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Elastic scattering differential cross sections were measured for the28Si158Ni system at sub-barrier energies.
The corresponding nuclear potential was compared with earlier results of systems likeA158Ni. The present
data also allowed the determination of the28Si nuclear density through an unfolding method. The experimen-
tally extracted28Si density values are compared with those previously obtained for the4,6He, 12C, 16,18O
nuclei. We present a critical discussion of the absolute precision obtained for the density parameters extracted
from the data analyses.
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We present elastic scattering angular distributions for
28Si158Ni system at sub-barrier energies. One of the p
poses of the experiment was the determination of the nuc
potential for this system in the surface region. This meth
was successfully applied to several other systems involv
the same target and the12C, 16,18O nuclei as projectiles
@1–6#. As discussed in these earlier works, at sub-bar
energies the imaginary part of the optical potential is ne
gible since the corresponding reaction cross section is v
small. Therefore, the elastic scattering data analysis in
energy region unambiguously determines the real part of
interaction.

In recent works@7–10#, we have developed a nonloc
model for the nuclear interaction that is based on quan
effects related to the exchange of nucleons between the ta
and projectile. The nonlocal model has provided a good
scription of the elastic and inelastic scattering, transfer,
fusion processes for several systems in a wide energy ra
@3,5,6,8–11#. The model has also provided good predictio
for an extensive systematics of potential strengths extra
from heavy-ion elastic scattering data analyses@7#. In the
present work, we compare the potential for the28Si158Ni
system with the results of such a systematics and also
other results for systems involving the same target nucle
i.e., 12C, 16,18O158Ni ~from Refs.@3,5,6#!, and 4,6He158Ni
~the data for these systems can be found in Ref.@13#, but the
corresponding nuclear potentials were not published so!.

If the nonlocal model is assumed for the interaction a
the density of one nucleus is known, an unfolding meth
can be used to extract the nuclear density of the o
nucleus from the elastic scattering data analyses. The me
has already been successfully applied in the experime
determination of densities for the4,6He, 12C, and 16,18O nu-
clei @5,6,12,13#. In the present work, we use this method
the data analyses of the28Si158Ni system at sub-barrier en
ergies, with the aim of obtaining the28Si nuclear density in
the surface region. We compare the28Si extracted density
values with those experimentally obtained for the other
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clei. In this work, we also discuss the absolute precision
the experimentally extracted density parameters and the
sistency of the results with an earlier extensive systema
of heavy-ion densities@7#.

The measurements were made using the28Si beam from
the São Paulo 8UD Pelletron Accelerator, Brazil. The dete
ing system was already described in Ref.@1#. Figure 1 shows
the elastic scattering cross sections for the28Si158Ni sys-
tem. In the optical model calculations, we have adopte
procedure similar to that described in the analyses of
sub-barrier data for several systems@1–6#. As a first step, we
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FIG. 1. Elastic scattering angular distributions for the28Si
158Ni system at sub-barrier energies. The solid lines represent
tical model predictions, in which the nonlocal model is assumed
the real part of the interaction.
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have assumed a Woods-Saxon shape for the real and im
nary parts of the optical potential. Our experiments indic
that peripheral reaction channels present no significant c
section at the energy region in which the data were obtain
Taking this into account, the parameters of the imagin
part of the potential were taken so as to provide sm
strengths in the surface region and complete internal abs
tion from barrier penetration, through a large imaginary p
tential internal to the barrier and a regular boundary con
tion at the origin. With these conditions, the elastic scatter
cross section predictions are quite insensitive to variation
the imaginary potential parameters. The depth and diffu
ness parameters of the real part of the optical potential w
searched for the best data fits. For each angular distribu
we found a family of potentials that give equivalent data fi
The point at which these potentials cross defines the se
tivity radius, where the value of the potential is determin
without ambiguity~see, for example, Refs.@3–6#!. At sub-
barrier energies, the sensitivity radius is energy depend
and the nuclear potential can therefore be obtained ov
large range of surface radial distances by varying the in
dent energy. This dependence determines the diffusene
the potential, as can be observed in Fig. 2 for the4,6He, 12C,
16,18O, 28Si158Ni systems.

The elastic scattering data analyses for different syst
in a wide energy range have resulted in phenomenolog
optical potentials with significant dependence on the bo
barding energies@14#. We have developed a model that a
sociates this dependence with nonlocal quantum eff
@7–10#. Within this model, the bare interactionVN is con-
nected with the folding potentialVF through

VN~R,E!'VF~R!e28[E2VC(R)2VN(R,E)]/mc2
. ~1!
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FIG. 2. The nuclear potential strength as a function of the s
sitivity radius for the 4,6He, 12C, 16,18O, and 28Si158Ni systems.
The lines represent the results of the nonlocal model, using
matter distributions of the nuclei within the zero-range appro
~solid lines! or the nucleon densities with the M3Y interactio
~dashed lines!. The parameters of the densities involved in the c
culations are presented in Table I and Fig. 3.
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In the present work, the nonlocality correction has little e
fect since we analyze near barrier data. In this energy reg
the nonlocal potential is almost identical to the folding o
@see Eq.~1!#.

The folding potential depends on the densities of the t
partners in the collision

VF~R!5E r1~r 1!r2~r 2!u0~RW 2rW11rW2!drW1drW2 . ~2!

In Ref. @7# a systematization of nuclear densities has be
proposed, based on an extensive study involving experim
tal and theoretical densities. The two-parameter Fermi~2pF!
distribution was adopted to describe the nuclear densit
and a distinction between nucleon and matter distributi
was made by taking into account the finite size of t
nucleon@7#. The radii of the 2pF distributions are well de
scribed by

R051.31A1/320.84 fm, ~3!

where A is the number of nucleons in the nucleus. T
nucleon and matter densities present average diffuseness
ues of āN50.50 fm andāM50.56 fm, respectively. Owing
to specific nuclear structure effects~single particle and/or
collective!, the parametersR0 and a show small variations
around the corresponding average values throughout the
riodic table. However, as far as the folding potential is co
cerned, the effects of the structure of the nuclei are mo
present at the surface~of the potential! and are mainly related
to the diffuseness parameter~of the densities! @7#.

The extensive optical potential systematics of Ref.@7#
was performed within this context. The experimental pote
tial strengths were described within 25% precision, by co
bining Eqs.~1! and ~2! through two different methods:~i!
using the nucleon distributions of the nuclei and an app
priate form for the nucleon-nucleon interaction, and~ii ! us-
ing the matter distributions of the nuclei with a zero-ran
approach foru0(rW). As shown in Ref.@7#, both alternatives
are equivalent in describing the heavy-ion nuclear poten

In Ref. @7#, we also demonstrated that the folding pote
tial arising from 2pF distributions with slightly different dif
fuseness parameters can be appropriately simulated by
sidering the folding of two distributions with the sam
diffuseness value:a5(a11a2)/2. This procedure was use
in the present work to describe the experimental poten
strengths~see the solid lines in Fig. 2!. Equation~3! gives
accurate results for the radii of heavy nuclei, but it fails
the case of light nuclei in which the effects of structure a
more significant@7#. Therefore, for the4,6He we have also
considered more realistic radii as obtained in Refs.@13,15#
~see Table I!. The values of the matter diffuseness were co
sidered as free parameters and adjusted to reproduce th
perimental potential strengths. The resulting values are
sented in Table I. The results obtained with the nonlo
model for the elastic scattering cross sections of the28Si
158Ni system are presented in Fig. 1~solid lines!. The the-
oretical calculations fail to reproduce the oscillations o
served in the dataset. We believe that such oscillations
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due to the coupling to some particular reaction chann
However, we have not investigated this possibility in t
present work, because our intent is to show the quality of
predictions of the nonlocal model. An inspection of Fig.
shows that such predictions are in agreement with the a
age behavior of the data.

The values for the matter diffuseness presented in Tab
should be compared with the average diffuseness obtaine
the extensive systematics of Ref.@7#: āM50.56 fm. In the
systematics, a dispersion~standard deviation! of about 0.025
fm around the average value was found and was assoc
with effects of the structure of the nuclei throughout the p
riodic table. The4He158Ni and 18O158Ni systems presen
matter diffuseness differing from the average value (āM
50.56 fm) by about two standard deviations. In the18O
case, this behavior is connected with the two off-shell
lence neutrons@6#. On the other hand, from electron scatte
ing experiments, the diffuseness of the4He charge distribu-
tion has already been found to be significantly smaller th
those for heavy ions@16#. We mention that the large unce
tainty of the potential strength for the6He158Ni system~see
Fig. 2! results in a large uncertainty~about 0.03 fm! for the
corresponding density diffuseness.

If the nonlocal model is assumed for the interaction, a
the density of one nucleus is known, an unfolding meth
can be used to extract the ground-state nuclear density o
other nucleus through the elastic scattering data analy
Here, the double-folding potential is considered in the us
form: the nucleon densities and the M3Y effective nucleo
nucleon interaction are adopted in Eq.~2!. The method has
been successfully applied in the experimental determina
of densities for the4,6He, 12C, and 16,18O nuclei, and the
resulting densities have been shown to be consistent with
experimental electron scattering data@5,6,12,13#. In the
present paper, we describe the method in a quite con
manner, and we invite the reader to obtain further details
complete discussion presented in Refs.@5,6,12#. In the data
analyses, we have used a theoretical Dirac-Hartr
Bogoliubov density for the58Ni nucleus@17#, since the re-
sulting predictions for electron scattering cross sections
in very good agreement with the data@5,12#. The 28Si den-
sity was obtained with a procedure similar to that used in

TABLE I. The diffuseness values of the matter distributions a
the radii of the projectiles considered in the calculations of
nuclear potentials.

System Model R0 ~fm! aM ~fm!

4He158Ni Eq. ~3! 1.24 0.50
Ref. @13# 1.64 0.48
Ref. @15# 1.26 0.50

6He158Ni Eq. ~3! 1.54 0.54
Ref. @15# 1.23 0.56

12C158Ni Eq. ~3! 2.16 0.56
16O158Ni Eq. ~3! 2.46 0.57
18O158Ni Eq. ~3! 2.59 0.61
28Si158Ni Eq. ~3! 3.14 0.58
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determination of the potential strengths at the sensitivity
dii. We have assumed the 2pF distribution to describe
28Si density. The diffuseness (aN) and radius (R0) were
searched for the best elastic scattering data fits, with ther0
parameter determined by the normalization condition. F
each angular distribution, we have found a family of den
ties that give equivalent data fits. These densities cross a
sensitivity radius, where the value of the density is det
mined without ambiguity.

Figure 3~top! contains the experimental nucleon dens
values for 4,6He, 12C, 16,18O, and 28Si at the corresponding
sensitivity radii, as obtained from elastic scattering d
analyses of several angular distributions for A158Ni sys-
tems. The statistical error bars for the density values h
been determined as described in Ref.@5#. We have adjusted
2pF distributions to the experimental density values~solid
lines in Fig. 3, top!, using the corresponding radii of Eq.~3!
~see Table I! and considering the nucleon diffuseness a
free parameter. The results obtained for the values of

e

FIG. 3. Top—experimental nucleon density values at the se
tivity radii for the 4,6He, 12C, 16,18O, and 28Si nuclei, extracted
from elastic scattering data analyses at sub-barrier energies.
solid lines correspond to two-parameter Fermi distributions, w
radii obtained from Eq.~3! ~see Table I! and diffuseness values a
indicated in the figure. The dashed and dotted lines correspon
realistic SF and 2pF distributions obtained in Refs.@15,13#, respec-
tively. Bottom—the density values have been decreased by 2
and the corresponding diffuseness values have been recalcula
3-3
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diffuseness are indicated in Fig. 3~top!. The dashed lines in
Fig. 2 represent the nuclear potentials obtained using th
2pF distributions for the nucleon densities of the projecti
and the M3Y effective nucleon-nucleon interaction.

As demonstrated earlier@5,6,12,13#, information about the
density in the surface region is obtained from sub-bar
elastic scattering data analyses, while intermediate en
data analyses probe the density in much inner distances.
fact has already been used@13# to determine a 2pF distribu
tion for the 4He nucleus~dotted line in Fig. 3, top!. The
corresponding results for the radius and diffuseness are
cated in Table I and Fig. 3~top!, respectively. In Ref.@15#,
the nuclear4,6He densities were obtained from elastic sc
tering data analyses for the4,6He1p systems at 700 MeV
nucleon, using the Glauber multiple scattering theory for
interaction. In that work, different parametrizations for t
6He density were tested, including symmetrized Fermi~SF!
distributions. For the purpose of comparison, the correspo
ing SF distributions for the4,6He nuclei are included a
dashed lines in Fig. 3~top!, and the corresponding radii an
diffuseness are presented in Table I and Fig. 3~top!.

The values found in the present work for the nucle
diffuseness of the12C, 16,18O, and28Si nuclei are somewha
greater than the average value (āN50.50 fm) obtained in the
systematics of Ref.@7#. This seems to be an inconsiste
result. However, the determination of density values at
sensitivity radii is exposed to systematical errors that a
from several sources:~i! the dependence of the results on t
shape assumed for the projectile;~ii ! the theoretical density
assumed for the target;~iii ! the contribution of the polariza
tion potential that has not been included in our analyses,
In previous works@5,6,12,13#, we have estimated the sys
tematical error of the density values as 20% to 30%. With
aim of illustrating the effect of this error in the determinatio
of the diffuseness of the density distributions, in Fig. 3~bot-
tom! we show experimental density values decreased
25% in comparison with those of Fig. 3~top!. The corre-
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sponding values of the diffuseness are about 7% smaller
those obtained without the reduction~see Fig. 3!, and they
approach the average diffuseness obtained in Ref.@7#.

In this work, we have presented elastic scattering dat
sub-barrier energies for the28Si158Ni system. The corre-
sponding data extracted nuclear potentials at the sensit
radii have been compared with those for the4,6He, 12C, and
16,18O158Ni systems. All the results for the potentials are
very good agreement with the nonlocal model in the cont
of the systematics for the nuclear densities of Ref.@7#. We
have also applied the nonlocal model to extract density v
ues from data analyses. In this case, larger systematica
rors are expected in comparison with those involved in
determination of potential strengths. Within the estimate
the systematical uncertainties, the density diffuseness exp
mentally extracted from data analyses is also in good ag
ment with the systematics of Ref.@7#. The uncertainty of the
absolute values for the diffuseness is about 7%, but the c
parison of results for different nuclei is probably less e
posed to systematical errors. In fact, the use of the sa
method~and same target nucleus! would provide partial can-
cellation of the effects of the systematical errors. Taking t
into account, our results clearly demonstrate that the4He and
18O have, respectively, the smallest and the greatest diffu
ness among all the nuclei studied in the present work. T
12C, 16O, and 28Si nuclei present similar diffuseness a
proaching the average value of Ref.@7#. Besides the system
atical error, the diffuseness of the6He exotic nucleus has
been determined within greater statistical uncertai
('0.03 fm), but our analysis indicates that its diffuseness
comparable with those of heavy nuclei and much grea
than the value found for the neighboring stable4He.
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