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Abstract The nuclear mean-field potential built up during
the '>C + '2C and '°0 + %0 collisions at low energies
relevant for the carbon- and oxygen-burning processes is
constructed within the double-folding model (DFM) using
the realistic ground-state densities of '>C and '°O, and
CDM3Yn density-dependent nucleon—nucleon (NN) inter-
action. The rearrangement term, indicated by the Hugen-
holtz—van Hove theorem for the single-particle energy in
nuclear matter, is properly considered in the DFM calcu-
lation. To validate the use of the density-dependent NN
interaction at low energies, an adiabatic approximation was
suggested for the dinuclear overlap density. The reliability
of the nucleus—nucleus potential predicted through this
low-energy version of the DFM was tested in the optical
model (OM) analysis of the elastic '>C 4 '2C and '°0 +
160 scattering data at energies below 10 MeV/nucleon.
These OM results provide a consistently good description
of the elastic angular distributions and 90° excitation
function. The dinuclear mean-field potential predicted by
the DFM is further used to determine the astrophysical
S factor of the '2C + !2C and '°0 + %O fusions in the
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barrier penetration model. Without any adjustment of the
potential strength, our results reproduce the non-resonant
behavior of the S factor of the '>C + '2C and '°0 + 60
fusions very well over a wide range of energies.
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1 Introduction

The '2C + '2C and '%0 + 9O fusions at low energies,
known as the carbon- and oxygen-burning processes, play a
vital role in stellar nucleosynthesis [1, 2]. In massive stars
with M = 8M_, where the electron degeneracy pressure is
insufficient to prevent the gravitational collapse, a large
accumulation of '>2C and 'O ashes built up from the
helium-burning phase starts to fuse together. In particular,
the '2C + '2C fusion occurs at a temperature of (0.6 —
1.0) x 10° K and matter density of approximately
10° g/cm® and yields 2*Na, 2°Ne, and **Mg for further
burning stages during the stellar evolution. With a higher
Coulomb barrier, the '0 + '°O fusion requires a temper-
ature of (1.5—2.7) x 10° K and densities of approxi-
mately (2.6 —6.7) x 10° g/cm® to synthesize *3Si, 3'P,
and *'S. Owing to the important role of the '>C + '?C and
160 410 fusions in nuclear astrophysics, numerous
studies have been conducted to investigate the fusion cross
sections of these systems at low energies that are close to
those relevant for the stellar nucleosynthesis [3-25].

In the hot stellar environment, the 2C + 2C and '°0 +
160 fusions occur at energies well below the Coulomb
barriers of these systems, i.e., around the Gamow peak of
approximately 1.5 and 6.6 MeV for the 'C + '?C and
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160 4160 systems, respectively. At such sub-barrier
energies, the fusion cross section falls off exponentially,
which makes the direct measurement of the fusion extre-
mely difficult. Therefore, for the astrophysical simulations
of the stellar nucleosynthesis, one usually needs to
extrapolate the '?C + 12C and 0 + '°O fusion cross sec-
tion to the low-energy region based on the experimental
data measured at higher energies. However, uncertainties
in such a procedure remain very significant [10] owing to
the observed resonant structure of the fusion cross section
[8, 11, 21] as well as the discrepancy between the data sets
obtained from different measurements in the same energy
range, such as discrepancy between the data of the '°O +
160 reaction obtained from the y-ray and charged particle
detection techniques [13, 14]. Thus, it is of significant
interest to have a reliable theoretical prediction of the
2C +12C and 'O+ 'O fusion cross sections at the
astrophysical energies. The theoretical studies to describe
the fusion reactions so far are based mainly on the barrier
penetration model (BPM) [26-28] using different models
for the nucleus—nucleus potential [18, 19, 21-25]. The
results of these studies show that the BPM description of
the heavy-ion (HI) fusion depends strongly on the choice of
the nucleus—nucleus interaction potential.

In general, the validity of a potential model for the
description of the >C + '2C or 10 + '°0 interaction at the
sub-Coulomb energies should first be tested in a consistent
optical model (OM) analysis of elastic scattering at low
energies. In fact, the measurements of the 12C 4 12C and
160 + 190 elastic scattering and reaction have been taken
over a wide range of energies during the last 40 years.
However, it is not a simple task because of the ambiguity
of the optical potential (OP) often observed in the OM
studies of the elastic light HI scattering at low energies. In
this regard, we remind the readers of the mean-field nature
of the light HI interaction [29, 30]. For example, it was
shown [30] that the mean-field potential built up from the
12C + 12C interaction smoothly matches the deep family of
the real OP that provides a consistently good OM
description of the elastic '>C + '?C scattering from the
medium energies down to those near the Coulomb barrier.
On the Hartree-Fock (HF) level, such a mean-field
potential is readily obtained in the double-folding model
(DFM) [29, 31-37]. At medium energies, the real OP given
by the DFM was proven to account very well for the
nuclear rainbow pattern observed in elastic light HI scat-
tering [29, 35, 37]. In a smooth extrapolation of the mean-
field potential to the low-energy region, the deep double-
folded potential was shown [30] to provide a sufficient
number of nodes in the relative-motion wave function, as
indicated by the Pauli principle, and also provide a natural
explanation of the low-energy 'C + '2C resonances in the
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cluster model of ?*Mg. This indicates that the DFM can be
used as a realistic potential model for the description of the
2C 4+ 12C and '°0 + 'O fusions at the astrophysical
energies. However, during the HI collision at such low
energies, the nuclear medium is formed more or less adi-
abatically, and the nucleus—nucleus overlap density must
be treated properly for the DFM calculation using a den-
sity-dependent nucleon—nucleon (NN) interaction. This
may be the reason that simple versions of the DFM using
some density-independent NN interaction are often used to
calculate the nucleus—nucleus potential for the fusion study
[7, 22].

Instead of the frozen density approximation (FDA)
widely used in the DFM calculations at energies above
10 MeV/nucleon [34, 35, 37], we propose an adiabatic
density approximation (ADA) for the dinuclear overlap
density, which is used in the new version of the DFM [37],
which properly includes the rearrangement term of the
nuclear mean-field. The present (low-energy) version of the
DFM is thereafter carefully tested in the OM analysis of
elastic 1°C 4 !2C and '°0 + %0 scattering over a wide
range of energies below 10 MeV/nucleon. The mean-field
potential predicted by the DFM for both the '>C + '2C and
160 4 180 systems is further used in the BPM to determine
the (non-resonant) energy-dependent astrophysical S factor
for these two systems.

2 Mean-field-based DFM

We recall briefly that the nucleus—nucleus OP is eval-
uated in the DFM as an HF-type potential [31, 33-35]
using some effective (energy- and density dependent) NN
interactions v(p, E). The direct term of the double-folded
potential is local and evaluated at a given internuclear
distance R using the ground-state (g.s.) densities of the two
colliding nuclei as

Vb(E,R) :/pa(ra)pA(rA)vD(p,E,s)d3rad3rA,

s=ry—r,+R.

(1)

The antisymmetrization of the dinuclear system leads to the
exchange term Vgx that is non-local in the coordinate
space. A local Wentzel-Kramers—Brillouin (WKB)-based
approximation is usually made [35] to obtain the exchange
term in the following local form:
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i >d3rad3rA,

(2)
where p,4)(r,r’) are the non-local g.s. density matrices;
M =aA/(a+A) is the recoil factor (or reduced mass
number); a and A are the mass numbers of the projectile
and target, respectively. The local relative momentum
K(E, R) is determined self-consistently as

x vex(p, E, 5) EXP(

KA(E.R) =5 [E~ V(ER) — Ve(R)) ®)

where p is the reduced mass of the two nuclei and
V(E,R) = Vp(E,R) + Vex(E,R) is the total real OP. The
Coulomb potential V(R) is obtained by directly folding
two uniform charge distributions [38], chosen to have the
RMS charge radii Rc = 3.17 and 3.54 fm for 12C and 100,
respectively.

For the effective NN interaction, in the present work, we
have used the CDM3Yn density-dependent version [33] of
the M3Y interaction based on the G-matrix elements of
Paris potential [39]

VD(EX) (p, E,s) = g(E)F(P)VD(Ex) (5)- (4)

The radial parts of the direct and exchange terms vpgx) (s)
were maintained unchanged as given in terms of three
Yukawas of the M3Y—Paris interaction [39]. The density-
dependent functional F(p) in Eq. (4) was first suggested in
Ref. [33], with parameters chosen to properly reproduce
the saturation properties of cold nuclear matter (NM) in the
HF calculation (see Fig. 1). The g(E) factor accounts
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Fig. 1 Energy (per nucleon) of symmetric NM at different nucleon
densities p given by the HF calculation using the CDM3Y3 and
CDM3Y6 interactions (4), which provide the nuclear incompressibil-
ity K = 217 and 252 MeV, respectively, at the saturation point (solid
circle)

effectively for the (in-medium) energy dependence of the
CDM3Yn interaction (4) and is determined self-consis-
tently [37] using the local relative momentum (3).

In the HF calculation of the single-nucleon energy in
NM using a density-dependent NN interaction, there
appears naturally a rearrangement term (RT), which
accounts for the rearrangement of the mean-field caused by
the removal or addition of a single nucleon. The significant
impact of the RT was shown experimentally in the direct
nucleon transfer reactions at low energies [40]. In the same
mean-field manner, the RT must appear in the HF-type
folding model calculation of the nucleon—nucleus or
nucleus—nucleus potential using an explicitly density-de-
pendent NN interaction and single-nucleon wave functions
of the projectile and target nucleons. This important aspect
of the folding model has been investigated recently
[37, 41], and it was shown that the contribution of the RT
to the double-folded potential (1)-(2) can be accurately
accounted for by adding a density-dependent correction
term AF(p) to the density dependence F(p) of the
CDM3Yn interaction,

vpex)(p, E,5) = g(E)[F(p) + AF(p)]vp(Ex)(s) (5)

must be used in the DFM calculation (1)-(2) of the
nucleus—nucleus OP. The explicit parameters of the
CDM3Yn interaction (4) with n = 3 and 6, and the cor-
responding RT correction (5) are given in Ref. [37]. In our
approach, the contribution of the RT is added to the total
double-folded potential as

V(E,R) = Vur(E,R) 4 Vrr(E, R), (6)

where Vyr and Vgr are the HF-type and rearrangement
terms of the double-folded potential, respectively. The g.s.
densities of '>C and '°O given by the no-core shell model
[42] and Hartree—Fock—Bogoliubov (HFB) -calculations
[43], respectively, were used in the present work.

2.1 Adiabatic density approximation

As the strength and shape of the double-folded potential
at small radii depend strongly on the dinuclear overlap
density at these distances [35], an appropriate treatment of
the overlap density is very important for the DFM calcu-
lation using a density-dependent NN interaction. The FDA,
widely used so far in the double-folding calculation,
assumes the sum of the two “frozen” g.s. densities for the
overlap density p in Eq. (5).

p = pi(ri) + pa(r2). (7)

The FDA was proven to be a reliable approximation at
energies above 10 MeV/nucleon [31-33, 35, 36]. At low
energies of the sub-barrier fusion, the dinuclear system
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merges adiabatically into the compound nucleus [44—47] at
decreasing internuclear distance R, and the FDA for a
frozen overlap density is no longer valid. In an adiabatic
scenario, the fusion time at low energies is sufficiently long
for nucleons in the compound system to rearrange their
initial states while maintaining the total energy of the
system as low as possible. The ADA proposed here is
similar to that suggested earlier in Refs. [48, 49], and the
dinuclear overlap density evolves with the internuclear
separation R as

0.5p:(r) exp [ln (ogop—(r()r)) (RR)}

if R < Ry
if R > Ry,

p(r) = (8)

Po(r)

where Ry is the grazing distance at which the two col-
liding nuclei start to rearrange themselves to form the
compound nucleus; p,(r) and p.(r) are the g.s. densities of
12C (or '%0) nucleus and of the compound **Mg (or 32S)
nucleus, respectively. The '>C 4 '2C overlap densities
given by the FDA and ADA are illustrated in Fig. 2. The
chosen R, = 6 fm is close to the grazing distance sug-
gested from the coupled channels study of fusion at sub-
Coulomb energies [47]. It can be observed that the overlap
density given by the FDA increases strongly at short dis-
tances, to approximately twice the central density of '>C at
R =0, whereas that given by the ADA approaches the
density of **Mg nucleus at small radii.

The impact of the two different treatments of the overlap
density on the strength and shape of the double-folded
12C 4 '2C potential at the energy of approximately 7 MeV/
nucleon obtained with the CDM3Y3 interaction is illus-
trated Fig. 3. As the overlap density given by the ADA is
softer than that given by the FDA (see Fig. 2), the
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Fig. 2 '2C + '2C overlap density as a function of the internuclear
separation R given by the FDA and ADA. The z axis is directed along
the line connecting the centers of the two >C nuclei
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Fig. 3 Double-folded '>C + '2C potential at the incident energy of
78.8 MeV obtained with the CDM3Y3 interaction, and dinuclear
overlap density given by the FDA (dash line) and ADA (solid line)

corresponding ADA double-folded potential is much dee-
per and has a larger slope in comparison with the FDA
potential in the interior (R <6 fm). Such a difference in the
shape of the double-folded potential can be observed in the
OM results for the elastic '2C 4 '>C scattering shown in
Fig. 4.
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Fig. 4 OM description of the elastic '>C + !2C scattering at 83, 102,
and 117 MeV given by the real double-folded OP using the FDA
(dash line) and ADA (solid line) for the overlap density. The data
were obtained from Ref. [52]
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3 Results and discussion

3.1 Elastic '>C + '°C scattering and astrophysical
S factor

The DFM should first be tested to verify its reliability in
the OM study of elastic '>C + '2C scattering at low ener-
gies before using it as the potential model in the BPM
calculation of the fusion cross section. For this purpose, the
OM analysis of the elastic '2C + '2C scattering data at
energies below 10 MeV/nucleon was performed using the
CDM3Y3 double-folded potential as the real OP and
Woods—Saxon (WS) potential as the imaginary OP, so that
the total OP at the internuclear distance R is determined as

U(R) =V(E,R) + iWy(R) + iWp(R) + Vc(R), 9)

_ —Wy
~ L+exp[(R—Ry)/ay]’

d WD
and Wp(R) —4aD@{ [T exp[(R — Ro)Jan] } (11)
The WS surface term (11) is optional and is used only in
the case of the elastic '°0 4 'O scattering. The WS
parameters in (11) were obtained from the global OP of the
12C +12C system [29, 50], with the potential strength
slightly adjusted by the OM fit to the data under study (see
Table 1). The Coulomb potential Vc(R) is obtained by
directly folding two uniform charge distributions [37]
chosen to have the RMS charge radii RC =3.17 and
3.54 fm for '>C and '°O ions, respectively. All the OM
calculations were done using the code ECIS97 written by
Raynal [51]. The OM results for the elastic 2c 42
scattering at 83, 102, and 117 MeV given by the real
CDM3Y3 double-folded OP using the FDA and ADA for
the overlap density are compared with the measured data in
Fig. 4. It can be observed that the folded potential obtained
with the overlap density given by the FDA fails to account
for the data measured at large angles, which are sensitive to
the real OP at small distances [35] where the two
approximations for the overlap density result in different
potential strengths as shown in Fig. 3. Upon using a more
realistic ADA for the overlap density, the double-folded

(10)

potential provides a good description of the data at both
forward and backward angles without any adjustment of
the potential strength. The boson symmetry of the identical
12C 4 12C system leads to the Mott oscillation of elastic
cross section at large angles (see Fig. 4), which is peaked at
0. m. = 90°. Therefore, the elastic excitation function has
been measured at 90° for this system at energies ranging
from the Coulomb barrier to above 10 MeV/nucleon. A
complex structure of the peaks and valleys in the measured
12C + 12C excitation function (see Fig. 5) was a challenge
during the eighties, which was solved by McVoy and
Brandan in a mean-field study of elastic '>C + '2C scat-
tering [50] where they showed that the uneven structure in
the 90°!2C + !2C excitation function is due to the evolution
of the rainbow (Airy) pattern. In particular, the prominent
minimum at 102 MeV is caused by the second Airy min-
imum passing through 90° at that energy [50]. As shown in
Fig. 4, the elastic data measured at 102 MeV and two
neighboring energies can be reproduced only by the real
double-folded ADA potential.

These two versions of the real OP and the WS imaginary
parts extrapolated from the global OP for elastic '>C + '2C
scattering at the same energy range [29, 50] were used to
calculate the 90° excitation function. We observed that
only the ADA potential can reproduce the measured exci-
tation function over a wide range of energies (see Fig. 5).
Therefore, we conclude that the present version of the
DFM provides a reliable prediction of the real OP for the
12C + 12C system at low energies and it should be a suit-
able potential model for the BPM study of the '2C + 12C
fusion at the astrophysical energies.

In the BPM, the probability of the '>C + '>C fusion is
determined by the tunnel effect that allows two '2C nuclei
to penetrate the Coulomb barrier at energies below the
barrier height. Given the Q value of nearly 14 MeV, the
12C + 12C fusion can proceed through different channels
involving the compound **Mg nucleus. While it is com-
plicated to consider all these reaction channels properly in
the coupled reaction channel calculation, the total 2c 4
12C fusion cross section can be determined in the BPM as a
coherent sum of all partial-wave contributions of the '>C +
12C transmission

Table 1 OM parameters in (9),

(11). and (11) used in the System Enp, (MeV) Wy (MeV) Ry (fm) ay (fm) Wp (MeV) Rp (fm) ap (fm)
folding analysis of the elastic % 12
2G4 12 160 4 160 c+12C 83.3 8.672 6.367 0.387 - - -
. . . 102.1 14.326 5.584 0.591 - - -
scattering at energies considered
in Figs. 4 and 8 117.1 15.770 5.536 0.590 - - -
160 +16 0 48.5 8.254 5.351 0.282 0.708 7.823 0.221
53.0 9.424 5.353 0.231 0.571 7.818 0.243
63.0 14.170 5.373 0.380 3.428 6.997 0.354
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Fig. 5 OM description of the elastic '2C + '2C excitation function at
Ocm. = 90° given by the real double-folded OP based on the FDA
(dash line) and ADA (solid line) of the overlap density. The data were
obtained from Ref. [52-54]

ofus :k_nzl;[l + (—1)1} 21+ DT, (12)

where k is the relative-motion momentum and [ is the
orbital angular momentum of the dinuclear system. The
transmission coefficient 7; provides the probability of the
two nuclei tunneling through the potential barrier built up
from the attractive nuclear potential and repulsive Cou-
lomb and centrifugal potentials as

R+ 1)

i (13)

Vi(R) = VN(R) + VC(R) +
The double-folded potential based on the ADA for the
overlap density is used as the nuclear potential VN. For
consistency, the same folded Coulomb potential V¢ as that
obtained in Eq. (3) is used to determine the total potential
(13). To illustrate the impact of the potential model on the
BPM results, we have also used two other models of the
nuclear potential in the BPM study of the '>C + '2C fusion.
The first one is the WS parameterization, denoted hereafter
as the BRA potential, suggested for the OP of the '>C +
12C system at energies below 6 MeV/nucleon [55]. The
other is the empirical potential parameterized to properly
describe the g.s. band of **Mg in the '2C + '2C cluster
model [56], denoted hereafter as the BH potential.

In general, the probability of fusion depends strongly on
the height and location of the potential barrier. The double-
folded (based on the ADA for the overlap density) potential
provides the barrier height Vgy=6.2 MeV at
Rpo = 7.8 fm, which are consistent with the empirical
values deduced [5] from the measured fusion data,

@ Springer

VBo ~ 6.2 — 6.3 MeV and Rgy ~ 7.4 — 7.6 fm. It can be
observed in Fig. 6 that the double-folded potential provides
a good description of the '>C 4 '2C fusion cross section
over the entire energy range. The barrier heights and
positions predicted by the BRA potential (Vg = 5.5 MeV
and Rpy = 8.4 fm) and the BH potential (Vgy = 6.4 MeV
and Rgy = 7.2 fm) differ significantly from the empirical
values. Consequently, the BPM results given by the BRA
potential overestimate the fusion data in the energy region
below 7 MeV, whereas those given by the BH potential
underestimate the data (see Fig. 6).

As the fusion cross section decreases exponentially with
the decrease in energy, it is more convenient to consider
the astrophysical S factor of the fusion

S = Eoyys(E) exp(2mn), (14)

where the Sommerfeld parameter 1 = Z;Z,e*/hv, and v is
the relative velocity of the dinuclear system. The astro-
physical S factors obtained in the BPM with the three
potential models are compared in Fig. 7 with the data and
the empirical extrapolation by Fowler et al. [2] based on
the data measured at higher energies. It can be observed
that both the BRA and BH potentials fail to reproduce the
data in the same way as discussed for the fusion cross
section. The double-folded (based on the ADA for the
overlap density) potential provides a good BPM description
of the non-resonant behavior of the S factor over the entire
energy range. The BPM results given by the double-folded
potential are also reasonably consistent with the phe-
nomenological S factor suggested by Fowler et al. except at
the lowest energies where our mean-field results are
slightly lower.

i 00000z
Y -
10'
10° F
10"
g 10% 26 4 120
i o Present work
o o BRA
10° F
10° F
107 F
10° ) . . . . .

1 2 3 4 5 6 7 8 9 10
E (MeV)
Fig. 6 BPM description of the >C + '2C fusion cross section given

by the double-folded (solid line), BRA [55] (dotted line), and BH [56]
(dash line) potentials. The data were obtained from Refs. [5, 6, 8, 10]
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Fig. 7 Astrophysical S factor of the '>C + '2C fusion obtained in the
BPM using the same potential models as those used to obtain the
fusion cross sections shown in Fig. 6. The dashed—dotted curve is the
phenomenological S factor extrapolated by Fowler et al. [2]. The data
were obtained from Refs. [5, 6, 8, 10]

3.2 Results obtained for the '°0 4 0 system

Given the higher Coulomb barrier, the 160 4+ 160 fusion
occurs at higher temperature and densities compared with
those of the stellar condition for the '>C 4 '2C fusion. So
far, the S factor measured for the O + °0 fusion seems
to be smooth, in contrast to that of the '2C + 2C fusion,
which has uneven resonant behavior at low energies.
Therefore, it is of interest to extend our mean-field
approach to study the 'O +'°0 fusion at energies of
astrophysical interest. For this purpose, the '°0 + 0
potential has been calculated in the DFM using the
CDM3Y3 interaction and ADA for the overlap density, and
the g.s. densities of '°0 and 32S given by the Green
Function Monte Carlo [57] and HFB [43] calculations,
respectively. In the OM analysis, this version of DFM was
used as the real OP, whereas the imaginary OP was
assumed in the WS form with parameters given in Table 1.
Without any renormalization of the potential strength, the
OM results given by the double-folded potential account
very well for the elastic '°0 4 '°O scattering data at low
energies (see Fig. 8).

In the BPM study of the 'O + '°0 fusion at energies
around the Coulomb barrier, the double-folded potential
(based on the ADA for the overlap density) provides a
fairly good description of the measured S factor over a
wide energy range, as shown in Fig. 9. The results given by
the double-folded potential are also reasonably consistent
with the phenomenological S factor suggested by Fowler
et al. [2]. As in the '2C + '2C case, we have compared our
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lab
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10°
E_=53 MeV
10° x10°
g 10*
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35
% 10°
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160 + 160
10° Elastic scattering
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Fig. 8 OM description of the elastic '°0 + 160 scattering at 48.5, 53,
and 63 MeV given by the real double-folded OP based on the ADA
for the overlap density. The data were obtained from Refs. [58, 59]
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Fig. 9 Astrophysical S factor of the '°0 + '°0 fusion obtained in the
BPM using the double-folded potential (solid line) and phenomeno-
logical OP suggested by Wu et al. [15] (dash line), in comparison with
the data [13-16] and the empirical S factor extrapolated by Fowler
et al. [2] from the measured data

mean-field results with those given by another potential
model for the '°0 + %O fusion. That is, the phenomeno-
logical potential suggested by Wu et al. [15] for the study
of the elastic '°0 + '°0 scattering at low energies and
fusion has been used in the present BPM calculation. It can
be observed in Fig. 9 that the phenomenological potential
suggested by Wu et al. significantly underestimates the data
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at sub-barrier energies. The results shown in Fig. 9 confirm
the reliability of the low-energy version of the DFM in
predicting the nucleus—nucleus potential for the BPM study
of nuclear fusion.

The S factor given by the double-folded potential seems
to slightly underestimate the data at low energies. A
dynamic contribution from the coupled channel effects
might well enhance the sub-barrier fusion cross sec-
tion. This will be the subject of our future study.

4 Summary

The mean-field-based CDM3Y3 density-dependent
interaction [33], well tested in the HF studies of nuclear
matter [35] and nucleon mean-field potential [37, 41], has
been used in the DFM approach to calculate the real OP for
the elastic '>C +'2C and '°0 + '°0 scattering at low
energies. With a realistic adiabatic approximation for the
overlap density, the double-folded potential accounts very
well for the observed oscillation and magnitude of the
elastic '2C + '2C and %0 + 90 cross sections over a wide
angular angle.

The present version of the DFM is further used to cal-
culate the nuclear mean-field potential for the study of the
astrophysical S factor of the 'C+ '>C and '°0 + '°0
fusion in the BPM. Without any free parameter, the double-
folded potential accounts very well for the non-resonant
strength of the '>2C + '2C and '°0 + '°0 astrophysical S
factors. Our results are also consistent with those given by
the phenomenological § factor extrapolated by Fowler
et al. [2] from the data measured for these two systems.
The OP given by the present version of the DFM can be
used as a reliable input in the coupled reaction channels
study of the '>C + '2C and '°0 + '°O fusion, to explore
explicitly the dynamic contribution from the coupled
reaction channels to the total fusion cross section and
astrophysical S factor at sub-barrier energies.
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