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Microscopic double folding potential description of the 6He +12C reaction
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We investigate the simultaneous explanation of the 6He + 12C elastic and inelastic scattering and 6He + 12C →
4He + 14C transfer reaction observables at 18.0 MeV within the framework of the coupled-channels Born
approximation. In obtaining the microscopic double folding potentials, two different nucleon densities deduced
from the no-core shell model and few-body model calculations for the 6He have been used. Although a good
agreement between theoretical results and experimental data has been obtained for elastic scattering and transfer
reactions data, the theoretical results underestimate the magnitude of the inelastic-2+ state data. We present in
this article that the deformation of the imaginary part of the optical potential is very important and it overcomes
the magnitude problem for the inelastic data for this system.
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I. INTRODUCTION

The halo nuclei have become one of the main interests of
nuclear physics and nuclear astrophysics since the discovery
of their unusual structure [1–12]. During the last two decades,
many experiments [1,5,13] have been performed to understand
the basic features of the halos and much information has been
extracted about the weakly bound nature and the large radial
extent in their densities. After these experimental studies,
some theoretical models have been suggested to understand
the internal structure and the dynamics of their interactions.
As a conclusion of all these efforts, many properties of halos
have been investigated and a number of neutron or proton rich
nuclei have been pronounced in the literature such as 6He,
11Li, 11Be, 8B, 13N, and 17Ne.

The 6He nucleus is the well-known and the most studied
halo type nucleus. This nucleus has attracted enormous
interest both theoretically and experimentally because of its
Borromean structure and the large probability of breakup
near the Coulomb barrier [14–16]. It has been argued that
6He is formed from a tightly bound 4He core and loosely
attached neutrons, and the ground state structure of 6He has
been studied within the frame of various shell models and
the few-body model [9,17–22]. The standard shell model has
failed to describe essential features of the halo nuclei, although
it has a significance in providing spectroscopic information
on a number of exotic nuclei. Having noticed the failure,
many theorists have improved the standard shell model by
using different approaches and they have obtained the ground
state properties of the 6He. The no-core shell model (NCSM)
conducted by Navratil et al. [22] is one of the models used in
the description of nuclear structure in recent years. They have
carried out a detailed study that shows that the three-nucleon
forces play an important role in determining the nuclear
properties and they have obtained the physical densities of
protons and neutrons for the 6He nucleus by using an ab initio
approach. In this study, the point-proton and the point-neutron
rms radii of 6He have been obtained as 1.763 and 2.361 fm,
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respectively. Some attempts by using the few-body model have
also been carried out in modeling the structure of these nuclei.
In these models, it has been assumed that light exotic nuclei
such as 6He and 11Li are formed core + valance nucleons and
the nuclear matter distributions have been obtained. Al-Khalili
and Tostevin [9] have performed the example of the few-body
(FB) calculations and have obtained the rms radii for loosely
bound two- and three-body systems such as 6He, 11Be, 11Li,
and 14Be by considering the corrections to the static density
Glauber model calculations of the cross sections. For 6He, they
have suggested an rms radius of 2.71 ± 0.04 fm by using the
static density S matrix for 4He target scattering.

In addition to these internal structure studies, nuclear
reactions induced by 6He at various energies are a popular
subject in nuclear physics. Especially, the elastic scattering
of 6He with different targets [23–27] has been extensively
studied because of the information provided regarding the
optical potential as well as the transfer and breakup reactions
to investigate the effects of couplings to entrance channels.
In recent years, the authors have focused on the 6He + 12C
system because of its importance in the stellar synthesis.
A lot of experimental studies for this system have been
carried out at both low and high energies and the interaction
cross sections, momentum distributions, and invariant mass
spectra have been measured [23–29]. The analyses of these
experimental data have been conducted by using different
phenomenological and microscopic models. However, the
theoretical analyses have been limited to only some parts of the
reaction observables such as cross sections of elastic scattering
or inelastic scattering separately.

Milin et al. [23] measured the elastic and inelastic scattering
of 6He + 12C and also 6He + 12C → α + 14C reactions at
18.0 MeV in the laboratory energy and they have analyzed
these data by using the Woods-Saxon shaped phenomenologi-
cal potentials. They were able to obtain a consistent agreement
for the elastic scattering and transfer reaction data, but they
were not able to obtain the inelastic-2+ data simultaneously
with the elastic and transfer channels data. They concluded
that a detailed analysis within the framework of the coupled-
channels formalism is necessary to explain the experimental
data. Matsumoto et al. [30] for 6He + 12C and Moro et al. [31]
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for 6He on different target nuclei also conducted a detailed
analysis by using the continuum-discretized coupled channels
(CDCC) method [32,33]. They obtained excellent agreement
with the experimental data for the elastic scattering angular
distributions. However, they did not make a prediction for the
inelastic-2+ state data.

Therefore, in this article, within the framework of the
coupled-channels approach, we aim to investigate whether or
not the microscopic double folding (DF) potential model is
an adequate approach for the description of the observables
measured by Milin et al. [23]. For this purpose, the elastic and
inelastic scattering data of 6He + 12C as well as the transfer
reaction data of Milin et al. [23] have been analyzed by using
the DF potential within the framework of the coupled-channels
Born approximation (CCBA) [34].

In the next section, we present the theoretical model used
in our calculations and the results of these calculations are
presented in Sec. III. Section IV is devoted to our summary
and conclusion.

II. THEORETICAL CALCULATIONS

To make a simultaneous analysis of the elastic and inelastic
scattering of the 6He + 12C system at 18.0 MeV as well as
to investigate the coupling effects to entrance channels, we
have performed theoretical calculations by using the post
representation of CCBA. In CCBA calculations using the code
FRESCO [35], two different channels, inelastic channel where
target nucleus is in the 2+ state and transfer channel assuming
one-step two-neutron transfer from 6He to 12C, have been
added to the elastic channel.

For the elastic and inelastic channels, the real part of the
optical potential has been obtained by using the DF potential
model. In the folding model, the realistic DF potential can
be evaluated by using the nuclear matter distributions for
projectile and target nuclei with an effective nucleon-nucleon
interaction potential (νnn):

VDF(r) =
∫ ∫

ρP (r1)ρT (r2)νnn(|�r + �r2 − �r1|)d3r1d
3r2, (1)

where ρP and ρT denote the nuclear matter density of projectile
and target nucleus, respectively. To make a comparative study
to show the effect of using different ground state density
distributions in the folding potential calculations, two different
nucleon densities have been used for the projectile. These
densities used in our analysis for 6He have been obtained by
few-body and no-core shell model calculations taken from the
theoretical calculations of Refs. [9] and [22]. The densities of
these two models are shown in comparison with each other in
Fig. 1 for the projectile 6He. On the other hand, the nuclear
matter density for target 12C has been taken to be in the form

ρP (r1) = ρ0
(
1 + wr2

1

)
exp

(−βr2
1

)
, (2)

where ρ0 = 0.1644 fm−3, w = 0.4988 fm−2, and β = 0.3741
fm−2 for target 12C nucleus [36–38].
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FIG. 1. The proton and neutron density distributions of 6He
within NCSM (solid line and solid line with square) and FB (dashed
line and dotted line) models.

The M3Y nucleon-nucleon effective interaction has been
taken to be in the form

νnn(r) = 7999
exp(−4r)

4r
− 2134

exp(−2.5r)

2.5r

+ J00(E)δ(r) MeV, (3)

where J00(E) is varying with the energy as

J00(E) = 276[1 − 0.005E/Ap] MeV fm3. (4)

For the transfer channel, the real part of the optical potential
has been chosen as the phenomenological Woods-Saxon form

V (r) = −V0

(1 + exp(r − RV )/aV )
, (5)

where RV = rV (A1/3
P + A

1/3
T ). This potential is used for the

exit channel (α+14C) and for the core-core potential (α + 12C).
The 6He = α + 2n bound state wave function is generated
with the potential assuming α and 2n clusters in a relative
2S state [23,39]. The 14C = 12C + 2n binding potential is
the same as that in Ref. [40]. The parameters are listed in
Table I. CCBA calculation is normalized to the data with the
factor S ′

2nS2n = 0.45, where S ′
2n is the 2n-spectroscopic factor

in 6He and S2n is that for the 8.32 MeV state of 14C.
The imaginary potential for all channels has the Woods-

Saxon form just like the real part of the transfer channel given
by Eq. (5) and the parameters of the imaginary potentials are
similar to those in Refs. [23,41,42], except the depth of the
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TABLE I. aNormalization constants and imaginary potential depth for the present calculations. bVaried to
give correct separation energy.

Parameters Nr V rv av W rw aw rc Ref.

6He + 12C (NCSM) 1.13a 7.0 2.35 0.79 2.3 [42]
6He + 12C (FB) 0.92a 7.0 2.35 0.79 2.3 [42]
α + 12,14C 159.0 1.54 0.709 4.15a 1.54 0.709 1.2 [41]
6He = α + 2n b 1.7 0.7 [39]
14C = 12C + 2n b 1.26 0.6 [40]

imaginary potential for the transfer channel has been reduced
to 4.15 MeV.

The real and imaginary potentials are shown in Fig. 2
and their parameters are listed in Table I for the optical
potentials of all channels. Furthermore, the comparison of the
phenomenological potential and the microscopic potentials for
the entrance channel are shown in Fig. 2. For the entrance
channel, it is seen that the phenomenological potential used
by Milin et al. [23] at the interior region is at its deepest
around 275.0 MeV and goes to zero faster than the microscopic
ones. On the other hand, in the surface region around the
strong absorption radius [34] Rsar � 1.5(A1/3

P + A
1/3
T )], the

phenomenological potential and microscopic potentials have
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FIG. 2. The shape of the real and imaginary potentials. The solid
line shows the potentials obtained by using NCSM, the dashed line
shows the potentials obtained by using FB, the dotted line shows the
WS potential of Milin et al. [23], and the dot-dashed line shows the
potential for the transfer channel.

similar values. Nevertheless, the exit channel real potential has
a different shape from the other real potentials and it goes to
zero very slowly if we compare it with the others.

In the coupled-channels calculations, we assume that the
target nucleus 12C has a static quadrupole deformation that
can be taken into account by deforming the real part of the
potential in the following way,

R(θ, φ) = r0A
1/3
p + r0A

1/3
t [1 + β2Y20(θ, φ)], (6)

where p and t refer to projectile and target nuclei, respectively,
and β2 is the deformation parameter of 12C. We shall use the
value of β2 as −0.6. For the Coulomb deformation, we assume
βC

2 = βN
2 .

III. RESULTS AND DISCUSSION

The 6He + 12C system has been analyzed in the laboratory
system at 18.0 MeV by using both phenomenological and
microscopic potentials within the above-described theoretical
calculations for a simultaneous explanation of the observables
of all reaction channels.

First, we have used the parameters of the study in Ref.
[23]. This study has been performed in the framework of the
finite range distorted wave Born approximation (FRDWBA)
by Milin et al. [23]. However, the inelastic channel has not
been added in these calculations. Therefore, we have taken
into account this channel in our CCBA calculations by using
the same parameters [23]. We have obtained good results
for the elastic and the transfer channel angular distributions.
Nevertheless, the parameters are not adequate for the inelastic-
2+ channel. There is a large difference between the amplitudes
of the theoretical and the experimental results as is presented in
Fig. 3. The change of the parameters of the real and imaginary
potentials does not solve the magnitude problem observed in
Fig. 3 between the experimental data and the theoretical results
for the inelastic-2+ state.

After that, our methodology is based on a microscopic DF
potential analysis on the elastic channel, because the main
contribution to the reaction observables comes from it, then
we have added the other channels to the reaction mechanism.
To perform this analysis, we have used the target 12C nuclear
density as in Refs. [36–38] that is used in the literature
commonly. For the projectile 6He, the NCSM [22] and FB
model [9] densities have been used to get rid of any unknown
discrepancy between the models. Therefore, we have obtained
two different potential families for the real part of the optical
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FIG. 3. (Color online) The prediction of the phenomenological
WS potential for the inelastic-2+ state data. See text for the details.

potentials as seen in Fig. 2. The normalization parameters of
these potentials have been searched using a χ2 search code
SFRESCO [35]. As a result of these searches, the normalization
parameters for the potential have been found to be 1.13 for
NCSM and 0.92 for FB.

By using these two microscopic potentials, similar to
the phenomenological calculations of Milin et al. [23], we
have obtained a good description of the elastic and transfer
channels data. The individual angular distributions of the
elastic channel, shown in the upper part of Fig. 4, are in very
good agreement with the experimental data. The magnitude
of the cross section is correctly predicted and the minima
and maxima are at the correct places with the phases. Both
theoretical results are almost the same; the only difference
exists around 85◦ where the NCSM prediction does not have a
deep minimum while the FB prediction does. For the transfer
channel, the results shown in the bottom part of Fig. 4 are also
reasonable: The magnitude of the cross section is correctly
predicted. However, although the inelastic-2+ channel results
obtained by using both NCSM and FB potentials are better than
the phenomenological results shown in Fig. 3, there still exists
a magnitude problem between theoretical predictions and
experimental data for this channel. Varying the normalization
factors and the parameters of the imaginary potential do not
solve this magnitude problem. A simultaneous fit of the elastic,
inelastic-2+, and transfer channels data cannot be achieved by
using these microscopic double folding potentials.

The Coulomb excitation by deforming the Coulomb poten-
tial in our calculations has not solved this magnitude problem
either. The Coulomb excitation has been effective only at
forward angles between 0◦ and 20◦ for the inelastic angular
distribution; however, in the rest of the angular range the
theoretical results are the same whether Coulomb excitation is
included or not.

This problem is solved by deforming the imaginary po-
tential. It is known that the deformation of the imaginary
potential can be useful for the inelastic angular distributions
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FIG. 4. (Color online) Microscopic DF potential results of the
CCBA for the elastic (upper), inelastic-2+ state (middle), and transfer
channel obtained by using the densities of NCSM and FB models for
6He projectile.

only if the real and imaginary parts of the potentials have
different radial shapes [34]. Therefore, we have included the
deformation of the imaginary potential to our calculations,
and then the magnitude problem of the inelastic angular
distribution between theoretical and experimental results has
been solved as is shown in the middle frame of Fig. 4. Thus, a
simultaneous fit of experimental data for the elastic, inelastic-
2+, and transfer channels has been obtained by deforming the
imaginary potential along with the real one.

The reaction cross sections of this system have been
obtained as 1511 and 1471 mb, respectively, for FB and NCSM
while there is no deformation for the imaginary potential of the
entrance channel. The deformation of the imaginary potential
has a very small effect, resulting with a minor reduction of
the value for the reaction cross sections. Our results are in
good agreement within the CDCC calculations of Matsumoto
et al. [30].

IV. SUMMARY AND CONCLUSION

We have conducted a detailed microscopic potential anal-
ysis of the 6He + 12C → α + 14C reaction at 18.0 MeV in
the laboratory system. Two different microscopic double

064608-4



MICROSCOPIC DOUBLE FOLDING POTENTIAL . . . PHYSICAL REVIEW C 77, 064608 (2008)

folding potentials constructed by using the NCSM and FB
densities of 6He have been used to obtain the theoretical cross
sections. It has been observed that both densities provide a
consistent and an adequate description of the elastic scattering
and transfer reaction data with small normalization factors.
However, they underestimate the inelastic scattering data.
Our attempts to explain the elastic, inelastic, and transfer
data simultaneously have failed and the magnitude of the
inelastic-2+ data has remained unsolved. Varying the potential
parameters and changing the deformation value of 12C have
not solved this problem. These same observations have also
been observed for the phenomenological Woods-Saxon type
potential calculations such as those of Milin et al. [23].
Because previous works [30,31] conducted by using the CDCC
method do not evaluate the cross section for the inelastic-
2+ state data, further analysis using the CDCC method is
necessary to see whether there exists a magnitude problem as
in our calculations for the inelastic-2+ state data.

To fit the inelastic scattering data, it has been shown in this
study that, in the coupled-channels calculations, it is necessary
to deform not only the real part of the potential but also the
imaginary potential. This has solved the magnitude problem
of the inelastic-2+ data and we have been able to achieve
a simultaneous fit of the experimental data for the elastic,
inelastic-2+, and transfer channels.

In addition to showing the importance of the deformation of
the imaginary potential, our study reveals that the shape of the
potentials in the surface region is important in explaining the
reaction observables of such reactions. Both FB and NCSM
potentials as well as the deep phenomenological Woods-Saxon
potentials, which have similar shapes in the surface region,
provide similar results although they have very different depths
in the interior region. We have also noticed that the Coulomb
deformation is important in the forward angles for the inelastic
data but at large angles it is negligible. We finally point out that
all dynamic effects arising from the distortion and breakup of
6He have been partly taken into account in the optical potentials
and the large radius for the imaginary potentials (rw =
2.35 fm) are relevant to the long-range absorption that
describes the scattering of weakly bound nuclei.
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