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Abstract

Both *C(a, n)®0 and ?Ne(a, n)*Mg reactions perform a cosmic role in the
production of neutrons in AGB stars, which significantly contributes to the
nucleosynthesis via the s-process. The astrophysical S-factor for both reactions is
calculated in this research, utilizing EMPIRE code and depending on two parameter
sets for the optical potential. These datasets were published earlier by McFadden
and Satchler (denoted here as MFS) and Avrigeanu and Hodgson (denoted as AH)
for the non-resonant region of the spectrum and over a temperature range of
0.01 — 1 GK. The extrapolated S-factor at zero energy is derived to be 1.48 x
106 MeV and 3.7 x 106 MeV for *C(a,n)™0, while the values were 1.0 x
10° MeV and 2.6 x 10° MeV for ?Ne(a,n)**Mg, using MFS and AH parameter
sets, respectively, which showed a reasonable agreement with the most
recommended value. The differences in the S-factor, S(E), values obtained from
these two adopted parameter sets are attributed to the variations of the real potential
term’s diffuseness parameter that affects the reaction cross section, hence S-factor,
specifically at low energy region. Moreover, the present results imply an influential
enhancement of the rates by the electron shielding effect at the low-temperature
region T < 0.1GK, in which *C(a,n)*°O reaction is activated, especially on
Ne(a, n)*Mg reaction. In addition, for both adopted reactions and overall selected
temperature range, the reaction rates using S(E) values based on MFS showed
acceptable results compared with previous compilations and reference libraries.
While the results obtained from AH exceeded all the other compilations even though
the resonance contributions are currently unconsidered.
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1- Introduction

Asymptotic Giant Branch (AGB) represents an important stage of stellar phases that supplement the
universe with elements heavier than iron. The observation of heavy-element abundances on the surface
of these stars, made by Merrill in 1952, provided conclusive evidence that nuclear activity involving a
sequence of slow neutron capture process (s-process) is taking place in their interior, via which a
series of stable isotopes is formed [1]. Later on, independent, extensive studies of Caughlan, Fowler
and Iben & Renzini, along with numerical modeling of AGB stellar nucleosynthesis by Gallino et al.
They all confirmed that two neutron donor reactions mainly supply the s-process with the necessary
neutron fluxes in this type of stars, *C(a, n)®O and *Ne(a,n)*Mg, with a major and minor
contributions from the former and the latter reaction, respectively [2]. However, despite their low
Gamow windows, their influence in elements synthesis up to *®Bi, in addition to their contribution in
the production of about half of the heavy nuclei of the universe, made the’*C(a, 1n)*°O and
?’Ne(0,n)*’Mg reactions attract great attention in many astrophysical studies [2- 5]. Thus, in this work,
the thermonuclear reaction rates of these reactions will be studied, through investigating the impact of
the spherical optical model potential on the cross-section calculations based on the Hauser-Feshbach
(HF) model, and accordingly, the S-factor. The modeling of selected reactions used EMPIRE 3.2.2
Malta nuclear reaction model code [6] with two spherical optical models parameter sets from MFS [7],
and AH [8]. These were used for determining the T, parameter, the Modified Lorentzian model for
gamma strength function, width fluctuation correction based on Hofmann, Richert, Tepel, and
Weidenmuller (HRTW) model, and Gilbert-Cameron model for level density calculations. Input
parameters were executed from the Reference Input Parameters Library (RIPL-3) database.

2. Neutrons Source from AGB Stars

During the AGB phase of low-and-intermediate mass stars, the stellar structure is characterized by two
distinct regions: The outer region which encloses the star by a large convective envelope and the inner
region made by carbon/oxygen degenerate core. The main-component of the s-process synthesis
begins its path. This component is usually activated as soon as neutrons seed is provided through two
key reactions: **C(a, n)™°0 and #Ne(a, n)*Mg.

These reactions are considered as the main neutron’s sources in AGB stars. They frequently occur in a
thin He-rich region with a solar mass (Mg) of 1072 — 10~3 between the He and H shells, called the
“intershell” region [9]. Under specific conditions, one of these reactions will dominate over the other.
For instance, **C(a, n)™0 reaction controls neutron production during the early phase of AGB stars
with a mass of 1.5 — 4 Mg, in which the dominant energy source is the H-shell, with small periodic
contributions from the He shell. The occurrence of this reaction depends essentially on the presence of
the 3C isotope, which is regularly created during a mixing episode (“dredge-up”) between the
envelope and the intershell region [10]. As a consequence of this dredge up process, a rich **C pocket
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will be created via **C(p,y) **C reaction, providing the raw material for the **C(a, n)*°O reaction to
take place. However, once the intershell temperature reaches around 9 x 107 K, the a- particles attain
sufficient energies to initiate the *C(a,n)™O reaction. Subsequently, a thin layer with rich neutron
density (~ 108cm™3) is created, commencing the main-component of the s-process for about 10*yr
[11].

For more massive (4 — 8)Mg AGB stars, ?Ne(a, n)*Mg reaction will be dominating as the main
neutron source. This reaction is usually activated during thermal pulses in the intershell region as the
temperature exceeds ~3 x 108K [12], producing a substantial amount of neutrons. Even though this
reaction has a short timescale (order of years), its contribution plays a significant role in the
enhancement of the neutron density profiles up to 103cm™3[13], which in turn opens many
branching points in the main-component under these conditions. Moreover, besides its considerable
contribution to the main component, the *Ne(a, n)*>Mg reaction is also considered as the ruling
neutron source of the weak s-process component, which frequently operates at the end of the He
burning and/ or during the convective carbon-shell burning of massive stars (> 8 Mg). This provides
the star with an appreciable flux of neutrons that is contributing to the production process of all
isotopes between iron and yttrium [14].

Hence, it is of importance to characterize these two key reactions by means of reaction rates and over
a wide range of energy relevant to a stellar temperature of the order of (107 — 109) K, starting from
the threshold of Coulomb barrier of up to a few MeV’s. In particular, a reaction cross-section goes
through some regions with definitive resonance peak (or peaks) alongside the smoothly-varying
nonresonant regions.

3. Thermonuclear Reaction Rates

For two reactant particles at a given temperature T, the Maxwellian-averaged reaction rate per particle
pair (ov) is [15],

1 co
8\2
(ov) = (n_y> (kBT)‘?’/Zf E o(E)e E/KTdE (D)
0
where p is the reduced mass u = % of interacting particles 0 and 1, kg is Boltzmann constant,
0 1

E is the incident energy in center-of-mass frame, and o (E) is the reaction cross section at a given E.
From Eq. (1), it is seen that the backbone of determining stellar reaction rates is the cross-section,
which in most cases has a cumulative contribution from both nonresonant and resonant components.
In this study, we will focus on the nonresonant contribution, as it governs the rate of thermonuclear
reactions over a wide energy range.
Due to their low cross-sections and low tunneling probabilities, the measurements of stellar reactions
in a laboratory under stellar conditions represent a very difficult task and, in some cases, it is even
impossible to obtain. Therefore, a less energy-dependent factor is introduced in the astrophysical
calculations rather than the cross-section that is the S-factor. The astrophysical S-factor, S(E), is
typically a smooth, slow-varying function of energy that gives the probability of a reaction to take
place. For a charged-particle induced reaction [16],

S(E) = o(E)Ee*™®) . .....(2)
where #(E) is the Sommerfeld parameter,

1
n(E) = 0.1575 ZyZ, (%)2 (3

and Z,, Z, are the projectile and target atomic numbers, respectively. In most cases, it is more
convenient to describe the experimental or theoretical S-factor as the first three terms of a Taylor
series around zero E but far from nuclear resonance,

S(E) = S(0) + S(0)E + %5’(0)52 (4

where the dot indicates differentiation with respect to energy. Substituting this expansion and Eq. (2)
in Eq. (1) yields [17],
4.339 x 108 My, + M,

N = S -7 2.. 5
A (0-77) Z()Zl M0M1 eff€ T ( )

with N, is the Avogadro’s number and
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Sers = S(0) [1+—+ S(0 )(E +—6kT>+ L3(0 )<E0 EOkT)] (MeV.b) ..(6)

5(0) 25(0)
E, = 0.122 (Zgz1 m T9> (MeV) (7
3E, 5 5
T=m =4 2487(Z2Z2u/THM3 oo (8)

Due to their fundamental importance in determining the reaction rates for many astrophysical
applications, especially at energies below the Coulomb barrier, several statistical models such as
Weisskopf-Ewing [18], Hauser-Feshbach [19] alongside quantum mechanical models [20,21] were
established to compute the cross-section and, consequently, the S (E) through Eq. (2).
4. Hauser-Feshbach Formula

At stellar conditions where the excitation energies of the incident particles are frequently low (few
keV to about 2 MeV), the nuclear reactions are dominated by compound nucleus (CN) reaction, in
which the reaction mechanism is accomplished by the CN formation followed by its decay on a time
scale of about 1078s or more [22]. However, according to Bohr’s hypothesis, this decay process of
the CN in a given exit channel depends basically on the ratio of its probability to decay in this specific
channel with respect to all other possible channels. However, it does not depend on the formation
mechanism of the CN. This approximation is formally translated into the Hauser-Feshbach equation,
in which the decay probability function of the CN to a specific channel is given in terms of
transmission coefficients [6],

Ty (Ey,J0)
olp (E) = ;agN(E,]n)m

where aa I is the Hauser-Feshbach cross-section and oSV (E,Jm) is the compound nucleus

formation cross-section in a state of spin and parity Jm associated to the incident channel a.
T, (E,,Jm) is the transmission coefficient of the outgoing particle that can be a particle or a photon and
T. is the transmission coefficient in channel ¢ calculated with the optical model S-matrix element
IT.=1- |<SCC)|2'
One of the most important facts of the Hauser-Feshbach theory is its consideration of both total
angular momentum and parity conservation laws. Nevertheless, it misleads an essential fact, which is
the correlations between the entrance and exit channels amplitudes. Thus, a correction factor known as
a width fluctuation correction was entered to the original formula as [23],
Ja,b = O-a,bHFWa,b fer e wees (10)

where o, is the energy average cross-section from channel a to b and W, ;, is the width-fluctuation
correction factor.
Many implementations of HF theory were made before to improve the results of various physical
parameters of Egs. 8 and 9 with the aid of computer codes. In this work, only the influence of the
optical model potential on the S-factor and non-resonant reaction rate per particle calculations were
considered.
5. Reaction Rate Enhancement Factor: Electron Screening

The numerical formula for reaction rate, Eq. (1), is usually evaluated by assuming pure electrostatic
interaction between two bare unscreened nuclei. However, in stellar interiors, where the temperature
and density are considerable, the reactant nuclei are immersed in a spherically symmetric, negatively-
charged cloud of free electrons that acts as a screening potential for projectile against the Coulomb
repulsive barrier. This results in an effect similar to the one obtained from the atomic orbital electrons
screening [24].

Due to this shielding, the incoming projectile experiences a reduction in the Coulomb barrier
potential by an amount of U,, which consequently increases the reaction cross section through
modifying the penetration factor.

Commonly, the screened reactivity of a charged particle-induced reaction can exist as a product of the
regular stellar reactivity (ov) and the screening enhancement factor f(E),

(0V)screenea = f(E) (av) e (11)

..(9)

with
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O-S(E) _ O-b(E + Ue)

FE) =5 ® = a®

::exp(nn(E)%?) S )|

where g, and g, respectively, stand for the screened and bare nuclei cross sections at the center-of-
mass energy E, and n is the Sommerfeld parameter.
6. Calculations and Discussion
6.1 Astrophysical Factor and Reaction Rate

Two spherical optical model parameter sets of MFS [7] and AH [8] were utilized for determining
the cross section of the **C(a, n)**0 and *Ne(a, n)*Mg reactions using EMPIRE nuclear code [6],
and their results are shown in Fig. (1). The comparison of cross sections with EXFOR data showed a
close similarity between the results of using MFS parameters and experimental data. But there is a
quite high difference by about a factor of 3 at energy 0.5 MeV when using the parameters of AH. This
discrepancy was resulted from the high value of diffuseness parameter of the real potential term for
AH, which is a ~ 0.797 fm and a ~ 0.793 fm for **C and #Ne, respectively [7], comparing to that
for MFS which is a = 0.55 fm for both reactions [8]. Consequently, it caused an overestimation of the
cross section value, especially at low energies region where the elastic scattering is predominantly
sensitive to the tail region of the optical potential.

10°7 ‘ 10°
13C(a’ n)160

A
0

10-5,
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m— Drotleff 1993
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O Harissopulos 2005 | :
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10710
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Cross Section (barn)

Figure (1): Comparison of the cross-sections obtained using MFS and AH parameters set with
measured data extracted from EXFOR for: (a) **C(a, n)™0 and (b) ?Ne(a, n)*Mg reactions.

As the energy is increased to about 2 MeV for *C(a, )0 and about 5 MeV for #Ne(a, n)*Mg,
the difference factor decreases to about (2-1.77), since at these energies the elastic scattering becomes
more sensitive to the nuclear interior rather than the potential tail region. This occurs due to the
enhancement of penetration probability through the Coulomb barrier with increasing incident energy.
Both results which are based on MFS and AH parameters were used to calculate the S-factor values
through Eg. (2), with extrapolating the data downward to zero energy to estimate the S-factor
coefficients, as displayed in Figure-2.
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Figure 2- S-Factor fitting using EMPIRE calculated cross sections of both MFS and AH
parameter sets for: (a) **C(a, n)*°0 and (b) *Ne(a, n)*Mg reactions.

Table 1-The resulted S(E) coefficients from fitting S(E) with respect to E for *C(a,1n)*°0 and
2Ne(a, n)*Mg reactions

Reaction Adopted c for 5(0) $(0) $(0)
calculating S(E) 10° MeV.b 10%Db 10°b.MeV1
BC(a,n)™*0 MFS 1.48 —0.35 —-0.1
AH 3.7 —0.44 —-0.89
“Ne(a, n)*Mg MFS 1000 —372 35
AH 2600 —950 90

From the extrapolation, an empirical polynomial formula for the total S(E) equivalent to Eq. (4)
was deduced, according to cross sections calculated using both MFS and AH sets and for the two
reactions adopted in this work. The obtained coefficients of S(E), S(0), S(0), and $(0) are listed in
Table (1). For all cases, the coefficients of S(E) values is included in Eq. (6) to estimate the reaction
rate values through Eq. (5), and the numerical results are presented in Tables (2 and 3).

It was found, for *C(a, n)™°O reaction, that the obtained S(E) from MFS showed a good agreement
with that of Johnson et al. [25], who reported a value of 1.2 x 10°MeV.b at energy 0.1 MeV, and
with NACREII [26] at energy 0.2 MeV that accounts 1.5733 x 10° MeV.b. Whereas the value
resulted from using AH gave acceptable results in comparison with Heil et al. and Pellegriti et al.,
with values of 3.371% x 10° MeV.b and 3.4 x 10° MeV.b at energy 0.1 MeV, respectively, as
found in their published results in La Cognata et al. [25]

On the other hand, for Ne(a, n)**Mg reaction, the resulted value of S(E) from the MFS-based cross
section showed a good agreement with those based on NACRE [27] and BRUISLIB [26], with a value
of about 0.8 x 10°MeV.b at 0.2 MeV. While that attained by AH overestimated the S(E) by a factor
of about 3.25, in comparison to previously reported outcomes [27, 28].
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Table 2-*C(a, n)**0O unscreened N4(ov) and screened EN 4 (ov)reaction rates in cm® mole™* s~ for
temperatures of 0.01 < Ty < 1.

Ty Na(ov) (MFS) EN,(ov) (MFS) Na(ov) (AH) EN,(ov) (AH)
0.01 2.60E-48 1.01E-46 6.53E-48 2.55E-46
0.02 4 55E-35 24 9E-35 1.15E-34 6.29E-34
0.03 1.20E-28 3.34E-28 3.03E-28 8.46E-28
0.04 1.33E-24 2.70E-24 3.38E-24 6.84E-24
0.05 1.00E-21 1.69E-21 2.55E-21 4.30E-21
0.06 1.57E-19 2.35E-19 3.98E-19 5.98E-19
0.07 8.82E-18 12.2E-18 2.24E-17 3.11E-17
0.08 2.44E-16 3.21E-16 6.24E-16 8.18E-16
0.09 4.05E-15 5.09E-15 1.03E-14 1.30E-14
0.1 4 54E-14 5.53E-14 1.16E-13 1.41E-13
0.12 2.43E-12 2.82E-12 6.22E-12 7.25E-12
0.14 5.80E-11 6.55E-11 1.49E-10 1.68E-10
0.16 7.93E-10 8.76E-10 2.04E-09 2.26E-09
0.18 7.22E-09 7.85E-09 1.87E-08 2.03E-08
0.2 4.82E-08 2.09E-08 1.25E-07 1.34E-07
0.25 2.16E-06 2.27E-06 5.62E-06 5.92E-06
0.3 3.88E-05 4.04E-05 1.01E-04 1.06E-04
0.35 3.88E-04 4.01E-04 1.02E-03 1.10E-03
0.4 2.50E-03 2.70E-03 6.83E-03 7.00E-03
0.5 5.00E-02 5.14E-02 1.34E-01 1.37E-01
0.6 4.80E-01 4.88E-01 1.29E+00 1.31E+00
0.7 2.89E+00 2.92 E+00 7.79E+00 7.88E+00
0.8 1.26E+01 1.27E+01 3.41E+01 3.45E+01
0.9 4.34E+01 4.37E+01 1.18E+02 1.19E+02
1 1.25 E+02 1.26E+02 3.43E+02 3.45E+02

Table 3-*Ne(a, n)*>Mg unscreened N,(ov) and screened EN (ov) reaction rates in cm® mole™! s~*
for temperatures of 0.01 < Ty < 1.

To Na(ov) (MFS) ENj(ov) (MFS) Na(ov) (AH)  ENj(ov) (AH)
0.01 5.16E-75 1.83E-70 1.34E-74 4.75E-70
0.02 1.14E-55 1.48E-53 2.96E-55 3.84E-53
0.03 2.76E-46 5.22E-45 7.19E-46 136E-46
0.04 2.30E-40 1.72E-39 5.98E-40 44 9E-40
0.05 3.73E-36 16.6E-36 9.71E-36 43.2E-36
0.06 6.06E-33 19.3E-33 1.58E-32 5.04E-32
0.07 2.22E-30 5.66E-30 5.77E-30 14.7E-30
0.08 2.88E-28 6.27E-28 7.51E-28 16.3E-28
0.09 1.76E-26 3.4E-26 4.59E-26 8.86E-26
0.1 6.09E-25 10.7E-25 1.59E-24 2.79E-24
0.12 2.08E-22 3.22E-22 5.43E-22 8.39E-22
0.14 2.19E-20 3.1E-20 5.71E-20 8.09E-20
0.16 1.02E-18 1.35E-18 2.65E-18 3.53E-18
0.18 2.60E-17 3.31E-17 6.78E-17 8.63E-17
0.2 4.23E-16 5.2E-16 1.10E-15 1.36E-15
0.25 1.12E-13 1.3E-13 2.93E-13 3.40E-13
0.3 7.83E-12 8.78E-12 2.05E-11 2.29E-11
0.4 3.73E-09 4.02E-09 9.77E-09 10.5E-09
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0.5 2.94E-07 3.1E-07 7.70E-07 8.12E-07
0.6 8.05E-06 8.39E-06 2.12E-05 2.20E-05
0.7 1.12E-04 1.154E-04 2.94E-04 3.04E-04
0.8 9.66E-04 9.921E-04 2.54E-03 2.61E-03
0.9 5.91E-03 6.04E-03 1.56E-03 15.96E-03

1 2.78E-02 2.83E-02 7.40E-02 7.51E-02

6.2 Screening Effect and Effective S-Factor
The effect of electron shielding process was introduced in the reaction rate calculation as an
enhancement factor f(E), Eq. (12), and by using the analytical formulas of Liolios for U, [24],

7 7 7
U, = —20.93 x 107° [(ZO +7,)3 — Zy3 — 215] MeV

which is established based on the Thomas-Fermi model and for Adiabatic Limit (AL) approximation,
which is the most convenient approximation for the astrophysical reactions condition.

The resulted rate of the two reactions, adopted in this work after enhancement, are listed in Tables (2
and 3) and shown in Figs. 3 and 4. The figures illustrate that, at low temperature Tq < 0.1 region, the
shielding effect has a significant influence on the reaction rate value of both reactions, especially for
targets with higher atomic number - in this case, *’Ne. This occurs because, at these temperatures, the
response of electrons to the nuclear motion is nearly instantaneous and, hence, they can occupy the
energetically most favorable configuration during collision. This substantially enhanced the reaction
rate compared to the previous compilations where this effect was not considered, such as in the studies
of Heil et al. [16], NACREII [26], Caughlan and Fowler [29], NACRE [27], and BRUISLIB [28], as
displayed in Figs. (4 and 5).

However, as the temperature increases, Tq = 0.1, the projectile energy raises, and it passes through the
target with a fast velocity that the electrons cannot provide the necessary shielding for it against the
repulsive Coulomb potential. Consequently, the effective screening potential becomes nearly constant,
and it will have a small influence on the reaction rate, as shown in Figure-3.
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Figure (3): The enhanced reaction rate resulted from using AL approximation in comparison with
uncorrected result obtained for: (a) **C(a, n)™0 and (b) *Ne(a, n)*Mg reactions from using both
MFS and AH.

Moreover, the comparison in Figs. (4 and 5) clearly demonstrates that, even though the shielding
effect provides little enhancement for the reaction rate values at a temperature of T > 0.1, but our
results are still higher than those obtained from previously mentioned compilations. This is owing to
the use of S, s value in our calculations, in contrary to the reports of other authors [16, 26-28], who
applied S(E). This factor was found to have a major effect on modifying the rate in the low-
temperature region, as it takes into account the fact that the area under the curve of the Gamow peak is
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not equal to that of a Gaussian, although it has an approximately Gaussian’s shape with a similar
maximum at £ = E.

Furthermore, for both adopted reactions, the ratio of our rates to those of Caughlan and Fowler [29]
showed a rapid decline at Ty > 0.04, even though both our and their studies used the S, rather than
S(E) value. This fact can be explained by the fact that, according to Caughlan and Fowler’s
calculations, their estimate of the reaction rate was based on the value of S,r, which was resulted
from Fowler et al. [30] who ignored the coefficients S(0) and S(0) terms in their calculations. That, in
turn, caused an overrating of their rate values, especially in the high energy regions.
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Figure 4-Present rates reaction of **C(a, n)*°0 in comparison to NACREII, Heil et al. and the
CF rates for temperatures of 0.01 < Ty < 1, obtained using (a) MFS, (b) AH.
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Figure 5- Present rates of ?Ne(a, n)*Mg reaction in comparison to the NACRE and BRUSLIB
rates for temperatures of 0.09 < Ty < 1, obtained using MFS, and AH.
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On the other hand, for a temperature above Ty = 0.2, the current rates of *C(a, n)'°O reaction begin
to show a shallow decrease with increasing temperature in comparison to other compilations and for
each of the resulting values of S(E), as displays in Fig. (4). This is because, at these temperatures, the
BC(a,n)™0 is dominated by the production through the tail of the 1/2* resonance state in 'O,
located at E,- = 6356 keV. That was not taken into account in this study, in contrary to other previous
studies [16, 27, 29]. The same fact was also noticed in our results of *Ne(a, n)*Mg reaction at the
relevant temperatures region of Ty > 0.1, but with much higher impact. This occurred due to the fact
that, at these temperatures, the rate is vastly dominated by two resonance contributions in the **Mg
compound nucleus at E, = 633 keV and E, = 828 keV, which was also not included in this study, in
comparison to earlier works [27, 28].
7. Conclusions

The calculated reaction rates through HF model were shown to be highly dependent on the optical
model potential variations. It was shown that a difference of about ~ 0.24 fm in the diffuseness
parameter for the real potential term between MFS and AH parameters sets, caused an overestimate of
the S(E) value by about a factor of 2.43 and 2.6 for both **C(a, n)*®0 and ?Ne(a, n)**Mg reactions,
respectively. This consequently exaggerated the obtained rates from the value of S-factor calculated
from AH in comparison to that from MFS. Moreover, for both adopted reactions, the reaction rates
obtained using S(E) values results from MFS displayed a good agreement with previous
compilations, with a low variation of about +0.5 for *C(a, n)*°O reaction and a higher discrepancy
of about 1.5%93, for Ne(a, n)**Mg, at a temperature above 0.3 GK. These disparities are owing to
the significant influence of resonance contributions on these reactions, especially on ?Ne(a, n)*Mg,
which was ignored in this work. However, although the resonance contribution is currently skipped,
the values of reaction rates based on S(E) computed according to AH set were found to exceed all the
results obtained by forgoing stated compilations and overall temperature range adopted, as shown in
Figs. (5,6), which is a reflection of the overestimation of S(E) values resulted from AH. On the other
hand, for temperatures below 0.1 GK, in which 13C(oc, n)lGO reaction is activated, the shielding process
was found to have a crucial role in enhancing the reaction rate values of both reactions, and with a
more relative impact on ?Ne(a, n)*>Mg reaction.
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