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n the basis of the experimental
| data reported in the literature, an
* analysis of the elastic, inelastic
and fusion cross sections was
made for the 160 + 144,148,150,152gm
systems at energies near the Coulomb
barrier using a consistent deformed optical
model potential. Coupled-channel
calculations of the elastic and inelastic
scattering cross sections were carried out
using the ECIS87 code’.
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In the present calculation the lowest 07,
2* and 3 states of the target nuclei
144,148,150Sm and the lowest 0*, 2* and 4*
states of 152Sm were included explicitly.
The effects of Coulomb excitations were
also taken into account.

The coupling potentials were generated
following the usual deformed optical model
potential prescription, using the harmonic
vibrational model and the symmetric
rotational model to describe the structure of
the target nuclei.

. Center of Applied By fitting procedure, a parameterization
Studies for of the deformed optical potential was
NuclearDevelopm  obtained that shows the so called
ent, Havana, “threshold anomaly”. To calculate the fusion
Cuba. cross section by means of FRESCO code?
ZInstituto de this parameterization was used.

Fisica da

Universidade The calculated elastic and inelastic
Federal angular distributions and fusion excitation
Fluminense, functions reasonably well agree with
Niteroi, Brazil. experimental data.

1. Introduction

In recent years, nuclear reactions
induced by heavy-ions have been widely
investigated. In this kind of reactions, big
amounts of energy and angular momentum
are transferred between interacting nuclei.
That is why many outgoing channels can
be opened, such as: elastic and inelastic
scattering, transfer reactions and fusion.

Specially, the reactions at energies near
the Coulomb barrier have been the subject of
great theoretical and experimental interest. In
this region, some unexpected phenomena
can occur, for example, the enhancement of
fusion cross sections and “threshold
anomalies” in the interacting potential. The
term enhancement refers to the observed
discrepancy between experimental
measurements of fusion cross sections and
theoretical predictions using one-dimensional
models like Barrier Penetration Model®
(BPM). This fact has been attributed to a
lowering of the barrier due to the coupling to
the transfer degrees of freedom*5, static and
dynamic deformations of the nuclei®®, neck
formation®, etc. Essentially, any process that
provokes variations in barrier depth has the
effect of varying the fusion cross sections.
These variations favor the fusion process
because, due to the non-linear behavior of
the fusion cross section, one gain more in
the fusion probability with the barrier lowering
than one loose with its increasing.
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The anomaly consists in a rapid and
localized energetic variation of the heavy-
ion optical potential near the Coulomb
barrier. Although some energy dependence
can be expected through an energy
variation in the effective nucleon-nucleon
interaction, and from neglecting of non-
locality in modeling the interactior: with a
local potential, the extent of the discrepancy
at the lowest energies is much too large to
be ascribed to these effects.

In previous works, the interaction of the
180 with the even-even samarium isotopes
has been extensively studied!%-13,
Nevertheless, these studies have been
carried out partially, that is, describing only
some of the opened channels in these
interactions. So, the aim of this paper is the
simultaneous description of elastic, inelastic
and fusion cross section of the systems 160 +
144,148,150,1529m by means of a unique optical
potential. The influence of target deformation
in fusion cross section is studied.

The organization of this paper is as
follows. Section Il will be devoted to
analyze the elastic and inelastic scattering
of 80 in the above mentioned targets. A
parameterization of the deformed optical
model potential is proposed in section Ill. In
section IV the influence of target
deformation in fusion cross section
calculation is studied. Finally, we give our
conclusions in section V.

I1. Elastic and inelastic
scattering analysis

The study of elastic and inelastic
heavy-ion scattering in even Samarium
isotopes has vital interest to analyze the
influence of target deformation in fusion
cross section calculations near the
Coulomb barrier.

The Samarium nuclei exhibit a wide
range of deformations, from the spherical,
semi-magic '#4Sm to the well-deformed

1529m. The use of a doubly magic projectile
60 was considered important to isolate
effects that could be attributed to the target
deformations.

As starting point to fit the optical
potential parameters, the available data'®!
of the differential elastic and inelastic cross
sections for the systems 60 + 144Sm at 66,
69.2 and 72.26 MeV, 160 + 148.150gm gt 59,
62, 66 and 68 MeV and for 160 + 152Sm at
59, 62, 66, 68 and 72 MeV were used.

The optical potential used has the form

where R; =r,; (A, /3 + A, /3) and q,
are the radii and diffusenesses of the real,

Vi)=U »* f(r,R,a)+i WVf(r,RV,aV) +
W, * 2t R, a)+ V.

imaginary volume and imaginary surface
potential parts. A, and Ap are the mass
number of the target and the projectile
respectively and r; are the reduced radii.
The function f represents the Woods-Saxon
form-factor and g its derivative. The last
term stands for the Coulomb interaction
between nuclei. The spin-orbit interaction
was not considered because the spins of
the interacting nuclei are zero.

The elastic and inelastic cross sections
were calculated using the ECIS87 code,
which solve the coupled-channel
equation’. As structural model, the
Harmonic Vibrator Model'® (HVM), taking
into account only one-phonon excitations,
or Symmetric Rotational Model'S (SRM)
were considered depending on the
excitation spectrum displayed by targets. In
the case of the nuclei 148.1505m, the
parameters of optical potential were fitted
using both models. A %2 iterative method’
was used to fit optical potential parameters.

To select the coupled scheme the
following criteria were considered:

- To take as coupled only the three
lowest states of 44Sm (HVM), 148Sm
(HVM), 159Sm (HVM) and '52Sm (SRM).
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— To take as coupled only the two lowest
states of 48Sm (SRM) and 59Sm
(SRM).

- To consider only the ground state of 160
for all fits.

Some tests including the lowest 2* and
3" exited states of 180 were also run. Since
the inclusion of these states was time
consuming and the quality of fits changed
less than 2%, they were not considered in
the final calculations.

In Table 1 and Figure 1, the results of the
fitted optical potential parameters and the
theoretical calculated elastic cross sections
for 180 + 144Sm system are presented.

Table 1. Optical potential depths for 60 +
144Sm. All values are in MeV.

66 105.0 25 1.21
69.2 130.0 43.0 5.4
72.26 115.0 88.0 3.18

The fitted geometrical parameters are:

A successful description of differential
elastic cross sections is achieved.
Unfortunately, the data of inelastic cross
sections are not available.

It can be seen from Figure 1 that the
elastic cross section is overestimated for
6 > 100°. It is well known, that nuclear
interactions have great influence in cross
sections for backward angles when the
Coulomb interaction is present. That is why,
another nuclear interaction, not considered
in coupled scheme, could absorb part of the
incident flux from elastic channel. In
particular, appreciable cross section values
of 144Sm(1€0,'4C) 146Gd and '44Sm
(60,'2C)'48Gd transfer reactions are
reported’213. On the other hand, Landowne
et al.'® and Tenreiro et al.'” have obtained
similar overestimation in the backward
angles for 288+58.64Nj, 325458.64Nj and
160+59Co systems. Only with the inclusion of
transfer channels in the coupled scheme,
best results were achieved.

Figures 2-9 and Tables 2-3 show the
obtained results for systems 60 +
148,150Sm, The geometrical parameters for
160 + 148gm are:

,=13fm  a,=0383fm
»=12594fm a,=a,=041fm
V=1-15fm as=0.2fm I’V=115fm aV=0.4 fm
o = LEGRIIN e rg=1235fm a,=0.1fm
r, = 1.2096 fm
d
%crulh
PR . BEREE  SE T Table 2. Optical potential parameters for
3 2 160 + 48Sm. All values are in MeV.
4.0 — N N
L _ 692 Mev : ﬁ\ :
Figure1 Elastic '-l‘:\ 59 75.0466  3.0203 7.1601
scattering angular 20 3 X
distribution for 60 62 84.0668  4.5204 5.6401
+1445m. The 1p § T Mev s MR T
cross sectionsat 1 — oo - A 66 120.8289  5.0431 5.1088
E=59, 66 MeV are o o e
multiplied by 3 and , i ) 68 950039 389288  20.0339
5 respectively. Ocm.
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The geometrical parameters for 10 +
1%0Sm are the following:

o MURIDE oy r,=12629fm  a,=041fm
4 o v\
5 : i
7 e
a —_a-wlbu » —E-.mm \\ i rV = 1-25 fm aV = 0.4 fm
: i Sl s o . = 1.2667 fm a, =0.2fm
: f‘x;j.\i ’ '-f-:,:.‘;\: !
| .= 1.2473 fm
Figures 2-5 Elastic s A
and 2* state d%n (mb/ sr) % (mb/ sr) Table 3. Optical potential depths for
(E= 0.55 MeV) R — 160 + 1508m. All values are in MeV.
inelastic scattering e A /\" i
angular distribution o N e
for 160 + 1485m, 4 4
The elastic cross Kb 59 85.0 4.0 40.52
sections at E=59, 66 55 i/
MeV are multiplied w{ ] [ g /y g
e ] - e’ 62 90.0245 22,68 21.82
inelastic ones are ke e o TR ' T R
multiplied by 10. b, bom,
66 107.3246 40.68 3.823
68 117.1242 30.111 30.5204
7 A
donuh domyth
" L2 R BT From figures 2-9, it can be seen that
o e AR AT the SRM achieves better results for both
= " ; .':\ systems because Coulomb corrections for
B g Y the forward angles are significant while for
. - % 5 om '\\ the HVM they are negligible. Even though,
1 b aiim (R R both targets have low-lying states which
i nature can not be described by the SRM.
3 SR e B Rl S The use of a more realistic model, like the
Figures 6:0. Elasiic fn = s Davydov-Chaban Model'8, could report
and 2* state %Q (mb/ “) /dQ (mb/ ") better results.

(E= 0.3334 MeV) e v g o S . Lo -
inelastic scattering TR oo .The elastic cross sectlon.ls over
angular distribution i i e PR estimated too at some energies for

for 160 + 150Sm,. ; ,.-/ e realal 0 backward angles. The physical reason of

/ / g 2 . . . .
The elastic cross ol B o this overestimation was explained above
sections at E=56, 66 // ) and the probably way of improving these
oV s - i/ LT calculations is the same. In the

by 3 and inelastic oo | ———F 2 literature 12,13 lsbile St

ones are multioied e s— S iterature™ ™™ appreciable transfer cross
by 10. G G sections for these nuclei are reported too.
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Figures 10-11
Elastic and 2* state
(E=0.1218 MeV)
inelastic scattering
angular distribution
for 160 + 1528m.
The elastic cross
sections at E=68,
66, 62 and 59 MeV
are multiplied by 3,
5, 7and 9
respectively. The
inelastic ones are
multiplied by 5, 10,
20 and 40.

To describe the low-lying states of
1529m, the SRM was used including
quadrupole and hexadecapole modes.

It is important to emphasize that it was
necessary to fit the quadrupole
deformation parameter 3, because the
available data are ambiguous. The
obtained value (B, = 0.2224) is quite
similar to the one obtained by
P.R.S.Gomes’ in a recent work.

The fits of geometrical parameters for
the 180 + 152Sm system reported the
following results:

r, = 1.2727 fm a,=041m
r,=1.193 fm a,=0.4fm
re=1.5fm ag,=0.1fm
r,=13fm

Table 4. Results of optical potential parameters
for 160 + 192Sm. All values are in MeV.

59 77.3 16.1905 = 28.7

62 78.9 32.2105 12.2062
66 84.0 36.19 7.706
68 86.7 40.59 6.5

72 81.8 50.0 7.2562
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Even though the SR Model is not a bad
approximation, the description of the 4*
state inelastic cross section is not good.
This fact could be provoked by asymmetric

effects not taken into account by this model.

The use of more realistic model as the
Asymmetric Rotational Model proposed by
A.Davydov and G.F.Filippov'® could
improve the results.
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Figures 12-13. 4* state (E= 0.3665 MeV)
inelastic scattering angular distribution for 60 +
1528m. The inelastic cross sections are multiplied
by 5, 10 and 20 for E = 68, 59, and 66 MeV
respectively.

IIl. Parameterization

Using the best values of the optical
potential parameters obtained from fits, an
energetic dependence of the real and
imaginary depths was found. This
dependence will permit to calculate the
cross sections at any energy near Coulomb
barrier.

The conduct of the absorptive potential
is easy to understand qualitatively. The
Coulomb repulsion effectively closes the
non-elastic channels at sub-barrier energies
by keeping the colliding ions apart.
Increasing the energy allows non-elastic
reactions to proceed and absorption from
elastic channel occurs. The behavior of the
real potential is unexpected even though it
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is understood to be a necessary
accompaniment to the variation of
absorption.

Taking into account these criteria, a
schematic model has been proposed2? for
the imaginary potential behavior W(E) = W,,
+ Wyg. It has the advantage of giving a
simple analytic form for the dispersion
relations proposed by Mahaux et al.?".
Although this schematic behavior has the
unphysical feature of discontinuities in the
slope of W(E), it gives results remarkably
close to more physical, smooth functions for
W(E).

In this model, W(E) is represented by a
series of linear segments. The used
expression was the following:

W(E) = W, + AW(E),

where
0 forESEa
ol wdlh f E>E
A 0 E-F orE, > > 8B,
W0 forEzEb

and the parameters W,, E, and E, are
varied to adjust the real potential.

Using the last equation and the
dispersion relations, the following
expression was obtained for real potential:

V,(E) =V, + AV(E),

with
AV(E) = % (e, Inle g, Inle,)

where
E-E
Ei=

: Eb_Ea

Figures 18-21 show the behavior of real
and imaginary potential depths using the
above expressions for real and imaginary
potential depths. Rapid variations of real
and imaginary potential depths near the

fusion threshold are observed. These
variations are the so called “threshold
anomalies”. The application of these
dispersion relations to recent
phenomenological analyses has been
remarkably successful?%23,

IV.  Fusion analysis

The observed enhancement in fusion
cross section in heavy-ion interactions has
estimulated many theoretical studies. Some
of the possible causes of discrepancy
between experimental measurements and
one-dimensional models were mentioned
above. In the present paper only the
influence of target deformation was
considered.

For fusion cross section calculations the
coupled-channel formalism and the Barrier
Penetration Model implemented in the
FRESCO code were used. To perform the
calculations, the obtained parameterization
was used. In figures 14-17, the results of
these calculations are shown.
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Figures 14-17. Fusion cross sections for 160 +
144,148,150,1525m systems. Experimental data
taken from ref. 6 for "#4Sm and ref. 24 for the
others.
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Figure 18-19
Energy-dependent
optical model
potential for 44Sm
(dashed lines) and
150Sm (solid lines)
nuclei.

Figure 20-21.
Energy-dependent
optical model
potential for %8Sm
(dashed lines) and
1528m (solid lines)
nuclei.

It can be seen that the BPM fails in the
description of fusion cross sections bellow
the Coulomb barrier. The discrepancy
grows with the energy decrease because at
low energies, the structure effects are more
important.
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The effect of target deformation on the
fusion cross section can be understood
qualitatively. When the spherical projectile
approaches a deformed nucleus with axis
of symmetry at beam direction (prolate), the
barrier will be lowered and the fusion
probability grows. When the target has its
symmetry axis perpendicular to the beam
direction (oblate), the barrier will be
increased and the fusion probability will be
reduced. When the nuclear shape is almost
spherical, it can be stated that the greater
fluctuations of the nuclear shape the bigger
fusion cross section.

During the fits of geometrical optical
parameters an interesting singularity was
observed: the diffuseness of the surface
imaginary potential (a;) was reduced
considerately to fit the fusion cross
sections. This fact can suggest that the
processes that enhance fusion cross
section are localized in the region where
nuclei are “grazing’. It would be interesting
to study if the transfer reaction potentials
obey this behavior. This work is in progress.

V. Conclusions

All the different processes involved in
any nuclear reaction are submitted to the
physical idea of a unique interaction
potential between two colliding nuclei. In
the present paper, following this idea a
reasonable well description of the main
processes in 160 4+ 144,148,150,152gm
reactions was achieved.

In the description of 160 + 148.150gm
systems a comparison between HVM and
SRM was carried out. Although the SRM
achieves better results than HVM, this
model is a drastic approximation to the
nuclear structure of both targets. The use of
more realistic models could report better
results.

The inclusion in coupled channel
calculations of Coulomb Corrections was
the key to fit inelastic cross sections
angular distributions in the SRM.

The enhancement of fusion cross
section was explained by the inclusion of
the target deformations in the coupled
channel formalism. The BPM calculation
fails for energies below the Coulomb
barrier. The magnitude of the failure
increases with growing deformations.

The “threshold anomalies” of the
potential were observed. An energy
dependence of optical potential was found
using a certain useful dispersion relation.
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