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Elastic scattering angular distributions of the weakly bound9Be projectile from208Pb have been measured
for 11 beam energies ranging from 38 to 75 MeV. Analysis was carried out with the optical model, employing
a double folded microscopic real potential with four different9Be density functions. The surface strengths of
the interaction potentials were consistent and all exhibited a threshold anomaly. However, the renormalization
factor required to obtain an optimum fit to the data varied significantly depending upon which9Be density
function was used, cautioning that conclusions about the effect of breakup should not be based solely upon the
value of this factor. Fusion cross sections predicted from these potentials were extracted using a barrier
penetration model. Comparison with recently published experimental data suggests that the flux removed from
complete fusion by breakup is balanced by the flux redirected into the partial fusion channel.
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I. INTRODUCTION

Interest in the effect of breakup on the reactions of weakly
bound nuclei has been revived recently due to the increasing
use of radioactive beams. These beams are expected to ex-
hibit their weak binding by strong coupling to the breakup
channel, which will modify the flux to the other channels. It
will be important to understand the nature of such couplings
using presently available stable beams before studying radio-
active isotopes, whose more exotic structures may compli-
cate the couplings further.

In particular, we already know from studies of reactions
with the most weakly bound stable nuclei,6Li, 7Li, and 9Be,
that a number of problems occur. The normally successful
double folding model fails for these nuclei[1], 6Li does not
display the usual threshold anomaly at energies near the
Coulomb barrier[2,3], and, contrary to expectations, the9Be
fusion cross section at low energies does not appear to differ
from that of the much more diffuse11Be nucleus[4].

A. Failure of the double folding model for weakly bound nuclei

The conventional approach to describe the elastic scatter-
ing between two nuclei is in terms of the optical model,
using a complex potential. Often the potential is param-
etrized in terms of some standard form, for example, a
Woods-Saxon shape, with the values of the parameters ad-
justed to give the best fit to the elastic scattering angular
distribution. An alternative approach is to use the double
folding model, in which the real part of the potential is cal-
culated by summing the individual interactions between all
the nucleons in the two nuclei. As well as putting the de-
scription on a more microscopic basis, this approach is also

more appropriate when examining the variation of elastic
scattering over a range of bombarding energies, since the
same potential should be appropriate for all energies.

The calculation of the double folding model potential in-
volves an integration over the nucleon density distributions
in the two nuclei using an effective nucleon-nucleon interac-
tion Vsr1−r2d:

Vsrd =E rsr1dVsr1 − r2drsr2ddr1dr2. s1d

The nuclear density distributions may be taken from ex-
perimental measurements(for example, electron scattering)
or from theoretical calculations(for example, shell model or
Hartree-Fock wave functions). An effective interaction is
used, rather than the bare nucleon–experimental detail
nucleon interaction, since the nuclei are embedded in nuclear
matter and so certain scatterings will be blocked. A number
of prescriptions exist for obtaining the effective interaction
strating from the nucleon-nucleon interaction, one of the
most popular being the M3Y interaction[5], including recent
extensions of this such as the BDM3Y1 interaction which
incorporates density dependent effects[6]. In a seminal work
on the double folding model, Satchler and Love[1] showed
that, with a few specific exceptions, the potentials could de-
scribe elastic scattering for a wide range of heavy ion colli-
sions, over a broad energy range.

The exceptions identified by Satchler and Love were sys-
tems involving the nuclei6Li, 7Li, and 9Be the most weakly
bound of the stable isotopes. In these cases, the double fold-
ing potential cannot reproduce the elastic scattering data un-
less the potential is considerably weakened, typically by a
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factor of ,0.6. This finding has been confirmed in a large
number of measurements on many different target nuclei
[2,7,8]. It was suggested[1] that this failure arises because
breakup effects are important for these projectiles—they
have the lowest breakup threshold energy of the stable nu-
clei. This conjecture has been confirmed theoretically, in par-
ticular, by the coupled discretized continuum channel
(CDCC) calculations of Sakuragiet al. [7,8] for 6Li. In these
calculations the coupling to breakup is included and the elas-
tic scattering is then reproduced without the need to renor-
malize the potential. However, as yet these have been no
experimental measurements of the breakup yield to check the
calculations.

One problem which Satchler and Love experienced in car-
rying out their double folding calculations for9Be was the
lack of a suitable density for this nucleus, leading to some
uncertainty in the calculated potential and hence in the abso-
lute value of the renormalization required to fit the elastic
scattering. We now have available more realistic9Be wave
functions from which the densities can be derived; shell
model[1], cluster model[9], and antisymmetrized molecular
dynamics calculations[10] all having been reported recently.
In view of this it is important to see whether the normaliza-
tion is different for these(hopefully) more realistic densities.

B. The threshold anomaly in weakly bound systems

Keeley et al. [2] have recently investigated the elastic
scattering of6,7Li+ 208Pb at a range of energies from below
the barrier to well above the Coulomb barrier. The aim of
that investigation was to see whether the renormalization
persisted to lower energies and, in particular, to see whether
these systems display a “threshold anomaly.” This refers to
the rapid increase in the strength of the real part of the opti-
cal potential as the scattering energy decreases towards the
barrier energy. First observed in the scattering of16O
+ 208Pb[11], it has subsequently been observed in many other
systems[12,13] and is considered a normal feature of heavy
ion scattering. The rise of the real potential is understood in
terms of a dispersion relation between the real and imaginary
parts of the potential and is due to the rapid decrease in the
strength of the imaginary potential as reaction channels be-
come energetically closed as the barrier is approached.

The measurements of Keeleyet al. showed that for the
6Li projectile the depth of the real potential remained un-
changed(at a renormalization of,0.6 for the double folding
potential) for energies down to the barrier. By contrast, for
the 7Li projectile a threshold anomaly is observed, with the
depth of the real potential increasing as the barrier energy is
approached, where a renormalization factor ofN=1.5 is ob-
served. Keeleyet al. showed in a later paper[14], using a
CDCC method, that it was the lower breakup threshold of
6Li that gave rise to a dominant breakup channel. As this
channel did not close at the Coulomb barrier there was little
change to the imaginary polarization potential, hence no ob-
served threshold anomaly. This conclusion has been sup-
ported in a separate study of6,7Li using a CDCC method[3].

Based on a comparison of the breakup threshold of9Be
compared to that of6Li and 7Li, Keeley [14] has suggested

that 9Be may not exhibit a threshold anomaly as its dissocia-
tion threshold is closer to that of6Li. Signorini et al. [15]
measured elastic scattering for the9Be+209Bi system at five
energies around the barrier energy and report an unusual be-
havior in the optical potential. Although the real potential
strength appears to show a peak at the barrier, the imaginary
potential strength is steeply rising in this region—at odds
with other systems and inconsistent with a dispersion rela-
tionship between real and imaginary parts of the complex
potential. However, Signoriniet al. caution that no conclu-
sions should be drawn as there are not enough data points.
The present study aims to provide a more comprehensive
data set extending to lower and higher energies.

C. Suppression or enhancement of fusion for weakly bound
nuclei

The question of whether coupling to breakup channels
will enhance or hinder fusion is a topic of current interest. A
particular interest in9Be fusion arises from recent studies on
9Be+208Pb fusion[16], and the neighboring9Be+209Bi sys-
tem [4,17]. The former measurement showed that there is a
discrepancy in the complete fusion yield, which is only 70%
of that expected. However, this missing flux seems to appear
in the partial fusion channelssa+ 208Pbd and the authors sug-
gest[14] that this is explained by the breakup of the projec-
tile, followed by the capture(fusion) of one of the fragments.
The presence of a strong partial fusion yield persists down to
the lowest energies, below the Coulomb barrier. It is of in-
terest to investigate whether the potential obtained from the
anslysis of the elastic scattering data can explain the mea-
sured fusion plus partial fusion yields, given that the breakup
should affect both the elastic and the fusion channels.

Knowledge of the influence of breakup on fusion is also
needed to understand the relative fusion yields of9Be and
11Be. 11Be is a Borromean nucleus, consisting of a9Be core
with two valence neutrons. This more diffuse nuclear density
distribution would be expected to enhance its fusion cross
section. Although this has been observed to be the case
above the Coulomb barrier, below it the cross sections are
similar to 9Be [4], which is not well understood.

II. EXPERIMENTAL DETAILS

Experience has shown that it is only possible to extract
unambiguous information on the potential if high quality
(ø2% uncertainty) elastic scattering data are obtained over a
very wide angular range at each bombarding energy. This
requires considerable attention to detail in the experiment.

The experiment was performed, using the 14UD Tandem
Van de Graaff accelerator at the Australian National Univer-
sity, Canberra. The9Be beam was operated at energies of
38.0–52.0 MeV in steps of 2.0 MeV and 60.0, 68.0, and
75.0 MeV. The beam was tightly collimated to produce a
beam spot of 132 mm2 at the target, which comprised
180 mg cm−2 208PbCl2 on a 15mg cm−2 natural carbon back-
ing.

To detect the scattered particles, three silicon position sen-
sitive detector(PSD) DE−E telescopes were employed. The
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passingDE detectors were 69mm thick, and the stopping E
detectors were 500mm thick. Each detector had a sensitive
area of 10350 mm2, and was position sensitive along the
longer dimension. The telescopes were mounted on separate
horizontally rotatable arms. For angular definition, masks
were placed over the telescopes. These had ten vertical slots
cut into them to create ten position bins<1° wide.

In the offine analysis, aDE−E spectrum was created for
each telescope, and a two-dimensional window used to select
9Be particles, which were clearly identifiable at all angles
and beam energies. This ensured that no contribution from
positiveQ-value transfer channels was included. Gates were
then applied to the peaks in the position spectra which cor-
responded to each of the separate slots in the mask, to enable
separate energy spectra to be generated for each angle. Fi-
nally, the counts in the elastic peaks were summed to deter-
mine the elastic yield.

Other particle types were visible in theDE−E spectra.
Analysis of these data is presented in another paper[18].

To provide an absolute normalization for the scattering
yield, two monitor detectors were used. These were silicon
surface barrier detectors, positioned at ±15° to the beam and
in the plane of the PSD telescopes. For determination of the
absolute cross sections, the ratio of the solid angles of the
monitors to each slit on each telescope had to be determined.
This was achieved by performing a calibration run at a beam
energy of 36.0 MeV. The telescopes were placed at the
smallest angles possibles±25°d, where at this beam energy it
is safe to assume that the elastic scattering cross section is
Rutherford. The ratio of the solid angles of the monitors and
each position bin in each detector was then determined from
the ratio of the number of observed elastic events in each.

The dead time associated with the electronics and data
acquisition system was determined for each run. This was
achieved by injecting electronic pulses into the preamplifiers
at a rate proportional to the beam intensity. The ratio of
pulser signals presented to those recorded was used to cor-
rect the elastic counts. This correction was never more than a
few percent.

The elastic scattering data, presented as the ratio of the
measured differential cross sections to those for Rutherford
scattering, are shown in Fig. 1, identified by their beam en-
ergy [28].

III. OPTICAL MODEL ANALYSES

A. The fitting methodology

The results were fitted using the codeHIOPTIM94 [19],
using a microscopic potential for the real part of the interac-
tion potential, and a Woods-Saxon form for the imaginary
part. The microscopic double folded potential was calculated
using the codeDFPOT [19] in which the 208Pb density was
derived from a Hartree-Fock calculation. The calculation was
repeated using four density functions for the9Be nucleus,
each giving a different microscopic potential. The effective
interaction used was the Reid form of the M3Y interaction
[20].

One density function used a harmonic oscillator shape,
parametrized to fit the9Be radius measured by electron scat-

tering [21]. The others used theoretical wave functions; shell
model[22], a full antisymmetrized cluster model[9], and an
antisymmetrized molecular dynamics(AMD ) model [10].

The fitting procedure was repeated using each double
folding potential. In each procedure, searches were initially
conducted with all parameters of the potentials free. These
parameters were the renormalization of the double folding
potential NR and the three parameters which described the
Woods-Saxon imaginary potential(the depthW, the radius
RW, and the diffusenessaW). The absolute normalization,
NORM, of the data was fixed in each search, and incremen-
tally altered in repeated searches to find the optimum nor-
malization. This allowed a check on the experimental nor-
malization of the data, although this had little effect on the
optimum potential parameters. The deviation of NORM from
1.0 reflects the experimental uncertainties.

For the main analysis, once the normalization had been
fixed, the highest energy data set was analyzed first, as it
displays the most pronounced Coulomb-nuclear interference
in the angular distribution(see Fig. 1). The parameters from
this data set were used as the initial search parameters of the
next energy down and successively to the lowest energy. This
method was employed because the quality of the fit to the
data within these peaks is particularly sensitive to the param-
eters used, thus these peaks help constrain the parameters
required to achieve an optimum fit. To avoid the ambiguities
usually associated with analyses of this kind, the average
radius parameter of the imaginary potential from the initial
searches was used as a fixed parameter for all data sets in a
repeated search. This had little effect in the quality of fit to

FIG. 1. The measured angular distributions with optical model
fits.
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the data. Typical best fits to angular distributions are shown
in Fig. 1, and the optimum fit parameters are tabulated in
Tables I–IV. Searches on the 52.0 MeV data set consistently
yielded poor fits, withx2 values many times that of the other
data sets. For this reason this data set was removed from the
analysis.

B. Energy dependence of the potentials

The threshold anomaly is usually investigated by looking
at the strength of the potential in the surface region since it is
in that region that the reactions which give rise to it through
the dispersion relation are concentrated(in general, a disper-
sion relation linking real and imaginary potentials will exist
at all radii). We have chosen a value ofR=12.3 fm to ex-
plore this aspect, since this is the region where the elastic
scattering data are most sensitive to the strength of the po-
tential. This was determined in the usual way[2] by perform-
ing repeated searches on the data with Woods-Saxon real
potentials of different diffuseness and finding the point at

which they all cross. Figure 2 shows the variation with beam
energy of the strength of the real and imaginary potentials in
the surface regionsR=12.3 fmd derived from the analysis
with each of the four radial densities. All show the same
energy variation and increase from 0.7 to around 1.2 MeV as
the Coulomb barrier is approached. The error bars on the
points represent the change in potential which produces a
change in thex2 value by 15%.

Inspection of Fig. 2 shows that the9Be+208Pb system
appears to show a threshold anomaly. Of the two other very
weakly bound stable nuclei,6Li and 7Li, 6Li does not exhibit
a threshold anomaly[2], and this has been attributed to its
slightly lower dissociation threshold with respect to7Li [14]
(6Li →a+d at 1.47 MeV compared to7Li →a+ t at
2.47 MeV. Kelley and Rusek[12] carried out CDCC calcu-
lations which appear to support this view, since by artificially
lowering the7Li breakup threshold they see a large increase
in the polarization potential at the barrier energy, hence re-
ducing the real potential at the surface.9Bes→a+a+nd has a
breakupQ value of 1.57 MeV and so might be expected to
behave like6Li. Observing a threshold anomaly may then
come as a surprise, an indication that the cause of the thresh-

TABLE I. Best fit parameters for optical model fits to9Be
+208Pb elastic scattering using a9Be density based upon harmonic
oscillator wave functions.RW fixed at 1.37 fm.

ELABsMeVd NR WsMeVd aWsfmd NORM xN
2

75 0.893 6.96 0.701 0.972 7.0

68 0.872 6.60 0.713 0.988 13.3

60 1.006 8.78 0.650 0.990 14.4

52 1.401 8.08 0.668 1.051 36.7

50 1.000 11.11 0.621 1.045 18.9

48 1.085 11.74 0.530 0.965 7.4

46 1.223 12.93 0.500 1.020 5.3

44 1.439 15.91 0.434 0.971 1.7

42 1.736 27.93 0.396 0.970 4.7

40 1.286 13.77 0.509 0.999 4.5

38 1.154 2.98 0.812 1.034 6.5

TABLE II. As Table I using a9Be density based upon shell
model wave functions. The 38 MeV data set was unable to be sat-
isfactorily fitted with this double folding calculation.RW fixed at
1.356 fm.

ELABsMeVd NR WsMeVd aWsfmd NORM xN
2

75 0.745 7.34 0.706 0.965 5.1

68 0.727 7.00 0.726 0.983 11.5

60 0.905 9.63 0.628 0.978 11.5

52 1.189 9.30 0.636 1.037 36.6

50 0.867 10.98 0.613 1.007 20.6

48 0.874 11.62 0.557 0.962 8.2

46 0.990 12.51 0.522 1.014 5.4

44 1.154 14.76 0.458 0.965 1.7

42 1.349 24.17 0.415 0.964 4.6

40 1.108 13.02 0.520 0.994 4.6

TABLE III. As Table I using a 9Be density from an AMD
model.RW fixed at 1.354 fm.

ELABsMeVd NR WsMeVd aWsfmd NORM xN
2

75 1.293 7.41 0.744 0.974 11.0

68 1.264 7.00 0.754 0.991 17.8

60 1.279 8.72 0.728 0.999 17.6

52 1.963 7.67 0.743 1.060 36.8

50 1.550 12.57 0.630 1.042 19.1

48 1.653 14.21 0.537 0.965 7.2

46 1.880 16.39 0.500 1.018 5.4

44 2.225 22.36 0.434 0.972 1.8

42 2.714 43.30 0.392 0.973 4.7

40 1.982 18.23 0.507 0.999 4.5

38 1.703 3.24 0.835 1.035 6.5

TABLE IV. As Table I using a9Be density from a cluster model.
RW fixed at 1.341 fm.

ELABsMeVd NR WsMeVd aWsfmd NORM xN
2

75 0.945 7.95 0.739 0.969 5.1

68 0.921 7.63 0.757 0.989 12.2

60 1.220 11.22 0.633 0.980 11.3

52 1.533 10.21 0.671 1.044 35.3

50 1.051 13.15 0.656 1.045 19.6

48 1.150 14.40 0.561 0.963 7.9

46 1.294 16.02 0.529 1.019 5.3

44 1.530 20.67 0.459 0.968 1.7

42 1.812 37.19 0.413 0.966 4.6

40 1.410 16.67 0.531 0.997 4.6

38 1.324 3.50 0.818 1.030 6.5
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old anomaly is more complicated than just the value of the
dissociation threshold. It is interesting to note that all four
analyses indicate a “bump” in the imaginary potential at
around 40 MeV. This is reminiscent of a similar effect ob-
served in7Li+ 208Pb scattering[23]. Using coupled channels
calculations, Keeley and Rusek[24] later ascribed this to
coupling to the208Pb s7Li, 6Li d 209Pb transfer channel. It
would be interesting to explore theoretically whether the
bump in the present data could also be ascribed to the open-
ing of reaction channels.

C. Dependence on the9Be density

Perhaps the most significant result from this experiment
comes from the optical model analyses using different9Be
radial density functions in the double folding calculation.
The magnitude of the potential in the surface region and the
deduced fusion cross sections(see later) are nearly identical
across the analyses. This is as would be expected, as the
optical model analysis is sensitive to the surface region of
the potential. This is the region of interaction and so we must
get the potential in this region right. Since the9Be wave
functions from the different models produce different9Be
densities near the surface, the double folding potentials have
different surface magnitudes and so have to be renormalized
by different factorsNR to get the strength of the potential in
the surface region correct(as given in column 2 of Tables
I–IV ). The dependence of the required scaling factorsNR on
the model used to determine the density of9Be results from
the differences between the predictions of the models.

In the past, double folding model analyses have mainly
been carried out on nuclei near closed shells. In these cases,
the densities are either well known from measurement or
accurate model wave functions exist. Hence it has usually
been the case that the double folding potential is successful
in fitting the data. The variations ofNR observed in this study

reflects the ambiguity in the9Be density. While the influence
of breakup upon reactions of9Be is not in dispute, this result
is significant as it shows that with a “poorly” defined density
(here the models disagree by 20% in the surface region), no
physical conclusion may be made about the influence of cou-
pling to the breakup channel on the elastic scattering solely
based on the observation that a renormalization is needed.
This should be left to coupled channel(CC) calculations.
This is important for work involving diffuse nuclei near the
drip line and work on exotic beams in which the structure is
also less well known.

From these comments, it follows that we cannot make a
critical comparison between the9Be models used in the cal-
culations. The double folding calculation is most sensitive to
the surface region density, and so this technique alone is not
enough to make a critical comparison between the models,
and the structural assumptions that they use. Again, CC cal-
culations would be more suited as they would explicity in-
clude reactions which are sensitive to other radial regions.

D. Effect of the 9Be quadrupole moment

One interesting issue about this system that has been
raised in the literature[15,25] is the significance of the quad-
rupole moment on the elastic scattering cross section. The
9Be nucleus is highly deformed, giving it one of the largest
known quadrupole moments. It has been hypothesized[25]
that it is this characteristic of the nucleus which causes any
deviation of the elastic scattering cross section to that pre-
dicted by the double folding model rather than an enhanced
breakup reaction channel.

The significance of the quadrupole moment in this system
was tested using the quadrupole density from the9Be cluster
model. A coupled channel calculation was carried out using
the codeFRESCO[26], in which reorientation couplings are
included for the9Be ground state. The transition potential is
the double folded potential between the quadrupole density
and the target nucleus. No other partitions are included in the
calculation, and the monopole-target potentials are those de-
rived in this experiment. This calculation was first tested by
removing the coupling to see if the code could reproduce the
experimental angular distributions. This was the case, and
when the coupling was included, the changes to the angular
distribution were too small to have any effect on the potential
parameters extracted from the optical model fit.

IV. FUSION CROSS SECTION CALCULATIONS

The fusion cross section for a system may be estimated
from the optical potential using a one-dimensional barrier
penetration approach. In this method, the energy dependent
real potential extracted from the optical model fitting proce-
dure is used to generate the total potential(nuclear + Cou-
lomb + centrifugal) for each partial wave. The fusion cross
section is the sum of the partial wave transmission coeffi-
cients[27]:

sFsEd =
p

k2o
t=0

`

s2l + 1dTlsEd. s2d

FIG. 2. Strength of the potentials at 12.3 fm. The results from
all four analyses are shown. The fusion barrier is experimentally
measured to be at 38.3 MeV.

ELASTIC SCATTERING AND FUSION OF9Be+… PHYSICAL REVIEW C 69, 044612(2004)

044612-5



The calculation of the transmission coefficientstl was per-
formed using the WKB subroutine inFRESCO[26]. The cal-
culation was repeated using the optical potentials obtained
using all four 9Be density functions. The results are very
close and are plotted in Fig. 3, for the shell model density,
along with recent experimental data of the complete and par-
tial fusion cross sections[16]. Our results are in agreement
with the sum of the complete and partial fusion cross sec-
tions. Dasguptaet al. [16] observed that in this system there
was a significant amount of partial fusion, but showed that a
CC calculation predicted the amount of fusion to be approxi-
mately equal to the sum of partial and complete fusion. The
prediction of the fusion using the optical potential is in
agreement with both the previous CC calculation and the
measured sum of the complete and partial fusion cross sec-
tions. We interpret this to imply that although breakup may
remove flux from the entrance(elastic) channel, which
would otherwise have led to fusion, the two seem to be bal-
anced. We cannot, however, say that if the projectile ap-
proaches on a trajectory which in the absence of breakup
would lead to fusion, and that it is still committed to this

even if breakup occurs, the only difference being that it ap-
pears in the partial fusion channel. While such questions can
be addressed theoretically in the context of coupled reaction
channel calculations, at present no experimental method is
available to distinguish such subtleties in the reaction.

V. SUMMARY

The elastic scattering cross sections for the9Be+208Pb
system have been measured at 11 energies ranging from 38
to 75 MeV. The results have been fitted within an optical
model framework employing a microscopic real potential
and a phenomenological imaginary part. The surface strength
of the real part increased significantly as the Coulomb barrier
energy was approached; a threshold anomaly. The deforma-
tion of the 9Be nucleus has been shown not to influence the
elastic scattering analysis to any significant degree.

Comparison of fusion cross sections deduced from the
elastic potential and experimentally observed cross sections
demonstrates that breakup inhibits the complete fusion chan-
nel. There appears to be a rough balance between the flux
removed from complete fusion and that fed into incomplete
fusion.

Finally, it has been shown that the renormalization factor
NR required to achieve an optimum fit to experimental elastic
scattering cross section cannot by itself be used to infer the
effect of breakup, as it has been practiced in the past. The
value depends on the accuracy of the density used in the
evaluation of the double folded potential. In situations where
the nuclear density function is not precisely known no physi-
cal conclusions may be made from the renormalization factor
alone. It remains to be seen whether the approach is sensitive
enough for this process to be used as a test of the validity of
wave functions for these weakly bound systems.
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