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A COMPREHENSIVE RESEARCH
OF 10C NUCLEUS USING DIFFERENT
THEORETICAL APPROACHESUDC 539

We perform an extensive theoretical analysis of 10C nucleus with the use of various theoret-
ical approaches involving the different nuclear potentials and different density distributions,
as well as a simple cluster approach. We try to explain new measured and challenging ex-
perimental data on the 10C + 58Ni system at 35.3 MeV. First, we investigate the effect of
thirteen different potentials. Then, we examine ten different types of density distributions for
10C nucleus. Finally, we present a simple calculation method for various cluster states of
10C, compare all the theoretical results with the experimental data, and obtain their improved
agreement.
K e yw o r d s: nuclear potential, proximity potential, density distribution, cluster model, elas-
tic scattering, optical model, double folding model.

1. Introduction
The element carbon (C) has 15 isotopes. Among
them, 12C (98.93%) and 13C (1.07%) are stable, and
14C is a radionuclide [1]. 10C, which has 𝐽𝜋 = 0+,
𝑇1/2 = 19.308 s and only one excited state with
𝐽𝜋 = 2+ and 𝑇1/2 = 107 fs (𝐸2+ = 3353.7 keV) [1],
is a proton-rich nucleus, and is supposed as only nu-
cleus with the Brunnian (super-Borromean) structure
because of the four-body configuration [2,3]. Thus, it
can be said that 10C is one of the interesting isotopes
of the element carbon.

Recently, Guimarães et al. [3] experimentally mea-
sured the elastic scattering angular distributions of
10C + 58Ni reaction at 𝐸Lab = 35.3 MeV. They ex-
amined the experimental data using the approaches
of coupled channels (CC), coupled reaction chan-
nels (CRC), and continuum discretized coupled chan-
nels (CDCC). In the CC calculations, they applied
the São Paulo (SP) potential for the real part and
the Woods–Saxon (WS) potential for the imaginary
one. They realized that CC calculations were insuffi-
cient in defining the experimental data, and the the-
oretical results need to be improved. For this, they
made a progress in the theoretical results, by in-
cluding the spin reorientation in their CC calcula-
tions. However, the need to harmonize the theoreti-
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cal results in order to fit the experimental data con-
tinues. In the CRC calculations, they investigated
the effect of transfer reactions on the theoretical
results. With this goal, they analyzed one-proton,
one-neutron, and two-neutron transfer reactions. In
the calculations, they used the SP potential for the
real part and the WS potential for the imaginary
one. They reported that the CRC calculations with
the transfer reactions had a little effect on the elastic
scattering results. Finally, they performed the CDCC
calculations to improve the agreement between ex-
perimental data and theoretical results. Despite all
these troublesome and comprehensive theoretical cal-
culations, it was emphasized that theoretical results
should be improved. This deficiency induced us to
consider carefully the agreement between different
theoretical approaches and the elastic scattering ex-
perimental data for the 10C projectile.

In the present study, we aim to advance the re-
sults of previous study [3] in describing the exper-
imental data by using three different theoretical ap-
proaches. First, we obtain the elastic scattering cross-
sections of the 10C+ 58Ni reaction for thirteen types
of nuclear potentials. Second, we acquire the scatter-
ing cross-sections of the 10C+ 58Ni reaction for ten
different density distributions of 10C nucleus. Third,
we obtain the elastic scattering cross-sections using a
simple calculation approach for three different clus-
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ter states of 10C nucleus. By comparing the exper-
imental data and all the theoretical results, we of-
fer alternative nuclear potentials, alternative density
distributions, and a simple cluster calculation for the
10C+ 58Ni reaction.

Section 2 presents the theoretical method. Sec-
tion 3 defines the potentials applied in the calcula-
tions. Section 4 shows the density distributions of the
projectile and the target. Section 5 gives a simple cal-
culation procedure for cluster structures of 10C. Sec-
tion 6 provides the theoretical results and discus-
sion. Section 7 indicates the summary and conclu-
sions for all the approaches.

2. Theoretical Method

The calculations are performed by using the optical
model (OM) that consists of the real and imaginary
potentials. The real potential is obtained according to
the nuclear potential, density distribution, and clus-
ter structure of the nucleus, the methods being ex-
plained below. On the other hand, the imaginary po-
tential is assumed as

𝑊 (𝑟) =
𝑊0[︂

1 + exp
(︂
𝑟−𝑟𝑤 (𝐴

1/3
𝑃 +𝐴

1/3
𝑇 )

𝑎𝑤

)︂]︂ , (1)

where 𝑊0, 𝑟𝑤, 𝑎𝑤, and 𝐴𝑃 (𝑇 ) are the depth, radius,
diffuseness, and mass of the projectile(target), respec-
tively. So, the total interaction potential can be ex-
pressed as

𝑉total(𝑟) = 𝑉Nuclear(𝑟) + 𝑉Coulomb(𝑟), (2)

where the 𝑉Coulomb(𝑟) potential [4] is

𝑉Coulomb(𝑟) =
1

4𝜋𝜖∘

𝑍𝑃𝑍𝑇 𝑒
2

𝑟
, 𝑟 ≥ 𝑅𝑐, (3)

=
1

4𝜋𝜖∘

𝑍𝑃𝑍𝑇 𝑒
2

2𝑅𝑐

(︂
3− 𝑟2

𝑅2
𝑐

)︂
, 𝑟 < 𝑅𝑐, (4)

𝑅𝑐 = 1.25 (𝐴
1/3
𝑃 +𝐴

1/3
𝑇 ). (5)

In the calculations of the density distributions, the
real potentials are calculated by using the double fold-
ing model given by

𝑉 (r) =

∫︁
𝑑r1

∫︁
𝑑r2𝜌𝑃 (r1)𝜌𝑇 (r2)𝜈𝑁𝑁 (r− r1 + r2),

(6)

where 𝜌𝑃 (𝑇 )(r1(2)), respectively, are the density dis-
tributions of the projectile and target nuclei which
are explained in Section 4, and 𝜈𝑁𝑁 is the effective
nucleon-nucleon interaction parametrized by [4] as

𝜈𝑁𝑁 (𝑟) = 7999
exp(−4𝑟)

4𝑟
− 2134

exp(−2.5𝑟)

2.5𝑟
+

+276

(︂
1− 0.005

𝐸Lab

𝐴𝑝

)︂
𝛿(𝑟) MeV. (7)

3. Proximity Potentials

The nuclear potential is one of the most significant
quantities in the analysis of nuclear interactions, and
is still one of the hottest topics in the field of nuclear
physics [5–8]. As a result, we are looking for alterna-
tive nuclear potentials to analyze the 10C+ 58Ni reac-
tion. For this purpose, we examine thirteen types of
the proximity potential summarized in the following
section.

3.1. Prox 77, Prox 79, Mod-Prox-88,
Prox 2003-I, Prox 2003-II, Prox 2010

Prox 77 potential [9, 10] can be written as

𝑉 Prox 77
𝑁 (𝑟) = 4𝜋𝛾𝑏𝐶𝜇Φ

(︂
𝜁 =

𝑟 − 𝐶𝑝 − 𝐶𝑡

𝑏

)︂
MeV, (8)

where

𝐶𝜇=
𝐶𝑝𝐶𝑡

𝐶𝑝 + 𝐶𝑡
, 𝐶𝑖=𝑅𝑖

[︃
1−

(︂
𝑏

𝑅𝑖

)︂2
+ ...

]︃
, 𝑏 ≈ 1 fm,

(9)
𝑅𝑖 = 1.28𝐴

1/3
𝑖 −0.76+0.8𝐴

−1/3
𝑖 fm (𝑖 = 𝑝, 𝑡). (10)

The surface energy coefficient, 𝛾, is assumed to be

𝛾 = 𝛾0

[︃
1− 𝑘𝑠

(︂
𝑁 − 𝑍

𝑁 + 𝑍

)︂2]︃
. (11)

The universal function, Φ(𝜁), is accepted as

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.

(12)

Many studies were carried out on proximity poten-
tials, and different versions were proposed. Except for
𝛾0 and 𝑘𝑠 values of these derived potentials, other
parameters are the same as for the Prox 77 poten-
tial. The 𝛾0 and 𝑘𝑠 values of proximity potentials in-
vestigated in this study are listed in Table 1.
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3.2. Broglia and Winther 1991 (BW 91)

BW 91 potential [17] is taken as [18]

𝑉 BW91
𝑁 (𝑟) = − 16𝜋𝑅𝜇𝛾𝑎[︀

1 + exp
(︀
𝑟−𝑅0

𝑎=0.63

)︀]︀ MeV, (13)

where
𝑅𝜇 =

𝑅𝑝𝑅𝑡

𝑅𝑝 +𝑅𝑡
, 𝑅0 = 𝑅𝑝 +𝑅𝑡 + 0.29, (14)

𝑅𝑝,𝑡 = 1.233𝐴
1/3
𝑝,𝑡 − 0.98𝐴

−1/3
𝑝,𝑡 , (15)

𝛾 = 0.95

[︂
1− 1.8

(︂
𝑁𝑝 − 𝑍𝑝

𝐴𝑝

)︂(︂
𝑁𝑡 − 𝑍𝑡

𝐴𝑡

)︂]︂
. (16)

3.3. Aage Winther (AW 95)

The parameters of AW 95 potential are the same as
the BW 91 potential [18, 19] except for the following
ones:

𝑎 =
1

1.17
[︁
1 + 0.53(𝐴

−1/3
𝑝 +𝐴

−1/3
𝑡 )

]︁ , (17)

and

𝑅0 = 𝑅𝑝 +𝑅𝑡, 𝑅𝑝,𝑡 = 1.2𝐴
1/3
𝑝,𝑡 − 0.09. (18)

3.4. Akyuz–Winther (AW)

AW potential [20] is shown by [21]:

𝑉 AW
𝑁 (𝑟) = 𝑉0𝑅𝜇 exp

[︂
(𝑟 −𝑅𝑝 −𝑅𝑡)

𝑑

]︂
MeV, (19)

where

𝑉0 = −65.4 MeV, 𝑅𝑝,𝑡 = (1.20𝐴
1/3
𝑝,𝑡 −0.35) fm, (20)

𝑑 =
1

1.16
[︁
1 + 0.48(𝐴

−1/3
𝑝 +𝐴

−1/3
𝑡 )

]︁ fm. (21)

Table 1. 𝛾0 and 𝑘𝑠 values
of Prox 77, Prox 79, Mod-Prox 88, Prox 2003-I,
Prox 2003-II, Prox 2010 potentials

Potential
type

𝛾0,
MeV/fm2 𝑘𝑠 Ref.

Prox 77 0.9517 1.7826 [11]
Prox 79 1.2402 3.0 [12]
Mod-Prox-88 1.65 2.3 [13]
Prox 2003-I 1.08948 1.9830 [14]
Prox 2003-II 0.9180 0.7546 [14]
Prox 2010 1.460734 4.0 [10, 15, 16]

3.5. Christensen and Winther 1976 (CW 76)

CW 76 potential [22] is the same as the AW potential
except for the following parameters [10]:

𝑉0 = −50, 𝑑 = 0.63, 𝑅𝑝,𝑡 = 1.233𝐴
1/3
𝑝,𝑡 − 0.978𝐴

−1/3
𝑝,𝑡 .

(22)

3.6. Bass 1980 (Bass 80)

Bass 80 potential is parametrized as [17, 18]

𝑉 Bass 80
𝑁 (𝑠) = −𝑅𝜇𝜑(𝑠 = 𝑟 −𝑅𝑝 −𝑅𝑡) MeV, (23)

where
𝜑(𝑠) =

[︁
0.033 exp

(︁ 𝑠

3.5

)︁
+ 0.007 exp

(︁ 𝑠

0.65

)︁]︁−1

, (24)

𝑅𝑝,𝑡=𝑅𝑠

(︂
1− 0.98

𝑅2
𝑠

)︂
, 𝑅𝑠 = 1.28𝐴

1/3
𝑝,𝑡 −0.76+0.8𝐴

−1/3
𝑝,𝑡 .

(25)

3.7. Ngô 1980 (Ngo 80)

Ngo 80 potential was formulated by [23]:

𝑉 Ngo 80
𝑁 (𝑟) = 𝐶𝜇𝜑(𝑠 = 𝑟 − 𝐶𝑝 − 𝐶𝑡) MeV, (26)

𝑅𝑝,𝑡=
[𝑁
(︀
1.1375+1.875× 10−4𝐴𝑝,𝑡

)︀
+(1.128𝑍)]𝐴

1/3
𝑝,𝑡

𝐴𝑝,𝑡
,

(27)

Φ(𝑠) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
−33 + 5.4(𝑠− 𝑠0)

2 for 𝑠 < 𝑠0,

−33 exp

[︂
−1

5
(𝑠− 𝑠0)

2

]︂
for 𝑠 ≥ 𝑠0,

𝑠0 = −1.6 fm.

(28)

3.8. Denisov (D)

D potential can be shown as [18, 24]

𝑉 D
𝑁 (𝑟) = −1.989843𝑅𝜇𝜑(𝑠 = 𝑟 −𝑅1 −𝑅2 − 2.65)×

× [1 + 0.003525139

(︂
𝐴1

𝐴2
+

𝐴2

𝐴1

)︂3/2
−

− 0.4113263 (𝐼1 + 𝐼2)] MeV, (29)

where

𝐼𝑖 =
𝑁𝑖 − 𝑍𝑖

𝐴𝑖
, (30)

𝑅𝑖 = 𝑅𝑖𝑝

(︃
1− 3.413817

𝑅2
𝑖𝑝

)︃
+1.284589

(︂
𝐼𝑖 −

0.4𝐴𝑖

𝐴𝑖 + 200

)︂
,

(31)
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𝑅𝑖𝑝 = 1.24𝐴
1/3
𝑖

(︂
1 +

1.646

𝐴𝑖
− 0.191

(︂
𝐴𝑖 − 2𝑍𝑖

𝐴𝑖

)︂)︂
, (32)

𝜑(𝑠) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1− 𝑠

0.7881663
+ 1.229218𝑠2 − 0.2234277𝑠3 −

− 0.1038769𝑠4 −𝑅𝜇(0.1844935𝑠
2 +

+0.07570101𝑠3 + (𝐼1 + 𝐼2)(0.04470645𝑠
2 +

+0.0334687𝑠3)) (−5.65 ≤ 𝑠 ≤ 0),(︁
1− 𝑠2

(︁
0.05410106𝑅𝜇 exp

(︁
− 𝑠

1.76058

)︁
−

− 0.539542(𝐼1 + 𝐼2) exp
(︁
− 𝑠

2.424408

)︁)︁)︁
×

× exp
(︁
− 𝑠

0.7881663

)︁
(𝑠 ≥ 0) (𝑖 = 1, 2).

(33)

4. Densities

Another very useful factor in the description of nu-
clear interactions is the density distribution of nu-
clei. In this respect, many studies were carried out
[25–30]. We are looking for alternative density dis-
tributions to explain the nuclear interactions with
10C. In this way, we analyze ten type density distri-
butions of 10C nucleus.

4.1. Density distributions of 10C projectile

4.1.1. Variational Monte Carlo (VMC)

The first density of 10C nucleus was acquired by
means of the VMC calculations [31].

4.1.2. Ngô–Ngô (Ngo)

Ngo density can be expressed by [23, 32]

𝜌
𝑖
(𝑟) =

𝜌0𝑖

1 + exp
(︀
𝑟−𝐶
0.55

)︀, 𝜌
0𝑛(0𝑝)

=
3

4𝜋

𝑁(𝑍)

𝐴𝑟30𝑛(0𝑝)
, (34)

where

𝑟0𝑛 = 1.1375+1.875× 10−4𝐴, 𝑟0𝑝 = 1.128 (𝑖 = 𝑛, 𝑝).

(35)

𝐶 = 𝑅

(︂
1− 1

𝑅2

)︂
, 𝑅 =

(𝑁𝑟0𝑛 + 𝑍𝑟0𝑝)𝐴
1/3

𝐴
. (36)

4.1.3. Gupta 1 (G1)

G1 density can be displayed as [33, 34]

𝜌
𝑖
(𝑟) =

𝜌0𝑖

1 + exp
(︁
𝑟−𝑅0𝑖

𝑎𝑖

)︁, 𝜌0𝑖 =
3𝐴𝑖

4𝜋𝑅3
0𝑖

(︂
1 +

𝜋2𝑎2𝑖
𝑅2

0𝑖

)︂−1

,

(37)

𝑅0𝑖 = 0.90106 + 0.10957𝐴𝑖 − 0.0013𝐴2
𝑖 + 7.71458×

× 10−6𝐴3
𝑖 − 1.62164× 10−8𝐴4

𝑖 , (38)

𝑎𝑖 = 0.34175+0.01234𝐴𝑖−2.1864×10−4𝐴2
𝑖+1.46388×

× 10−6𝐴3
𝑖 − 3.24263× 10−9𝐴4

𝑖 . (39)

4.1.4. Gupta 2 (G2)

Differences between G2 and G1 densities are in 𝑅0𝑖

and 𝑎𝑖 values written by [35]

𝑅0𝑖 = 0.9543 + 0.0994𝐴𝑖 − 9.8851× 10−4𝐴2
𝑖 +

+4.8399× 10−6𝐴3
𝑖 − 8.4366× 10−9𝐴4

𝑖 , (40)

𝑎𝑖 = 0.3719+0.0086𝐴𝑖 − 1.1898× 10−4𝐴2
𝑖 +6.1678×

× 10−7𝐴3
𝑖 − 1.0721× 10−9𝐴4

𝑖 . (41)

4.1.5. São Paulo (SP)

SP density is described as [36]

𝜌
𝑖
(𝑟) =

𝜌0𝑖

1 + exp
(︁
𝑟−𝑅𝑖

𝑎𝑖

)︁ (𝑖 = 𝑛, 𝑝) (42)

where

𝑅𝑛 = 1.49𝑁1/3 − 0.79, 𝑅𝑝 = 1.81𝑍1/3 − 1.12, (43)

𝑎𝑛 = 0.47 + 0.00046𝑁, 𝑎𝑝 = 0.47− 0.00083𝑍. (44)

4.1.6. Fermi 1 (F1)

F1 density has the same form with SP outside of 𝑅𝑛(𝑝)

and 𝑎𝑛(𝑝) parameters given by [37]

𝑅𝑛 = 0.953𝑁1/3 + 0.015𝑍 + 0.774,

𝑎𝑛 = 0.446 + 0.0072

(︂
𝑁

𝑍

)︂
,

(45)

𝑅𝑝 = 1.322𝑍1/3 + 0.007𝑁 + 0.022,

𝑎𝑝 = 0.449 + 0.0071

(︂
𝑍

𝑁

)︂
.

(46)

4.1.7. Fermi 2 (F2), Fermi 3 (F3),
Fermi 4 (F4), Fermi 5 (F5)

F2, F3, F4, and F5 densities are in the 2𝑝F density
form, and their parameters are listed in Table 2.
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4.2. Target nucleus density
58Ni density of the target nucleus in the reaction un-
der study takes the following form:

𝜌(𝑟) =
𝜌0

1 + exp
(︀
𝑟−𝑐
𝑧

)︀, (47)

where 𝜌0 = 0.172, 𝑐 = 4.094 and 𝑧 = 0.54 [42].

5. Simple Cluster Approach

Recently, a simple cluster approach was applied to 9Li
[43], 9Be [44], 12Be [45], and 22Ne [46] nuclei. With
this goal, we investigate 6Be + 𝛼, 9B + 𝑝 and 8Be +
+ 2𝑝 cluster structures indicated for 10C in the liter-
ature, by using a simple cluster approach.

5.1. 6Be + 𝛼

The 10C density in the 6Be + 𝛼 cluster structure [3]
can be written as

𝜌10C(𝑟) = 𝜌6Be(𝑟) + 𝜌𝛼(𝑟), (48)

where the 6Be density is obtained by using G1 ap-
proach, and the 𝛼 density is taken as [4]

𝜌𝛼(𝑟) = 0.4229 exp (−0.7024𝑟2). (49)

5.1.1. 9B + 𝑝

The 10C density for the 9B + 𝑝 cluster structure [3]
is assumed as

𝜌10C(𝑟) = 𝜌9B(𝑟) + 𝑝, (50)

where the 9B density is produced via G1 approach,
and the proton density is taken as [47, 48]

𝜌p(𝑟) =

(︂
1

𝛾
√
𝜋

)︂3
exp (−𝑟2/𝛾2). (51)

5.1.2. 8Be + 2𝑝

Finally, the 10C density for the 8Be + 2𝑝 cluster struc-
ture [49] is in the following form:

𝜌10C(𝑟) = 𝜌8Be(𝑟) + 2𝑝, (52)

where the 8Be density is determined with G1 ap-
proach, and the proton density has the same form
as Eq. (51).

6. Results and Discussion

6.1. Comparison of nuclear potentials

To present the effect of various potentials in explain-
ing the elastic cross-sections of the 10C + 58Ni system,
we investigated thirteen type potentials such as Prox
77, Prox 79, Mod-Prox-88, Prox 2003-I, Prox 2003-II,
Prox 2010, BW 91, AW 95, AW, CW 76, Bass 80, Ngo
80 and D. First, we calculated the potentials by using
the FORTRAN code developed by us. The variations
with the distance of the potentials are demonstrated
in Fig. 1. Then, the cards FRESCO over the obtain-
ing values were generated. The imaginary potential
was accepted to have the WS shape. To achieve con-
venient results with the data, the parameters 𝑊0, 𝑟𝑤,
and 𝑎𝑤 of the WS potential were changed at intervals
of 0.1 and 0.01 fm and were listed in Table 3. The
theoretical calculations based on the OM were per-
formed by using the code FRESCO [51].

Fig. 1. Changes with the distance of the real potentials such
as Prox 77, Prox 79, Mod-Prox 88, Prox 2003-I, Prox 2003-
II, Prox 2010, BW 91, AW 95, AW, CW 76, Bass 80, Ngo 80
and D

Table 2. 𝜌0, 𝑅0 and 𝑎 values
of F2, F3, F4, and F5 density distributions

Density 𝜌0 𝑅0 𝑎 Ref.

F2 0.126414 1.07𝐴1/3 0.54 [38]

F3 𝜌0𝑛 = 0.0808 𝑅0𝑛 = 1.96 𝑎0𝑛 = 0.469 [39]
𝜌0𝑝 = 0.0929 𝑅0𝑝 = 2.16 𝑎0𝑝 = 0.499

F4 0.212
1+2.66𝐴−2/3 1.04𝐴1/3 0.54 [40]

F5 0.16 1.15𝐴1/3 0.50 [41]
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Fig. 2. The elastic scattering cross-sections calculated by us-
ing Prox 77, Prox 79, Mod-Prox 88, Prox 2003-I, Prox 2003-II,
Prox 2010, BW 91, AW 95, AW, CW 76, Bass 80, Ngo 80 and
D potentials [3]

We calculated the elastic scattering cross-section
of the 10C + 58Ni reaction at 𝐸Lab = 35.3 MeV for
thirteen various nuclear potentials and presented the
results, as compared with the experimental data, in
Fig. 2. In this respect, we observed that the results
of Prox 2003-I and Prox 2003-II potentials are very
similar to each other. We note that a similar situation
is valid for the results of Prox 77 and Prox 79 po-

Table 3. The WS parameters and 𝜒2

𝑁
values obtained by using Prox 77, Prox 79,
Mod-Prox 88, Prox 2003-I, Prox 2003-II,
Prox 2010, BW 91, AW 95, AW, CW 76,
Bass 80, Ngo 80 and D potentials

Potential
type

𝑊0,
MeV

𝑟𝑤,
fm

𝑎𝑤,
fm

𝜒2

𝑁

Prox 77 32.9 1.42 0.326 1.63
Prox 79 30.9 1.42 0.302 1.59
Mod-Prox 88 33.9 1.40 0.280 2.04
Prox 2003-I 32.9 1.42 0.315 1.59
Prox 2003-II 32.9 1.42 0.327 1.59
Prox 2010 30.9 1.42 0.285 1.62
BW 91 26.5 1.42 0.280 1.63
AW 95 32.9 1.42 0.280 1.69
AW 34.9 1.42 0.280 1.51
CW 76 30.3 1.42 0.280 1.60
Bass 80 32.9 1.42 0.280 1.80
Ngo 80 32.9 1.42 0.350 1.58
D 32.0 1.42 0.380 1.60

Table 4. The rms radii for VMC, Ngo,
G1, G2, SP, F1, F2, F3, F4, F5, 6Be + 𝛼, 9B + p
and 8Be + 2p together with the literature data

Density/Cluster rms

VMC 2.431
Ngo 2.578
G1 2.200
G2 2.195
SP 2.304
F1 2.529
F2 2.686
F3 2.425
F4 2.653
F5 2.671
6Be + 𝛼 1.749
9B + p 2.478
8Be + 2p 2.739

Literature data 2.55 𝑎, 2.44 𝑏, 2.51 𝑐

2.27 ± 0.03 𝑑, 2.42 ± 0.1 𝑒

𝑎 The antisymmetrized molecular dynamics (AMD) [39].
𝑏 HF+BCS with the SIII effective interaction [39].
𝑐 HF+BCS with the SLy4 effective interaction [39].
𝑑 From experiment in Ref. [50]. 𝑒 From Ref. [39].

tentials. We deduced that the AW result was slightly
better than the other results, when all the results were
compared with one another. So, we can suggest AW
potential as an alternative potential for the analysis
of the 10C + 58Ni reaction.

6.2. Comparison of density distributions

The theoretical analysis of the elastic scattering cross-
section of the 10C + 58Ni system was also performed
for ten different densities of 10C nucleus including
VMC, Ngo, G1, G2, SP, F1, F2, F3, F4, and F5. The
root mean square (rms) values corresponding to the
densities are listed together with the literature data
in Table 4.

The real potentials were obtained for ten various
densities within the double folding model (DFM)
based on the OM. However, the imaginary potential
for all the density calculations was taken in the WS
type. The parameters 𝑊0, 𝑟𝑤 and 𝑎𝑤 of WS potential
were examined at 0.1 and 0.01 step intervals, and the
values were shown in Table 5. The code DFPOT [52]
for the DFM calculations and the code FRESCO [51]
for the OM calculations were used.
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Figure 3 demonstrates the change with 𝑟 (fm) of
ten various densities of the 10C projectile. G2 den-
sity has the highest density in the center part, while
VMC density displays the lowest density in the cen-
ter. Some densities are different in the center part,
whereas their tails are similar.

Figure 4 provides the elastic scattering cross-
section of the 10C + 58Ni reaction at an incident en-
ergy of 35.3 MeV. It is seen that the densities present
a close behavior to one another. In this sense, G1,
G2 and F3 results are very close to one another,
especially G1 and G2 results. At the same time, it
has been noticed that the consistency with the ex-
perimental data of G1, G2, and F3 densities over
the comparative analysis of all the results is bet-
ter than the results of other densities. Additionally,
it can be said that F3 result is very slightly better
than G1 and G2 results within the scope of the error
value (𝜒

2

𝑁 ).
Figure 5 displays the change with 𝑟 (fm) of the real

potentials of VMC, Ngo, G1, G2, SP, F1, F2, F3, F4,
and F5 densities. It is seen that G1 and G2 densities
are deeper than the other densities, and F2 density is
the shallowest one.

Jouanne et al. [39] examined the sensitivity to the
rms value of elastic scattering cross-sections. In this
context, they stated that the calculations with the
rms radius 2.42 ± 0.1 fm gave more compatible re-
sults with the elastic scattering data. This rms value
(2.42±0.1 fm) corresponds to F3 density (2.425 fm) in

Table 5. The normalization constant (𝑁𝑅),
WS parameters and 𝜒2

𝑁
values for the calculations

with VMC, Ngo, G1, G2, SP, F1, F2, F3,
F4, and F5 densities

Density
type 𝑁𝑅

𝑊0,
MeV

𝑟𝑤,
fm

𝑎𝑤,
fm

𝜒2

𝑁

VMC 1.00 30.3 1.42 0.24 1.69
Ngo 0.83 33.9 1.42 0.23 1.81
G1 1.00 33.9 1.42 0.29 1.63
G2 1.00 33.9 1.42 0.29 1.62
SP 1.00 33.9 1.42 0.27 1.67
F1 0.93 32.9 1.42 0.24 1.79
F2 0.70 32.9 1.42 0.24 1.69
F3 0.73 33.9 1.42 0.29 1.59
F4 0.81 34.9 1.42 0.23 1.94
F5 0.80 33.9 1.42 0.23 1.83

Fig. 3. Changes with the distance of VMC, Ngo, G1, G2,
SP, F1, F2, F3, F4, and F5 densities of 10C nucleus on the
logarithmic scale

Fig. 4. The elastic cross-sections calculated by using VMC,
Ngo, G1, G2, SP, F1, F2, F3, F4, and F5 densities [3]

Fig. 5. Changes with the distance of the real potentials cal-
culated by using VMC, Ngo, G1, G2, SP, F1, F2, F3, F4, and
F5 densities
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Fig. 6. The elastic cross-sections acquired via 6Be + 𝛼, 9B+ 𝑝

and 8Be+2𝑝 cluster structures [3]

Fig. 7. Comparison of the best results achieved from the
nuclear potentials, density distributions, and cluster analysis
of the 10C + 58Ni reaction

Table 6. The normalization constant (𝑁𝑅),
WS parameters, and 𝜒2

𝑁
values for the calculations

with 6Be + 𝛼, 9B+ 𝑝 and 8Be+2𝑝

Cluster
type 𝑁𝑅

𝑊0,
MeV

𝑟𝑤,
fm

𝑎𝑤,
fm

𝜒2

𝑁

6Be + 𝛼 1.00 32.9 1.42 0.340 1.80
9B + p 0.70 20.0 1.42 0.235 1.83
8Be + 2p 0.50 20.0 1.42 0.235 1.94

our study. From the comparison of the results for the
densities studied for the first time, it was found that
F3 result was better than the others. This result is in
agreement with the result of Jouanne et al. [39]. Ba-
sed on this common point of Jouanne et al. [39] and

our study, we can say that the F3 density distribution
is important in the analysis of nuclear interactions of
10C nucleus.

6.3. Comparison of simple
cluster results

In our work, we also investigated 6Be + 𝛼, 9B +
+ 𝑝, and 8Be + 2𝑝 cluster structures of 10C. The
calculations based on a simple cluster approach were
performed by using the OM with the code FRESCO
[51]. Thus, the real potential was got for three cluster
configurations of 10C nucleus within the DFM with
the use of the code DFPOT [52]. Additionally, the
imaginary part was selected as the WS type, whose
parameters were researched at 0.1 and 0.01 step in-
tervals. The values were listed in Table 6.

Figure 6 displays the elastic scattering cross-section
of the 10C + 58Ni system at 35.3 MeV for different
cluster structures. It is seen that the 6Be + 𝛼 result
is better than both 9B + 𝑝 and 8Be + 2𝑝 cluster re-
sults. We would like to express that the results men-
tioned for cluster states of 10C here are not certain,
but it is purposed to giving a different deepness to
future works.

Guimaraes et al. [3] performed a simplified CDCC
calculation with a three-body configuration for the
9B+ 𝑝 or 6Be + 𝛼 cluster in order to check the impor-
tance of the breakup channels for 10C + 58Ni in their
work. They reported that 9B+ 𝑝 gives a quite good
description of the cross sections at backward angles,
although 6Be + 𝛼 is found to be less important. As
the reason for this, they stated that 6Be + 𝛼 has a
higher breakup energy (𝑆𝛼 = 5.101 MeV) compared
to the 9B+ 𝑝 channel (𝑆𝑝 = 4.006 MeV). In addition,
both we and they indicated that the results regarding
the cluster status of 10C nucleus are not certain. As a
result of all, we would like to state that more studies
with different approaches regarding the cluster status
of 10C nucleus are needed.

6.4. Simultaneous comparison
of nuclear potential, density distribution
and cluster results

Here, we compare the best results for different nu-
clear potentials, different density distributions, and
different cluster structures, which are AW potential,
F3 density, and the 6Be + 𝛼 cluster state, respec-
tively. As will be seen from Fig. 7, we can deduce
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that AW result is better than the other results. Addi-
tionally, we can signify that F3 result is better than
the result for the 6Be + 𝛼 cluster state. These results
can also be verified from the 𝜒2

𝑁 values.

6.5. Simultaneous comparison
of the reaction cross-sections
The cross-section is one of the important parame-
ters known in nuclear interactions. We have given the
cross-sections for all the investigated systems in Ta-
ble 7. They are between 452–580 mb. Similar values
of the cross-sections acquired via different theoreti-
cal calculations can be based upon the well-defined

Table 7. The cross-sections (in mb)
calculated by using Prox 77, Prox 79, Mod-Prox 88,
Prox 2003-I, Prox 2003-II, Prox 2010,
BW 91, AW 95, AW, CW 76, Bass 80, Ngo 80,
and D potentials, VMC, Ngo, G1, G2, SP, F1,
F2, F3, F4, and F5 densities, and 6Be + 𝛼,
9B+ 𝑝,. and 8Be+2𝑝 cluster structures

System 𝜎 (mb)

Prox 77 539

Prox 79 514

Mod-Prox 88 487

Prox 2003-I 529

Prox 2003-II 539

Prox 2010 504

BW 91 485

AW 95 505

AW 504

CW 76 496

Bass 80 507

Ngo 80 553

D 580

VMC 473

Ngo 471

G1 513

G2 512

SP 500

F1 480

F2 475

F3 512

F4 477

F5 474
6Be + 𝛼 551
9B + p 452
8Be + 2p 453

experimental data. So, it can be drawn a conclusion
that the approaches applied in this work are conve-
nient for the 10C + 58Ni system.

7. Summary and Conclusions

In this work, we firstly obtained the elastic cross-
section of the 10C + 58Ni system for thirteen different
nuclear potentials. We have found that AW potential
was more effective than the other potentials.

Second, we presented the elastic scattering cross-
section for the 10C + 58Ni system by using ten var-
ious densities of 10C. We observed that the consis-
tency with the experimental data of G1, G2, and F3
densities is better than the results for other densi-
ties. Additionally, we noticed that F3 density is very
slightly better than G1 and G2 densities within the
scope of the error value.

Third, we obtained the elastic scattering cross-
section of 10C + 58Ni for 6Be + 𝛼, 9B + 𝑝, and 8Be +
+ 2𝑝 clusters of 10C. We realized that the 6Be + 𝛼
cluster result is better than 9B + 𝑝 and 8Be + 2𝑝
cluster results in fitting the experimental data.

Consequently, the present study provides new and
useful results such as alternative potential (AW), al-
ternative density (F3), and an alternative computa-
tional process of cluster states of 10C. Additionally,
we can say that the results obtained for the poten-
tial, density distribution and cluster structure of 10C
nucleus can be evaluated in the analysis of elastic
scattering reactions of 10C with other target nuclei
except for 58Ni target nucleus.

The author would like to thank the anonymous ref-
eree for valuable comments.
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ПОВНЕ ДОСЛIДЖЕННЯ
ЯДРА 10C З ВИКОРИСТАННЯМ
РIЗНИХ ТЕОРЕТИЧНИХ ПIДХОДIВ

Виконано детальний теоретичний аналiз властивостей ядра
10C iз застосуванням рiзних теоретичних пiдходiв для рi-
зних ядерних потенцiалiв i розподiлiв густини на основi
простої кластерної моделi. Ми спробували пояснити но-
вi незрозумiлi експерименти для системи 10C + 58Ni при
35,3 МеВ. Спочатку ми розглянули 13 рiзних потенцiалiв, а
потiм 10 рiзних типiв розподiлу густини для ядра 10C. За-
пропоновано простий метод розрахунку кластерних станiв
ядра 10C. Проведено порiвняння всiх теоретичних резуль-
татiв з експериментальними даними i досягнуто їх краще
узгодження.

Ключ о в i с л о в а: ядерний потенцiал, потенцiал близько-
дiї, розподiл густини, кластерна модель, пружне розсiяння,
оптична модель, модель подвiйної згортки.
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