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AN EXTENDED ANALYSIS OF 14N(17F, 18Ne)13C,
AND 14N(7Be, 8B)13C PROTON-TRANSFER REACTIONS
DEPENDING ON THE TEMPERATURE, DENSITY
DISTRIBUTION, NUCLEAR POTENTIAL,
AND NUCLEON-NUCLEON INTERACTIONSUDC 539

The angular distributions of 14N(17F, 18Ne)13C at 170 MeV and 14N(7Be, 8B)13C at 84 MeV
proton-transfer reactions depending on the density distributions, temperature, nuclear poten-
tials, and nucleon-nucleon interactions are studied. The calculations are performed by using
the code FRESCO based on the distorted wave Born approximation (DWBA) method. The the-
oretical results of all the approaches are compared with both each other and experimental data,
and the similarities and differences of the results are discussed. Additionally, new potential
parameter sets for the description of the experimental data of each reaction are developed. Fi-
nally, alternative density, nuclear potential, and nucleon-nucleon interactions are proposed for
the analysis of the angular distributions of the 14N(17F, 18Ne)13C and 14N(7Be, 8B)13C proton-
transfer reactions.
K e yw o r d s: transfer reaction, density distribution, nuclear potential, nucleon-nucleon inte-
raction.

1. Introduction

Nuclear astrophysics seeks answers to fundamental
questions in nature. For example, what generates the
elements that form both body and world? How did
the Sun, stars, and the galaxy come into being?
How are they developing? Nuclear reactions are li-
able for the formation of the elements in the cosmos
[1,2]. In this way, nuclear experimental measurements
can contribute to explaining the complex theoreti-
cal models of the astrophysical systems [3]. Therefore,
theoretical analysis of nuclear reactions is of a great
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significance, as they give us the information about
both nuclear structure and reaction dynamics.

Nuclear astrophysics studies need nuclear inputs
such as charged-particle cross-sections which are very
significant and are also difficult to be measured due to
the low energies and cross-sections [4]. In this context,
transfer reactions occupy a special place for nuclear
physics and nuclear astrophysics. They can provide a
structural information to input in astrophysical sim-
ulations. Additionally, it can be evaluated as an indi-
rect method in order to obtain capture reaction rates
for stellar temperatures [5–8].

Proton-transfer reactions play a specially substan-
tial role in the definition of nuclei. The 14N(17F,
18Ne)13C and 14N(7Be, 8B)13C reactions are some
of the important proton-transfer reactions. The
14N(17F, 18Ne)13C reaction can be evaluated to
extract the asymptotic normalization coefficients
(ANC) of specific states of 18Ne which can give a
undeniable part of the rate for the 17F(p, 𝛾)18Ne re-
action [9,10]. The proton-capture reaction by the 17F
nucleus can seem in the rp-process in a novae envi-
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ronments, and is an significant phase in the hot CNO
cycle of both novae and x-ray bursts [11]. Novae are
the most joint stellar explosions in the Galaxy, and
generate some light isotopes which are hard to be fab-
ricated in other environments [12]. Additionally, the
ratio of the proton capture and decay rates of 17F are
also crucial to understanding galactic 17O, 18O and
15N [9]. It has a determinative influence on the abun-
dances of 17F, 18F and 18Ne, and defines the 17O/18O
ratio in explosive hydrogen burning [13].

The 14N(7Be, 8B)13C proton-transfer reaction is
significant to obtain the enough information about
8B which has a proton halo structure with a binding
energy of only 137 keV of its last proton. The 8B nu-
cleus, which is obtained by means of the 7Be(p,𝛾)8B
reaction in the Sun, is the source of high energy
neutrinos [14]. Azhari et al. [15] measured the ex-
perimental data of the 14N(7Be, 8B)13C transfer re-
action. They obtained the ANC for 7Be + p ⇒
⇒ 8B which is used to understand the astrophysi-
cal S factor for the 7Be(p, 𝛾)8B capture reaction at
solar energies S17(0). Moro et al. [16, 17] studied the
breakup and core coupling in the 14N(7Be, 8B)13C re-
action. They reported on an insignificant effect of the
breakup of the 8B nucleus for 14N(7Be, 8B)13C. They
also showed that the spin, excitation, and deforma-
tion of the core have a small effect for the trans-
fer reaction. However, it was seen that some impor-
tant aspects such as a density distribution (DD), the
temperature, nuclear potential, and nucleon interac-
tions were not examined simultaneously and com-
prehe]nsively, when the studies on these two impor-
tant reactions were searched in the literature. We be-
lieve that eliminating the absence in the literature will
make valuable contributions to future studies with
these reactions.

In the present study, we analyze the cross-sec-
tions of the 14N(17F, 18Ne)13C at 170 MeV and
14N(7Be, 8B)13C at 84 MeV proton-transfer reactions
for temperature-dependent (TD) and temperature-
independent (T-IND) DDs, different nuclear poten-
tials, and different nucleon-nucleon (𝑁𝑁) interac-
tions. The theoretical calculations are performed by
using the code FRESCO [18] based on the distorted
wave Born approximation (DWBA) method. The
theoretical results and the experimental data are
compared with each other, and alternative density,
nuclear potential, and 𝑁𝑁 interactions are pro-
posed. Additionally, new potential parameters for the

Fig. 1. The scheme of 14N(17F,18Ne)13C (a), 14N(7Be,
8B)13C (b)

description of the experimental data on each proton-
transfer reaction are developed.

Section 2 displays the theory of transfer reaction
channels. Sections 3 and 4 present the TD and T-IND
DDs, respectively. Sections 5 and 6 give the theory
of different nuclear potentials and 𝑁𝑁 interactions,
respectively. Section 7 shows the results and discus-
sion. Section 8 exhibits the summary and conclusions.

2. Theory of Transfer Reaction Channels

In the analysis of the 14N(17F, 18Ne)13C and
14N(7Be, 8B)13C transfer reactions, the various inter-
actions such as the entrance channel, exit channel,
core-core and binding potentials are handled. In this
way, the 14N(17F, 18Ne)13C reaction is considered; en-
trance channel (17F + 14N), exit channel (18Ne +
+ 13C), core-core (17F + 13C), and binding potentials
(p + 13C and p + 17F). The 14N target is assumed
as a composite system 14N = p + 13C (see Fig. 1, a)
in the entrance channel. Then one p is transferred to
the 17F projectile, and the composite state 18Ne =
= 17F + p occurs in the exit channel.

The 14N(7Be, 8B)13C reaction is accepted as; en-
trance channel (7Be + 14N), exit channel (8B + 13C),
core-core (7Be + 13C), binding potentials (p + 13C
and p + 7Be). 14N is assumed as the composite sys-
tem 14N = p + 13C (see Fig. 1, b) in the entrance
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channel. Then one p is transferred to the 7Be projec-
tile, and the composite state 8B = 7Be + p occurs
in the exit channel. The calculation procedures for all
the channels of both 14N(17F, 18Ne)13C and 14N(7Be,
8B)13C are described below.

2.1. Entrance Channel

We study the effect of the entrance channel on the
transfer cross-section by using different approaches,
whose entrance channel potentials are evaluated as
important inputs in the analysis of the transfer
reactions.

The entrance channel potential contains the real
and imaginary potentials. To form the real potential,
both optical model (OM) and double folding model
(DFM) are used via the codes FRESCO and DFPOT
[19] which are used widely in the analysis of various
nuclear reactions [20–26]. The real part is calculated
for TD and T-IND densities, different nuclear poten-
tials and 𝑁𝑁 interactions, as summarized in the fol-
lowing sections.

The imaginary potential for the 17F + 14N and
7Be + 14N channels is considered as the Woods–Sa-
xon (WS) volume form

𝑊 (𝑟) = − 𝑊0[︁
1 + exp

(︁
𝑟−𝑅𝑤

𝑎𝑤

)︁]︁ , (1)

where 𝑊0, 𝑅𝑤 and 𝑎𝑤 are the depth, the radius and
diffuseness parameter, respectively. Additionally, the
spin-orbit potential for the real part of the 17F + 14N
channel is assumed and written as

𝑉so(𝑟) = −
(︂

~
𝑚𝜋𝑐

)︂2
(LS)

𝑉so

𝑎so𝑟

exp
(︁
𝑟−𝑅so

𝑎so

)︁
[︁
1 + exp

(︁
𝑟−𝑅so

𝑎so

)︁]︁2 , (2)

where 𝑉so, 𝑅so and 𝑎so is the depth, radius, and
diffuseness parameters of the spin-orbit potential,
respectively.

2.2. Exit Channel

The nuclear potential of the 18Ne + 13C and 8B +
+ 13C exit channels consists of two parts: real and
imaginary ones. In this context, the real part of the
optical potential (OP) is taken in the following form:

𝑉 (𝑟) =
𝑉0[︁

1 + exp
(︁
𝑟−𝑅𝑣

𝑎𝑣

)︁]︁ . (3)

The imaginary potential has the same form with
Eq. (1).

2.3. Core-Core

The core-core potentials for 17F + 13C and 7Be +
+ 13C, which mean the interaction between cores
of nuclei, contains the real and imaginary potentials
which are in the same form with the potentials of the
exit channel.

2.4. Binding potentials

Finally, the binding potentials for the 14N(17F,
18Ne)13C and 14N(7Be, 8B)13C transfer reactions, can
be evaluated as binding potential of both entrance
and exit channels. Only the real potential is assumed
and taken as the same form with Eq. (3). The depths
are determined from the binding energies.

3. 17F and 7Be Density Distributions

In our study, we examine the effect of DDs on the
cross-sections of the 14N(17F, 18Ne)13C and 14N(7Be,
8B)13C transfer reactions. We would like to point out
that the DDs of the 17F and 7Be nuclei studied here
are T-IND DDs. In this manner, we have searched
for the appropriate DD for the 17F and 7Be nuclei in
the literature. As a result, we have found six different
densities (Gupta 1 (G1), Gupta 2 (G2), São Paulo
(SP), two parameter Fermi (2pF), Ngo-Ngo (Ngo)
and Schechter (S)) for the 17F projectile and five
different densities (Variational Monte Carlo (VMC),
Gupta 1 (G1), Gupta 2 (G2), Ngo-Ngo (Ngo), and
Schechter (S)) for the 7Be projectile. All the densi-
ties of both 17F and 7Be are summarized below. On
the other hand, the DD of the 14N target nucleus is
evaluated as

𝜌(𝑟) =
𝜌0

1 + exp
(︀
𝑟−𝑐
𝑧

)︀ , (4)

where 𝜌0, 𝑐 and 𝑧 parameters are 0.214639 fm−3,
2.20079 fm, and 0.475549 fm, respectively [27].

3.1. Gupta 1 (G1) and Gupta 2 (G2)

G1 [27, 28] and G2 [29] are formulated by

𝜌(𝑟) =

3𝐴𝑖

4𝜋𝑅3
0𝑖

(︁
1 +

𝜋2𝑎2
𝑖

𝑅2
0𝑖

)︁−1

1 + exp
(︁
𝑟−𝑅0𝑖

𝑎𝑖

)︁ , (5)
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where

𝑅0𝑖 and 𝑎𝑖 = 𝑎+ 𝑏𝐴𝑖 − 𝑐𝐴2
𝑖 + 𝑑𝐴3

𝑖 − 𝑒𝐴4
𝑖 . (6)

The 𝑅0𝑖 and 𝑎𝑖 parameters are taken from Ref. [24].

3.2. São Paulo (SP)
and Two parameter Fermi (2pF)

The SP density is described as [30]

𝜌
𝑖
(𝑟) =

𝜌0𝑖

1 + exp
(︁
𝑟−𝑅𝑖

𝑎𝑖

)︁ , (𝑖 = 𝑛, 𝑝), (7)

where

𝑅𝑛 = 1.49𝑁1/3 − 0.79, 𝑅𝑝 = 1.81𝑍1/3 − 1.12, (8)
𝑎𝑛 = 0.47 + 0.00046𝑁, 𝑎𝑝 = 0.47− 0.00083𝑍. (9)

The 𝑅𝑛(𝑝) and 𝑎𝑛(𝑝) parameters of the 2pF density
are given by [31]

𝑅𝑛 = 0.953𝑁1/3 + 0.015𝑍 + 0.774,

𝑎𝑛 = 0.446 + 0.0072

(︂
𝑁

𝑍

)︂
,

(10)

𝑅𝑝 = 1.322𝑍1/3 + 0.007𝑁 + 0.022,

𝑎𝑝 = 0.449 + 0.0071

(︂
𝑍

𝑁

)︂
.

(11)

3.3. Ngo-Ngo (Ngo)

Ngo can be formulated as [32, 33]

𝜌
𝑖
(𝑟) =

𝜌0𝑖

1 + exp
(︀
𝑟−𝐶
0.55

)︀ , (𝑖 = 𝑛, 𝑝) (12)

where
𝜌

0𝑛(0𝑝)
=

3

4𝜋

𝑁(𝑍)

𝐴

1

𝑟30𝑛(0𝑝)
, 𝐶 = 𝑅

(︂
1− 1

𝑅2

)︂
,

𝑅 =
𝑁𝑅𝑛 + 𝑍𝑅𝑝

𝐴
,

(13)

with

𝑅𝑛 = (1.1375 + 1.875× 10−4𝐴)𝐴1/3,

𝑅𝑝 = 1.128𝐴1/3.
(14)

3.4. Schechter (S)

The parameters of the S density like the 2pF density
are applied as [34]

𝜌0 = 0.151177 fm−3, 𝑅0 = 2.67413 fm,

𝑎 = 0.54 fm for 17F,
(15)

𝜌0 = 0.122762 fm−3, 𝑅0 = 1.98945 fm,

𝑎 = 0.54 fm for 7Be.
(16)

3.5. The Variational Monte Carlo (VMC)

The VMC density reported by Steven et al. [35] is
taken from Ref. [36].

4. Temperature Dependent (TD) Density

We examine temperature-dependent case of the
entrance channel of the 14N(17F, 18Ne)13C and
14N(7Be, 8B)13C reactions. We apply temperature-
dependent 2pF density [37]

𝜌𝑖(𝑟) =
𝜌0𝑖(𝑇 )[︁

1 + exp
(︁
𝑟−𝑅0𝑖(𝑇 )

𝑎𝑖(𝑇 )

)︁]︁ ,
𝜌0𝑖(𝑇 ) =

3𝐴𝑖

4𝜋𝑅3
0𝑖(𝑇 )

[︂
1 +

𝜋2𝑎2𝑖 (𝑇 )

𝑅2
0𝑖(𝑇 )

]︂−1

,

(17)

where 𝑅0𝑖(𝑇 = 0) and 𝑎𝑖(𝑇 = 0) parameters are the
same as in Eq. (6) based on the parameters of the G1
density.

To form the real potential at various temperatures,
we use TD cases of 𝑅0𝑖(𝑇 ) and 𝑎𝑖(𝑇 ) equations given
by [38]

𝑅0𝑖(𝑇 ) = 𝑅0𝑖(𝑇 = 0)[1 + 0.0005𝑇 2],

𝑎𝑖(𝑇 ) = 𝑎𝑖(𝑇 = 0)[1 + 0.01𝑇 2].
(18)

5. Proximity Potentials

Here, we research the effect on the cross-sections of
the nuclear potentials obtained by using nine vari-
ous proximity potentials for the entrance channels of
the 14N(17F, 18Ne)13C and 14N(7Be, 8B)13C proton-
transfer reactions. All the potentials are summarized
below.

5.1. Proximity 1977 (Prox 77)
and Proximity 1988 (Prox 88)

Prox 77 potential [39, 40] is written as

𝑉 Prox 77
𝑁 (𝑟)=4𝜋𝛾𝑏

𝐶1𝐶2

𝐶1+𝐶2
Φ

(︂
𝜁 =

𝑟 − 𝐶1 − 𝐶2

𝑏

)︂
MeV,

(19)

where

𝐶𝑖 = 𝑅𝑖

[︃
1−

(︂
𝑏

𝑅𝑖

)︂2
+ ...

]︃
,

𝑅𝑖 = 1.28𝐴
1/3
𝑖 − 0.76 + 0.8𝐴

−1/3
𝑖 fm (𝑖 = 1, 2).

(20)
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The surface energy coefficient, 𝛾, is assumed as

𝛾 = 𝛾0

[︃
1− 𝑘𝑠

(︂
𝑁 − 𝑍

𝑁 + 𝑍

)︂2]︃
, (21)

where 𝑁(𝑍), respectively, is total number of neu-
trons(protons), 𝛾0 = 0.9517 MeV/fm2, 𝑘𝑠 = 1.7826
for Prox 77 [41], and 𝛾0 = 1.2496 MeV/fm2, 𝑘𝑠 = 2.3
for Prox 88 [42]. The universal function Φ(𝜁) is in the
following form:

Φ(𝜁) =

=

⎧⎪⎨⎪⎩
−1

2
(𝜁 − 2.54)2 − 0.0852(𝜁 − 2.54)3, 𝜁 ≤ 1.2511,

−3.437 exp
(︂
− 𝜁

0.75

)︂
, 𝜁 ≥ 1.2511.

(22)

5.2. Broglia and Winther 1991
(BW 91) and Akyüz–Winther (AW 95)

BW 91 [42] is taken as [43]

𝑉 BW91
𝑁 (𝑟) = − 𝑉0[︀

1 + exp
(︀
𝑟−𝑅0

𝑎

)︀]︀ MeV,

𝑉0 = 16𝜋
𝑅1𝑅2

𝑅1 +𝑅2
𝛾𝑎, 𝑎 = 0.63 fm,

(23)

where

𝑅0 = 𝑅1 +𝑅2 + 0.29,

𝑅𝑖 = 1.233𝐴
1/3
𝑖 − 0.98𝐴

−1/3
𝑖 (𝑖 = 1, 2),

(24)

and 𝛾 is

𝛾 = 0.95

[︂
1− 1.8

(︂
𝑁𝑝 − 𝑍𝑝

𝐴𝑝

)︂(︂
𝑁𝑡 − 𝑍𝑡

𝐴𝑡

)︂]︂
. (25)

The difference between AW 95 and BW 91 poten-
tials [43, 44] is in the following form:

𝑎 =

[︃
1

1.17(1 + 0.53(𝐴
−1/3
1 +𝐴

−1/3
2 ))

]︃
fm,

𝑅0 = 𝑅1 +𝑅2, 𝑅𝑖 = 1.2𝐴
1/3
𝑖 − 0.09.

(26)

5.3. Bass 1973 (Bass 73), Bass 1977
(Bass 77) and Bass 1980 (Bass 80)

Bass 73 potential [45, 46] can be written as [40]

𝑉 Bass 73
𝑁 (𝑟) = − 22.95(𝐴

1/3
1 𝐴

1/3
2 )

1.07(𝐴
1/3
1 +𝐴

1/3
2 )

×

× exp

(︃
−𝑟 − 1.07(𝐴

1/3
1 +𝐴

1/3
2 )

1.35

)︃
MeV. (27)

Bass 77 potential [47] is assumed as [43]

𝑉 Bass 77
𝑁 (𝑠) = − 𝑅1𝑅2

𝑅1 +𝑅2
𝜑(𝑠 = 𝑟−𝑅1−𝑅2) MeV, (28)

where

𝑅𝑖 = 1.16𝐴
1/3
𝑖 − 1.39𝐴

−1/3
𝑖 (𝑖 = 1, 2),

𝜑(𝑠) =
[︁
0.030 exp

(︁ 𝑠

3.30

)︁
+ 0.0061 exp

(︁ 𝑠

0.65

)︁]︁−1

.
(29)

The differences between Bass 80 and Bass 77 [42,
43] are the function 𝜑(𝑠 = 𝑟 −𝑅1 −𝑅2)

𝜑(𝑠) =
[︁
0.033 exp

(︁ 𝑠

3.5

)︁
+ 0.007 exp

(︁ 𝑠

0.65

)︁]︁−1

, (30)

and

𝑅𝑖 = 𝑅𝑠

(︂
1− 0.98

𝑅2
𝑠

)︂
,

𝑅𝑠 = 1.28𝐴
1/3
𝑖 − 0.76 + 0.8𝐴

−1/3
𝑖 fm.

(31)

5.4. Christensen and Winther 1976 (CW 76)

CW 76 [48] is in the following form: [40]

𝑉 CW76
𝑁 (𝑟) = −50

𝑅1𝑅2

𝑅1 +𝑅2
𝜑(𝑠 = 𝑟 −𝑅1 −𝑅2) MeV,

(32)
where
𝑅𝑖 = 1.233𝐴

1/3
𝑖 − 0.978𝐴

−1/3
𝑖 fm (𝑖 = 1, 2),

𝜑(𝑠) = exp

(︂
−𝑟 −𝑅1 −𝑅2

0.63

)︂
.

(33)

5.5. Ngô 1980 (Ngo 80)

Ngo 80 is parameterized by [32]

𝑉 Ngo 88
𝑁 (𝑟) =

𝜉1𝜉2
𝜉1 + 𝜉2

𝜑(𝑟 − 𝜉1 − 𝜉2) MeV,

𝜉𝑖 = 𝑅𝑖

[︃
1−

(︂
𝑏

𝑅𝑖

)︂2
+ ...

]︃
,

(34)

and

𝑅𝑖 =
(1.1375 + 1.875× 10−4𝐴𝑖)𝑁𝐴

1/3
𝑖 + 1.128𝑍𝐴

1/3
𝑖

𝐴𝑖

(35)
𝜑(𝜍 = 𝑟 − 𝜉1 − 𝜉2) can be formulated as

Φ(𝜍) =

⎧⎨⎩
−33 + 5.4(𝜍 + 1.6)2, for 𝜍 < −1.6,

−33 exp

[︂
−1

5
(𝜍 + 1.6)2

]︂
for 𝜍 ≥ −1.6.

(36)
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6. Nucleon-Nucleon (𝑁𝑁) Interactions

We also investigate the impact of eleven different ef-
fective 𝑁𝑁 interactions on the cross-sections which
consist of the HS [49], Z [49], W [49], L1 [49], L2 [49],
L3 [49], TS [50], NL1 [49], NL2 [49], NL3 [51] and
NL3* [52]. As a result of this, we can discuss the sim-
ilarities and differences of various 𝑁𝑁 interactions in
the analysis of proton-transfer reactions.

The effective 𝑁𝑁 interaction is taken as the sum
of scalar and vector parts of the single meson fields
given by [53–55]

𝜈𝑁𝑁 (𝑟) =
𝑔2𝑤
4𝜋

𝑒−𝑚𝑤𝑟

𝑟
+

𝑔2𝜌
4𝜋

𝑒−𝑚𝜌𝑟

𝑟
− 𝑔2𝜎

4𝜋

𝑒−𝑚𝜎𝑟

𝑟
+

+
𝑔22
4𝜋

𝑟𝑒−2𝑚𝜎𝑟 +
𝑔23
4𝜋

𝑟
𝑒−3𝑚𝜎𝑟

𝑟
, (37)

where 𝑔𝑤, 𝑔𝜌, and 𝑔𝜎 are the coupling constants, and
𝑚𝑤,𝑚𝜌 and 𝑚𝜎 are the masses for 𝑤, 𝜌, and 𝜎 mesons,
respectively. With the addition of the single nucleon
exchange effect, the equation (37) is

𝜈𝑁𝑁 (𝑟) =
𝑔2𝑤
4𝜋

𝑒−𝑚𝑤𝑟

𝑟
+

𝑔2𝜌
4𝜋

𝑒−𝑚𝜌𝑟

𝑟
− 𝑔2𝜎

4𝜋

𝑒−𝑚𝜎𝑟

𝑟
+

+
𝑔22
4𝜋

𝑟𝑒−2𝑚𝜎𝑟 +
𝑔23
4𝜋

𝑟
𝑒−3𝑚𝜎𝑟

𝑟
+

+276

[︂
1− 0.005

𝐸Lab

𝐴𝑝

]︂
𝛿(𝑟), (38)

where 𝐸Lab and 𝐴𝑝 are the incident energy and mass
number of the projectile, respectively.

7. Results and Discussion

The calculations are carried out using the code
FRESCO based on the DWBA method. The calcula-
tions of the 14N(17F, 18Ne)13C and 14N(7Be, 8B)13C
reactions are composed of four different stages. We
have first applied as starting values of the OP pa-
rameters reported in the literature [9, 17]. Then we
have carried out the parameter search to success the
best-fit with the experimental data. In order to re-
duce ambiguity in the fitting procedure, the geomet-
rical parameters (radius and diffuseness) are usually
fixed to average values, and then the potential depths
(𝑉0, 𝑊𝑣, and 𝑉so) are adjusted to improve the fit
quality. In the folding model calculations, the renor-
malization factor (𝑁𝑟) is fixed as one, and its default
value (≈1.0) is not changed. Thus, the effect of 𝑁𝑟 on
the cross-section calculations is eliminated.

In all the calculations of the 14N(17F, 18Ne)13C re-
action, 𝑟𝑤 = 1.20 fm, 𝑎𝑤 = 0.69 fm, 𝑟so = 0.82 fm,
𝑎so = 0.35 fm for 17F + 14N channel, 𝑟𝑣 = 1.20 fm,
𝑎𝑣 = 0.60 fm, 𝑟𝑤 = 1.20 fm, 𝑎𝑤 = 0.69 fm for 18Ne +
+ 13C and 17F + 13C channels.

In all the calculations of the 14N(7Be, 8B)13C re-
action, 𝑟𝑤 = 1.20 fm, 𝑎𝑤 = 0.68 fm for 7Be + 14N
channel, 𝑟𝑣 = 1.30 fm, 𝑎𝑣 = 0.91 fm, 𝑟𝑤 = 1.36 fm,
𝑎𝑤 = 1.02 fm for 8B + 13C channel, and 𝑟𝑣 = 0.92 fm,
𝑎𝑣 = 0.79 fm, 𝑟𝑤 = 1.03 fm, 𝑎𝑤 = 0.69 fm for 7Be +
+ 13C channel.

As a result of examining a lot of densities, poten-
tials or 𝑁𝑁 interactions, it can sometimes be difficult
to compare the consistence between the results and
the data. In this context, Spatafora et al. [56] have
introduced a quality factor (qf(𝜃𝑖)) formulated by

qf(𝜃𝑖) =
1

1 +
⃒⃒⃒
ln𝜎theor(𝜃𝑖)

𝜎exp(𝜃𝑖)

⃒⃒⃒ , (39)

where 𝜎exp (𝜎theor) is the measured (theoretical) value
of the cross-sections at the 𝜃𝑖 scattering angle, respec-
tively. The qf(𝜃𝑖) can take the values between 0 and
1 corresponding to the worst and best harmonies be-
tween the theoretical and the experimental results,
respectively. Then the quality factor (QF) values can
be obtained for each examined angular distribution as
the arithmetic average of the 𝑁points measurements at
different angles using the formula given by

QF =

∑︀
𝑖 qf(𝜃𝑖)

𝑁points
. (40)

In our study, the QF values for all the proton-tran-
sfer reactions are calculated and listed in the tables.

7.1. Analysis results
of 14N(17F, 18Ne)13C reaction

In all the calculations of the 14N(17F, 18Ne)13C re-
action, the real potential of the entrance channel is
obtained by using different density, temperature, po-
tential, and 𝑁𝑁 interactions together with the spin-
orbit potential, while the imaginary part is accepted
in the WS form. The real and imaginary potentials
of the exit channel and the core-core interaction are
assumed as the WS volume potential.

We have first examined the effect of G1, G2, SP,
2pF, Ngo, and S densities of 17F. The radial changes
of the DDs are shown comparatively in Fig. 2, a. The
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a b
Fig. 2. The changes with the distance of (a) the G1, G2, SP,
2pF, Ngo and S DDs of 17F, (b) the VMC, G1, G2, Ngo and S
DDs of 7Be

Fig. 3. The cross-sections of 14N(17F, 18Ne)13C for the G1,
G2, SP, 2pF, Ngo and S densities at 170 MeV [63]

SP density is the highest in the center, and 2pF
is the lowest. However, SP has the shortest tail-
ing, and Ngo has the longest tailing. The cross-
sections of 14N(17F, 18Ne)13C proton-transfer reac-
tion at 170 MeV are calculated for the real potentials
produced by using these densities within the frame-
work of the DFM, and are demonstrated together
with the experimental data in Fig. 3. The OP pa-
rameters used in obtaining the theoretical results are
supplied in Table 1. The behaviors of SP, 2pF, and
Ngo results are close to each other, while the behav-
iors of G1 and G2 are very similar. It is observed that
the agreement of our results with the data is quite
better than the literature [57]. It can be said from
the QF values that G1, G2 and S are better than the

other densities in consistence with the data. However,
it is worth mentioning that if several calculations can
achieve comparable conformity to the available data
or agreement within the experimental error, the in-
puts of all these calculations (not only the best one)
may be regarded as reasonable. Finally, we can ex-
press that the G1, G2, and S densities can be espe-
cially used as alternative densities for the analysis of
the 14N(17F, 18Ne)13C transfer reaction.

It is generally accepted that the initial state of
any transfer reaction is at zero temperature [58]. If
a nuclear-[interaction collision between the nuclei oc-
curs, an increase in temperature can occur [59, 60].
This effect can cause a change in DDs, and the TD
densities can demonstrate differences compared to
cold nucleus densities [61]. Moreover, the literature
has not enough study to evaluate the TD effect of
transfer reactions. Therefore, to apply very unknown
TD density in the literature and to propose another
approaches in the analysis of transfer reactions can be
valuable in explaining both measured data and future
transfer studies. For this purpose, we have researched
the influence on the 14N(17F, 18Ne)13C transfer cross-
section of TD densities of projectile and target in the
entrance channel. The 2pF DD is applied for TD cases
(𝑇 = 2, 4, and 6 MeV) and the G1 DD is used for T-
IND case (𝑇 = 0 MeV), while the 17F and 14N den-
sities are calculated. The temperature value is eval-
uated around 6 MeV as the nucleus can be unstable
for much higher temperatures. The radial changes of

Table 1. The entrance, exit and core-core
potential parameters of 14N(17F, 18Ne)13C
for different density calculations
and quality factors

Depth G1 G2 SP 2pF Ngo S

17F + 14N

𝑊𝑣 ,MeV 9.10 9.10 12.8 10.30 8.30 13.4

𝑉so,MeV 4.30 4.10 1.00 1.00 1.30 1.00

18Ne + 13C

𝑉0,MeV 26.5 26.5 18.0 15.0 15.0 18.0

𝑊𝑣 ,MeV 20.0 20.0 21.0 21.0 21.0 15.0

17F + 13C

𝑉0,MeV 35.0 35.0 40.0 40.0 40.0 40.0

𝑊𝑣 ,MeV 32.6 32.6 22.6 22.6 22.6 22.6

QF 0.90 0.90 0.88 0.88 0.89 0.90
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the densities are displayed in Fig. 4, a for 17F and in
Fig. 4, b for 14N. The 17F and 14N densities change
with varying the temperature. As a result, the cen-
tral densities decrease with increasing the tempera-
ture, whereas the tailing of densities increase with the
temperature. Then we have got the transfer cross-sec-
tions for the densities acquired at 𝑇 = 0, 2, 4, and
6 MeV. We have compared our results with the data
in Fig. 5, and have listed the OP values for all the
channels of the transfer reaction in Table 2. While ob-
taining the potential parameters, the values providing
good harmony results with the data at 𝑇 = 0 MeV are
first searched. For 𝑇 = 2, 4, and 6 MeV calculations,
we have used, without changing, the potential param-
eters applied at 𝑇 = 0 MeV. The aim is to evaluate
only the TD effect without changing any potential pa-
rameter. In this context, we have observed that the
results are different from each other according to tem-
perature values. This variation is particularly evident
in the results obtained for the TD densities of both
17F and 14N nuclei. As a consequence, we can deduce
that the temperature changes the cross-section of the
14N(17F, 18Ne)13C reaction.

As far as we know, there is not enough study in
the literature to evaluate the proximity type poten-
tials in the transfer analysis. Therefore, it would be
meaningful to apply various potentials for the analy-
sis of some proton-transfer reactions. In this manner,
we have examined the impress on the cross-section of
the 14N(17F, 18Ne)13C transfer reaction of nine differ-
ent proximity-type potentials consisting of Prox 77,
Prox 88, AW 95, Bass 73, Bass 77, Bass 80, BW 91,
CW 76, and Ngo 80 which their changes according
to distance are displayed in Fig. 6. Then the proton-
transfer cross-sections, by using these potentials, are
calculated for the OP parameters listed in Table 3,
and are compared with the data in Fig. 7. The be-
haviors of the cross-section results based on the prox-
imity potentials have shown similarities and differ-
ences for different angles. However, we have realized
from the QF values that the Prox 77 and Bass 77
results are slightly better than the other potential
results in agreement with the data. In addition, we
can see that the theoretical results depend on the
choice of the potentials investigated. We can state
that the potentials can give different results with
each other according to their shapes, and the agree-
ment with the experimental data can increase or
decrease [62].

a b c
Fig. 4. The changes with the distance of the TD densities for
𝑇 = 0, 2, 4, and 6 MeV of 17F (a), 14N (b), 7Be (c)

Fig. 5. The cross-sections of 14N(17F, 18Ne)13C together with
the data [63] for the TD densities of 17F (a), 14N (b), both 17F
and 14N (c)

Table 2. The entrance, exit and core-core
potential parameters of 14N(17F, 18Ne)13C
for TD density calculations

Channel 𝑉0, MeV 𝑊𝑣 , MeV 𝑉so, MeV

17F +14N – 20.0 1.0
18Ne +13C 18.0 15.0 –
17F + 13C 40.0 22.6 –
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Fig. 6. Distance-dependent changes of Prox 77, Prox 88, AW
95, Bass 73, Bass 77, Bass 80, BW 91, CW 76, and Ngo 80 for
14N(17F, 18Ne)13C and 14N(7Be, 8B)13C

Fig. 7. The cross-sections of 14N(17F, 18Ne)13C for Prox 77,
Prox 88, AW 95, Bass 73, Bass 77, Bass 80, BW 91, CW 76,
and Ngo 80 together with the data [63]

Finally, we have examined the impact of 𝑁𝑁 in-
teractions on the transfer cross-section of HS, Z, W,
L1, L2, L3, TS, NL1, NL2, NL3 and NL3*. The real
potentials of the entrance channel are produced by
using these 𝑁𝑁 interactions and the G1 density for
the 17F and 14N nuclei, and the radial changes of all
the 𝑁𝑁 interactions are shown in Fig. 8, a. It is expe-
rienced that the shallowest potential is for NL2, and
the deepest potential is for L2. Then, the transfer re-
sults together with the data are displayed in Fig. 9,
and the OP parameters are given in Table 4. The re-
sults with different 𝑁𝑁 interaction show similarities
and differences. The QF values indicate that the Z,

a b
Fig. 8. Distance-dependent changes of the HS, Z, W, L1,
L2, L3, TS, NL1, NL2, NL3 and NL3* interactions for (a)
14N(17F, 18Ne)13C, (b) 14N(7Be, 8B)13C

NL1, NL2, NL3, and NL3* results are generally far
from describing the experimental data. Moreover, we
have realized that the HS, L2, and TS results are bet-
ter than the other 𝑁𝑁 results in agreement with the
data.

7.2. Analysis results
of 14N(7Be, 8B)13C reaction

For all the theoretical calculations of the 14N(17F,
18Ne)13C reaction, the real part of the entrance chan-
nel is produced by using different densities, temper-
atures, potentials, and 𝑁𝑁 interactions, while the

Table 3. The entrance, exit and core-core
potential parameters of 14N(17F, 18Ne)13C
for different nuclear potential calculations
and quality factors

Depth Prox Prox AW Bass Bass Bass BW CW Ngo
77 88 95 73 77 80 91 76 80

17F + 14N

𝑊𝑣 ,MeV 8.60 10.6 6.60 4.60 12.6 9.30 12.3 10.3 17.3

𝑉so,MeV 1.00 1.70 4.10 1.70 1.00 1.00 2.00 2.00 2.00

18Ne + 13C

𝑉0,MeV 38.2 32.0 25.0 15.0 25.0 25.0 20.0 20.0 20.0

𝑊𝑣 ,MeV 19.1 19.1 23.0 22.0 22.0 22.0 21.0 17.0 21.0

17F + 13C

𝑉0,MeV 40.2 40.0 40.0 40.0 40.0 40.0 40.0 40.0 40.0

𝑊𝑣 ,MeV 23.6 23.6 23.6 22.6 22.6 22.6 22.6 42.6 22.6

QF 0.91 0.90 0.89 0.90 0.91 0.89 0.90 0.88 0.87
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imaginary part is taken as WS. Both real and imag-
inary parts of the exit channel and the core-core in-
teraction are assumed as the WS volume potential.

In the first stage, the effects of VMC, G1, G2, Ngo,
and S densities of the 7Be projectile whose radial
changes are presented in Fig. 2, b on the entrance
channel are investigated. The G1 density has the
shortest tailing, and the VMC proton density has
the longest tailing. Then the reaction cross-sections
of 14N(7Be, 8B)13C at 84 MeV’ where the real poten-
tials are achieved for the analyzed densities’ by using
the DFM, are shown together with the data in Fig. 10,

Table 4. The entrance, exit and core-core
potential parameters of 14N(17F, 18Ne)13C
for different 𝑁𝑁 interaction calculations
and quality factors

Depth HS Z W L1 L2 L3 TS NL1 NL2 NL3 NL3*

17F + 14N

𝑊𝑣 ,MeV 9.60 30.0 6.60 4.60 5.60 5.60 7.00 27.0 37.0 39.0 39.0

𝑉so,MeV 1.10 4.10 3.10 3.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10

18Ne + 13C

𝑉0,MeV 22.0 32.0 22.0 12.0 12.0 10.0 22.0 40.0 40.0 42.0 42.0

𝑊𝑣 ,MeV 25.0 16.0 25.0 25.0 13.0 11.0 25.0 11.0 11.0 7.00 7.00

17F + 13C

𝑉0,MeV 40.0 20.0 40.0 40.0 40.0 60.0 50.0 20.0 30.0 20.0 20.0

𝑊𝑣 ,MeV 23.6 23.6 23.6 23.6 21.6 18.6 23.6 18.6 18.6 33.6 50.0

QF 0.89 0.84 0.88 0.87 0.89 0.88 0.89 0.73 0.83 0.83 0.83

Table 5. The entrance, exit and core-core
potential parameters of 14N(7Be, 8B)13C
for different density calculations
and quality factors

Depth VMC G1 G2 Ngo S

7Be + 14N

𝑊𝑣 ,MeV 7.60 10.0 10.0 8.30 8.30

8B + 13C

𝑉0,MeV 51.2 51.2 51.2 51.2 51.2

𝑊𝑣 ,MeV 28.3 28.3 28.3 28.3 28.3

7Be + 13C

𝑉0,MeV 47.0 47.0 47.0 47.0 47.0

𝑊𝑣 ,MeV 41.9 41.9 41.9 41.9 41.9

QF 0.76 0.78 0.78 0.77 0.77

Fig. 9. The cross-sections of 14N(17F, 18Ne)13C for the HS,
Z, W, L1, L2, L3, TS, NL1, NL2, NL3 and NL3* interactions
together with the data [63]

Fig. 10. The cross-sections of 14N(7Be, 8B)13C for the VMC,
G1, G2, Ngo, and S densities at 84 MeV [63]

and the OP parameters are listed in Table 5. The Ngo
and S results are very similar to each other, while the
G1 and G2 results are almost the same. Moreover,
the results with the G1 and G2 densities are slightly
better than the other density results in agreement
with the data based on the QF values. Thus, we can
conclude that the G1 and G2 densities can be espe-
cially used as alternative DDs for the analysis of the
14N(7Be, 8B)13C transfer reaction.

We have researched the influence on the reaction
cross-section of TD densities of both projectile and
target in the entrance channel. The TD (𝑇 = 2, 4
and 6 MeV) and T-IND (𝑇 = 0 MeV) densities are
calculated, and the radial changes of the densities
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Fig. 11. The cross-sections of 14N(7Be, 8B)13C together with
the data [63] for the TD densities of 7Be (a), 14N (b), both 7Be
and 14N nuclei (c)

Fig. 12. The cross-sections of 14N(7Be, 8B)13C for Prox 77,
Prox 88, AW 95, Bass 73, Bass 77, Bass 80, BW 91, CW 76,
and Ngo 80 together with the data [63]

are presented in Fig. 4, b for 14N and in Fig. 4, c
for 7Be. The G1 DD is used for T-IND case of the
7Be and 14N nuclei. In this context, the densities
in the center decrease with increasing the temper-
ature, r.e., whereas the tailing of densities increase
with increasing the temperature. Then we have ob-
tained the transfer cross-section results for the den-

sities produced at 𝑇 = 0, 2, 4, and 6 MeV, and
have compared the theoretical results and the data
in Fig. 11. The potential sets for each channel are
also presented in table 6. While finding the OP pa-
rameters, the method applied in the analysis of the
14N(17F, 18Ne)13C reaction is followed. The results
from 𝑇 = 2 MeV to 𝑇 = 6 MeV are different
from each other, but this difference is not high. As
a consequence, it can be deduced that the temper-
ature changes the cross-section somewhat. It is ev-
ident from the results that the effect of the tem-
perature on the DD changes much less the cross-
sections of the 14N(7Be, 8B)13C reaction compared to
the 14N(17F, 18Ne)13C reaction. As a reason for this,
we think that the differences in the TD analysis may
be due to the differences in the number of nucleons of
the nuclei. In other words, the presence of more nu-
cleons in the nucleus would generate a greater tem-
perature effect on the DD, and, thusly there would
be differences between the results.

The determination of potential parameters for the
analysis of transfer reactions is difficult. If the num-
ber of free parameters of the applied potentials in
the theoretical calculations increases, the analysis be-
comes more difficult. In other words, it is very signif-
icant to determine a suitable potential that explains
the nuclear reaction. Thus, revealing the alternative
nuclear potentials is very useful to determine trans-
fer reactions. For this purpose, the impression on the
proton-transfer cross-section of the Prox 77, Prox 88,
AW 95, Bass 73, Bass 77, Bass 80, BW 91, CW 76,
and Ngo 80 is examined, and variation with distance
of the potentials is shown in Fig. 6. From this point
of view, the transfer cross-sections are calculated by
using the OP parameters given in Table 7, and the
results with the data are compared in Fig. 12. The
behaviors of the results based on the proximity po-
tentials show similarities and differences. In addition
to this, it is found that the potential results have

Table 6. The entrance, exit, and core-core
potential parameters of 14N(7Be, 8B)13C
for TD density calculations

Channel 𝑉0, MeV 𝑊𝑣 , MeV

7Be + 14N – 10.0
8B + 13C 51.2 28.3
7Be + 13C 47.0 41.9
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approximately similar success over the average in de-
scribing the experimental data.

Lastly, the effect of HS, Z, W, L1, L2, L3, TS,
NL1, NL2, NL3, and NL3* 𝑁𝑁 interactions on the
transfer cross-section is determined. For this, the real
potential of the entrance channel of 14N(7Be, 8B)13C
is calculated by using these 𝑁𝑁 interactions whose
radial changes are showed in Fig. 8, b. The shallow-
est potential is for NL2, and the deepest potential is
for L2. Then the calculated transfer cross-sections are
displayed in Fig. 13, and the OP parameters of all the

Table 7. The entrance, exit and core-core
potential parameters of 14N(7Be, 8B)13C
for different nuclear potential calculations
and quality factors

Depth Prox Prox AW Bass Bass Bass BW CW Ngo
77 88 95 73 77 80 91 76 80

7Be + 14N

𝑊𝑣 ,MeV 9.00 9.00 10.0 10.0 27.0 20.0 21.0 19.0 26.0

8B + 13C

𝑉0,MeV 55.2 51.2 51.2 11.2 47.2 55.2 55.2 55.2 55.2

𝑊𝑣 ,MeV 27.3 28.3 28.3 22.3 24.3 22.3 22.3 22.3 22.3

7Be + 13C

𝑉0,MeV 50.0 47.0 47.0 27.0 57.0 37.0 27.0 27.0 27.0

𝑊𝑣 ,MeV 36.9 41.9 41.9 31.9 51.9 31.9 31.9 31.9 31.9

QF 0.78 0.78 0.77 0.78 0.78 0.77 0.77 0.77 0.78

Table 8. The entrance, exit and core-core
potential parameters of 14N(7Be, 8B)13C
for different 𝑁𝑁 interaction calculations
and quality factors

Depth HS Z W L1 L2 L3 TS NL1 NL2 NL3 NL3*

7Be + 14N

𝑊𝑣 ,MeV 8.00 36.0 36.0 8.00 8.00 8.00 34.0 48.0 37.0 37.0 36.0

8B + 13C

𝑉0,MeV 70.2 54.5 45.0 57.2 53.0 41.0 48.0 51.0 51.0 53.0 53.0

𝑊𝑣 ,MeV 28.3 21.0 21.0 28.3 28.3 28.3 21.0 22.0 21.5 21.0 21.0

7Be + 13C

𝑉0,MeV 53.0 48.0 48.0 53.0 53.0 54.0 48.0 54.0 50.0 48.0 48.0

𝑊𝑣 ,MeV 41.9 39.9 39.9 41.9 41.9 39.9 39.9 39.9 39.9 39.9 39.9

QF 0.80 0.78 0.78 0.77 0.77 0.77 0.77 0.73 0.77 0.77 0.77

Fig. 13. The cross-sections of 14N(7Be, 8B)13C for the HS,
Z, W, L1, L2, L3, TS, NL1, NL2, NL3, and NL3* interactions
together with the data [63]

𝑁𝑁 interactions are provided in Table 8. The behav-
iors of the results with the Z-W, and L1-L2-L3, and
NL3-NL3* interactions are similar among themselves,
and the NL1 result is generally far from describing the
data. The 𝑁𝑁 interaction results except for HS have
approximately similar success over the average in de-
scribing the data. Additionally, it can be said from
the QF values that the result with the HS interac-
tion is better than the other 𝑁𝑁 interaction results
in agreement with the data.

8. Summary and Conclusions

In the present study, we have focused on a comprehen-
sive review of the 14N(17F, 18Ne)13C at 170 MeV and
14N(7Be, 8B)13C at 84 MeV proton-transfer reactions
by using different DDs, temperature cases, nuclear
potentials, and 𝑁𝑁 interactions. We have calculated
the reaction cross-sections within the code FRESCO
based on the DWBA method.

We have proposed alternative DDs which can be
used in the theoretical analysis of each transfer reac-
tion. In this respect, the G1, G2, and S densities for
14N(17F, 18Ne)13C and the G1 and G2 densities for
14N(7Be, 8B)13C can be especially applied as alterna-
tive densities. It should also be noted that G1 and
G2 are common densities for both reactions. There-
fore, it can be stated that G1 and G2 densities would
be very useful for the analysis of the transfer reactions
examined in this study.
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Then we have observed that the TD density has
changed the transfer cross-section in both reactions.
In addition, it has been realized that the TD den-
sity changes more the 14N(17F, 18Ne)13C cross-section
compared to the 14N(7Be, 8B)13C reaction. We think
that the reason for this may be the differences in the
number of nucleons in the 17F and 7Be nuclei.

We have also examined different nuclear potentials
in analyzing the transfer reactions, and have provided
alternative potentials. Moreover, it has been seen
that the Prox 77 and Bass 77 results are slightly bet-
ter than the other potential results in agreement with
the data for the 14N(17F, 18Ne)13C reaction while the
potential results analyzed for 14N(17F, 18Ne)13C have
approximately similar success over the average in de-
scribing the experimental data.

Finally, we have researched the effect of various
𝑁𝑁 interactions in explaining the transfer cross-
section, and have presented alternative 𝑁𝑁 interac-
tions to the M3Y interaction for the theoretical analy-
sis of each proton-transfer reaction analyzed with this
study. In this manner, it can be said that the HS, L2,
and TS interactions for 14N(17F, 18Ne)13C and the
HS interaction for the 14N(7Be, 8B)13C reaction can
be especially evaluated as alternative 𝑁𝑁 interac-
tions. Additionally, it can be seen that the HS interac-
tion is common interaction for both reactions. Thus,
the conclusion can be drawn that the HS interaction
would be beneficial for the analysis of the proton-
transfer reactions examined in this study.

Consequently, we believe that it would be inter-
esting and useful to experience these approaches to
another transfer reactions.

The authors are very grateful to the Scien-
tific and Technological Research Council of Türkiye
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М.Айгун, З.Айгун, Н.Караалi

ПОВНИЙ АНАЛIЗ РЕАКЦIЙ 14N(17F, 18Ne)13C
ТА 14N(7Be, 8B)13C З ПЕРЕДАЧЕЮ ПРОТОНА,
ЯКI ЗАЛЕЖАТЬ ВIД ТЕМПЕРАТУРИ, РОЗПОДIЛУ
ГУСТИНИ, ЯДЕРНОГО ПОТЕНЦIАЛУ
I ВЗАЄМОДIЇ МIЖ НУКЛОНАМИ

Дослiджено кутовi розподiли реакцiй 14N(17F, 18Ne)13C
при 170 МеВ та 14N(7Be, 8B)13C при 84 МеВ з передачею
протона, якi залежать вiд розподiлiв густини, температури,
ядерних потенцiалiв i взаємодiї нуклонiв. Розрахунки ви-
конано кодом FRESCO у наближеннi деформованих хвиль
Борна. Отриманi результати порiвнюються з iншими теоре-
тичними роботами i з експериментальними даними.

Ключ о в i с л о в а: реакцiя з передачею частинки, розподiл
густини, ядерний потенцiал, нуклон-нуклонна взаємодiя.
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