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a-clustering folding model
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a-nucleus single-folding cluster optical potentials based upon thea-cluster model and ana-a interaction
were generated forma-cluster structure targets~m53, 4, 6, 7, and 8!. Angular distributions of the differential
cross section ofa elastic scattering by12C, 16O, and28Si have been analyzed for various incident energies
using the derived potentials. Also, single-folding optical model potentials were constructed using ana-nucleon
effective interaction to analyze the same data. Both models produced reasonable success in predicting scatter-
ing data, particularly at higher energies. The effect of uncertainties in the projectile and target nuclear densities
on the results was investigated. The energy dependence of the calculated potentials is also discussed.
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I. INTRODUCTION

The scattering of ana-particle projectile from light
heavy-ion nuclei has been of special interest because el
scattering cross sections exhibit two different features. T
first is usually known as anomalous large angle scatte
~ALAS! @1#, where an unusual enhancement of cross sec
is observed at back angles. This phenomenon is cle
manifested in scattering from doubly closed shell light n
clei, e.g., 16O and 40Ca. The enhancement of back ang
scattering decreases as the energy of thea particle increases
but the whole effect disappears for energies above 55 M
for all target nuclei.

The second feature is nuclear rainbow scattering@2#,
which is observed fora energies above 100 MeV characte
ized by a sharp decrease of cross section beyond a ce
scattering angle, known as the grazing angle. This phen
enon can be used to probe the nucleus-nucleus potentia
only in the surface region but also at smaller distances
could be of considerable practical use in eliminating cert
potential ambiguities that arise in the analysis of elastic s
tering data. Within the framework of simple scatterin
theory, deeper insight is provided by deconvoluting the e
tic scattering amplitude into two components correspond
to scattering from the nearside and farside of the target.

The interpretation of these two features has played a
cisive role in establishing a uniquea-nucleus optical poten
tial @1#. It was found that the ‘‘usual’’ Woods-Saxon~WS!
type of optical potentials is inadequate to analyze large an
elastic a scattering from light- and medium-weight nucle
Therefore, to investigate the ALAS phenomenon, some h
used arbitrary (WS)n (n.2) form factors@3#. Michel et al.
@4# suggested a flexible parametrization of the real part of
optical potential. This produced a radial variation as well
an energy dependence for the best fit real potential exhibi
a good accuracy fora scattering from16O over a wide range
of energies.

Also, the real part of the optical potential calculated us
the double-folding model yielded a good account ofa scat-
tering over a wide range of energies and target mass num
@5,6#. This points out the ability of the folding concept t
predict the radial shape of real potentials.

On the other hand, there are many lines of evidence
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nucleons inside the nucleus tend to form clusters@7#, and the
most likely form of these clusters is thea particle because o
its symmetry and high binding energy~28.3 MeV!. Near the
nuclear surface, where the nuclear density falls rapidly
zero, alpha clusters become more stable. Since thea-target
interaction mainly takes place near the nuclear surface, tha
correlation should be the strongest and thea cluster is ex-
pected to behave in many respects like a freea particle. The
form of an a cluster can be used to explain the ALAS b
havior, where the enhancement of cross sections at backw
angles is suggested to be related to the presence of aa
correlation in the ground state of target nuclei@8#. Therefore,
the a-cluster model has been employed to calculate fold
optical model potentials for composite projectiles throu
either the Watanabe superposition model@9# or the single-
folding cluster~SFC! @8# and double-folding cluster@10–12#
models.

In the present work we derivedma-cluster densities for
12C, 16O, 24Mg, 28Si, and 32S nuclei to generate the
a-nucleus optical potentials through the SFC model. The
sulting potentials were employed to analyze elastic scatte
data fora1( 12C, 16O, and 28Si) systems in the rangeE
518.5– 172 MeV laboratory energy. Furthermore, for conv
nience, we folded ana-nucleon ~a-n! interaction over the
ground-state nuclear density of the target nucleus to ob
the single-folding matter~SFM! optical potentials that were
used to analyze the same data.

II. THEORETICAL FORMALISM

Consider a nucleus of mass numberA composed of an
integral number~m! of a particles, i.e.,A54m. If the
a-cluster distribution function inside the nucleus isrC(r 8),
we relate the nuclear matter density distribution function
the nucleus,rM(r ), to that of thea-particle nucleus,ra(r ),
as

rM~r !5E rC~r 8!ra~ urW2rW8u!drW8. ~1!

In our calculation we use a modified Gaussian form
the target densityrM(r ) and a Gaussian form for th
a-particle densityra(r ) as follows:
©2001 The American Physical Society10-1
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FIG. 1. The obtaineda-nucleus single-folding
cluster ~SFC! potentials. The inset shows th
root-mean-square radii of the calculated SFC p
tentials versusA1/3.
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rM~r !5r0M~11vr 2!exp@2br 2#, ~2!

ra~r !5r0a exp@2lr 2#, ~3!

where the parametersv, b, andl are taken from Refs.@13–
19#. r0a andr0M can be determined from the normalizatio
condition

E r~r !r 2 dr5
A

4p
. ~4!

To calculate thea-cluster distribution functionrC(r 8) from
expression~2! we use Fourier transform techniques@13#.

In order to generate the real part of thea-nucleus optical
potential one may apply the double-folding~DF! concept
based upon the matter densities of both thea-particle and
target nuclei and a suitable effectiveNN interaction. How-
ever, here, we use two semimicroscopic approaches to
struct the real part of the optical potential. For the first a
proach, we derive the SFMa-nucleus potential by folding an
effectivea-n interaction@20# with the nuclear matter densit
of Eq. ~2!. We use thea-n interaction in the form of a Gauss
ian shape@20#. For the second approach, we build the S
01431
n-
-

potential based upon ana-a interaction folded over the
a-cluster distribution function of the target nucleus.

The a-a system has been investigated by several theo
ical and experimental studies. At least three different
proaches have been performed to analyze low energya-a
elastic scattering data using a purely attractive local ang
momentum and energy independenta-a potential @21–23#.
Some other studies@24,25# used a phenomenologicala-a
potential including a short-range repulsive and a long-ra
attractive part. Satchler and Love@13# calculated ana-a DF
potential based on the M3Y effective interaction involvin
an exchange contribution for energy 10 MeV per nucle
The resulting potential, which is also purely attractive,
very similar to that of Buck, Friedrich, and Wheathly@22#.
Therefore, we found that thea-a potential of Buck,
Friedrich, and Wheathly@22# is the most favorable and th
simplest one to be considered in our calculation.

For both SFM and SFC procedures, thea-nucleus folded
potential is derived from the expression

VSFi~R!5E r i~r !Va j~ uRW 2rWu!drW, ~5!
0-2
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wherei 5M , j 5n for the first procedure andi 5C, j 5a for
the second one.

III. PROCEDURE

We calculated the SFM and SFC potentials
a1(12C, 16O, 24Mg, 28Si, and 32S) systems~m53, 4, 6, 7,
and 8! to be used as the real part ofa-nucleus optical poten
tials. We have chosen three of the calculated interactio
a1(12C, 16O, and 28Si), to analyze several sets of elas
scattering data in a wide range of energies. The imagin
parts of thea-nucleus optical potential were parametriz
phenomenologically in a WS shape. Elastic scattering cr
section calculations were carried out using the compu
codeHIOPTIM-94 @26#. We used the average error for all co
sidered sets of data to be 10%. The searches were carrie
by optimizing four free parameters, a real renormalizat
factor Nr for the calculated potentials besides the three
rameters of the imaginary phenomenological WS potenti

IV. RESULTS AND DISCUSSION

The obtaineda-cluster distribution densities were used
calculate thea-nucleus SFC potentials~5! for 12C, 16O,
24Mg, 28Si, and 32S targets. The resulted potentials a
shown in Fig. 1. It is obvious that the depth of the interact
increases as the mass number increases. The rms radii o

TABLE I. The obtained SFC optical model potential param
eters, volume integrals, total reaction cross sectionssR , and x2

values.

E
~MeV! Nr

W0

~MeV!
r W

~fm!
aW

~fm!
2JI

~MeV fm3! x2
sR

~mb!

a112C
18.5 1.90 14.500 0.7500 0.350 9.04 798.0 74
28.4 1.07 12.157 1.4932 0.090 42.67 1690.0 80
41.0 1.05 45.540 1.2400 0.650 138.04 190.9 91
48.7 0.93 65.160 1.2664 0.455 172.28 322.0 76
54.1 0.89 76.540 1.2460 0.450 193.14 151.6 74

104.0 0.61 33.421 0.8270 1.144 94.98 7.54 88
120.0 0.61 10.545 1.8396 0.803 93.23 8.03 85
139.0 0.71 15.443 1.8030 0.492 108.08 19.3 71
166.0 0.51 5.961 2.3240 0.616 88.67 3.12 81
172.5 0.48 4.611 2.6230 0.609 95.87 2.16 90

a116O
32.2 0.87 14.50 1.152 0.63 34.02 353.8 881
40.4 0.88 12.45 1.356 0.68 45.21 93.3 902
48.7 0.86 16.20 1.365 0.79 65.58 43.0 978
54.1 0.85 16.30 1.394 0.77 68.14 12.62 960
65.0 0.82 16.55 1.573 0.78 93.13 8.07 1047
80.7 0.80 16.15 1.579 0.61 82.02 9.58 875

104 0.76 16.95 1.595 0.60 87.86 5.37 843
146 0.71 16.21 1.701 0.73 107.36 17.95 947

a128Si
104. 0.87 37.1 1.365 0.79 134.03 8.44 1285
166 0.62 18.25 1.55 0.61 82.94 3.26 1013
01431
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derived SFC potentials are plotted against the cube root oA,
as seen in the inset in Fig. 1. We notice that, the rms rad
has a clear linear dependence onA1/3. This linearity can be
represented as

^r 2&1/251.38@110.58A1/3#. ~6!

From this relation, it is easy to interpolate the correspond
rms radius for the20Ne nucleus or to extrapolate those of th
other ma-cluster structure nuclei such as36Ar, 40Ca, and
44Ti nuclei.

On the other side, our calculated potentials are consis
with those obtained by Friedrich and Langanke@27# and with
Buck, Merchant, and Perez@28# considering thea-cluster
structure of16O. However, the obtained normalizeda116O
potentials are deeper than those derived by Yamaguchi,
bana, and Hariuchi@29#. Nevertheless, those potentials@29#
have an energy dependence similar to that obtained in
present work.

We analyzed 27 sets of data for the angular distribut
differential cross sections of the ofa-particle elastic scatter
ing from 12C, 16O, and28Si targets using the calculated SF
and SFM potentials. The obtained best fit values of the r
normalization factorNr and imaginary potential paramete
are listed in Tables I and II, respectively. The predicted el
tic scattering cross sections are shown in comparison w
experimental data in Figs. 2–6. A general look at these
ures shows that the two~SFC and SFM! potentials produce
almost similar elastic scattering predictions. The two inter

9
1
1
8
0
6
1

TABLE II. Same as Table I but for the SFM optical potential.

E
~MeV! Nr

W0

~MeV!
r W

~fm!
aW

~fm!
2Ji

~MeV fm3! x2
sR

~mb!

a112C
18.5 1.25 14.500 0.7500 0.370 9.350 1017.0 783
28.4 0.77 11.802 1.1610 0.732 33.90 2355.0 761
41.0 1.15 45.540 1.2400 0.650 138.04 188.6 933
48.7 0.95 53.160 1.2554 0.500 143.05 296.2 778
54.1 0.90 75.540 1.2460 0.450 190.61 91.65 737
104.0 0.84 25.279 1.3140 0.846 107.00 3.19 841
120.0 0.938 14.244 1.8786 0.541 114.32 5.18 814
139.0 0.89 14.691 1.8840 0.491 116.03 5.34 770
166.0 0.84 13.457 1.8860 0.574 111.02 4.01 769
172.5 0.68 25.722 0.9470 1.289 105.40 1.50 894

a116O
32.2 1.03 15.00 1.141 0.70 37.01 205.0 952
40.4 1.00 12.51 1.365 0.67 45.79 71.53 915
48.7 1.00 16.59 1.353 0.82 67.55 53.52 1012
54.1 0.98 16.50 1.394 0.80 70.72 11.31 996
65 0.95 17.30 1.577 0.82 100.73 7.00 1105
80.7 0.92 16.10 1.588 0.65 85.08 5.70 916
104 0.87 16.20 1.599 0.70 89.98 3.94 913
146 0.80 15.75 1.700 0.83 110.77 8.33 1021

a128Si
104 0.97 37.1 1.365 0.79 134.03 8.86 1280
166 0.75 18.75 1.55 0.64 86.42 3.76 1049
0-3
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FIG. 2. Angular distributions for the elasti
scattering ofa particles from 12C obtained by
SFC and SFM potentials in comparison with e
perimental data at energies 18.5@20#, 28.4 @31#,
41 @32#, 48.7, and 54.1@6# MeV.
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tions, a-a anda-n ~on which the SFC and SFM potential
respectively, are built!, were separately parametrized@22,20#.
This indicates that the SFC potentials are as realistic or se
realistic at the SFM potentials. In other words, the presen
SFC model is as successful as the semimicroscopic S
one.

A. a¿12C system

The elastic cross sections ofa particles scattered from12C
have been measured over a wide range of energiesE
518.5– 172.5 MeV. We divide this range into two categ
ries. We consider five data sets below 55 MeV~18.5, 28.4,
41, 48.7, and 54.1 MeV! where the ALAS phenomenon ca
be investigated. The other five data sets are above 100 M
~104, 120, 139, 166, and 172 MeV! where rainbow scattering
is apparent.

For the 18.5-MeV reaction, as shown in Fig. 2, both S
and SFM potentials produce similar qualitative fits to t
data for forward and backward angles, however, there
phase shift between the calculated and measured cross
tions arounduc.m.5100°. Bazet al. @30# analyzed these dat
using a phenomenological optical potential. They have
01431
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tained successful predictions only when they introduce
hard core potential (Rcore;2.72 fm) to take into account the
effect of the Pauli principle, which plays an important role
low energies. It is obvious also that the SFC and SFM
tentials describe the ALAS region successfully. AtE
528.4 MeV @31#, the SFC potential describes the data qu
well up touc.m.5100°, while the SFM predictions are not s
successful foruc.m..80°. The two models qualitatively re
produced the data atE541 MeV up touc.m.5140° and their
fits are comparable to that obtained using the phenome
logical WS potential suggested by Baron, Leonard, a
Stewart@32#.

For E548.7 and 54.1 MeV data, our predictions are sim
lar to those resulting from the real DF potentials derived
Abeleet al. @6# using the DDM3YNN interaction, where the
imaginary potential was expressed in terms of a Four
Bessel function of six terms, and by Khallaf, Amry, an
Mokhtar @33# ~for 54.1 MeV only! using the JLMNN inter-
action. The discrepancy between observed and calcul
cross sections is attributed to the strong deformation of
carbon nucleus in its ground state. Therefore, they@6# rec-
ommended using the coupled channel method to ana
these data, i.e., at these energies, elastic scattering cha
0-4
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FIG. 3. Same as Fig. 2 but at energies 1
@35#, 120 @36#, 139 @34#, 166, and 172.5@39#
MeV.
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are strongly coupled to the nonelastic scattering ones.
predictions of the phenomenological potential@6# are shown
in a dot-dashed line in Fig. 3 for the 54.1-MeV data. It
clear that SFC and SFM predictions are more successful
those of the phenomenological potential@6#.

Results for reactions atE.100 MeV are shown in Fig. 3
It is clear that SFC and SFM potentials yielded succes
predictions for the data atE5104, 120, 139, 166, and 172.
MeV. Our fits are quite satisfactory as those obtained us
phenomenological optical potentials@34–39# and also those
using microscopic DF potentials built upon Gaussian@40,41#
M3Y @2#, and JLM @33# NN interactions. We notice from
Table I that best fits to data are obtained withNr5160.07
for the SFC potential at energies 28.5, 41.0, and 48.7 M
However, as the energy goes down close to the Coulo
barrier the requiredNr factor increases up to 1.9. This is
similar result to that previously obtained for DF potentia
based upon M3Y@13# and DDM3Y @42# NN interactions. As
the energy increases higher than 50 MeV,Nr values for the
SFC potential decrease. Similar behavior can be seen
SFM potential results. Excluding results at 18.5 MeV, t
energy dependence ofNr values for both potentials can b
described by the least-squares lines
01431
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or

Nr
SFC51.14@120.0034E#, ~7!

Nr
SFM51.00@120.0011E#. ~8!

The energy dependence of the SFM renormalization facto
weaker than that of the SFC renormalization and they h
the same value, 0.95, atE550 MeV.

B. a¿16O system

Figure 4 shows the resulting elastic scattering cross s
tions for thea116O reaction at eight energies starting fro
32.2 MeV up to 146 MeV using the calculated SFM and S
potentials. It is clear that both potentials produce similar s
cessful predictions for both the ALAS and the rainbow r
gions. The SFM potential produces more successful pre
tions than SFC at 40.4 MeV arounduc.m.5100° and for 54.1
MeV arounduc.m.520°. For the 54.1-MeV data, our fits t
data are indistinguishable from the phenomenological po
tial predictions as shown in Fig. 4.

Michel et al. @4# have measured thea116O elastic scat-
tering angular distributions at the backward anglesuc.m.
5120° – 180° for seven energies in the range 40–54 M
0-5
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FIG. 4. Same as Fig. 2 but for16O target at
energies 32.2@5#, 40.4 @5#, 48.7 @6#, 54.1 @6#, 65
@44#, 80.7 @5#, 104 @35#, and 146@5# MeV.
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They analyzed these data using a global phenomenolog
optical potential with two energy-dependent parameters
this work we analyzed these seven sets of data using both
SFC and SFM potentials. The resulting cross sections
shown in comparison with data in Fig. 5. It is clear that bo
potentials produce successful predictions for the data.

A clear energy-dependence tendency is noticed forNr of
the a116O system as

Nr
SFC50.93@120.0017E#, ~9!

Nr
SFM51.09@120.0019E#. ~10!

It is clear that both the SFC and SFM potentials show
similar energy dependence, butNr

SFM values are slightly
higher than those ofNr

SFC.
On the other hand, our fits shown in Fig. 4 are qu

similar to those obtained by the DF potentials built up
DDM3Y and JLM NN effective interactions by Abeleet al.
@6# and Khallaf, Amry, and Mokhtar@33#, respectively.

C. a¿28Si system

The a128Si elastic scattering angular distributions atE
5104 and 166 MeV were analyzed using the SFC and S
01431
al
In
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M

potentials as shown in Fig. 6. It is obvious from Fig. 6 that
104 MeV the measured data stopped atu;43°. So, data
were not available at higher angles close to the rainbow s
tering region. We compared our results with the phenome
logical optical potential ones@38,43#. We notice from Fig. 6
that the three potentials yielded almost similar fits to d
and the correspondingx2 values are comparable.

D. Volume integrals

The volume integral per interacting nucleon pair for t
useda-a interaction yields a valueJ52413.5 MeV fm3,
while for thea-n interactionJ52369.4 MeV fm3. There-
fore, the obtained real volume integrals for the calcula
SFC and SFM potentials have the same energy depend
as expressed by the relations~7!–~10! for 12C and 16O tar-
gets.

This means that the SFC potential has higher volume
tegrals than the SFM potential for12C target atE,85 MeV
and vice versa for a16O target. In the rainbow scatterin
region SFM potentials have higherJR values than SFC po
tentials for both targets. Our SFM results for carbon nucle
are in a good agreement with those obtained by Smithet al.
@34# from the phenomenological analysis. Michelet al. @4#
0-6
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FIG. 5. Same as Fig. 4 but for backwar
angles at energies of 40–54 MeV@4#.
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deduced a similar relation from their global phenomenolo
cal optical potential for the analysis of16O elastic scattering
Our results are consistent with those of Michelet al. @4# with
a difference;610%. Also, our results for28Si target are in
good agreement with Rebelet al. @43# using the phenomeno
logical WS potentials.

For the12C target, the imaginary volume integral of bo
SFC and SFM potentials increases clearly with energy
E,60 MeV, however, it has a saturation value~;2100
MeV fm3! for E.100 MeV. Almost similar behavior can b
noticed for the16O target. This result obtained for16O target
coincides exactly with that found by Abele and Staudt@5#
using the microscopic potentials based on DDM3Y inter
tion.

From Tables I and II we notice that both SFC and SF
potentials produce almost similar reaction cross sections
an average difference less than610%. Our results also are i
a good agreement with those obtained by some previous
vestigators@38,43#.

To investigate the discrepancy of different forms of t
nuclear matter density, we tested the effect of density fo
on the results of ana116O system at 48.7 and 54.1 MeV
01431
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r
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th

n-

We used four different forms for thea-particle density and
two forms for 16O density. The density parameters used
this investigation are taken from Refs.@13–18#. We used
eight different combinations of projectile and target den
ties. The obtained best fit parameters are almost sim
Also, we noticed that the effect of changing the nuclear d
sity form on the resulting elastic scattering cross section
almost negligible.

We also analyzed the same data of ana116O system at
48.7 and 54.1 MeV using a complex SFC potential given

V~R!5~Nr1Ni !VSFC~R!. ~11!

Our predictions are satisfactory all over the rangeuc.m.
50° – 180° except at the middle region arounduc.m.570°.
The required real normalization factors are 0.86 and 0
while the imaginary ones are 0.17 and 0.18, respectively.
notice thatNr values are the same as those listed in Tab
when we restricted folding procedures to the real part of
potential. In other words, replacing a phenomenologi
imaginary potential instead of the folded one did not affe
the values of the required real renormalization factor.
0-7
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FIG. 6. Same as Fig. 2 but for thea128Si
reaction at energies 104@35# and 166@39# MeV.
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V. CONCLUSIONS

The deriveda-nucleus SFC potentials based upon ana-a
interaction folded with thea-cluster distribution functions
inside the target nuclei were calculated for the12C, 16O,
24Mg, 28Si, and 32S targets. Three of these interactions,a
112C, a116O, anda118Si, were tested to reproduce th
elastic scattering angular distributions. Their predictio
were as successful and some times better than those obt
by previous phenomenological and microscopic optical
tential analyses. Similar results were obtained using the S
potentials derived from folding thea-n interaction with
nuclear matter density of the target nuclei.

Although the twoa-a anda-n interactions were phenom
enologically and independently parametrized, they produ
almost similar predictions for all the 27 sets of data analy
in this work.

It was found that SFC and SFM potentials are stron
than the required ones. Therefore, a reducing renormaliza
coefficient is required for each potential in order to fit e
01431
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M

d
d

r
on

perimental data. This coefficient is weakly energy depend
where it decreases as energy increases.

Real volume integrals of the SFC and SFM potenti
have the same behavior with energy as that of the renorm
ization factors. However, imaginary volume integrals i
crease clearly with energy for the ALAS energy region,E
,60 MeV, while a saturation value;100 MeV fm3 was ob-
tained forE.100 where rainbow scattering dominates.

The method of restricting the folding procedure to the r
part of the potential is satisfactory, since including the fold
imaginary part resulted in worse fits in some parts of
angular distributions differential cross sections.

We conclude, also, that the effect of the density form
the calculated differential cross sections is almost negligib
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