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A comprehensive analysis of26Mg(3H,2H)27Mg reaction at 36 MeV
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The angular distribution of the26Mg(3H,2H)27Mg reaction at 36 MeV incident energy is reanalyzed by using the distorted wave Born
approximation (DWBA) method. Four forms of the optical model potentials such as temperature dependent and temperature indepen-
dent density distributions, different nuclear potentials, and different nucleon-nucleon interactions are used to determine the effect on the
26Mg(3H,2H)27Mg transfer reaction of the entrance channel. These analyses display the similarities and differences of all the approaches
which are discussed in this work, and provide alternative density, nuclear potential and nucleon-nucleon interactions.
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1. Introduction

In a transfer reaction one or more nucleons are transferred
from a projectile nucleus to a target one. Transfer reac-
tions play an important role in understanding the natural
magnesium (Mg) which has three isotopes with mass num-
bers 24, 25 and 26. Over the past years, deuterium-induced
transfer reactions such as24Mg(d,p)25Mg, 25Mg(d,p)26Mg
and 26Mg(d,p)27Mg have been investigated and informa-
tion about 25Mg, 26Mg and 27Mg nuclei have been ob-
tained. Later, tritium-induced transfer reactions such
as 24Mg(t,p)26Mg, 27Al(t,α)26Mg, 25Mg(t,p)27Mg and
26Mg(t,p)28Mg have been carried out to provide further in-
formation about the Mg isotopes [1–6].

In the past, the angular distribution of26Mg(3H,2H)27Mg
transfer reaction was measured at 36 MeV [7]. K. I. Pearce
et al. [7] analyzed the experimental data by using the dis-
torted wave Born approximation (DWBA) method. Then, Al-
Farra [8] examined the experimental data for Woods-Saxon,
parity and spin-orbit interactions of the optical model based
on the DWBA method. From the findings obtained, it can be
seen that the results of the cross-sections should be improved.
Additionally, to our knowledge few theoretical studies about
the26Mg(3H,2H)27Mg transfer reaction are available in liter-
ature. In this context, we believe that a comprehensive anal-
ysis of the26Mg(3H,2H)27Mg transfer reaction by using dif-
ferent approaches will provide important information on the-
oretical and experimental studies which will take place in the
future.

In this study, we have investigated the angular distribu-
tion of the 26Mg(3H,2H)27Mg transfer reaction at 36 MeV
incident energy by using the DWBA method. For this, we
have first calculated the angular distributions for five differ-
ent density distributions of the3H projectile. Then, we have
obtained the transfer cross-section for temperature dependent
density of the26Mg target nucleus. We have also calculated
the transfer cross-section for nine different proximity poten-
tials in the entrance channel. Finally, we have obtained the

transfer reaction cross-section for eleven different nucleon-
nucleon (NN ) interactions. We have compared the theoreti-
cal results with the experimental data, and have proposed al-
ternative density, nuclear potential andNN interactions for
the analysis of the26Mg(3H,2H)27Mg transfer reaction.

Section 2 introduces the theory of transfer reaction chan-
nels. Section 3 and 4 present the temperature indepen-
dent and temperature dependent density distributions, respec-
tively. Section 5 and 6 give the theory of different nuclear
potentials and differentNN interactions, respectively. Sec-
tion 7 shows the results and discussion. Section 8 exhibits the
summary and conclusions.

2. Theory of transfer reaction channels

For the theoretical analysis of the26Mg(3H,2H)27Mg transfer
reaction, various nucleus-nucleus and nucleon-nucleus inter-
actions should be considered; entrance channel (3H + 26Mg),
exit channel (2H + 27Mg), core-core (2H + 26Mg), binding
potentials (n +2H and n +26Mg). The 3H projectile is as-
sumed as the composite system3H = n + 2H (see Fig. 1) in
the entrance channel. Then, one n is transferred to the26Mg
target, and thus it leads to the composite target-like fragment
27Mg = 26Mg + n in the exit channel. Generally, it can be
said that the interaction potentials for the entrance and exit
channels of transfer reactions are different [9]. As a result of

FIGURE 1. The scheme of the26Mg(3H,2H)27Mg transfer reac-
tion.
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this, knowledge of interaction potentials is needed for the par-
titions. The calculation procedure associated with these po-
tentials is described below.

2.1. Entrance channel (3H + 26Mg)

The potentials applied for the entrance channel, which are a
dominant cause of theoretical uncertainty in the analysis of
the transfer reactions, play a significant role. For this, we ex-
amine the effect of the entrance channel on the transfer cross-
section by using different approaches.

The nuclear potential of the entrance channel consists of
the real and the imaginary potentials. To obtain the real po-
tential, both the optical model and the double folding model
are used via the FRESCO [10] and DFPOT codes [11] which
are used extensively in the analysis of various nuclear reac-
tions [12–20]. Thus, the real part is calculated for temper-
ature dependent and temperature independent density distri-
butions, different nuclear potentials and different NN interac-
tions, which all of these interactions are summarized below.
The imaginary potential is in the Woods-Saxon volume form:

W (r) = −W0

[
1 + exp

(
r −Rw

aw

)]−1

, (1)

whereW0 is the depth,Rw is the radius, andaw is diffuseness
parameter. Additionally, the spin-orbit potential for the real
part is assumed and written as

Vso(r) = −
(
~

mπc

)2 (−→
L • −→S

)

× Vso

asor

exp
(

r−Rso

aso

)

[
1 + exp( r−Rso

aso
)
]2 , (2)

whereVso, Rso andaso are the depth, radius, and diffuseness
parameters of the spin-orbit potential, respectively.

2.2. Exit channel (2H + 27Mg)

The nuclear potential of the exit channel is thought as the real,
the imaginary and the spin-orbit potentials. The real part of
the optical potential is written as

V (r) = V0

[
1 + exp

(
r −Rv

av

)]−1

. (3)

Additionally, the spin-orbit potential for the real part is
expressed as the one of the entrance channel in Eq. (2). The
imaginary potential is the sum of the imaginary volume (the
Woods-Saxon potential) and the imaginary surface (the sur-
face absorption form). The imaginary volume potential is
represented by Eq. (1), and the imaginary surface potential is
given as follows:

WD(r) = −4aDWD
d

dr

[
1 + exp

(
r −RD

aD

)]−1

, (4)

whereWD is the depth,RD is the radius, andaD is diffuse-
ness parameter of imaginary surface potential.

2.3. Core-Core (2H + 26Mg)

The core-core potential, which means the interaction between
core and core nuclei, contains the real, the imaginary and the
spin-orbit potentials. As a result, the nuclear potential is the
same form with the potentials of the exit channel.

2.4. Binding potentials

Finally, the binding potential for the26Mg(3H,2H)27Mg
transfer reaction is composed by two parts, one for the en-
trance and one for the exit channels. The binding potential for
the entrance potential is n +2H, and the binding potential for
exit channel is n +26Mg. Only the real potential is assumed
and taken as the same form with Eq. (3) with Woods-Saxon
potential having standard geometry parametersr0 = 1.25 fm
anda = 0.65 fm. Its depth is determined from the binding
energies.

3. 3H density distributions

In our study, five different density distributions of the3H
projectile have been examined, and are summarized below.
However, the density distribution of the26Mg target nucleus
is evaluated as

ρ(r) =
ρ0

1 + exp( r−c
z )

, (5)

whereρ0, c andz parameters are 0.1695 fm−3, 3.05 fm and
0.523 fm, respectively [21].

3.1. The variational Monte Carlo (VMC)

Stevenet al.[22] reported the3H density which was obtained
from the Variational Monte Carlo (VMC) calculations using
the Argonne v18 (AV18) two-nucleon and Urbana X three-
nucleon potentials (AV18+UX). The VMC density is taken
from Ref. [23].

3.2. Gauss 1 (G1)

The G1 density is given by

ρ(r) = ρ0 exp(−r2/α2), (6)

where ρ0 and α values are 0.224389 fm−3 and 0.557704
fm [24], respectively.

3.3. Gauss 2 (G2)

The G2 density can be written as

ρ(r) = ρ0 exp(−r2/α2), (7)

where ρ0 and α values are 0.181828 fm−3 and 0.484741
fm [25], respectively.
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3.4. Ngo-Ngo (Ngo)

The Ngo density can be formulated as [26,27]

ρ
i
(r) =

ρ0i

1 + exp
(

r−C
0.55

) , (i = n, p), (8)

where

ρ0n(0p) =
3
4π

N(Z)
A

1
r3
0n(0p)

, C = R

(
1− 1

R2

)
,

R =
NRn + ZRp

A
, (9)

with

Rn = (1.1375 + 1.875× 10−4A)A1/3,

Rp = 1.128A1/3. (10)

In the calculations,ρ0n(0p) are 0.107975(0.0554451)
fm−3, andC are 1.02548 fm.

3.5. Schechter (S)

The parameters of the S density with the two parameter Fermi
(2pF) shape can be taken as [28]

ρ0 = 0.0930316 fm−3,

R0 = 1.49994 fm, a = 0.54 fm. (11)

4. The form of temperature dependent density

We examine temperature dependent case of the entrance
channel of the26Mg(3H,2H)27Mg reaction. We apply the
2pF density distribution for different temperatures as given
below [29]

ρi(r) =
ρ0i(T )[

1 + exp
(

r−R0i(T )
ai(T )

)] , (12)

where the central density,ρ0i, is written as

ρ0i(T ) =
3Ai

4πR3
0i(T )

[
1 +

π2a2
i (T )

R2
0i(T )

]−1

, (13)

the half-density radius,R0i(T = 0), is given by

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

+ 7.71458× 10−6A3
i − 1.62164× 10−8A4

i , (14)

and the surface thickness parameter,ai(T = 0), is parame-
terized as

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

+ 1.46388× 10−6A3
i − 3.24263× 10−9A4

i . (15)

To form the real part of the nuclear potential for different
temperatures, we use temperature dependent cases ofR0i(T )
andai(T ) parameters given by [30]

R0i(T ) = R0i(T = 0)[1 + 0.0005T 2], (16)

ai(T ) = ai(T = 0)[1 + 0.01T 2]. (17)

5. The form of proximity potentials

The nuclear potential used in the explanation of a nuclear in-
teraction has a very important place. Proximity model, which
is established by J. Blockiet al.[31], is one of the most effec-
tive models in explaining the nuclear interactions. It includes
a geometric factor and a universal function. Various proxim-
ity potentials which can change with the parameters such as
the radius parameter, surface energy coefficient and univer-
sal function can be obtained from the literature [32–36]. As
a result of these, we are looking for alternative nuclear po-
tential(s) for the analysis of the26Mg(3H,2H)27Mg transfer
reaction.

5.1. Proximity 1977 (Prox 77)

Prox 77 potential [31,37] is written as

V Prox77
N (r) = 4πγbRΦ

(
ζ =

r − C1 − C2

b

)
MeV, (18)

where

R =
C1C2

C1 + C2
, Ci = Ri

(
1−

[
b

Ri

]2

+ ...

)
. (19)

The effective radius,Ri, is given by

Ri = 1.28A
1/3
i − 0.76 + 0.8A

−1/3
i fm (i = 1, 2). (20)

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, and ks=1.7826 [38].
The universal functionΦ(ζ) is in the following form

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.

(22)

5.2. Proximity 1988 (Prox 88)

γ0 and ks values of Prox 88 potential are taken as
1.2496 MeV/fm2 and 2.3, respectively [39]. The other pa-
rameters of Prox 88 are the same as Prox 77.
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5.3. Broglia and Winther 1991 (BW 91)

BW 91 potential [39] is assumed as [40]

V BW 91
N (r) = − V0[

1 + exp
(

r−R0
a

)]MeV, (23)

where

V0 = 16π
R1R2

R1 + R2
γa, a = 0.63 fm, (24)

and

R0 = R1 + R2 + 0.29,

Ri = 1.233A
1/3
i − 0.98A

−1/3
i (i = 1, 2), (25)

with γ is

γ = γ0

(
1− ks

[
Np − Zp

Ap

](
Nt − Zt

At

])
. (26)

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

5.4. Akyüz-Winther (AW 95)

The only difference between AW 95 and BW 91 potentials
[40,41] is

a =

(
1

1.17(1 + 0.53(A−1/3
1 + A

−1/3
2 ))

)
fm, (27)

and

R0 = R1 + R2, Ri = 1.2A
1/3
i − 0.09 (i = 1, 2). (28)

5.5. Bass 1973 (Bass 73)

Bass 73 potential [42,43] can be written as [37]

V Bass73
N (r) = −dasA

1/3
1 A

1/3
2

R12

× exp
(
−r −R12

d

)
MeV, (29)

where

R12 = 1.07
(
A

1/3
1 + A

1/3
2

)
, d = 1.35 fm,

and as = 17 MeV. (30)

5.6. Bass 1977 (Bass 77)

Bass 77 potential [44] is assumed as [40]

V Bass 77
N (s) = − R1R2

R1 + R2

× φ(s = r −R1 −R2) MeV, (31)

where

Ri = 1.16A
1/3
i − 1.39A

−1/3
i (i = 1, 2), (32)

φ(s) =
(

A exp
[

s

d1

]
+ B exp

[
s

d2

])−1

, (33)

with A = 0.030 MeV−1 fm, B = 0.0061 MeV−1 fm,
d1 = 3.30 fm, andd2 = 0.65 fm.

5.7. Bass 1980 (Bass 80)

The only difference between Bass 80 and Bass 77 poten-
tials is the functionφ(s = r − R1 − R2), and can be given
by [39,40]

φ(s) =
(
0.033 exp

[ s

3.5

]
+ 0.007 exp

[ s

0.65

])−1

, (34)

and

Ri = Rs

(
1− 0.98

R2
s

)
,

Rs = 1.28A
1/3
i − 0.76 + 0.8A

−1/3
i fm (i = 1, 2). (35)

5.8. Christensen and Winther 1976 (CW 76)

CW 76 potential [45] can be exhibited by [37]

V CW 76
N (r) = −50

R1R2

R1 + R2

× φ(s = r −R1 −R2) MeV, (36)

where

Ri = 1.233A
1/3
i − 0.978A

−1/3
i fm (i = 1, 2), (37)

φ(s) = exp

(
−r −R1 −R2

0.63

)
. (38)

5.9. Nĝo 1980 (Ngo 80)

Ngo 80 potential can be parameterized by [26]

V Ngo 88
N (r) = Rφ(r − ξ1 − ξ2) MeV, (39)

R =
ξ1ξ2

ξ1 + ξ2
,

ξi = Ri

(
1−

[
b

Ri

]2

+ ...

)
, (40)

Ri =
NRni + ZRpi

Ai
(i = 1, 2), (41)

Rpi = r0piA
1/3
i , Rni = r0niA

1/3
i , (42)

r0pi = 1.128 fm,

r0ni = 1.1375 + 1.875x10−4Ai fm. (43)
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The universal functionφ(ς = r − ξ1 − ξ2) (in MeV/fm)
is written as

Φ(ς) =





−33 + 5.4(ς − ς0)2, for ς < ς0

−33 exp[− 1
5 (ς − ς0)2] for ς ≥ ς0

ς0 = −1.6 fm

. (44)

6. The form of microscopicNN interactions

The double folding model is a very effective model in obtain-
ing the real part of the nuclear potential. It requests theNN
interaction and density distributions of projectile and target
nuclei. Therefore, the optimalNN interaction should be de-
termined for the analyzed system. In this context, we exam-
ine the effect on the cross-section of the26Mg(3H,2H)27Mg
transfer reaction of eleven differentNN interactions 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 similarities and differ-
ences of variousNN interactions examined in our study.

The effectiveNN interaction can be formulated as the
sum of scalar and vector parts of the single meson fields given
by [46–48]

νNN (r) =
g2

w

4π

e−mwr

r
+

g2
ρ

4π

e−mρr

r
− g2

σ

4π

e−mσr

r

+
g2
2

4π
re−2mσr +

g2
3

4π
r
e−3mσr

r
, (45)

wheregw, gρ andgσ are the coupling constants, andmw, mρ

andmσ are the masses forw, ρ andσ mesons, respectively.
If the single nucleon exchange effect is added, the equation
(45) becomes

νNN (r) =
g2

w

4π

e−mwr

r
+

g2
ρ

4π

e−mρr

r
− g2

σ

4π

e−mσr

r

+
g2
2

4π
re−2mσr+

g2
3

4π
r
e−3mσr

r
+J00(E)δ(r). (46)

The exchange term is written as

J00(E) = −276
(

1− 0.005
ELab

Ap

)
MeV fm3, (47)

whereELab andAp are the incident energy and mass number
of the projectile, respectively. The parameters of all theNN
interactions are listed in Table I.

7. Results and discussion

The theoretical calculations of the transfer cross-section of
26Mg(3H,2H)27Mg reaction at 36 MeV consist of four dif-
ferent stages. We have first used the parameters reported in
Ref. [7] as starting values of the optical potential parame-
ters of the entrance channel. The optical potential parameters
for the exit channel and core-core channel come from global
deuteron potentials [53]. Then, we have performed the pa-

FIGURE 2. The changes with the distance of VMC, G1, G2, Ngo
and S density distributions in logarithmic scale.

TABLE I. The values of themσ (in MeV), mw (in MeV), mρ (in MeV), gσ, gw, gρ, g2 andg3 parameters of eleven differentNN interactions
including HS, Z, W, L1, L2, L3, TS, NL1, NL2, NL3, and NL3∗ interactions.

Parameter mσ mw mρ gσ gw gρ g2 g3

HS 520 783 770 10.4814 13.8144 8.08488 - -

Z 551.31 780 763 11.1933 13.8256 10.8883 - -

W 550 783 - 9.57371 11.6724 - - -

L1 550 783 - 10.2999 12.5999 - - -

L2 546.940 780 763 11.3972 14.2478 - - -

L3 492.260 780 763 10.6920 14.8705 - - -

TS 597.6 783 770 11.2060 12.7200 2.78 - -

NL1 492.250 795.359 763 10.1377 13.2846 9.95145 -12.1724 -36.2646

NL2 504.890 780 763 9.11122 11.4928 10.7732 -2.30404 13.7844

NL3 508.194 782.501 763 10.2170 12.8680 4.474 -10.4310 -28.885

NL3∗ 502.5742 782.6 763 10.0944 12.8065 4.5748 -10.8093 -30.1486
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FIGURE 3. The cross-sections of the26Mg(3H,2H)27Mg transfer
reaction calculated by using VMC, G1, G2, Ngo and S densities in
comparison with the experimental data at 36 MeV [54].

rameter search in order to obtain the best-fit with the exper-
imental data. In order to reduce ambiguity in fitting pro-
cedure, the geometrical parameters (radius, diffuseness) are
usually fixed to average values, and then the potential depths
(V0, Wv, Wd, andVso) are adjusted to improve the fit quality.
In all the calculations,rw=1.65 fm,aw=0.74 fm, rso=1.36
fm and aso=1.18 fm for 3H + 26Mg channel,rv=1.17 fm,
av=0.77 fm,rw=rd=1.325 fm,aw=ad=0.74 fm,rso=1.07 fm
andaso=0.66 fm for 2H + 27Mg channel, andrv=1.17 fm,
av=0.77 fm, rw=rd=1.325 fm,aw=ad=0.737 fm,rso=1.07
fm and aso=0.66 fm for 2H + 26Mg channel. In the fold-
ing model calculations, we have also fixed the renormalisa-
tion factor (Nr) as one and have not changed its default value
(≈ 1.0). Thus, we have eliminated the effect of theNr value
on the cross-section calculations.

7.1. Analysis for different densities

We have examined the effect of different density distribu-
tions of the3H projectile in the entrance channel. We have
used five type densities in the calculations which consist of
VMC, G1, G2, Ngo and S. We have obtained the real poten-
tials within the scope of the double folding model for these
densities. In this context, we display the radial changes of the
density distributions in Fig. 2.

We have calculated the transfer cross-section of
26Mg(3H,2H)27Mg reaction at 36 MeV, and compare the re-
sults together with the experimental data in Fig. 3. We have
also listed the optical potential parameters used in obtaining
the theoretical results in Table II. The results are very similar
to each other at small angles although there are differences
in the results at forward angles. The behaviors of Ngo and
S results are close to each other as well as those of G1 and
G2. The theoretical results are in good agreement with the
data. Additionally, the results with the Ngo and S densities
are better than the results of the other densities in agreement
with the data. Thus, we can say that the Ngo and S densities
can be especially used as alternative density distributions for
the analysis of the26Mg(3H,2H)27Mg transfer reaction.

7.2. Analysis for temperature dependent density

Here, we have examined the effect on the reaction cross-
section of temperature dependent density of the26Mg target
nucleus in the entrance channel. We have used the 2pF den-
sity for temperature dependent (T = 1, 2, 3, 4, 5, 6 and
7 MeV) and temperature independent (T = 0 MeV) cases of
the 26Mg nucleus. We have calculated the density distribu-
tions based on the temperature of26Mg, and show the radial
changes of the densities in Fig. 4. We observe

TABLE II. The optical potential parameters of the entrance channel, exit channel and core-core potentials used in the calculations of different
density distributions.

Potential VMC G1 G2 Ngo S
3H + 26Mg

Wv (MeV) 13.0 13.0 14.0 14.0 14.0

Vso (MeV) 1.70 1.00 1.00 1.00 2.70
2H + 27Mg

V0 (MeV) 69.0 72.0 69.0 69.0 69.0

Wv (MeV) 2.40 2.30 1.40 2.40 2.40

Wd (MeV) 11.0 11.0 11.0 11.0 11.0

Vso (MeV) 3.30 1.30 1.30 3.30 3.30
2H + 26Mg

V0 (MeV) 86.2 84.0 84.0 86.2 86.2

Wv (MeV) 4.60 1.60 1.60 1.60 1.60

Wd (MeV) 5.34 5.54 5.54 5.54 5.54

Vso (MeV) 6.30 6.30 6.30 6.30 6.30
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FIGURE 4. The changes with the distance of the density distribu-
tions of the26Mg nucleus for T = 0, 1, 2, 3, 4, 5, 6 and 7 MeV in
linear scale.

FIGURE 5. The cross-sections of the26Mg(3H,2H)27Mg transfer
reaction for the densities of the26Mg nucleus in comparison with
the experimental data [54] atT = 0, 1, 2, 3, 4, 5, 6 and 7 MeV.

TABLE III. The optical potential parameters of the entrance chan-
nel, exit channel and core-core potentials used in the analysis with
temperature dependent density.

Channel V0 (MeV) Wv (MeV) Wd (MeV) Vso (MeV)
3H + 26Mg − 14.0 − 1.00
2H + 27Mg 69.0 2.40 11.0 3.30
2H + 26Mg 86.2 1.60 5.54 6.30

that the26Mg densities change with varying of the tempera-
ture. We can say that the densities in the center decrease with
increasing of the temperature, and the tailing of densities in-
crease with increasing temperature.

Then we have calculated the cross-section of the trans-
fer reaction for the densities calculated atT = 1, 2, 3, 4,
5, 6 and 7 MeV. We compare the theoretical results and the

experimental data in Fig. 5. We given the optical potential pa-
rameters for all the channels in Table III. While determining
the optical model parameters, we have first searched the po-
tential parameters providing good agreement results with the
experimental data forT = 0 MeV case. ForT = 1, 2, 3, 4, 5,
6 and 7 MeV calculations, we have applied without changing
the potential parameters used inT = 0 MeV case. The aim
of this is to see only the temperature dependent effect without
changing any potential parameter. We have observed that the
results fromT = 1 MeV to T = 7 MeV are different from
each other. As a consequence, we can deduce that the tem-
perature changes the cross section somewhat. Additionally,
the changes in the cross section values are very small and the
oscillation pattern of the angular distribution is not a function
of T .

7.3. Analysis for different nuclear potentials

In the present study, we have also examined the effect on the
cross-section of the26Mg(3H,2H)27Mg transfer reaction of
nine different potentials which consist of Prox 77, Prox 88,
AW 95, Bass 73, Bass 77, Bass 80, BW 91, CW 76 and Ngo
80 for the entrance channel. In this respect, we demonstrate
the distance dependent variations of the potentials in Fig. 6.

We have obtained the transfer cross-sections for the nu-
clear potentials, and compare each result separately in Figs. 7
and 8. We have also listed the optical potential parameters
for all the channels in Table IV. We have observed that the
behaviors of the results with the Prox 77 and Ngo potentials
are very close to each other while the behavior of the Bass 77
and Bass 80 results is generally similar. The other potentials
generally differ from each other, especially at forward angles.
CW76 and BW91 are not clearly working properly at forward
angles. We have realized that the Prox 77, Prox 88, Bass 77,
Bass 80 and Ngo 80 results are in good agreement with the
experimental data, and are slightly better than the results of
the other potentials.

7.4. Analysis for different NN interactions

Finally we have investigated the effect on the transfer cross-
section of eleven kindNN interactions which consist of HS,
Z, W, L1, L2, L3, TS, NL1, NL2, NL3 and NL3∗. We have
produced the real potentials of the entrance channel for these
NN interactions. We show the radial changes of all theNN
interactions in Fig. 9. We observe that the behaviors of the
NN interactions are similar to each other. However, we have
noticed that the shallowest potential is for NL2, and the deep-
est potential is for L2.

We display the transfer cross-sections together with the
experimental data in Fig. 10, and list the optical potential pa-
rameters of all theNN interactions in Table V. We observe
that the results with differentNN interaction potentials show
similar and differences. We have seen that the behaviors of
the results with the Z, W and TS interactions are close to each
other. We have realized that the
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FIGURE 6. Distance-dependent changes of Prox 77, Prox 88, AW 95, Bass 73, Bass 77, Bass 80, BW 91, CW 76 and Ngo 80 potentials.

TABLE IV. The optical potential parameters of the entrance channel, exit channel and core-core potentials used in the calculations of different
nuclear potentials.

Potential Prox Prox AW Bass Bass Bass BW CW Ngo

77 88 95 73 77 80 91 76 80
3H + 26Mg

Wv (MeV) 11.2 12.0 12.0 11.0 9.50 11.5 12.5 12.1 11.1

Vso (MeV) 2.00 3.00 1.00 1.00 4.00 3.00 1.00 1.00 2.20
2H + 27Mg

V0 (MeV) 70.0 73.5 72.0 70.3 72.0 72.0 72.0 70.0 70.0

Wv (MeV) 1.90 2.20 2.30 2.10 1.30 1.30 1.30 2.00 1.90

Wd (MeV) 10.8 10.8 11.0 11.0 11.0 11.0 11.0 11.0 10.8

Vso (MeV) 2.30 2.60 1.30 1.30 1.30 1.30 1.30 2.30 2.30
2H + 26Mg

V0 (MeV) 90.0 94.0 86.0 86.0 88.0 87.0 88.0 90.0 90.0

Wv (MeV) 1.60 2.90 5.60 4.60 4.60 3.60 4.60 4.60 3.60

Wd (MeV) 2.70 2.70 4.54 4.10 4.70 4.70 3.70 2.70 2.70

Vso (MeV) 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30
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TABLE V. The optical potential parameters of the entrance channel, exit channel and core-core potentials used in the calculations of different
NN interactions.

Potential HS Z W L1 L2 L3 TS NL1 NL2 NL3 NL3*
3H + 26Mg

Wv (MeV) 10.0 25.0 21.0 10.0 9.50 9.00 21.0 26.0 21.0 24.0 24.0

Vso (MeV) 2.70 4.60 1.00 2.70 1.70 1.70 1.00 1.00 1.00 1.00 1.00
2H + 27Mg

V0 (MeV) 72.0 65.7 62.5 62.0 68.0 68.0 62.5 68.0 63.5 61.5 64.5

Wv (MeV) 2.30 1.30 1.20 5.30 5.30 1.60 1.20 1.60 1.20 1.20 1.20

Wd (MeV) 11.0 5.70 5.70 9.00 9.00 9.00 5.70 6.50 6.50 6.50 6.50

Vso (MeV) 2.10 1.00 1.00 9.00 9.00 9.00 1.00 3.00 1.00 1.00 1.00
2H + 26Mg

V0 (MeV) 84.7 80.7 80.7 94.7 94.7 94.7 83.7 92.7 92.7 88.7 88.7

Wv (MeV) 7.00 8.00 2.00 1.00 3.00 3.00 2.00 3.00 1.00 1.00 2.00

Wd (MeV) 3.00 4.60 4.60 1.00 1.20 1.20 4.60 6.40 6.40 4.40 3.60

Vso (MeV) 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30 6.30

FIGURE 7. The cross-sections of the26Mg(3H,2H)27Mg transfer reaction calculated by using Prox 77, Prox 88, AW 95, Bass 73, Bass 77,
Bass 80, BW 91, CW 76 and Ngo 80 potentials in comparison with the experimental data [54].
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FIGURE 8. Comparison of both the experimental data and the
cross-sections of the26Mg(3H,2H)27Mg transfer reaction calcu-
lated by using Prox 77, Prox 88, AW 95, Bass 73, Bass 77, Bass
80, BW 91, CW 76 and Ngo 80 potentials.

FIGURE 9. Distance-dependent changes of the HS, Z, W, L1, L2,
L3, TS, NL1, NL2, NL3, NL3∗ and M3Y interactions.

FIGURE 10. The cross-sections of the26Mg(3H,2H)27Mg transfer
reaction calculated by using the HS, Z, W, L1, L2, L3, TS, NL1,
NL2, NL3 and NL3∗ interactions in comparison with the experi-
mental data [54].

L1, L2, L3 and NL1 results are generally far from describing
the experimental data. Additionally, we can express that the
results with the HS, Z, W and TS interactions are better than
the results of the otherNN interactions.

8. Summary and conclusions

We have carried out a comprehensive review of the
26Mg(3H,2H)27Mg transfer reaction at 36 MeV incident en-
ergy by using temperature dependent and temperature in-
dependent densities, different nuclear potentials, and dif-
ferent NN interactions. We have calculated the transfer
cross-sections within the code FRESCO based on the DWBA
method. We have proposed alternative density distributions
which can be used in the analysis of the26Mg(3H,2H)27Mg
transfer reaction. We have observed that the temperature
changes the transfer cross-section somewhat. We can also
say that the changes in the cross section values are very small
and the oscillation pattern of the angular distribution is not
a function of T. Then, we have displayed that Prox 77, Prox
88, Bass 77, Bass 80 and Ngo 80 can be used as alternative
potentials in analyzing the26Mg(3H,2H)27Mg transfer reac-
tion. Also, we have shown that HS, Z, W, and TS can be
alternativeNN interactions to the M3Y interaction for the
analysis of26Mg(3H,2H)27Mg transfer reaction. Finally, we
have observed that the results of alternative density, nuclear
potential andNN interactions suggested with this study are
better than the results obtained by both Farra [8] and Timo-
feyuk [55] when we have compared our results with the lit-
erature. We believe that it would be interesting and useful to
implement these approaches to another transfer reactions.
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27. H. Ngô and C. Nĝo, Calculation of the real part of the inter-
action potential between two heavy ions in the sudden approx-
imation, Nucl. Phys. A348(1980) 140-156.https://doi.
org/10.1016/0375-9474(80)90550-3 .

28. H. Schechter and L. F. Canto,Proximity formulae for folding
potentials, Nucl. Phys. A315 (1979) 470.https://doi.
org/10.1016/0375-9474(79)90623-7 .

Rev. Mex. Fis.69051201

https://doi.org/10.1088/0370-1298/66/3/308�
https://doi.org/10.1088/0370-1298/66/3/308�
https://doi.org/10.1088/0370-1328/78/4/301�
https://doi.org/10.1088/0370-1328/78/4/301�
https://doi.org/10.1088/0370-1328/71/1/307�
https://doi.org/10.1088/0370-1328/71/1/307�
https://doi.org/10.1103/PhysRev.87.27�
https://doi.org/10.1103/PhysRev.87.27�
https://doi.org/10.1103/PhysRev.86.518�
https://doi.org/10.1103/PhysRev.86.518�
https://doi.org/10.1103/PhysRevC.103.064320�
https://doi.org/10.1103/PhysRevC.103.064320�
https://doi.org/10.1016/0375-9474(87)90527-6�
https://doi.org/10.1016/0375-9474(87)90527-6�
https://doi.org/10.5506/APhysPolB.50.1423�
https://doi.org/10.5506/APhysPolB.50.1423�
https://doi.org/10.1016/0167-7977(88)90005-6�
https://doi.org/10.1016/0167-7977(88)90005-6�
https://doi.org/10.1016/0010-4655(82)90029-7�
https://doi.org/10.1016/0010-4655(82)90029-7�
https://doi.org/10.31349/RevMexFis.68.031202�
https://doi.org/10.31349/RevMexFis.68.031202�
https://doi.org/10.31349/RevMexFis.67.041201�
https://doi.org/10.31349/RevMexFis.67.041201�
https://doi.org/10.31349/RevMexFis.66.336�
https://doi.org/10.31349/RevMexFis.65.573�
https://doi.org/10.31349/RevMexFis.65.573�
https://doi.org/10.31349/RevMexFis.65.404�
https://doi.org/10.31349/RevMexFis.65.404�
https://doi.org/10.5506/APhysPolB.45.1875�
https://doi.org/10.5506/APhysPolB.45.1875�
https://doi.org/10.1088/0253-6102/60/1/09�
https://doi.org/10.1088/0253-6102/60/1/09�
https://doi.org/10.1088/0031-8949/87/01/015201�
https://doi.org/10.1088/0031-8949/87/01/015201�
https://doi.org/10.1103/PhysRevC.66.044310�
https://doi.org/10.1103/PhysRevC.66.044310�
https://www.phy.anl.gov/theory/research/density/ �
https://www.phy.anl.gov/theory/research/density/ �
https://doi.org/10.1103/PhysRevC.11.1803�
https://doi.org/10.1016/j.adt.2011.12.006�
https://doi.org/10.1016/j.adt.2011.12.006�
https://doi.org/10.1016/0375-9474(75)90614-4�
https://doi.org/10.1016/0375-9474(75)90614-4�
https://doi.org/10.1016/0375-9474(80)90550-3�
https://doi.org/10.1016/0375-9474(80)90550-3�
https://doi.org/10.1016/0375-9474(79)90623-7�
https://doi.org/10.1016/0375-9474(79)90623-7�


12 M. AYGUN, Z. AYGUN, AND N. KARAALI

29. R. K. Gupta, D. Singh and W. Greiner,Semiclassical and
microscopic calculations of the spin-orbit density part of the
Skyrme nucleus-nucleus interaction potential with temperature
effects included, Phys. Rev. C75 (2007) 024603.https:
//doi.org/10.1103/PhysRevC.75.024603 .

30. S. Shlomo and J. B. Natowitz,Temperature and mass depen-
dence of level density parameter, Phys. Rev. C44 (1991) 2878.
https://doi.org/10.1103/PhysRevC.44.2878 .

31. J. Blocki, J. Randrup, W. J. Swiatecki and C. F. Tsang, Proxim-
ity forces,Ann.Phys. (NY)105 (1977) 427.https://doi.
org/10.1016/0003-4916(77)90249-4 .

32. O. N. Ghodsi and R. Gharaei,Temperature dependence of the
repulsive core potential in heavy-ion fusion reactions, Phys.
Rev. C85 (2012) 064620.https://doi.org/10.1103/
PhysRevC.85.064620 .

33. R. Gharaei and O. N. Ghodsi,Role of Surface En-
ergy Coefficients and Temperature in the Fusion Reactions
Induced by Weakly Bound Projectiles, Commun. Theor.
Phys.64 (2015) 185-196.https://doi.org/10.1088/
0253-6102/64/2/185 .

34. W. D. Myers and W. J. Swiatecki,Nucleus-nucleus proxim-
ity potential and superheavy nuclei, Phys. Rev. C62 (2000)
044610.https://doi.org/10.1103/PhysRevC.62.
044610 .

35. I. Dutt and R. K. Puri,Role of surface energy coefficients and
nuclear surface diffuseness in the fusion of heavy-ions, Phys.
Rev. C81 (2010) 047601.https://doi.org/10.1103/
PhysRevC.81.047601 .

36. I. Dutt and R. K. Puri,Systematic study of the fusion barriers
using different proximity-type potentials for N=Z colliding nu-
clei: New extensions, Phys. Rev. C81 (2010) 044615.https:
//doi.org/10.1103/PhysRevC.81.044615 .

37. I. Dutt and R. K. Puri,Comparison of different proximity poten-
tials for asymmetric colliding nuclei, Phys. Rev. C81 (2010)
064609.https://doi.org/10.1103/PhysRevC.81.
064609 .

38. W. D. Myers and W. J. Swiatecki,Nuclear masses and defor-
mations, Nucl. Phys.81 (1966) 1-60.https://doi.org/
10.1016/0029-5582(66)90639-0 .

39. W. Reisdorf,Heavy-ion reactions close to the Coulomb bar-
rier, J. Phys. G: Nucl. Part. Phys.20 (1994) 1297.https:
//doi.org/10.1088/0954-3899/20/9/004 .

40. L. Zhang, Y. Gao, H. Zheng, M. R. Huang and X. Liu,
Moments of the three-parameter Fermi distribution, Mod.
Phys. Lett. A32 1750195 (2017).https://doi.org/10.
1142/S0217732317501954 .

41. A. Winther,Dissipation, polarization and fluctuation in grazing
heavy-ion collisions and the boundary to the chaotic regime,
Nucl. Phys. A594 (1995) 203-245.https://doi.org/
10.1016/0375-9474(95)00374-A .

42. R. Bass, Threshold and angular momentum limit in the
complete fusion of heavy ions, Phys. Lett. B47 (1973) 139-
142. https://doi.org/10.1016/0370-2693(73)
90590-X .

43. R. Bass,Fusion of heavy nuclei in a classical model, Nucl.
Phys. A231(1974) 45-63.https://doi.org/10.1016/
0375-9474(74)90292-9 .

44. R. Bass,Nucleus-Nucleus Potential Deduced from Experimen-
tal Fusion Cross Sections, Phys. Rev. Lett.39 (1977) 265.
https://doi.org/10.1103/PhysRevLett.39.
265 .

45. P. R. Christensen and A. Winther,The evidence of the
ion-ion potentials from heavy ion elastic scattering, Phys.
Lett. B 65 (1976) 19-22.https://doi.org/10.1016/
0370-2693(76)90524-4 .

46. R. Brockmann,Relativistic Hartree-Fock description of nu-
clei, Phys. Rev. C18 (1978) 1510.https://doi.org/10.
1103/PhysRevC.18.1510 .

47. L. D. Miller and A. E. S. Green,Relativistic Self-Consistent
Meson Field Theory of Spherical Nuclei, Phys. Rev. C5 (1972)
241.https://doi.org/10.1103/PhysRevC.5.241 .

48. R. Brockmann and W. Weise,Spin-orbit coupling in a relativis-
tic Hartree model for finite nuclei, Phys. Rev. C16(1977) 1282.
https://doi.org/10.1103/PhysRevC.16.1282 .

49. P. G. Reinhard,The relativistic mean-field description of
nuclei and nuclear dynamics, Rep. Prog. Phys.52 (1989)
439. https://doi.org/10.1088/0034-4885/52/
4/002 .

50. H. Toki, Y. Sugahara, D. Hirata, I. Tanihata and B. Carlson,
Properties of nuclei far from the stability line in the relativis-
tic hartree theory, Nucl. Phys. A524 (1991) 633.https:
//doi.org/10.1016/0375-9474(91)90266-9 .

51. G. A. Lalazissis, J. K̈onig and P. Ring,New parametriza-
tion for the Lagrangian density of relativistic mean field the-
ory, Phys. Rev. C55 (1997) 540.https://doi.org/10.
1103/PhysRevC.55.540 .

52. G. Lalazissis, S. Karatzikos, R. Fossion, D. P. Arteaga, A.
Afanasjev and P. Ring,The effective force NL3 revisited, Phys.
Lett. B 671 (2009) 36-41.https://doi.org/10.1016/
j.physletb.2008.11.070 .

53. W. W. Daehnick, J. D. Childs and Z. Vrcelj,Global optical
model potential for elastic deuteron scattering from 12 to 90
MeV, Phys. Rev. C21 (1980) 2253.https://doi.org/
10.1103/PhysRevC.21.2253 .

54. https://www-nds.iaea.org/exfor/ .

55. N. K. Timofeyuk, P. Descouvemont and I. J. Thompson,
Threshold effects in the27P(3

2

+
)→ 26Si+p and27Mg(3

2

+
)→

26Mg+n mirror decays and the stellar reaction26Si(p,γ)27P,
Phys. Rev. C78 (2008) 044323.https://doi.org/10.
1103/PhysRevC.78.044323 .

Rev. Mex. Fis.69051201

https://doi.org/10.1103/PhysRevC.75.024603�
https://doi.org/10.1103/PhysRevC.75.024603�
https://doi.org/10.1103/PhysRevC.44.2878�
https://doi.org/10.1016/0003-4916(77)90249-4�
https://doi.org/10.1016/0003-4916(77)90249-4�
https://doi.org/10.1103/PhysRevC.85.064620�
https://doi.org/10.1103/PhysRevC.85.064620�
https://doi.org/10.1088/0253-6102/64/2/185�
https://doi.org/10.1088/0253-6102/64/2/185�
https://doi.org/10.1103/PhysRevC.62.044610�
https://doi.org/10.1103/PhysRevC.62.044610�
https://doi.org/10.1103/PhysRevC.81.047601�
https://doi.org/10.1103/PhysRevC.81.047601�
https://doi.org/10.1103/PhysRevC.81.044615�
https://doi.org/10.1103/PhysRevC.81.044615�
https://doi.org/10.1103/PhysRevC.81.064609�
https://doi.org/10.1103/PhysRevC.81.064609�
https://doi.org/10.1016/0029-5582(66)90639-0�
https://doi.org/10.1016/0029-5582(66)90639-0�
https://doi.org/10.1088/0954-3899/20/9/004�
https://doi.org/10.1088/0954-3899/20/9/004�
https://doi.org/10.1142/S0217732317501954�
https://doi.org/10.1142/S0217732317501954�
https://doi.org/10.1016/0375-9474(95)00374-A�
https://doi.org/10.1016/0375-9474(95)00374-A�
https://doi.org/10.1016/0370-2693(73)90590-X�
https://doi.org/10.1016/0370-2693(73)90590-X�
https://doi.org/10.1016/0375-9474(74)90292-9�
https://doi.org/10.1016/0375-9474(74)90292-9�
https://doi.org/10.1103/PhysRevLett.39.265�
https://doi.org/10.1103/PhysRevLett.39.265�
https://doi.org/10.1016/0370-2693(76)90524-4�
https://doi.org/10.1016/0370-2693(76)90524-4�
https://doi.org/10.1103/PhysRevC.18.1510�
https://doi.org/10.1103/PhysRevC.18.1510�
https://doi.org/10.1103/PhysRevC.5.241�
https://doi.org/10.1103/PhysRevC.16.1282�
https://doi.org/10.1088/0034-4885/52/4/002�
https://doi.org/10.1088/0034-4885/52/4/002�
https://doi.org/10.1016/0375-9474(91)90266-9�
https://doi.org/10.1016/0375-9474(91)90266-9�
https://doi.org/10.1103/PhysRevC.55.540�
https://doi.org/10.1103/PhysRevC.55.540�
https://doi.org/10.1016/j.physletb.2008.11.070�
https://doi.org/10.1016/j.physletb.2008.11.070�
https://doi.org/10.1103/PhysRevC.21.2253�
https://doi.org/10.1103/PhysRevC.21.2253�
https://www-nds.iaea.org/exfor/ �
https://doi.org/10.1103/PhysRevC.78.044323�
https://doi.org/10.1103/PhysRevC.78.044323�

