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Abstract: Elastic scattering angular distributions of 3CI from *Mg, 27 Al, 38:02Nj, 116:120.124gy and 141 Pr targets are theoretically
studied by using nine different density distributions of the 3Cl nucleus. The theoretical results are compared with both experimental
data and literature results. It is observed that our results successfully describe the data, and are in good agreement with the literature.
Finally, new and practical equations of imaginary potentials are derived for all the densities of 3>Cl projectile. 24.10.Ht, 25.70.-z.
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1 Introduction

It is known that the element chlorine (Cl) with atomic
number 17 has two stable isotopes; 3C1 (%75.76) and
3Cl1 (%24.24) [1]. The other chlorine isotopes are
radioactive. 33Cl and 3’Cl isotopes are synthesized in
stars with the processes such as oxygen-burning and
silicon-burning [2]. They can be used for nuclear
magnetic resonance because of nuclear spin 3/27".

The nuclear densities plays an significant role to
obtain information about the structure and behaviors of
nuclei. In this sense, various density distributions and
studies can be found in the literature [3,4,5,6,7,8,9,10].
As a result, determining the validity of density
distributions is an important issue in nuclear physics.
With this goal, there are different experimental and
theoretical approaches in the literature. The analysis of
elastic scattering reaction is one of the approaches to be
used for this purpose. Because, a suitable potential which
well describes elastic scattering reaction can be
determined by examining the density distributions. As a
result of this, we think that a simultaneous analysis based
on various density distributions of 3Cl on elastic
scattering cross-sections of 3°Cl projectile with various
targets will be significant and useful in the explanation of
nuclear interactions related to *CI.

Scobel et al. [11] obtained the elastic scattering data
of 33CI projectile by 2’ Al, 38Ni, 02Ni, 116Sn, 120Sn, 1248n,
and '"#!Pr targets at different incidence energies. They
examined the data using the optical and Fresnel scattering
models. Then, Ferrero et al. [12] reported the
experimental data of Cl + 2*Mg elastic scattering
reaction at 100 and 120 MeV, and analyzed the data using
the optical model (OM). On the other hand, the effect of
different density distributions of 3CI nucleus on elastic
scattering cross-sections has not been investigated, and it
remains as a deficiency in the literature.

In this study, we research alternative density
distributions for the 33Cl nucleus. We first get nine
various density distributions of 3>Cl. Then, we calculate
the elastic scattering cross-sections for 16 datasets and
144 nuclear reactions over various incident energies by
using the double folding model (DFM) based on the OM.
We compare our results with the literature as well as the
experimental data. Finally, we obtain new equations that
give the imaginary potential depths for each density
distribution.

In section 2 a brief description of the theoretical
model is presented. In section 3 the density distributions
are reported, and the corresponding results are discussed
in section 4. Section 5 is devoted to our conclusions.
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2 Optical Model

The calculations are performed using the DFM based on
the OM. In this context, the total potential (V7) is in the
following form

Vr(r) =Ve(r) + Vn(r) (H
where V¢ (Coulomb) potential [13] is

1 ZpZre?
VC(r):E PrT ; r>R. (2
1 ZPZTEZ (3 }"2) <R (3)
= - = r
dme, 2R, R2” ¢
Re=125(A1+A)7). )

Vn (nuclear) potential consists of real and imaginary
potentials. The real potential is calculated using the double
folding potential in the following form

7)= /d71/d72PP(71)PT(72)VNN[7—(71 - 7)),

' ®)

where pp(T)(7](2)) is the density of projectile(target)

which is summarized below, and vyy is nucleon-nucleon
interaction given by

v (r) = Bi —Bs

—Bor E
e Lab
——276 1—0005 o(r),
B 276l o
(6)
where 1, B2, B3 and B4 are 7999 MeV, 4.0 fm~!, 2134

MeV and 2.5 fm~!, respectively. The imaginary part with
the Woods-Saxon potential is shown as

Wo

— /3,13
1 +exp (%ﬁ)

where Wy, r, and a, are the depth, radius, and
diffuseness parameter. The codes DFPOT [14] and
FRESCO [15], respectively are used in the DFM and the
cross-section calculations.

W(r)=— (N

3 Density Distributions

3.1 Densities of > Cl projectile

3.1.1 Sao Paulo (SP), Fermi (F), Moszkowski (M),
Schechter (S) densities

The SP, F, M, S densities are evaluated as the two
parameter Fermi (2pF) parameterized by

Poi .
1+exp0<raRi) » (i=n.p) ®)

where po;, R; and a; parameters are listed in Table 1.

pi(r):

3.1.2 Ng6 (Ngo) density
The Ngo density is assumed as [20,21]
Poi

pi(r)=————F~, (i=n,p) )
1 +exp(0'5§)
where
3 N2Z) 1 1 NR,+ZR,
Poin =%z 4 o CTRUTR RET
0n(0p) (10)

and

R, = (1.13754+1.875 x 107*A)A'3, R, =1.1284'/3.
(11
3.1.3 Gupta 1 (G1) density
The G1 density is parameterized by [22,23]
—1
Poi 3Ai ( 7'[2611»2
pi(r) = —LU = (14 ,
1 +exp (’ RU‘) ARG, RG;
(12)
where

Ro; = 0.90106 + 0.109574; — 0.0013A2 + 7.71458 x 107°A3 — 1.62164 x 1084},

(13)

a; = 0.34175+0.012344; — 2.1864 x 107#A? + 1.46388 x 10747 —3.24263 x 107°A}.

(14)

3.1.4 Gupta 2 (G2) density

The G2 density with the different values of Ry; and a; is
presented by [24]

Roi = 0.9543 +0.0994A4, — 9.8851 x 1074A? +4.8399 x 10743 — 8.4366 x 10~ %A%,

5)

a; =0.3719+0.0086A; — 1.1898 x 10~#A? +6.1678 x 10774} — 1.0721 x 107 A,

(16)
3.1.5 Three parameter Fermi (3pF) density
The 3pF density is written as [25,26,27]
wir? 1
p3pF( ) pOt( (17)

B e (2)]
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where
22 4 47—1
3A; 3w; Toa; Tw; Ta;
Poi = 4”RI(3)1' [1 + =4 (1+2wy) Réi’ + 5 RE‘); ] )

(18)

Ro; = 1.56652 +0.07285A; — 5.3503 x 1074A? + 1.74857 x 107%A47 — 1.23798 x 10~°A%,

19)

a; = 0.33614 4 0.019384;— 4.79946 x 107447 +4.25566 x 107°A3 — 1.23125 x 10~%4}.

(20)

w; =0.05658 — 0.01174A;+ 1.75649 x 10~*A? —8.96765 x 10~ 7A7 + 1.7808 x 10 %A}

(21)

3.1.6 Hartree-Fock-Bogolubov (HFB) density

The HFB density based on the BSk2 Skyrme f
calculations is taken from RIPL-3 [28].

3.2 Densities of target nuclei

The density distributions of 2Mg, 2 Al, 3¥Ni, ©2Nji, !!
1208, 124Sn and ' Pr target nuclei are assumed as the
density shown by

_ Po
p(r)* 1+6Xp(%),

where pg, ¢ and z parameters are given in Table 2.

4 Results and Discussion

The research includes the analysis of elastic scattering
cross-sections of 3Cl projectile from 2*Mg, 27Al, 3¥Ni,
02Nj, 116gn, 1208p, 124§n, and *Pr targets. The
calculations were carried out for nine different densities
of 3Cl shown as SP, F, M, S, Ngo, G1, G2, 3pF and HFB
in our study. The density distributions were displayed as a
function of distance in Fig. 1. It was observed that SP
density has the highest density in the center part while S
density has the lowest density. Also, the highest tailing
was observed for G1 density and the lowest for SP
density. Moreover, the root mean square (rms) radii of the
densities were listed as compared with the literature in
Table 3.

We researched the Wy, r,, and a,, parameters of the
imaginary potential in order to get good agreement results
with the experimental data. We first found r, value as
1.30 fm varying at 0.1 and 0.01 fm intervals for fixed
values of W, and a,,. Then, we defined a,, value as 0.50
fm varying at 0.1 and 0.01 fm intervals for fixed values of

p(o) (fm”™)

ol

4 5
r (fm)

Fig. 1: The changes with distance of SP, F, M, S, Ngo, G1, G2,
3pF and HFB density distributions in logarithmic scale.
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Fig. 2: The elastic scattering cross-sections calculated by using
SP,F, M, S, Ngo, G1, G2, 3pF and HFB densities for 3> Cl + Mg
reaction (a) at Ej,,=100 MeV, and (b) at Ej,,=120 MeV. The data
are taken from Ref. [12].

Wp and r,,. Finally, we determined W, value for r,, = 1.30
fm and a,, = 0.50 fm.

In the present study, the elastic scattering
cross-sections of *3CI projectile were evaluated as light,
medium and heavy according to the masses of target
nuclei. In this context, 3Cl + **Mg (at 100 MeV and 120
MeV) and ¥Cl + 27Al (at 120 MeV and 130 MeV)
reactions were investigated as light target nucleus
reactions. The elastic scattering cross-sections calculated
were shown in Fig. 2 for 3Cl + *Mg reaction and in Fig.
3 for $Cl + ?7Al reaction. It was observed that the
density distributions fit well the experimental data for all
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Table 1: pg, Rg and a values of SP, F, M and S densities.
Density Do Ry a Ref.
SP 00,=0.115345 R, = 1.49N'/3 —0.79 ap = 0.47+0.00046N [16]
Po,=0.0789788 R,=181Z'3—1.12 a, = 0.47 —0.00083Z
F P0,=0.0842237 R, =0.953N'3 +0.0152+0.774  a, = 0.446+0.0072(%) [17]
0, =0.0781905 R, =1.322Z'3 40.007N +0.022  a), = 0.449+0.0071(%)
M 0.16 1.1541/3 0.50 [18]
S T 1.04A1/3 0.54 [19]
Pcr+7al 1+ *Ni
1o : 120 MeV; 10° ; . P 120 MeVé
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Fig. 3: Same as Fig. 2, but for 3>Cl + 27Al reaction (a) at
Ep=120 MeV, (b) at Ej,p=130 MeV. The data are taken from
Ref. [11].

the reactions. However, it was noticed that the SP density
is slightly better than the other densities.

35C1 +28Ni (at 120, 130 and 165 MeV) and P Cl + ©2Ni
(at 120, 130, 160 and 170 MeV) reactions were analyzed
as medium target nucleus reactions. The theoretical results
of the elastic scattering cross-sections were displayed in
Fig. 4 for 3CI + 38Ni reaction and in Fig. 5 for 3>Cl + ©’Ni
reaction. It was observed that all the density distributions
were in very good agreement with the experimental data at
all incident energies of both 3CI + 3¥Ni and *3CI + %’Ni
reactions.

As heavy target nucleus reactions, 3>Cl + '16Sn (at
165 MeV), Cl + '298n (at 165 MeV), 3Cl + '?*Sn (at
165 MeV), and 3Cl + "!Pr (at 160 and 165 MeV)
reactions were examined. The results were demonstrated
in Fig. 6 for ¥Cl + '1Sn, 3Cl + 28, 33C1 + %*Sn
reactions, and in Fig. 7 for *3Cl + !Pr reaction. It was
seen that the density distributions for 3>ClI + 1Sn, 33Cl +

S [m

20 25 30 35 40 45 50 55 60 65 70
8, . (deg)

Fig. 4: Same as Fig. 2, but for 3Cl + 8Ni reaction (a) at
E1,p=120 MeV, (b) at Ej,,=130 MeV, (c) at Ej,p=165 MeV. The
data are taken from Ref. [11].

12OSn, and ¥Cl + !2*Sn reactions exhibit a similar
behavior with each other, and good fits to the
experimental data are obtained. On the other hand, little
differences in the results of the density distributions for
35C1 + 41Pr reaction were observed. In addition, it can be
said that the SP density is slightly better than the other
densities.

One of the aims of our study was to suggest
alternative density distributions for the analysis of the
nuclear interactions of 3CI projectile with different target
nuclei. For this purpose, the DFM was used in obtaining
the real part of the nuclear potential. One of the
parameters of this model is the renormalization factor
(Ng). This value is desired to be unity. However, the
deviation from this value can be due to the inadequacy of
the model, or the specificity of the experimental data. The
Nr values for all reactions and energy values were given
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Fig. 5: Same as Fig. 2, but for 33Cl + 2Ni reaction (
E1.p=120 MeV, (b) at E;1,=130 MeV, (c) at Ejpp=160 MeV
(d) at Ej,,=170 MeV. The data are taken from Ref. [11].
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Fig. 6: Same as Fig. 2, but for (a) 3Cl + '1%Sn at Ej,,=165
MeV, (b) 3CI + '208n at Ej,p=165 MeV, and (c) 3Cl + '24Sn
at Ej,p=165 MeV. The data are taken from Ref. [11].

in Table 4, and displayed the changes with E/Ap in Fig.
8. In this sense, it can be said that the SP density is better
than the other densities according to the Ni value. In
addition, Ferrero et al. [12] showed Ny values for 3°Cl +
24Mg reaction. These values were 1.17 £ 0.03. for 100
MeV and 0.98 £ 0.05 for 120 MeV. When these values
were compared with N values found for the density
distributions, it can be seen that Nk values of SP density
are 1.00, and are better than the literature results. Thus,
we can conclude that the SP density is the best density
distribution among all the density distributions.

The reaction cross-section (og) is one of significant
parameters in the analysis of nuclear interactions. The og
values for all the reactions and the densities at various
incident energies were listed as compared with the
literature in Table 5, and theirs changes according to
E /Ap were presented in Fig. 9. If o values close to each

c1+ Py
R L R L R AR R ER R R
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g
5 100 F
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Fig. 7: Same as Fig. 2, but for 351 + 41pr reaction (a) at
E.,=160 MeV, (b) at Ej,;,=165 MeV. The data are taken from
Ref. [11].
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Fig. 8: The renormalization values (Ng) for the calculations
with SP, F, M, S, Ngo, G1, G2, 3pF and HFB densities versus
E/Ap (MeV/Nucleon).

other for different calculations of the OM, the suitability
of the fitting procedure can be expressed. In this respect,
we can say that the og values obtained with this study are
in agreement with both each other and literature.

In order to compare our results with the literature
results, we plotted in Fig. 10 the literature results together
with the SP density distribution which gives the best
results. We observed that the agreement between both
results was quite good. In this sense, we can specify this
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Fig. 9: The cross-sections (in mb) for the calculations with
SP, F, M, S, Ngo, G1, G2, 3pF and HFB densities versus
E/Ap (MeV/Nucleon).

as another parameter showing the suitability of our
results.

It is desirable to determine the parameters of the
potential used in the analysis of nuclear reactions such as
elastic, inelastic and transfer. Thus, the equations giving
the potential parameters will be very useful in the
realization of these studies. For this purpose, we derived
the expressions that give the imaginary potential depths
for the density distributions examined in our study. For
this, we evaluated the parameters that are used in
obtaining elastic scattering cross-sections. Thus, we
obtained the equations given in the following form

0.75Z
SP density --» W' = 15.68+0.06E — —— 7z~ (23)
AT
1.95Z
F density - W" =26.90 +0.05E — —==  (24)
AT
2.817
M density --» WM = 19.29+0.14E - === (25)
AT
2732
S density --» W° =14.92+0.17E — % (26)
AT
2912
Ngo density --» W8 =19.60+0.14E — % (27
AT
2.787
Gl density --» W' = 17.70+0.15E - ==L (28)
AT

2,627
G2 density --» W = 17.64+0.14E - =% (29)
AT
2,647
3pF density --> W =22.4540.12E - == (30)
AT
2357
HFB density > W' =20.79+0.11E - ===
AT
(3D

where E, Zr and Ar are the incident energy of the
projectile, atomic number and mass number of target,
respectively.

Table 2: The 2pF density parameters for >*Mg, 27Al, 302Ni,
116,120,124gy and 41 pr targets.

Nucleus  pg (fm™3)  c¢(fm) z(fm) Ref.
XMg 0.16180 29800 0.551 [25]
LN 0.20150 2.8400 0.569 [25]
S8Nj 0.17200 4.0940 0.540 [29]
62N 0.16420 42850 0.584 [30]
l6gy 0.17100 52750  0.539  [30]
1208y 0.17100 53150 0.576  [30]
1248y 0.17220 5.3890 0.540 [31]
l4lpp 0.17133 5.6484  0.540 [32]

4 Determined via Ref. [25].
b Determined via Ref. [33].

5 Conclusions

We analyzed the elastic scattering experimental data of
3¢l projectile from 24Mg, 2T Al 38:02Nj, 116.120,124g g

Table 3: The root mean square (rms) radii of SP, F, M, S, Ngo,
G1, G2, 3pF and HFB densities together with the literature.

Density rms (fm)
SP 3.107
F 3.218
M 3.456
S 3.312
Ngo 3.363
Gl 3.395
G2 3.349
3pF 3.314
HFB 3.255
Literature 3.3882
3.371°
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Table 4: The renormalization (Ng) parameters applied in the analysis with SP, F, M, S, Ngo, G1, G2, 3pF and HFB densities.

Reaction E. NE NE ONM NS NR NG ONGE NPT NATB
BCr+Mg 100 1.00 094 064 064 066 063 068 076 0.80
120 1.00 092 0.63 069 066 0.60 064 072 0.82
3C1+27A1 120 1.00 1.00 076 0.78 0.76 0.74 0.74 0.80  0.90
130 1.00 1.00 0.77 0.88 082 077 0.85 090 1.00
120 082 072 052 059 052 057 060 058 0.67
3BCI+98Ni 130 075 0.67 048 054 051 048 051 055 061
165 085 077 054 060 056 0.56 0.60 066 0.69
120 075 066 050 057 053 050 054 053 0.60
BCr+%Ni 130 076 0.69 0.50 055 051 051 054 055 0.63
160 082 075 053 060 056 053 057 062 0.68
170 0.81 072 053 059 055 051 054 058 0.67
Bcr+Mesn 165 1.00 1.00 070 0.80 0.74 0.68 0.74 080 0.90
3CI+08n 165 087 0.79 057 064 060 057 061 0.65 073
BCl+™sn 165 085 075 052 060 056 053 056 062  0.69
Bcr+Mpr 160 1.00 1.00 0.85 093 088 0.85 0.89 078 1.00
165 1.00 090 075 080 080 075 075 070 0.90

Table 5: The cross-sections (in mb) calculated for SP, F, M, S, Ngo, G1, G2, 3pF and HFB densities together with the literature.

Reaction E ot of o op G,]evg” of!  of? 613’) F ofifB  gkiterature
BCl+¥Mg 100 862 887 865 803 849 850 856 886 852 853-Ref. [12]
120 1170 1194 1166 1149 1153 1141 1142 1167 1160  1173-Ref. [12]
3BC1+27A1 120 1295 1403 1357 1344 1366 1361 1339 1360 1344  1284-Ref.[11]
130 1354 1406 1506 1513 1508 1507 1520 1517 1507  1365-Ref.[11]
120 684 683 630 675 68l 649 660 707 680 687-Ref [11]
3BCI+98Ni 130 913 913 914 914 915 914 914 903 913 956-Ref.[11]
165 1573 1574 1573 1573 1573 1576 1576 1615 1573  1559-Ref.[11]
120 851 859 828 829 829 829 829 857 838 895-Ref.[11]
BCl+%Ni 130 1094 1095 1070 1094 1094 1071 1071 1091 1095  1116-Ref.[11]
160 1605 1615 1587 1606 1611 1587 1588 1607 1606  1571-Ref.[11]
170 1614 1613 1621 1612 1612 1577 1577 1610 1613  1629-Ref.[11]
BCl+M6Sn 165 1053 997 1010 1006 997 1013 1014 995 991 1101-Ref.[11]
35C1+108n 165 1062 1039 1044 1047 1039 1039 1039 1039 1039  1110-Ref.[11]
35CI+12%Sn 165 1127 1132 1145 1133 1134 1134 1133 1105 1128  1261-Ref.[11]
BCcr+M™pr 160 599 597 560 567 559 561 566 604 591 600-Ref.[11]
165 730 721 679 697 681 681 704 731 714 772-Ref.[11]
141py target nuclei. The theoretical results successfully References
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believe that these equations would be useful in explaining
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nucleus.
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