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Heavy ion double folding cluster optical potentials
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~Received 11 December 2001; published 4 June 2002!

The a-cluster model is used to construct the double folding cluster optical model potential of heavy ions
interaction. The derived potential is employed to analyze elastic scattering data of32S124Mg at 65, 75, 86, 95,
and 110 MeV laboratory energies. An energy-dependent renormalization coefficient is necessary in order to
obtain successful reproductions of the data.
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It is well known that phenomenological optical potentia
are often successfully used to describe the heavy ion~HI!
elastic scattering data. The use of folding model~FM!, how-
ever, is appealing because it allows one to predict the po
tials of systems for which scattering data are not availa
Furthermore, the folding potentials make it possible to elim
nate ambiguities, which appear with the phenomenolog
ones.

In the last two decades or so, the FM for the real part
the optical potential has proved to give a good description
HI elastic and inelastic scattering data@1–4#. At the same
time, the cluster model using the double folding~DF! poten-
tial has revealed to be quite successful for the comprehen
understanding of the structure of light and medium nuc
@5–9#.

Recently, we used the alpha (a)-cluster structure of light
HI to generate thea-nucleus and nucleus-nucleus sing
folding cluster@8# and double folding cluster~DFC! @9# po-
tentials, respectively, based upon ana-a interaction folded
with the a-particle distributions in the colliding nuclei. Th
derived potentials were successfully used to describe 27
of a particles @8# and 20 sets of12C and 16O @9# elastic
scattering data from12C, 16O, and 28Si targets at a wide
range of energies.

In the present work and another recent paper@10# we
extend the DFC approach to construct optical potentials
medium HI systems. The present study is confined to ana
the 32S124Mg elastic scattering data at near- and sub-bar

TABLE I. Best fit parameters obtained from the analysis
32S124Mg elastic scattering.

E N W0 r I aI JI sR x2

~MeV! ~MeV! ~fm! ~fm! (MeV fm3) ~mb!

65 A 0.92 60.0 1.279 0.219 154 37.5 0.1
B 0.89 6.46 1.394 0.230 21.4 47.1 0.1

75 A 0.84 52.6 1.305 0.376 145 429 0.2
B 0.81 3.18 1.513 0.227 13.5 404 0.3

86 A 0.72 52.5 1.211 0.476 118 732 1.3
B 0.71 19.7 1.294 0.464 53.5 726 1.3

95 A 0.65 60.0 1.139 0.586 115 974 1.7
B 0.63 11.8 1.323 0.557 34.8 983 1.5

110 A 0.62 60.0 1.075 0.676 100 1257 5.4
B 0.60 21.6 1.209 0.615 49.4 1200 2.7
0556-2813/2002/65~6!/067303~3!/$20.00 65 0673
n-
e.
-
al

f
f

ve
i

ets

r
ze
r

energies~65, 75, 86, 95, and 110 MeV! using the derived
DFC potential. These data were recently@11# measured and
analyzed using a DF potential based upon the M3Y nucle
nucleon~NN! interaction.

The DFC potential is defined as@9#

VDFC~R!5E r1~r 1!r2~r 2!Vaa~ uRY 2rY11rY2u!drY1drY2 ,

~1!

wherer1 andr2 are the density distributions ofa particles
inside 32S and 24Mg nuclei, respectively, andVa-a is the
interaction potential between ana particle in the projectile
(32S) and anothera-particle in the target (24Mg). The same
treatment and form of interaction introduced in our previo
studies@8,9# are used in the present calculations. The nucl

f

FIG. 1. Angular distributions of elastic scattering cross sect
for 32S124Mg reaction in comparison with DFC predictions.
©2002 The American Physical Society03-1
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density parameters of32S and 24Mg nuclei required for the
present calculations are taken from Ref.@12#.

Then, the nucleus-nucleus interaction is considered a

U~R!52NVDFC~R!2 iW~R!1VC~R!, ~2!

where N is a renormalization coefficient,W represents the
imaginary part of the optical potential defined in a pheno
enological Woods-Saxon~WS! radial form factor@13# and
VC is the Coulomb repulsive interaction with a radiusRC
51.1(321/312424) fm.

The computer codeHIOPTIM94 @14# was used to calculate
the angular distribution of the elastic scattering differen
cross sections. Four free parameters were optimized;N and
the imaginary WS parameters; the depthW0, radiusr I and
diffusenessaI , in order to fit the data by minimizing thex2

parameter.
We start our analysis by fitting the elastic scattering d

using the WS parameters obtained for the M3Y DF poten
given in Table I of Ref.@11#. The present best fit paramete
are shown in Table I as the setA. Then we used paramete
of a shallow WS potential, which yielded the setB. Both sets
produce almost identical predictions and comparable va
for the x2 parameter and total reaction cross sectionssR .

FIG. 2. Energy dependence of the renormalization coefficienN
~lower part!, volume integral of the imaginary partJI ~middle part!,
and total reaction cross sectionsR ~upper part!. Straight lines are
the least-square fits. Squares for the present work and up trian
for Ref. @11#.
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Figure 1 demonstrates a comparison between experime
data and the predicted elastic scattering cross sections u
setA.

As shown in Fig. 1, the renormalized real DFC potent
successfully reproduces the data of all considered energ
We notice that the success of the derived DFC potentia
predict the data is more pronounced at backward an
~larger than the rainbow angles! for the two highest energie
than that found by the M3Y DF potential@11#.

From Table I it is evident that the renormalization fact
N has a clear energy dependence, whereN decreases as en
ergy increases. This result is consistent with that noticed
the renormalization of the M3Y DF potential@11# obtained
from the analysis of the same data. In the lower part of F
2 values forN are plotted against the energyE in comparison
with the result of the previous analysis. Both results,
shown in the figure, have a linear energy dependence w
the same energy dependence factor;(120.005E), i.e., they
have similar behaviors. The M3Y potential values, howev
are larger than those of the DFC one by approximatel
factor of 2. This behavior resembles that observed from
analysis of HI elastic scattering using the DFC poten
based upon ana-nucleon interaction and M3Y DF potentia
@9#, which indicates that the DF model using thea-cluster
model yields successful DF potentials to reproduce HI ela
scattering.

On the other hand, it may be useful to compare the M

les

FIG. 3. A comparison between unnormalized DFC and M
potentials using the same nuclear matter densities of32S and24Mg
nuclei.
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potential with the DFC one. The M3Y DF potential is d
fined as

VM3Y~R!5E r1~r 1!r2~r 2!vnn~ uRY 2rY11rY2u!drY1drY2 ,

~3!

wherer1 andr2 are the nuclear matter density distributio
of 32S and 24Mg nuclei, respectively, andvnn is the M3Y
effectiveNN interaction used in Ref.@11#, which is defined
as

vnn~s!57999
exp~4s!

4s
22134

exp~2.5s!

2.5s
2262d~s!, ~4!

where thed(s) term accounts for the knock-on exchan
term. Usually, this term is used in the case of weak ene
dependence. However, for the considered energy range
ignored this energy dependence because of its negligible
fects on the results.

We use the same nuclear matter densities employe
derive the DFC potential in order to calculate the M3Y on
The two potentials are shown in Fig. 3. We notice that
though the two potentials are built on two different intera
tions ~Vaa andvnn , which are separately parametrized! they
are almost indistinguishable. At the center (R50),
VM3Y /VDFC51.036. This may indicate that the DFC pote
tial is as realistic as the M3Y one.

From Table I we notice, also, that the two deep and sh
low sets,A andB, respectively, of the imaginary part of th
optical potential yielded similar elastic scattering resu
This means that the calculations are insensitive to
strengthW0 used in the fit of experimental data. This ind
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cates, as mentioned in Ref.@11#, that the absorption take
place on the same region of the nuclear surface indep
dently of the strengthW0. We notice, further, that the fitting
is insensitive to the imaginary potential at the strong abso
tion radius@1# Rsa59.7 fm.

The volume integral per interacting nucleon pair of t
real DFC potentialJR has the same energy dependence asN,
whereJR52413.5N MeV fm3 @8#. The obtained values o
the volume integral of the imaginary WS potentialJI are
listed in Table I. There is a linear energy dependence sim
to that observed for the M3Y DF potential analysis@11# as
shown in the middle part of Fig. 2. At the same time, w
notice thatJI has the same energy dependence factor;(1
20.005E) asN. However, values ofJI obtained from setB
do not show any clear energy correlation.

The energy dependence of the total reaction cross sec
sR obtained from the present analysis is shown in the up
part of Fig. 2 in comparison with that of Ref.@11#. As clearly
noticed, both results are identical and have a linear ene
dependence. It is clear that at near-barrier energies the
reaction cross section is very small because it takes plac
the nuclear surface in a very narrow domain. This dom
broadens with increasing energy and consequentlysR in-
creases.

Finally, from the present analysis, we can extract two
teresting conclusions. First, the DFC potential renormaliz
by a real energy-dependent factor has successfully re
duced the elastic scattering differential cross section data
HI reactions at near- and sub-barrier energies. The succe
the DFC potential to predict the data is on the same foot w
that of the M3Y one. Second, the DFC and M3Y DF pote
tials based upon the same nuclear matter densities are
tical all over the radius range 0–15 fm.
ys.
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