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Abstract

In this work, alternative potentials were sought to clarify the elastic scattering angular distributions of 1p halo
nuclei 8B, Y'F and 2p halo nucleus °C. Thirteen different versions of density-independent proximity potentials were
first studied. The theoretical results were compared with each other and with experimental data, and good
agreement results were obtained. Then, the calculations were repeated for density-dependent proximity potential
in order to make a comparative study. It was seen that the results with density-dependent potential were not very
enough in explaining the elastic scattering cross-sections of 1p and 2p halo nuclei.

Keywords: Halo nuclei, nuclear potential, proximity potential, elastic scattering, optical model.

Yogunluga Bagh ve Yogunluktan Bagimsiz Proximity Potansiyeller
Kullanilarak Proton Halo Cekirdeklerin Elastik Sacilma Acisal
Dagilimlarinin Analizi

Oz

Bu galismada, 1p halo gekirdekleri 8B, *'F ile 2p halo gekirdegi °C’un elastik sagilma agisal dagilimlarmi agiklamak
i¢in alternatif potansiyeller arastirildi. {lk olarak, yogunluktan bagimsiz proximity potansiyellerin on ii¢ farkl
versiyonu c¢alisildi. Teorik sonuglar birbirleriyle ve deneysel verilerle karsilastirildi ve iyi uyumlu sonuglar elde
edildi. Daha sonra, karsilastirmali bir ¢alisma yapmak i¢in yogunluga bagh proximity potansiyel i¢in hesaplamalar
tekrar edildi. Yogunluga bagli potansiyel sonuglarmin 1p ve 2p halo ¢ekirdeklerinin elastik sa¢ilma tesir kesitlerini
aciklamada ¢ok yeterli olmadig1 goriildii.

Anahtar kelimeler: Halo ¢ekirdekler, niikleer potansiyel, proximity potansiyel, elastik sagilma, optik model.

1. Introduction

Elastic scattering is one of the most common reactions used in obtaining reliable information regarding
nuclear structure and nuclear reactions. It can also be evaluated to get information about reaction
observability. As a result of this, a lot of theoretical and experimental studies have been performed up
to now.

The nuclear potential assumed in the description of the elastic scattering cross-sections (ESCCs)
has a great importance. In this paper, different nuclear potentials such as Woods-Saxon (WS), Woods-
Saxon square (WS?), Sao Paulo (SP) and Double Folding (DF) can be used. However, identifying
alternative potentials for the analysis of nuclear interactions remains important for nuclear reactions.

Proximity type potentials play a significant role in nuclear physics researches. They are
extensively used to explain nuclear fusion reactions, a-decay and radioactivity [1-4]. Recently, Aygun
has applied proximity potentials in clarifying the cross-sections of some nuclear scattering reactions [5-
8]. He has obtained good agreement results with the experimental data.
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Halo nuclei, which are composed of a tightly bound core and one or more nucleons moving
around this core, are among the hottest topics in the past few decades. Halo nuclei can be considered as
neutron or proton halo nuclei. If valence nucleon(s) is neutron(s), it is named as a neutron halo nucleus,
and if valence nucleon(s) consists of proton(s), it is called as a proton halo nucleus. In this context, °B
and F are 1p halo nuclei and °C is 2p halo nucleus. Proximity potentials have been not sufficiently
utilized in the analysis of ESCCs of proton halo nuclei although some reactions of neutron halo nuclei
are investigated. Therefore, we think it would be useful to determine the applicability of density-
dependent and density-independent proximity potentials in the analysis of the ESCCs of various proton
halo nuclei.

In the present study, we investigated the elastic scattering angular distributions (ESADs) of 1p
halo nuclei ®B, *'F and 2p halo nucleus °C by different targets. With this goal, we used thirteen versions
of density-independent proximity potentials including the Proximity 1977 (Prox 77) [9], Modified
Proximity 1988 (Mod-Prox 88) [10], Proximity 1995 (Prox 95) [11], Proximity 2003 (Prox 2003) [12],
Proximity 2010 (Prox 2010) [13], Broglia and Winther 1991 (BW 91) [14], Aage Winther (AW 95)
[15], Akyuz-Winther (AW) [16], Christensen and Winther 1976 (CW 76) [17], Bass 1973 (Bass 73) [18,
19], Bass 1980 (Bass 80) [14], Ngd 1980 (Ngo) [20] and Denisov (DP) [21]. Then, we calculated the
ESADs of proton halo nuclei over density-dependent proximity potential such as Guo 2013 [22] in order
to perform a comparative study. We simultaneously compared the theoretical results with the
experimental data. Finally, we proposed alternative potentials for the analysis of the ESCCs of proton
halo nuclei ®B, *'F and °C.

2. Material and Methods
2.1. Calculation Process

The total interaction potential for the theoretical calculations of proton halo nuclei can be written as
Vtotal (r) :VNucI (r) +VCouI (r) (1)

The nuclear potential (V,,, (r)) consists of the real and the imaginary parts. The real potential is

produced by using thirteen various density-independent and one density-dependent versions of
proximity potentials. The imaginary potential is used as WS potential in the following form

2 o REL(ATHAT) @)
{1+ exp( )}

W= r-Rr

a,

where W,, r,, and a,are the depth, radius and diffuseness parameters, respectively. The Coulomb
potential (V,,, (r) ) is shown by [23].

2
VCouI (r) = L ZPZTe r= RC (3)
Are, T
2 2
_ 1 ZpZTe 3_r_2 , rSRC (4)
dre, 2R RS
R, =1.25(A.° + A”®) (5)

The code FRESCO [24] is applied in the ESCC calculations.
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2.2. Density-Independent Proximity Potentials
2.2.1. Prox 77, Mod-Prox 88, Prox 95, Prox 2003, Prox 2010

Prox 77 [9] is assumed as

VProx77(r) :47Z7/b CpCt CD é/ — r_Cp _Ct MeV (6)
§ C,+C, b ’
where
= 1—k(N_Zj2 C.=R|1- £2+ ©)
V=7 \N+2Z ! i i R
b~1fm, R =128A"-0.76+0.8A™ fm (i = p,t). (8)

The universal function (®( £ )), can be written as

—%(g— 2.54)" —0.0852(¢ —2.54)°,  for ¢ <1.2511
D) = )

-3.437 exp(—ij, for £ >1.2511

0.75

In the literature, different types of proximity potentials can be obtained. These potentials are the
same as Proxy 77 potential except for », and k, values which are presented in Table 1.

Table 1. y, and k values of Prox 77, Mod-Prox 88, Prox 95, Prox 2003 and Prox 2010.

Potential type 7, (MeV/fm’) K, Ref.

Prox 77 0.9517 1.7826 [25]

Mod-Prox-88 1.65 2.3 [10]

Prox 95 1.25284 2.345 [11]

Prox 2003 1.08948 1.9830 [12]

Prox 2010 1.460734 4.0 [13,26,27]
2.2.2. BW Ol

BW 91 [14] is taken in the following form

VNBW91(r) - _

where

R, =R, +R +0.29,

r—RO)}
a

[1+ exp(

R,R,

MeV, V0:1672'p—}/a,
R, +R

p

R, =1.233A °-0.98A " fm
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y= 0.95{1—1.5{ N, -2, J( N =2, H
A, A

2.2.3. AW 95

AW 95 [15] is the same as BW 91 potential except for

1
" !1.17(1+ 0.53( A" + A ™))

] fm, R, =R, +R, R ,=12A **-0.09

2.2.4. AW

AW [16] can be written as

R -R -
VY (r) = -65.4 A exp Ry =R MeV,
R, +R d

where

1
fm,
1.16(1+0.48( A" + AM)J "

R, =(1.20A"° -0.35)fm, d !

2.2.5.CW 76

CW 76 [17] is taken as

VW (1) = —50— 2 q{r_Rp_R‘j MeV,
R +R 7\ 063

where
R, =1.233A "°~0.978A " fm.

2.2.6. Bass 73

Bass 73 [18, 19] can be formulated as

13 AL/3
VNBass73(r) _ _(m%exp(_r_TRﬂj MeV,
2

where
R, =107(A®+A”®), d=135fm, a =17 MeV

2.2.7. Bass 80

Bass 80 [14] can be written as
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R,R,
- +Rt]CD(s=r—Rp—RI)MeV,

p

VNBaSSSO (S) — [

where

0.98 ,
Rp’tst[l_ R2 j R, =128A,°~0.76 +0.8A ™ fm

S

] 1
#(s) = [0.033 exp (EJ +0.007 EXp(ﬁﬂ

2.2.8. Ngo

Ngo [20] can be given in the following form

cC
Ngo _ p—t _
where
b ) NR,+ZR,
C=R|1-|=| +..|, Ri=—p (i=p,t)
R A

R, =1.28A¥fm, R, =(L.1375+1.875A*)A™* fm

and
-33+5.4(s-5,)?, fors<s,,
D(s) = —33exp(—%(s—so)2j, fors>s,
S, =—1.6 fm
2.2.9. DP

DP [21] can be presented as

V. () = —1.989843—2Re_ j(r R — R, —2.65)
R +R,
3/2
x[1+ 0.003525139(% +%J ~0.4113263(1, + |2)} MeV,

where

352

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)



M. Aygiin / BEU Fen Bilimleri Dergisi 10 (2), 348-361, 2021

L =Nh R R, (1—@}1.284589@i ~ 044 j (28)
A . A +200
R, =1.24A" (1+1'Z£—0.191(A ;22‘ D fm  (i=12). (29)

The universal function ¢(s=r—R, —R, —2.65) is assumed as

LS
0.7881663

ﬂ(0.184493532 +0.07570101s° +
R +R

2

+1.229218s” —0.2234277s° —0.1038769s" —

(1,+1,)(0.04470645s° +0.0334687s° ) (-5.65<5<0),

#(5) = (30)

0.05410106 1 exp(— > )—
R +R 1.76058

1-s° 2 exp L (s>0),
S 0.7881663
0.539542(1,+1,)exp| —————
2.424408

2.3. Density-Dependent Guo 2013 Proximity Potential
Guo 2013 [22] can be expressed as
R,R

VGuo 2013 r :4 b p (D , 31

() w{ajé]@) S
where

N-zY

b~1fm, y=0.9517|1-1.7826 Q)| (32)
and

R, =1.28A " -0.76+0.8A ° fm. (33)
The universal function ®() is accepted as

p I’—Rl—Rz, (34)

1 , éf —
{1+ exp(ﬂ } b

3

where p1 =-17.72, p. = 1.30, and ps = 0.854.

®(¢)=-
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3. Results and Discussion

We analyzed the ESADS of 1p halo nuclei ®B and *F and 2p halo nucleus °C using density-dependent
and density-independent proximity potentials. For this purpose, we carried out the theoretical
calculations over thirteen density independent nuclear potentials and one density-dependent nuclear
potential.

The theoretical calculations based on density-dependent and density-independent proximity
potentials were performed within the optical model. Proximity potentials were first acquired via
FORTRAN code which was formed by us, and FRESCO cards were produced. Thus, the real potentials
were achieved. Also, the changes with distance of Prox 77, Mod-Prox 88, Prox 95, Prox 2003, Prox
2010, BW 91, AW 95, AW, CW 76, Bass 73, Bass 80, Ngo and DP were displayed in Figure 1.
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Figure 1. Changes with distance of the real potentials for Prox 77, Mod-Prox 88, Prox 95, Prox 2003, Prox 2010,
BW 91, AW 95, AW, CW 76, Bass 73, Bass 80, Ngo and DP.

The WS potential for the imaginary part in all the calculations were used. The potential
parameters (W,, r, and a ) were released during the theoretical calculations. The r, and a, values were

researched in steps of 0.1 fm and 0.01 fm, and the w, value was fixed in the results compatible with the

data. The potential parameters of all the reactions analyzed in our study were listed in Tables 2, 3 and
4.
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Table 2. The W, (in MeV), r, (in fm) and g (in fm) parameters used in the elastic scattering calculations of B

+12C, 8B + Ni and B + 2%8PD reactions over Prox 77, Mod-Prox 88, Prox 95, Prox 2003, Prox 2010, BW 91,
AW 95, AW, CW 76, Bass 73, Bass 80, Ngo and DP.
Reaction Parameter | Prox Mod- | Prox Prox | Prox BW | AW | AW | CW Bass | Bass | Ngo DP

77 Prox | 95 2003 | 2010 | 91 95 76 73 80
B 4 0 W0 27.0 230 280 | 300 | 300 |300 |[300 |[300 300 |85 |300 |30 |230
r, 1.35 1.35 1.35 135 | 135 133 | 135 | 135 | 135 | 135 |135 | 135 | 135
a, 0.79 | 0.76 078 | 080 | 078 | 080 |08 |080 (080 |08 |075 | 080 |0.80
B+ SN \N0 29.0 | 29.0 29.0 | 290 | 290 | 29.0 [ 290 | 29.0 | 29.0 | 290 | 290 | 29.0 | 29.0
r, 144 | 143 1.44 144 | 144 146 | 144 | 144 | 144 | 144 | 144 | 144 | 149
a, 0.565 | 0.55 0.555 | 0.56 | 0.545 | 055 | 055 [ 055 | 055 | 055 | 055 | 059 | 0.557
8B + 208pp \N0 38.0 | 38.0 380 | 380 |380 |350 [380 |[380 [380 |280 |380 |420 | 430
r, 1.30 | 1.30 1.30 130 | 1.30 130 | 130 | 130 | 130 (130 |130 | 130 | 1.30

0.75 0.74 0.75 0.75 0.75 075 | 075 | 075 | 0.75 | 062 | 0.74 | 0.75 | 0.75

Table 3. The same as Table 2, but for 'F + 12C, T'F + 1N, 'F + %8Ni and ¥F + 2%8Pp reactions.

Reaction Parameter | Prox Mod- | Prox Prox Prox BW AW AW CW Bass | Bass | Ngo DP
77 Prox 95 2003 | 2010 | 91 95 76 73 80
88

W 10.0 11.0 14.0 10.2 11.7 118 | 11.0 | 120 | 140 | 18.0 115 8.00 | 6.30
17F 4 12C 0

r 1.34 1.35 1.35 1.37 1.35 135 | 135 | 135 | 1.30 | 1.35 1.35 130 | 1.25

w

a, 0.48 0.56 0.53 0.50 0.56 058 | 050 | 052 | 052 | 042 | 0.52 052 | 0.82

W 135 155 135 135 135 135 | 135 | 155 | 155 | 950 145 9.50 | 6.50
17F + 14N 0

r 1.35 1.35 1.35 1.35 1.35 135 | 135 | 135 | 1.35 | 1.35 1.35 135 | 1.35

w

a, 0.50 0.50 0.50 0.50 0.50 056 | 050 | 0.50 | 0.56 | 0.50 | 0.50 0.45 | 0.45
17F + 58Nj W0 18.0 18.0 18.0 18.0 18.0 18.0 | 180 | 18.0 | 18.0 | 68.0 18.0 18.0 | 18.0

r 1.37 1.37 1.37 1.37 1.37 137 | 137 | 1.37 | 1.37 | 1.39 1.37 137 | 137

w

a, 0.74 0.71 0.72 0.73 0.72 0.72 | 072 | 072 | 0.72 | 053 | 0.72 0.81 | 0.84
17F + 208ph W0 18.0 18.0 18.0 18.0 18.0 18.0 | 180 | 18.0 | 18.0 | 28.0 18.0 18.0 | 18.0

r 1.37 1.33 1.37 1.37 1.37 134 | 137 | 1.37 | 1.34 | 1.20 1.32 137 | 137

w

a, 0.52 0.52 0.52 0.52 0.53 052 | 052 | 052 | 052 | 052 | 0.50 0.52 | 0.57

Table 4. The same as Table 2, but for °C + 2%8Pp reaction.

Reaction Parameter | Prox Mod- | Prox Prox | Prox BW | AW | AW | CW Bass | Bass | Ngo DP
77 Prox | 95 2003 | 2010 | 91 95 76 73 80
88

W 36.0 | 35.0 35.0 350 | 35.0 350 | 350 | 350 | 350 | 350 | 350 | 350 | 35.0
9C + 208pp 0

r 1.31 1.27 1.27 1.27 1.27 127 | 127 | 127 | 127 | 127 | 127 | 127 | 135

w

a, 0.48 0.47 0.54 0.56 | 0.52 047 | 048 | 048 | 047 | 048 | 048 | 0.62 | 0.48

3.1. Analysis with Density-Independent Proximity Potentials

We first calculated the ESCCs of B + '°C (at 95 MeV), B + *®Ni (at 29.3 MeV) and ®B + 2°®Pb (at 164
MeV). We compared the theoretical results with the data in Figure 2. We observed that the results of the
other potentials except for Bass 73 potential exhibited a very similar behavior with the data. Especially,
it was seen that the result of Bass 73 potential was far from the data at 29.3 MeV. On the other hand, we
can say that the proximity potentials are successful in the ®B reactions.
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Figure 2. The ESCCs of ®B + 2C, 8B + %Ni and ®B + 2%Pb reactions by using density-independent Prox 77,
Mod-Prox 88, Prox 95, Prox 2003, Prox 2010, BW 91, AW 95, AW, CW 76, Bass 73, Bass 80, Ngo and DP
potentials. The data are taken from Refs. [28, 29].

Then, we calculated the ESCCs of *'F + °C (at 170 MeV), 'F + “N (at 170 MeV), F + *Ni
(at 170 MeV) and *'F + ?®Pp (at 170 MeV) reactions. We compared the results with the data in Figure
3. Despite the oscillatory structure of the data of 'F + 2C reaction, it can be said that the results are
successful with the data. Also, the results of proximity potentials except for Bass 73 were seen to be
very successful the experimental data of Y'F + “N, 'F + ®Ni and *'F + 2%Pb reactions.
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Figure 3. The same as Fig. 2, but for ''F + 12C, F + “N, ¥'F + %Ni and '’F + 2%Pp reactions. The data are taken
from Refs. [28, 29].
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As 2p halo nucleus reaction, we examined the ESCC of °C + #®Pb reaction at 227 MeV. We
obtained the ESCCs, and compared the theoretical results and the data in Figure 4. We observed that
the behaviors of the potentials except for Bass 73 potential are compatible with each other, and were
found to be successful with the data. Thus, we can say that the proximity potentials except for Bass 73
would be considered as alternative potentials in explaining 2p halo nucleus reaction. Additionally, we
gave the cross-section values for all the reactions analyzed over density-independent proximity
potentials in Table 5. The cross-sections were observed to be supportive of each other.

Table 5. The cross-sections (in mb) calculated by using Prox 77, Mod-Prox 88, Prox 95, Prox 2003, Prox 2010,
BW 91, AW 95, AW, CW 76, Bass 73, Bass 80, Ngo and DP.

Potential type | 8B + °C | ®B + %Ni | 8B+%%PDb YE +12C YE + 14N TE+58Nj 17E+208pp °C + 208pp
Prox 77 1927 937 3664 1476 1642 2820 2632 3232
Mod-Prox 88 | 1921 904 3648 1633 1699 2769 2466 3035
Prox 95 1927 926 3669 1642 1654 2783 2640 3166
Prox 2003 1992 931 3666 1565 1647 2801 2636 3205
Prox 2010 1957 912 3670 1640 1661 2786 2663 3127
BW 91 1950 958 3656 1668 1737 2786 2510 3043
AW 95 2001 919 3673 1584 1680 2786 2640 3061
AW 1996 916 3672 1611 1705 2788 2646 3058
CW 76 1994 943 3672 1552 1777 2788 2514 3046
Bass 73 1570 1077 3256 1647 1654 2953 2078 3077
Bass 80 1902 920 3649 1598 1684 2788 2392 3060
Ngo 1986 971 3712 1378 1499 2965 2622 3333
DP 1873 1024 3717 1440 1366 3026 2713 3408
\l(: iy _‘l,‘\Ph
T T [ T T I T T T T l T L] I T T T
227 MeV
:
10’ - —— N
‘E’ | ‘ e Exp
o [— Prox77
) Mod-Frox 88
‘ — Prox 9%
10 Prox 2003
I~ Prox 2010
C BW 91
L AW 9s
L AW
CW7e \
i Bass 73 3
Bass §0
I Ngo g
or
1 1 { 1 1 l 1 1 1 ' 1 I 1 1

5

20

Ut “ (deg)
Figure 4. The same as Fig. 2, but for °C + 208Pb reaction. The data are taken from Refs. [28, 29].

3.2. Analysis with Density-Dependent Proximity Potential

We also examined the ESAD of 1p halo nuclei ®B and *’F and 2p halo nucleus °C reactions by using
density-dependent proximity potential which consist of Guo 2013.

We calculated the ESCCs of ®B + 2C (at 95 MeV), ®B + **Ni (at 29.3 MeV) and ®B + ?°®PDb (at
164 MeV). We compared our results with the data in Figure 5. Guo 2013 potential are in very good
agreement with the data of ®B + **C and ®B + 2®Pb systems, but not valid for B + *Ni.
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Figure 5. The ESCCs of ®B + 12C, 8B + %Ni and ®B + 2%Pb reactions by using density-dependent Guo 2013

potential.

Similarly, we acquired the ESCCs of Y'F + °C (at 170 MeV), YF + N (at 170 MeV), YF +
%Ni (at 170 MeV) and 'F + #8Pb (at 170 MeV) reactions. We presented the results with the data in
Figure 6. We observed that Guo 2013 potential shows an average behavior with the experimental data.
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Figure 6. The same as Fig. 5, but for YF + 12C, YF + 14N, 7F + %8Ni and *'F + 2%Pb reactions.
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Finally, we calculated the ESCC of °C + ®Pb reaction at 227 MeV for density-dependent
version of the proximity potentials, and compared the theoretical result with the data in Figure 7. We
observed that the results of Guo 2013 were not very successful with the data.
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Figure 7. The same as Fig. 5, but for °C + 2%Pb reaction.
3.3. Comparison of Density-Dependent and Density-Independent Proximity Potentials

We compared the results of density-dependent and density-independent proximity potentials for ®B +
12C (at 29.3 MeV), °C + ®Pp (at 227 MeV) and *'F + 5Pb (at 170 MeV) reactions in Figure 8 as an
example. We first found that the results of density-independent proximity potentials were very
successful with the ESCCs generally. On the other hand, we observed that the results of density-
dependent Guo 2013 potential were not very sufficient to describe the elastic scattering data of the proton
halo nucleus reactions. We can say that density-independent Prox 77 potential are more successful in
explaining the experimental data of the elastic scattering of proton halo nuclei.
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Figure 8. A comparison of the ESCCs of density-independent Prox 77 and density-dependent Guo 2013
potential for (a) B + %Ni, (b) °C + 2%8Pb and (c) }’F + 208pb,

359



M. Aygiin / BEU Fen Bilimleri Dergisi 10 (2), 348-361, 2021

4. Summary and Conclusions

In this work, we tried to see the effectiveness of density-dependent and density independent proximity
potentials in explaining the ESCCs of 1p and 2p halo nuclei. We obtained the ESCCs for thirteen
different density-independent proximity potentials and one density-dependent proximity potential.
Except for Bass 73, we noticed that results of density-independent proximity potentials are very
successful in explaining the ESCCs. In this context, we can say that these potentials would be evaluated
as alternative nuclear potentials for the analysis of the ESCCs of 1p and 2p halo nuclei.

In addition, we repeated the theoretical calculations for one density-dependent potential. We
observed that the density-dependent Guo 2013 potential was not very enough for the analysis of the
ESCCs of 1p and 2p halo nuclei. We think that Guo 2013 potential needs to be further examined as
alternative potentials for the analysis of different nuclear reactions.
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