.
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1. Introduction

Fusion reaction is one of the important methods consulted in
explaining nuclear interactions. If all nucleons of the projec-
tile and target nuclei are included in the process, complete
fusion takes place. On the other hand, incomplete fusion oc-
curs with a large part of the projectile and target nuclei [1].
A lot of effort has been devoted, both theoretical and experi-
mental in relation to fusion reactions.

Recently, the experimental data of the fusion cross sec-
tion of 9Li + 70Zn reaction have been measured for seven
projectile energies at the ISAC facility by Loveland et al.
[2]. The experimental data have been analyzed via a cou-
pled channels calculation. Then, Balantekin and Kocak [3]
have performed a coupled channels calculation with one and
two neutron transfer effects. The studies point out that there
is still uncertainty concerning9Li + 70Zn fusion process.

Proximity model, which is established by Blocki et al.
[4], is one of the important models used to explain the inter-
actions of nuclei involved in the fusion reactions. In the con-
text of proximity model, the potential is defined together with
a geometric factor and a universal function. Various versions
of the proximity model by changing the parameters, such as
the radius parameter, surface energy coefficient and univer-
sal function can be found in the literature [5–9]. At the same
time, temperature-related proximity potentials have been pro-
posed by including the temperature depending on the interac-
tion situation. Therefore, it would be meaningful to see the
effects of proximity potentials for the analysis of9Li + 70Zn
fusion cross section.

It is assumed that the initial state of a nuclear reaction in-
cluding the projectile and target nuclei is at zero temperature
due to ground states. When a collision between the nuclei
occurs, they can have an excited state owing to the temper-
ature [10]. Thus, an increase in temperature can occur [11].
The interactions including nucleons due to a potential or two-

body collisions for a heavy-ion reaction can show differences
compared to cold nucleus [12]. This also causes a change in
density distributions. Thus, the optical potential changes due
to the fact the density distribution of nucleus changes with
increasing the temperature. This will provide differences in
the acquisition of theoretical results.

The choice of an appropriate potential to explain nuclear
interactions is very important [13–15]. In this context, differ-
ent potentials such as Woods-Saxon, Woods-Saxon square,
Gauss, and Yukawa can be found in literature. These poten-
tials are generally evaluated independently of temperature.
However, the potentials should also include temperature pa-
rameter depending on the state of nuclear interactions be-
cause. It is possible that the temperature will increase with
the interaction of the two nuclei. For this reason, the temper-
ature effect should be taken into account in the potential that
defines the nuclear system.

In the present study, we perform a comprehensive analy-
sis of9Li + 70Zn fusion cross section which has an important
place in the literature. With this goal, we apply three dif-
ferent methods to obtain the theoretical results. Firstly, we
calculate the fusion cross sections by using fourteen differ-
ent proximity potentials at zero temperature. Then, we ob-
tain the density distributions of the9Li and 70Zn nuclei for
different temperatures values from T = 0 to T = 5 MeV. We
calculate the fusion cross sections of9Li + 70Zn reaction by
using these temperature dependent densities. Finally, we in-
vestigate the effects of temperature dependent potentials on
the fusion cross section of9Li + 70Zn reaction. For this, we
obtain the fusion cross sections for two different temperature
dependent potentials such as Proximity and Tomasi.

This paper is organized as follows. In Sec. 2, we give
the theoretical formalism. In Sec. 3, we show the results and
discussions. In Sec. 4, we provide the conclusions.
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2. Theoretical framework

2.1. Model

The potential assumed in the calculations of the fusion cross
section of9Li + 70Zn reaction can be shown as

U(r) = VCoulomb(r) + VNuclear(r)︸ ︷︷ ︸
V (r)︸︷︷︸
Real Part

+ iW (r)︸ ︷︷ ︸
Imaginary Part

. (1)

VCoulomb(r) potential is presented by [16]

VCoulomb(r) =
1

4πε◦

ZP ZT e2

r
, r ≥ Rc (2)

=
1

4πε◦

ZP ZT e2

2Rc

(
3− r2

R2
c

)
, r < Rc

(3)

Rc = 1.25
(
A

1/3
P + A

1/3
T

)
, (4)

whereRc is the Coulomb radius,ZP (ZT ) denotes the charge
of projectile(target) nucleus, andAP (AT ) is the mass number
of projectile(target) nucleus, respectively.VNuclear(r) poten-
tial is thought to be composed of real and imaginary parts. In
this context, the real potential is obtained by using three dif-
ferent ways which are explained in the following subsections.
However, the imaginary part of the optical potential is taken
as the Woods-Saxon potential within the phenomenological
approach

W (r) = − W0

1 + exp( r−Rw

aw
)
, (5)

whereRw = rw (A1/3
P + A

1/3
T ), W0 is the imaginary depth,

rw is the radius parameter, andaw is the diffuseness param-
eter. The theoretical calculations are perfomed by using the
codes FRESCO [17] and DFPOT [18].

2.2. Proximity potentials

In the theoretical analysis of fusion cross section of9Li +
70Zn reaction, we first examine the effects of proximity po-
tentials. For this, we evaluate fourteen different proximity
potentials which are given in the appendix.

2.3. Temperature dependent density distributions

Secondly, we search the effects of both temperature depen-
dent and temperature independent density distributions of the
9Li and 70Zn nuclei on the9Li + 70Zn fusion cross section.
In this context, we use two parameter fermi (2pF) density dis-
tribution for temperature dependent and independent cases of
the 9Li and 70Zn nuclei. The 2pF density for different tem-
peratures is given by [19]

ρi(r) =
ρ0i(T )[

1 + exp
(

r−R0i(T )
ai(T )

)] , (6)

whereρ0i (the central density) is shown as

ρ0i(T ) =
3Ai

4πR3
0i(T )

[
1 +

π2a2
i (T )

R2
0i(T )

]−1

, (7)

whereR0i(T = 0) (half-density radii) is written as

R0i(T = 0) = 0.90106 + 0.10957Ai − 0.0013A2
i

+ 7.71458× 10−6A3
i − 1.62164× 10−8A4

i , (8)

and ai(T = 0) (the surface thickness parameter) is in the
following form

ai(T = 0) = 0.34175 + 0.01234Ai − 2.1864× 10−4A2
i

+ 1.46388× 10−6A3
i − 3.24263× 10−9A4

i . (9)

In order to calculate the real part of nuclear potential
at different temperatures, we apply temperature dependent
forms ofR0i(T ) andai(T ) parameters presented by [20]

R0i(T ) = R0i(T = 0)[1 + 0.0005T 2], (10)

ai(T ) = ai(T = 0)[1 + 0.01T 2]. (11)

2.4. Temperature dependent nuclear potentials

Finally, we examine the effects of nuclear potentials that de-
fine the9Li and 70Zn nuclei depending on the temperature.
These potentials are described in the following subsections.

2.4.1. Tomasi potential

The first potential is Tomasi potential given as [21]

VN (S) =
A

1/3
1 A

1/3
2

A
1/3
1 + A

1/3
2

UN (S, T ), (12)

UN (S, T ) =
{

a(T )exp(−b(T )S2), for S ≥ 0,
a(T ) + cS2, for S < 0,

where

S(T ) = R− r(T )(A1/3
1 + A

1/3
2 ), (13)

r(T ) = 0.86− 0.0119T 2, (14)

a(T ) = −36− 2.55T 2, (15)

b(T ) = 0.2135− 0.05088T + 0.003821T 2, (16)

c = 4.82. (17)

2.4.2. Proximity potential

Another potential that is examined as a function of temper-
ature is the proximity potential. Temperature independent
Prox 77 potential has already been defined in the appendix.
However, temperature dependence values of proximity po-
tential are given by [20,22–25]

b(T ) = b(T = 0)[1 + 0.009T 2], (18)

Ri(T ) = Ri(T = 0)[1 + 0.0005T 2] fm (i = 1, 2). (19)
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FIGURE 1. Distance-dependent changes of Prox 66, Prox 76, Prox 77, Prox 79, Prox 84, Prox 88, Prox 95, AW 95, Bass 73, Bass 77, Bass
80, BW 91, CW 76 and Ngo 80 potentials.

3. Results and discussion

3.1. Analysis with proximity potentials

The proximity potentials have been extensively used in de-
termining the fusion reactions and other nuclear interactions,
and have been also subjected to several modifications. Thus,
the experimental data of various nuclei from light to heavy
have been explained by using these potentials. The fusion
cross section of9Li + 70Zn reaction has been investigated
by using fourteen different types of proximity potentials that
consist of Prox 66, Prox 76, Prox 77, Prox 79, Prox 84, Prox
88, Prox 95, BW 91, AW 95, Bass 73, Bass 77, Bass 80,
CW 76 and Ngo 80. The distance-dependent variations of
the potentials are comparatively shown in Fig. 1. Also, the
theoretical results are compared with the experimental data in
Fig. 2. Moreover, the potential parameters of the imaginary
part of the optical potential are listed in Table I.

The results of the proximity potentials except for Bass
73 potential are very similar to each other. The results are
in very good agreement with the experimental data. On the
other hand, the results of Bass 73 potential are slightly worse
than the other potential results. It can be deduced that the dif-

FIGURE 2. The fusion cross sections of9Li + 70Zn reaction in com-
parison with the experimental data by using Prox 77, Prox 66, Prox
76, Prox 79, Prox 84, Prox 88, Prox 95, BW 91, AW 95, Bass 73,
Bass 77, Bass 80, CW 76 and Ngo 80 potentials. The experimental
data are taken from Ref. [2].

ferent proximity potentials examined in our study are quite
valid in explaining the experimental data of the fusion cross
section of9Li + 70Zn reaction.
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TABLE I. The potential depthsW0 (in MeV) used in the calculations of9Li + 70Zn fusion cross section by means of Prox 77, Prox 66, Prox
76, Prox 79, Prox 84, Prox 88, Prox 95, BW 91, AW 95, Bass 73, Bass 77, Bass 80, CW 76 and Ngo 80 potentials. In all the calculations,rw

= 1.38 fm andaw = 0.76 fm.

W0

Prox Prox Prox Prox Prox Prox Prox BW AW Bass Bass Bass CW Ngo

77 66 76 79 84 88 95 91 95 73 77 80 76 80

24.6 23.9 23.6 24.4 24.4 24.4 24.4 23.8 24.2 13.0 24.1 23.6 24.2 24.3

FIGURE 3. Density distributions as a function of r (fm) of (a) the9Li and 70Zn nuclei at T = 0 MeV, (b) the9Li nucleus at T = 1, 2, 3, 4, 5
MeV, and (c) the70Zn nucleus at T = 1, 2, 3, 4, 5 MeV.

In the light of the results, we have observed that the fusion
cross sections are very close to each other although the prox-
imity potentials are different from each other. In this context,
when we have examined the imaginary potential values given
in Table I, we have observed that the potential depths of are
very close to each other except for Bass 73 potential. Addi-
tionally, it has been seen that the real potential variations of
the proximity type potentials shows similarity to each other.
We think that the behaviors of the fusion cross section results
plotted in Fig. 2 can be very similar to each other because of
all these results. Moreover, we want to add that the structures
of the colliding nuclei may be effective in the formation of
these results.

3.2. Analysis with temperature dependent density dis-
tributions

In the present study, we have examined the effects of both
temperature independent and temperature dependent density
distributions on9Li + 70Zn fusion cross section. For this,

we have used the 2pF density for temperature dependent and
temperature independent cases of the9Li and 70Zn nuclei.
Equations (10) and (11) have been used to obtain the density
distributions of9Li and 70Zn nuclei from 1 to 5 MeV. Thus,
the densities change with temperature and the density distri-
butions based on the temperature are obtained. The double
folding model depends on the density distributions of the in-
teracting nuclei. As a result, the optical potential changes due
to the fact the density distribution of nucleus changes with in-
creasing the temperature.

We have exhibited the changes of the densities of the9Li
and70Zn nuclei with temperature in Fig. 3. The reason for the
examination of the density distribution of both9Li and 70Zn
is to determine which nucleus contributes to the theoretical
results. We have first tried to see the change of temperature
with density of the9Li nucleus. Then, the density of the70Zn
nucleus has been investigated by considering the temperature
change. While Fig. 3(a) shows the temperature independent
densities of the9Li and 70Zn nuclei, Fig. 3(b)

Rev. Mex. F́ıs. 65 (5) 573–582
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FIGURE 4. rms radii of9Li and 70Zn nuclei as functions of tem-
perature.

and (c) respectively display the densities of the nuclei for dif-
ferent temperatures from T = 1 to T = 5 MeV. We do not
go much higher temperatures since the nucleus can be un-
stable [10]. We have observed that the central densities of
9Li and 70Zn nuclei decrease with increasing the tempera-
ture. Also, we have noticed that the tail parts of the den-
sity distributions increase with increasing the temperature. It
means that the surface regions of the densities are broadened.
As a result of this, the values of the root mean square (rms)
increase.

Figure 4 demonstrates the changes with the temperature
of the rms values of9Li and 70Zn nuclei at T = 0, 1, 2, 3, 4,
5 MeV. It is observed that the rms values of9Li and 70Zn nu-
clei increase as a function of the temperature. This case can
be evaluated as the outward shift of nucleon densities [10].

Figures 5, 6, and 7 present the theoretical results of the
fusion cross section of9Li + 70Zn system as temperature de-
pendent. Figure 5 provides temperature dependent change of
only 9Li nucleus, Fig. 6 shows temperature dependent change
of only 70Zn nucleus, and Fig. 7 displays temperature depen-
dent changes of both9Li and 70Zn nuclei. Also, the imagi-

FIGURE 5. The fusion cross sections of9Li + 70Zn reaction for 2pF
density of9Li nucleus at T = 0, 1, 2, 3, 4, 5 MeV. The experimental
data is obtained from Ref. [2].

FIGURE 6. The same as Fig. 5, but for70Zn nucleus.

FIGURE 7. The same as Fig. 5, but for both9Li and 70Zn nuclei.

TABLE II. The potential parameters evaluated for the analysis of
9Li + 70Zn fusion cross section via 2pF densities of the9Li and
70Zn nuclei at various temperatures (T = 0, 1, 2, 3, 4, 5 MeV). In
all the calculations,rw = 1.31 fm andaw = 0.558 fm.

Potential Parameter T=0 T=1 T=2 T=3 T=4 T=5
9Li W0 (MeV) 21.6 21.6 22.2 22.2 22.2 21.0

rw (fm) 1.39 1.39 1.39 1.39 1.39 1.39

aw (fm) 0.76 0.76 0.76 0.76 0.76 0.76
70Zn W0 (MeV) 21.6 21.6 21.6 21.6 20.6 20.6

rw (fm) 1.39 1.39 1.39 1.39 1.39 1.39

aw (fm) 0.76 0.76 0.76 0.76 0.76 0.76

Both W0 (MeV) 21.6 21.9 22.2 21.2 20.5 18.6

rw (fm) 1.39 1.39 1.39 1.39 1.39 1.39

aw (fm) 0.76 0.76 0.76 0.76 0.76 0.76

nary potential parameters are given in Table II. While the val-
ues of the imaginary potential parameters are obtained, the
values that provide good agreement results with the experi-
mental data have been researched in steps of 0.1 and 0.01.
We have observed that the theoretical results are very similar
to each other for all situations and do not change much depen-
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FIGURE 8. Comparison of the real potentials of9Li + 70Zn interaction potential for different values of the temperature by using (a) Proximity
potential, and (b) Tomasi potential.

FIGURE 9. Comparison of the experimental and theoretical results of9Li + 70Zn fusion cross sections calculated for two different potentials
with and without temperature dependent. The experimental data are taken from Ref. [2].
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TABLE III. The potential parameters for9Li + 70Zn fusion cross
section calculated by using the Proximity and Tomasi potentials
for the real part and the Woods-Saxon potential for the imaginary
part.

Potential Parameter T=0 T=1 T=2 T=3 T=4 T=5

Proximity W0 (MeV) 21.3 21.2 21.0 20.9 20.5 20.2

rw (fm) 1.4 1.4 1.4 1.4 1.4 1.4

aw (fm) 0.76 0.76 0.76 0.76 0.76 0.76

Tomasi W0 (MeV) 21.0 20.9 18.0 7.0 5.5 3.5

rw (fm) 1.4 1.4 1.4 1.4 1.4 1.4

aw (fm) 0.76 0.76 0.76 0.76 0.76 0.76

ding on the temperature. In addition to this, the results are in
good agreement with the experimental data.

3.3. Analysis with temperature dependent nuclear po-
tentials

We have analyzed the fusion cross section of9Li + 70Zn sys-
tem by using two different temperature dependent nuclear
potentials which consist of Proximity and Tomasi potentials.
In this context, we present a comparison of the real poten-
tials of the nuclear potentials via the Proximity (Fig. 8a) and
Tomasi (Fig. 8b) potentials in Fig. 8. We have observed that
the real parts of Proximity and Tomasi potentials decrease
with increasing the temperature values and extend at larger
distances. Additionally, their locations are shifted at smaller
distances.

We have also calculated the fusion cross section of9Li
+ 70Zn by means of the Proximity and Tomasi potentials at
T=0, 1, 2, 3, 4, and 5 MeV. It is important to clarify that the
theoretical results are consistent with the experimental data
for these temperatures. In our study, we can say that there
are two reasons to go from 1 to 5 MeV. The first one is that
temperature values have been applied up to 5 MeV for differ-
ent fusion reactions by Tomaset al. [21]. The second rea-
son is to determine the agreement between theoretical results
and experimental data depending on temperature. We do not
go much higher temperatures since the nucleus can be unsta-
ble [10]. We have compared our fusion cross sections with
the experimental data in Fig. 9. Additionally, we have listed
the imaginary potential parameters in Table III. We have seen
that the theoretical results of temperature dependent Proxim-
ity potential are very close to each other for all the temper-
ature values. Additionally, the harmony between the theo-
retical results and the experimental data is very good. We
have realized that the results of Tomasi potential have dis-
played differences for different temperature values. We have
observed that if the temperature increases, the theoretical re-
sults are less consistent with the experiment data. We have
seen that T = 1 MeV and T = 2 MeV results are in better
agreement with the data than the results of the other tempera-
ture values. We have concluded that the results of the Tomasi

potential are more sensitive to temperature change compared
to the results of Proximity potential.

It can be seen from Fig. 8 that the change with tem-
perature of the real potentials is higher for Tomasi potential
compared to the Proximity potential. Additionally, we have
observed that the potential depths of Tomasi potential have
changed more markedly, especially in T = 3, 4 and 5 MeV.
However, the potential depths of the Proximity potential are
not much changed. As a result of this, it has been seen that
the effect of temperature on the fusion cross sections of Prox-
imity and Tomasi potentials is more distinct in the results of
Tomasi potential.

4. Conclusions

We have investigated the fusion cross section of9Li + 70Zn
system within the framework of the proximity potentials,
temperature dependent and temperature independent density
distributions and nuclear potentials. The experimental data
of the fusion cross section have been reproduced quantita-
tively by using the proximity potentials. We have observed
that the results of temperature dependent density distribution
do not change much with the temperature. Finally, we have
concluded that the results of the Tomasi potential are more
sensitive to temperature change compared to the results of
Proximity potential.

Appendix

A. Proximity Potentials

In this appendix, we summarize fourteen different proximity
potentials used in the theoretical analysis of the fusion cross
section of9Li + 70Zn system.

Proximity 1977 (Prox 77) potential

Prox 77 potential [4,26] is written as

V Prox77
N (r)=4πγbRΦ

(
ζ=

r − C1 − C2

b

)
MeV, (A.1)

where

R =
C1C2

C1 + C2
, Ci = Ri

[
1−

(
b

Ri

)2

+ . . .

]
. (A.2)

The effective radius,Ri, is given by

Ri = 1.28A
1/3
i − 0.76 + 0.8A

−1/3
i fm (i = 1, 2). (A.3)

The surface energy coefficient,γ, is assumed as

γ = γ0

[
1− ks

(
N − Z

N + Z

)2
]

, (A.4)

where N (Z), is the total number of neutrons (protons),
γ0=0.9517 MeV/fm2, and ks=1.7826 [27]. The universal
functionΦ(ζ) is in the following form
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Φ(ζ) =

{ − 1
2 (ζ − 2.54)2 − 0.0852(ζ − 2.54)3, for ζ ≤ 1.2511

−3.437 exp(− ζ
0.75 ), for ζ ≥ 1.2511.

(A.5)

Proximity 1966 (Prox 66) potential

Prox 66 potential is evaluated as another proximity potential,
and a different case ofγ is applied [27,28]

γ = 1.01734[1− 1.79(N − Z)2/A2] MeV/fm2. (A.6)

Proximity 1976 (Prox 76) potential

Moller and Nix [29] took into consideration the dependence
of γ in the context of nuclear composition. Thus, Prox 76
potential is presented by [28]

γ = 1.460734[1− 4.0(N − Z)2/A2] MeV/fm2. (A.7)

Proximity 1979 (Prox 79) potential

Krappe et al. [30] displayed another value ofγ formulated
by [28]

γ = 1.2402[1− 3.0(N − Z)2/A2] MeV/fm2. (A.8)

Proximity 1984 (Prox 84) potential

Royer and Remaud [31] determined a new value ofγ [28]

γ = 0.9517[1− 2.6(N − Z)2/A2] MeV/fm2. (A.9)

Proximity 1988 (Prox 88) potential

γ0 and ks values of Prox 88 potential are taken as 1.2496
MeV/fm2 and 2.3, respectively [32]. The other parameters of
Prox 88 are the same as Prox 77.

Proximity 1995 (Prox 95) potential

Moller et al. [33] presented a new value ofγ [28]

γ = 1.25284[1− 2.345(N − Z)2/A2] MeV/fm2. (A.10)

Broglia and Winther 1991 (BW 91) potential

BW 91 potential [32] is taken as [34]

V BW 91
N (r) = − V0[

1 + exp
(

r−R0
a

)] MeV, (A.11)

where

V0 = 16π
R1R2

R1 + R2
γa, a = 0.63 fm, (A.12)

and

R0 = R1 + R2 + 0.29,

Ri = 1.233A
1/3
i − 0.98A

−1/3
i (i = 1, 2), (A.13)

with γ is

γ = γ0

[
1− ks

(
Np − Zp

Ap

) (
Nt − Zt

At

)]
. (A.14)

γ0 andks are 0.95 MeV/fm2 and 1.8, respectively.

Age Winther (AW 95) Potential

The only difference between AW 95 and BW 91 potentials
[34,35] is

a =

[
1

1.17(1 + 0.53(A−1/3
1 + A

−1/3
2 ))

]
fm, (A.15)

and

R0=R1+R2, Ri=1.2A
1/3
i −0.09 (i=1, 2). (A.16)

Bass 1973 (Bass 73) Potential

Bass 73 as proximity potential [36, 37] is parameterized
by [26]

V Bass73
N (r) = −dasA

1/3
1 A

1/3
2

R12

× exp
(
−r −R12

d

)
MeV, (A.17)

where

R12 = 1.07(A1/3
1 + A

1/3
2 ),

d = 1.35 fm, andas = 17 MeV. (A.18)

Bass 1977 (Bass 77) Potential

Bass 77 potential [38] is assumed as [34]

V Bass 77
N (s) = − R1R2

R1 + R2

× φ(s = r −R1 −R2) MeV, (A.19)

where

Ri = 1.16A
1/3
i − 1.39A

−1/3
i (i = 1, 2), (A.20)

φ(s) =
[
A exp

(
s

d1

)
+ B exp

(
s

d2

)]−1

, (A.21)

with A = 0.030 MeV−1 fm, B = 0.0061 MeV−1 fm,
d1 = 3.30 fm, andd2 = 0.65 fm.
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Bass 1980 (Bass 80) Potential

The only difference between Bass 80 and Bass 77 potentials
is the functionφ(s = r −R1 −R2), and is given by [32,34]

φ(s)=
[
0.033 exp

( s

3.5

)
+0.007 exp

( s

0.65

)]−1

, (A.22)

and

Ri = Rs

(
1− 0.98

R2
s

)
,

Rs = 1.28A
1/3
i − 0.76 + 0.8A

−1/3
i fm (i = 1, 2). (A.23)

Christensen and Winther 1976 (CW 76) Potential

CW 76 potential [39] is exhibited by [26]

V CW 76
N (r) = −50

R1R2

R1 + R2

× φ(s = r −R1 −R2) MeV, (A.24)

where

Ri = 1.233A
1/3
i − 0.978A

−1/3
i fm (i = 1, 2), (A.25)

φ(s) = exp

(
−r −R1 −R2

0.63

)
. (A.26)

Ngô 1980 (Ngo 80) potential

Ngo 80 potential which is the last proximity potential exam-
ined with this study is parameterized by [40]

V Ngo88
N (r) = Rφ(r − ξ1 − ξ2) MeV, (A.27)

R =
ξ1ξ2

ξ1 + ξ2
, ξi = Ri

[
1−

(
b

Ri

)2

+ . . .

]
, (A.28)

Ri =
NRni + ZRpi

Ai
(i = 1, 2), (A.29)

Rpi = r0piA
1/3
i , Rni = r0niA

1/3
i , (A.30)

r0pi = 1.128 fm,

r0ni = 1.1375 + 1.875x10−4Ai fm. (A.31)

The universal functionφ(ς = r − ξ1 − ξ2) (in MeV/fm)
is written as

Φ(ς) =





−33 + 5.4(ς − ς0)2, for ς < ς0,

−33 exp
[− 1

5 (ς − ς0)2
]

for ς ≥ ς0,

ς0 = −1.6 fm.

(A.32)
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