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Abstract: One of the important reactions for nucleosynthesis in the carbon burning phase in high-mass stars is the
12C412C fusion reaction. In this study, we investigate the influences of the nuclear potentials and screening effect on
astrophysically interesting '2C+'2C fusion reaction observables at sub-barrier energies by using the microscopic a—a
double folding cluster (DFC) potential and the proximity potential. In order to model the screening effects on the
experimental data, a more general exponential cosine screened Coulomb (MGECSC) potential including Debye and
quantum plasma cases has been considered in the calculations for the 2C+*2C fusion reaction. In the calculations of
the reaction observables, the semi-classical Wentzel-Kramers-Brillouin (WKB) approach and coupled channel (CC)
formalism have been used. Moreover, in order to investigate how the potentials between ?C nuclei produce molecular
cluster states of 2*Mg, the normalized resonant energy states of **Mg cluster bands have been calculated for the DFC
potential. By analyzing the results produced from the fusion of '2C+4'2C, it is found that taking into account the
screening effects in terms of MGECSC is important for explaining the 2C+'2C fusion data, and the microscopic DFC
potential is better than the proximity potential in explaining the experimental data, also considering that clustering

is dominant for the structure of the Mg nucleus.
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1 Introduction

Stars have different characteristics and one of the
most important features of stars is their mass. Depend-
ing on the mass, the types and time periods of the differ-
ent stages of burning in the core of the star change. The
lifetime of the star is shortened but there is an increase
in the number of synthesized nuclei. Main sequence stars
burn their hydrogen (H) to helium (He) via various re-
action channels [1, 2]. After each burning phase the core
of the star contracts, the temperature in the core rises,
and the products of the last stage start to burn. With
the end of the helium burning phase, ?C and 'O be-
come the most abundant nuclei in the core. A new con-
traction rises the temperature to the level where carbon
burning can occur [3-5]. If the mass of the star is be-
tween 9Mg < M <11Mg, carbon burning occurs as the
final stage [5] and if it is more massive than 11M, neon,
oxygen and silicon burning stages can also occur. In the
carbon burning phase, the '2C+'2C fusion reaction plays
a major role in nucleosynthesis. Therefore, studies per-
formed on this reaction have became one of the most
active fields in nuclear astrophysics. So far 2C+'2C fu-
sion reaction observables have been investigated experi-
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mentally and theoretically, and studies on measuring the
cross-section have been reached almost 2 MeV [6-18].
Typically the temperature of the carbon burning phase is
in the range 0.8 to 1.0 or 1.2 GK, which corresponds to 1-
3 MeV center-of-mass energies [14, 19, 20]. The Coulomb
barrier for 2C+'2C fusion is approximately 6.3 MeV, so
astrophysical energies are far below the Coulomb barrier
and unfortunately this makes it difficult to measure the
cross sections of the fusion reaction.

Recently, different approaches and nuclear potentials
have been used in theoretical calculations to give better
explanations of the experimental data for the '2C+12C
fusion reaction [20-28]. One useful method to calcu-
late the fission, fusion and capture reaction observables
is the semi-classical Wentzel-Kramers-Brillouin (WKB)
approach [27-32]. Haider et al. studied astrophysically
interesting reactions of 2C+!2C, 2C+1°0, 150+1°0 at
sub-barrier energies. They have used the proximity po-
tential to obtain the observables of the mentioned fu-
sion reactions with the WKB approximation and Hill-
Wheeler formula [28, 33]. The 2C+'2C fusion reaction
together with deformation case of 2C nuclei has been in-
vestigated in the framework of the WKB method in Ref.
[27]. Besides the semi-classical approaches, the coupled-
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channel formalism has also been used for the fusion cal-
culations. Elastic scattering cross-sections and S-factor
calculations were performed for 50+10 fusion reaction
within the framework of the microscopic a—a double
folding cluster (DFC) potential by Kocak et al. and this
potential was also used to find the normalized resonant
energy states of *>S [34]. Very recently Aziz et al. calcu-
lated the astrophysically important 2C+'2C, 2C+1¢0,
1604160 fusion reactions observables and their reaction
rates with the DFC potential [20].

The fusion reactions occuring at sub-barrier energies
strictly depend on the quantum tunneling process. Thus
any modification to the Coulomb potential because of
external factors would affect the cross section and rate
of the nuclear reaction. A good example of this is the
reactions that occur in stellar plasma. Surrounding nu-
clei by electron clouds changes the Coulomb potential
structure and leads to higher cross sections so the reac-
tion observables need a correction factor f, as shown by
Salpeter [36]. With the pioneering work of Salpeter, the
screening effects have been studied in various experimen-
tal and theoretical studies so far and applied to different
astrophysical scenarios such as the pp chain, CNO cycle
reactions, and the '2C+'2C reaction [36-48, 50, 52, 58].
DeWitt et al. and Graboske et al. made extended studies
of the weak, intermediate and strong screening regimes
and astrophysical applications of intermediate screenings
[40, 41]. Wallace et al. used strong screening corrections
for helium burning in an envelope around an accreting
neutron star [42]. Dynamic screening of thermonuclear
reactions was discussed by Carraro et al. [43]. Gruzinov
and Bahcall evaluated the electrostatic screening effects
on thermonuclear reaction rates in the Sun [44]. Gasques
et al. analyzed the nuclear fusion rates for different nu-
clear burning regimes and applied their results to the
12C+412C fusion reaction [45]. Famiona et al. investigated
relativistic electron-positron plasma screening effect on
A =7 nuclei induced reactions and showed that screen-
ing effects from the relativistic electron-positron plasma
are small for reactions which include large 7,7, values
[50]. Dynamical screening effects in the QED (quantum
electrodynamical) plasma have been investigated for a-a
scattering by Yao et al. and they have reported dynam-
ical screening effects are larger than the static effects
[58]. More recently, Chen has used pure and screened
Coulomb potentials to analyze the chemical composition
configurations of the DBV star PG 0112+104 [52]. On
the other hand, Spilateri et al. have proposed the effects
of clustering configurations on the quantum tunneling
and the cross sections to explain the electron screening
puzzle [49]. Besides these sorts of studies, there is also
an interest in different screening potentials due to their
applications in different area of physics [53-55]. One of
these potentials is the more general exponential cosine

screened Coulomb potential (MGECSC). This potential
allows us to define Debye and quantum plasmas and it
has been proposed to investigate the shielding effects
on the hydrogen atoms in Debye and quantum plasmas
[56, 57].

Building on the above studies, in the present paper,
two different types of nuclear potentials (Proximity 77
and DFC) have been used in order to obtain **C+2C
fusion cross sections and astrophysical S factors. For the
12C+12C reaction the weak screening case has been ap-
plied and the obtained numerical results from the weak
screening condition have been used in the calculations.
Thus a direct comparison with experimental data can be
made. The MGECSC potential has been used for the as-
trophysically interesting fusion reaction *C+*2C. In our
calculations, we have used the semi-classical WKB ap-
proach and coupled-channel formalism to calculate the
fusion reaction observables. With the aim of determin-
ing whether the produced nuclear potential describes the
nuclear structure and reaction observations together, the
normalized resonant energy states of Mg in terms of the
cluster states of 2C+'?C have been investigated for the
G=16 and 18 cluster bands.

The rest of the paper is organized as follows. In Sec-
tion 2, we present the theoretical models for the nuclear
potentials, the more general exponential cosine screened
Coulomb potential and the WKB method. We present
and discuss the numerical results in Section 3 and finally
give our conclusion in Section 4.

2 Model

Before going beginning the calculations, it is useful to
give the potential types that we use. Two different types
of nuclear potential were used to describe the interac-
tion between two 2C nuclei. These are the proximity
and DFC potentials. In this section, numerical calcu-
lations for weak screening case, the MGECSC potential
and semi-classical WKB method, are also given.

2.1 Potentials

Proximity potential:
Different types of proximity potential, such as Prox
77, Prox 88, Prox 00 etc, have been used to describe ra-
dioactive decays and fusion reaction observables [28, 58—
60]. These potentials differ from other phenomenologi-
cal potentials in terms of adjustable parameters. In this
study, the Prox 77 potential has been chosen [60]. Ac-
cording to Prox 77 the nuclear interaction is defined as
follows:
€.
C,+C,

Vi (§)=4mryb o(0), (1)

where ¢(¢) is a universal function which depends on the
separation between the nuclear surafces as (=(r—C,—
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Cy)/b, where C; is the half-central-density radius and
#(¢) is given by

(<G (2)
>G (3

where (o=2.54, (;=1.2511 and y=0.9517{1—1.7826[(N—
Z)/AJ]?} is the surface energy coefficient in units of
MeV/fm?. N, Z and A are the total neutron, proton
and mass number of the compound system. C; and R,
are given as follows:

B0 =5 () ~0.0852(C~Go)’
— —3.437exp|—(/0.75],

Ci=Ri[1-(b/R.)*]
R,=1.284;"°~0.76 S @
. =1.2841°—0.764+0.84; /%,
where b is the surface width (b was taken to be 1 fm [60]),
and A; is the mass number of the projectile and target
nuclei [28, 60].
a—a Double Folding Cluster (DFC) potential:
The double-folding model assumes that the density
distribution of two colliding nuclei is normally integrated
with respect to the nucleon-nucleon interaction, while in
this model, the integral of the alpha-alpha interaction is
used to calculate the potential and is as follows:

VeB= [ [ perlm)pea(ra)vn(ri)drdrs, (9

where (112 =R—14ry), Vaa(r) =-122.6225 exp(-0.22r?) is
the a—a effective interaction potential, and p.p and p.r
are the « densities of the projectile and the target nu-
cleus, respectively [34, 61, 62]. The matter distribution
of 12C and the Gaussian form for the a-density distribu-
tion can be expressed as [34, 63]

pM(F):/)0M(1+WT2)eXp(7/BT2) (6)
Po () =poaexp(—Fr?).

The parameters py, w, B and the rms radii were taken
from Ref. [20] and are given in Table 1. As reported in
Ref. [34], f=1/a® and w=a/a?, where a is the length of
the well and a=(Z-2)/3 (Z is the proton number of the
nucleus) [64]. The DFC potential was chosen to describe
the nuclear potential because it takes into account the al-
pha clustering effects in the nuclei and such an approach
is well suited for the '2C nucleus. The plotted proximity
and DFC potentials used in our calculations are shown
in Fig. 1.

Table 1. Parameters of the nuclear matter densi-
ties and rms radii of *He and '2C nuclei [20].

(r2>1/2/fm
1.461
2.407

5/fm =2
0.7024
0.3741

nucleus  po/fm—3 w/fm~2
4He 0.4229 0
12¢ 0.1644 0.4988

-100 - -

U (MeV)

-200 - —

H - DFC 1
Proximity

-300 y _

\ !
-4
004 5 10

r (fm)

Fig. 1. (color online) Nuclear proximity and DFC
potentials as a function of radius, as used in the
calculations.

2.2 WKB Model

With the proximity and DFC potentials, astrophys-
ical S-factor data for the 12C+'2C reaction have been
obtained in the framework of the WKB model. In calcu-
lations of decay, fusion and capture reaction observables,
the WKB approximation is widely used [28, 31, 65]. To
obtain the fusion cross section, first the transmission co-
efficient through a barrier generated by the effective po-
tential between colliding nuclei needs to be calculated.
The effective potential has three parts and it is given by:

Vg (r) =V (r)+Ve (r)+ Vi (r), (7)

where Vy(r), Vo(r) and Vi (r) are the nuclear, Coulomb
and centrifugal parts, respectively. The nuclear and
Coulomb potentials are introduced in Sections 2.1 and
2.3 respectively. The Langer-modified centrifugal part is
as follows [66]:

_ /2

Vi (r)=
2(r) 2u r2

: (8)

where p is the reduced mass and the transmission coef-
ficient is given by

T,(E)=4 (29+%) _2, (9)

f=exp {/T:QH(T)dT] ,KQ(r):?i—’:MH—Epo, (10)

where r; and r, are the turning points. So the fusion
cross section can be calculated as follows:
T
UfzﬁZ(QH-l)Tz(E), (11)
1
where k% = 2;;_23 and E is the center-of-mass energy
[28]. The modified astrophysical S-factor, which changes
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smoothly with energy, can be calculated by using the fol-
lowing equation [6, 15]:

E
S*(E)=0;(F)Eexp (\/ ngrgE) , (12)
where g=0.46 MeV~! and E, is given by
E,=986.4 keV ((i)(2122)2> : (13)
mp

where 1, m, and Z; are the reduced mass, mass of the
proton and proton number of the target and projectile,
respectively [10, 27, 34, 35].

2.3 Screening conditions

Thermonuclear reactions in stars are quite sensitive
to the quantum tunneling process. In that case any mod-
ification on the Coulomb potential would affect the reac-
tion observables, due to the change of the barrier of the
effective potential between interacting nuclei. In a stel-
lar environment, free electrons in the plasma and ions
can attract each other, so electrons can form a cloud
around the nuclei and isolate them. Therefore nuclear
reactions in the stellar plasma are affected by this shield-
ing. Screening depends on the thermal and density con-
ditions of the plasma and it is treated as three regimes;
weak, intermediate and strong. These regimes are iden-
tified by comparing the Coulomb energy E. to thermal
energy kT. If E. is smaller than kT, it is called weak
screening. If E, is larger than kT, it is strong screening.
The last regime, intermediate screening, is when FE. ~
kT [36, 42]. With these screening effects, the Coulomb
potential is decreased and needs to be modified with ex-
tra terms depending on the type of plasma. In this pa-
per, the more general potential (MGECSC potential),
which can be used to describe both Debye and quantum
plasma conditions, has been chosen in order to investi-
gate the screening effect. The pure Coulomb potential is
given by:

- Z1Z2€2

VC (T) r ’

21Z2€2 T2
2RC ( RE , <At

where Z;, e and R, are the charge of the interacting parti-
cle, elementary charge and Coulomb radius respectively.
The shape of the MGECSC potential is as follows:

o 21Z2€2
- r

r>R.

(14)

Vir) (14br)exp(—r/Ap)cos(cr/Ap),  (15)

where b, ¢ and A\p are screening parameters. This po-
tential has been introduced to investigate the electron
screening effect on hydrogen atoms in a plasma and it
is noted that MGECSC potential exhibits a stronger
screening effect than other screening potentials [56]. If

the quantum properties of the particles affect the plasma,
the plasma can be considered a quantum plasma. Using
the parameter ¢ in the MGECSC potential, one can de-
fine Debye and quantum plasmas. This potential can
also be reduced to the screened Coulomb potential (SC),
exponential cosine screened Coulomb potential (ECSC)
and pure Coulomb potential (PC). While parameter ¢#£0
(this activates the cosine term), parameter b can be used
to obtain much stronger screening, and b can also be used
in the Debye plasma case (¢=0) where it contributes the
screening by a factor (1+br). Different potential bar-
rier shapes for different b and ¢ parameters can be found
in Fig. 2. It can be seen that screening becomes much
stronger in case of b#0 and ¢#0, and it should be noted
that the greater contribution to the screening is provided
by the cosine term, because the cosine term has an ef-
fect on the tail part of the potential barrier. It causes
strong enhancement of the cross section especially at low
energies, and dominates the observables. In Fig. 2, the
proximity potential has been used for the nuclear part
of the effective potential and it should be noted that we
have performed all our calculations for s-wave. Another
parameter in the MGECSC potential is the Ap Debye
screening length, given by:

Goka
n.e?’

Ap= (16)
where k,, T', n., e and €, are the Boltzmann constant,
plasma temperature, electron density, electron charge
and dielectric constant, respectively. Ap has units of
length. More detailed information about the MGECSC
potential can be found in Refs. [56, 57].

S
>
=
g
>
!
5 — Unscreened
| .. b=0 R_=4085 c=0
0 TY =+ b=0 R ~4085 c=75 -
| =0.003 R =4085 c=145
|
|
l \ \ \ \
5 10 15 20 25 30
r (fm)
Fig. 2. (color online) Four different effective poten-

tials as a function of radius. One is unscreened
(solid line), and the others represent the screened
cases with the MGECSC potential.

The weak screening conditions for the ?C+'2C reac-
tion are examined as follows. For a nonresonant 2C+!2C
fusion reaction in a nondegenerate plasma (electron de-
generacy factor 6.,=1, mass fractions of the elements,
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temperature and density conditions have been taken
from Ref. [5]), the weak screening case satisfies:

T>10°p"/%¢?, (17)

where T is the temperature in kelvin, p is density in
gem 2 and ( is defined as:

where Z;, A; and X; are the proton number, mass num-
ber and mass fraction respectively of the related nuclei.
¢ is associated with the Debye-Hiickel radius and this
radius is given by

kT
Ro=\| frioya 28120107 T e, (19)

Equation (19) is the same parameter as given by Eq.
(16). To calculate Egs. (17), (18) and (19) we have
used the hydrostatic carbon burning phase conditions of
p=10° gcm™2 and T =0.9 GK, and the mass fractions
are assumed as X{5,=0.25, X{,=0.73, X5, =0.01,
X2,.=0.01 [4, 5]. Under these conditions, Eq. (17) has
been found to give 0.0197928 GK. This value is smaller
than the 0.9 GK so the weak screening case is ensured
despite the high density. The Debye-Hiickel radius is
found to be 4085 fm, from which the electron screening
correction factor can be calculated as 1.17784, similar
to the value given in Ref. [5]. However, we have used
the obtained numerical Debye-Hiickel radius value in Eq.
(15) to modify the Coulomb potential. So we have cal-
culated the fusion reactions observables (cross-sections
and astropyhysical S-factors) in terms of obtained nu-
merical values from the weak screening conditions, thus
obtaining theoretical results can be compared with the
experimental data.

3 Results and discussion

With the aim of determining a nuclear potential
which is successful in explaining both the structure and
fusion observables, we have applied the two different po-
tentials to obtain better values for the nuclear structure
observable, the cluster states of 2Mg. The normalized
resonant energy states of Mg have been investigated
for the G =16 and G =18 cluster bands. To calculate
the normalized resonant energy states, the Gamow code
[69] has been used with the DFC nuclear potential. The
normalized resonant energy states have been calculated
as follows:

_E(JY)-E(0")
ZERRATN

The obtained results are shown in Fig. 3. The DFC
potential including clustering effects in 2C gives the clus-
ter states of 2*Mg. After investigating the structure ob-

(20)

servables we have made a comparison between nuclear
potentials, so we have calculated the astrophysical S-
factor of 2C+'2C in the framework of the proximity and
DFC potentials with the WKB method. Our results can
be divided into two subgroups: unscreened and screened
cases for the proximity and DFC potentials.

15 :
+ & Exp.
L -+ G=16 ]
G=18 /
*
10 -
w | Pe 1
4
sk i
+l’
=4
e
0+ e —
\ | \ \ \
0 2 4 6 8
]
Fig. 3. (color online) Normalized resonant energy

states of 2*Mg. Experimental data have been
taken from Ref. [70]. The DFC potential for
12C4+12C was used to obtain the resonant energy
states of 2*Mg for the G=16 and 18 cluster bands.

Firstly, to investigate the influence of the screening
parameters, we have used the MGECSC potential in-
stead of the Coulomb potential. How effective poten-
tial and turning points change with different cases of
MGECSC potential are presented in Fig. 2. In Fig. 2
the unscreened case has been plotted with three different
cases of the MGECSC potential. The Coulomb barrier is
almost unchanged in the “6=c=0 Rp=4085" case. To-
gether with the activation of the parameters b and ¢, the
screening has begun to be monitored more effectively and
it is possible to say that the ¢ parameter (cosine term)
is more dominant in describing screening,.

After investigating the barrier, we have performed
unscreened and “Rp=4085 ¢=0 b= 0" cases for both
nuclear potential. As seen in Fig. 4, the behaviours of
the two potentials are almost the same. Enhancement in
the theoretical data is so small for “Rp,=4085 ¢=0 b=0"
because the cross sections are strictly related to the in-
ner and outer turning points, according to Eq. (10), and
one can understand from Fig. 2 that the turning points
for “Rp=4085 ¢=0 b=0" are almost the same as the
unscreened case. For this reason we have tested some
numerical values that will help us explain the experi-
mental cross sections and astrophysical S-factor data of
the 2C+'2C reaction. So we have used different forms
of the MGECSC potential.
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Fig. 4. (color online) Unscreened and b=c=0 cases
for proximity and DFC potentials. The experi-
mental data are from Refs. [6-15].

Fig. 6. (color online) Comparison of the un-
screened and screened cases in terms of astro-
physical S-factors of ?C+'2C fusion for the DFC
potential. The experimental data are from Refs.

Thus, in addition to the b =c =0 case, the “6 =0 [6-15].
c¢=75" and “b=0.003 ¢c=145" cases have also been exam-

ined for the proximity potential and as seen in Fig. 5, the

results reveal the contribution of the cosine term to the 10" T T
screening. Following the proximity potential, the proce- « Experimental
dure has been repeated for the DFC potential. The un- - BESE:SEZTfSSS =0
screened, “b=c=0", “b=0 ¢=45" and “b=0.01 ¢=160" | DFC b=0R =4085 =45 il
. . . . 18 . DFC b=0.01R _=4085 c=160
cases are presented in Fig. 6. To compare semi-classical A e R DFCb:0_002§D:4085 o5 |
results we have repeated the DFC potential calculations = | e
with the CCfull code [67], and the results can be seen in % R
Fig. 7. In the CCfull calculations we have had to neglect o S vo, |
. . . y ﬂ
the g factor in the expression of the S factor. Otherwise 10 . ‘:ﬁzf???ﬁ e ';;QA - «5;,,
the astrophysical S-factor data could not be produced . é “ﬁﬁ‘ss»s ‘3'
properly. As seen in Fig. 7, the screening parameters *
used in the WKB model have also been used for the CC- L |
full calculations. In total we have performed ten cases 10" 3 ; 7 ;
for all potentials and calculation methods. The potential EMeV)
types and parameters used can be found in Table 2. Fig. 7. (color online) Predictions of *C+'2C as-
trophysical S-factor with DFC potential and four
10° T ' T ' T ' T ' electron screening cases. CCfull code has been
o Experimental used in the calculations. The experimental data
. T rosimity b0 ot ez are from Refs. [6-15].
| 4 — Proximity b=0 R =4085 c=75 i
0% A ° 4 Proximity b=0.003 R =4085 c=145 .
’;3 Table 2. The electron screening parameters used in
= the WKB and coupled channel (CC) calculations.
” potential types b c Rp method
Prox 77 0.00 0 4085 WKB
Prox 77 0.00 75 4085 WKB
Prox 77 0.003 145 4085 WKB
ol . , . , . , . T DFC 0.00 0 4085 WKB
2 3 EMey) > DFC 0.00 45 4085 WKB
Fig. 5. (color online) Comparison of the un- DFC 0.01 160 4085 WKB
screened and screened cases in terms of astrophys- DFC 0.00 0 4085 cC
ical S-factors of 2C+'2C fusion for the proximity DFC 0.00 45 4085 CC
potential. The experimental data are from Refs. DFC 0.01 160 4085 CC
[6-15]. DFC 0.002 95 4085 cC

054106-6



Chinese Physics C  Vol. 42, No. 5 (2018) 054106

4 Conclusion

In this paper, we have investigated the astrophysi-
cally important 2C+!2C fusion reaction in the frame-
work of the proximity and DFC potentials. First, the
resonant energy states of 2*Mg for the G=16 and G=18
cluster bands have been investigated with the proxim-
ity and DFC potentials between '2C nuclei to find which
potential best describes the structure observables. Ac-
cording to the obtained results, the DFC potential is the
most successful, while reasonable results could not ob-
tained with the proximity potential. This shows that
the DFC potential considering the clustering effects in
12C produces much better results for the cluster states
of 2*Mg. Another characteristic difference between these
two potentials is their depth.

Astrophysical S-factors have been produced with
both the proximity and DFC potentials. It can be said
that the microscopic DFC potential is more appropri-
ate than the phenomenological proximity potential to
explain the 12C+12C fusion observables. But, even if the
nuclear potentials differ in describing experimental data,
the same behavior has been observed for both of them.
As known fusion reactions in stars occur at small en-
ergies, for this reason they are quite sensitive quantum
tunnelling processes which are related to the Coulomb
barrier. So any modification to the Coulomb potential
because of the external conditions affects the reaction ob-
servables directly. In this way, we have investigated the
electron screening effect on the 2C+'2C fusion reaction
in the framework of the weak screening case. Despite the
high density, the obtained numerical values show that the
12C+4-12C fusion reaction remains within the weak screen-
ing limits. In the calculations of weak screening condi-
tions, density and temperature have been chosen for hy-
drostatic carbon burning. In this way, the obtained Rp
value has been used in the screening calculations.

First, we checked the classical screening case with ob-
tained Rp (b=c=0) value for both nuclear potentials.
The shift in the barrier is so small when b=c=0 and

Rp=4085 that only small changes have been observed in
the S-factor data. So in order to produce better results,
the MGECSC potential has been included to our calcu-
lations for the '2C+'2C fusion reaction and these modi-
fications have been improved the theoretical results. We
have chosen two cases for two potentials in WKB calcu-
lations. For the proximity potential the “6=0 ¢=75" and
“b=0.003 c=145" cases have been used and the behavior
of the theoretical results is nearly the same up to 4 MeV.
While approaching small energies, the “6=0.003 c=145"
case shows a dramatic increase. The “b=0 c¢=45" and
“b=0.01 ¢=160" cases have been performed for the DFC
potential in the WKB method. The “6=0 ¢=45" case
has little difference from the unscreened and “b=c=0"
cases above 4 MeV. The “6=0.01 ¢=160" case has good
agreement with the experimental data in comparison to
the others. In addition to the “6=0.002 ¢=95" case, the
cases which were used for the DFC potential in WKB
calculations have also been used for CCfull calculations.
Slightly below 2 MeV a weak oscillation appears when
we set the values “b=c=0" and it becomes more visible
and stronger with increasing ¢ value for the CCfull calcu-
lations. In understanding the results for both calculation
methods, the ¢ parameter (in an other words the cosine
term) dominates the behaviours of the models. Besides,
it is possible to get similar results with uses of the dif-
ferent Rp values (Rp<<4085). When the Ry is chosen
smaller than the specified value, however, weak screening
rules cannot be applied for the reaction of interest.

In conclusion, it should be noted that considering the
screening effects with the MGECSC potential is impor-
tant for explaining the *C+'2C nuclear fusion data. The
microscopic DFC potential is better than the proximity
potential in explaining the experimental data, also taking
into account that clustering effects are dominant for the
structure of 2*Mg nuclei. The MGECSC potential causes
a very strong screening effect especially at low energies,
and the theoretical results show that the MGECSC po-
tential provides much higher enhancement factors than
the normal screening potentials.
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