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Fusion and elastic scattering of9Be¿64Zn: A search of the breakup influence on these processes
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The role of the breakup process of the weakly bounded light projectile9Be, on the near barrier fusion
reaction and elastic scattering, is investigated by two different approaches. The fusion cross sections for the
9Be164Zn system were compared with the ones from other similar systems~the 16O164Zn and 14N159Co).
The measurement of the elastic scattering for this system was also used to study the threshold anomaly. There
are indications that the fusion suppression due to the9Be breakup is not important for the interaction of9Be
with this medium mass target.

PACS number~s!: 25.60.Bx, 25.60.Pj, 25.60.Gc, 25.70.Mn
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I. INTRODUCTION

A subject of recent interest in the field of heavy ion rea
tion mechanisms at near barrier energies is the investiga
of the role of the breakup process of weakly bounded nu
on the fusion and scattering~reaction! mechanisms. The
small separation energies of9Be (9Be into 8Be1n2Sn

51.67 MeV or 9Be into 5He14He2Sa52.55 MeV),
6Li ( 6Li into 4He12H2Sa51.48 MeV), and7Li ( 7Li into
4He13H2Sa52.45 MeV) should favor the breakup pro
cess, but the consequence of that on other reaction me
nisms is not yet clear. The understanding of the mechan
of the reactions induced by those projectiles should be
portant for the future understanding of reactions induced
the radioactive11Li and 11 Be beams. The theoretical predi
tions on this subject are very preliminary and controvers
@1–4#. They may predict the enhancement of the fusion d
to the coupling of this additional channel@3# or the suppres-
sion of the fusion due to the breakup@4#. Also, there are very
few experimental data available. Fusion data for light s
tems (At,25) @4# show a strong suppression of the fusi
for 6,7Li, 9Be induced reactions. For the heavy9Be1208Pb
system, an important fusion suppression has also been
served above the Coulomb barrier@5#. In both cases, the
suppression of the fusion cross section was explained
consequence of the absorption of flux by a breakup proc

It is important to study the role of the breakup of tho
projectiles on different target masses and deformations
order to investigate the effect, on the fusion, of nuclear a
Coulomb breakups and the distance where they occur. In
paper we present and discuss data obtained with the 8
Pelletron accelerator of the University of Sa˜o Paulo, for fu-
sion reactions and elastic scattering of the9Be164Zn sys-
tem, and we compare the results with the ones obtained
our group for other similar systems16O164Zn @6,7# and
14N159Co @8,9#, where no breakup is supposed to occur.

*Permanent address: CEADEN, P.O. Box 6122, Havana, Cu
0556-2813/2000/61~6!/064608~7!/$15.00 61 0646
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II. THE FUSION REACTION

A fusion excitation function was measured by theg-ray
spectroscopy method@10#. The bombarding energies wer
21, 23, 26, and 29 MeV. The target consisted of meta
64Zn, with thickness of 496mg/cm2, determined by the Ru-
therford back-scattering method@11# within 5% of uncer-
tainty. A 181Ta backing of 0.12 mm, thick enough to stop th
beam, was used to avoid Doppler shifts of theg lines. The
typical beam energy loss on the target was of the order of
MeV. Two HPGe detectors with Compton suppressors w
used, and placed at655° with the beam direction. The de
tector energy resolutions were 2 keV for the 1332 keV li
of 60Co. The efficiency of the detectors was around 30%, a
the absolute efficiency was determined by the use of a se
calibrated radioactive sources. Single and coincidence s
tra were measured, and the cross sections were determ
by the addition of the two single spectra, for each ener
For each bombarding energy, in-beam and off-line de
spectra were accumulated. Care was taken to discount
contribution of the decay of the previous spectra, at e
bombarding energy. One backing irradiation spectrum w
accumulated, in order to identify the contribution of line
coming from contamination of the target and backgrou
The number of incident particles was determined by the C
lomb excitation of the thick181Ta backing. All theg lines of
the spectra were identified and, in order to avoid misint
pretation of their origin, the identifications were done n
just by their energies, but also by their relative intensities a
shape of the excitation functions.

The main limitation of the in-beamg-ray spectroscopy
method for the fusion cross section derivation is the imp
sibility of identification of the residual nuclei formed directl
in their ground state. When the residual nuclei are unsta
with a half-life compatible with the experimental times, th
off-beam method is used, and this problem is overtaken.
mentioned limitation, however, is not important for the ma
and energy region studied in the present work, as show
previous works@8,12#, where the same evaporation chann
cross sections were determined by bothg-ray methods, or
the total fusion cross section determination leads to the s.
©2000 The American Physical Society08-1
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values, when measured byg rays or particle detection@13#.
The uncertainties in the values of the fusion cross sect

come from statistical errors in the determination of theg
yields, from systematic errors due to target thickness, ab
lute efficiency of the detectors, thick target calculation
Coulomb excitation, and errors from the contaminant corr
tions. The overall cross section error range is from 10
15 %.

The total fusion cross sections were obtained by add
the cross sections of each evaporation chan
pn, p2n, 2pn, a2pn, a, ap, a2n, an, a2p, apn, 2a.
Table I shows the total complete fusion cross sections.
this system the fission channel has negligible cross sec
The experimental evaporation cross sections were comp
with statistical model predictions, by using the codePACE

FIG. 1. Fusion excitation function for experimental determin
tion of barrier parameters.

TABLE I. Contribution ~in %! of each evaporation channel o
the fusion cross section and total fusion cross section for the sy
9Be164Zn.

Ec.m. 18.2 MeV 19.9 MeV 22.6 MeV 25.2 MeV
s ~mb! 358.3635 570.1657 929.7692 1120.06112
Channel/Elab 21 MeV 23 MeV 26 MeV 29 MeV
pn 41.4% 36.6% 29.1% 21.3%
2pn 1.7% 3.2% 9.9% 18.1%
2pn1a2pn 8.4% 14.3% 28.5% 25.2%
a 0.2% 0.6% 0.5% 0.7%
ap 10.3% 11.4% 4.2% 8.9%
a2n 0.1% 0.2% 0.4% 0.8%
an 27.9% 25.3% 20.4% 15.3%
a2p 1.4% 1.0% 0.8% 1.2%
p3n 4.9% 3.6% 3.1% 2.7%
apn 0.9% 0.8% 2.2% 4.5%
2a 2.5% 3.0% 1.2% 1.4%
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@14#, and the agreement was quite reasonable for most c
nels, including the most important ones. In the calculatio
the defaultA/8 level density was used, whereA is the mass
number of the compound nucleus.

From the fusion cross sections, the barrier parame
were derived~see Fig. 1! as RB510.0 fm ~barrier radius!
andVB516.2 MeV ~Coulomb barrier!, which are within the
systematics of Vaz and Alexander@15#, and in agreemen
with the Krappe-Nix-Sierk~KNS! @16# model. The usual
way to compare the fusion excitation functions of differe
systems is to plot the reduced cross sections and the red
center-of-mass energies~see Refs.@17,18#, for example!. The
reduced fusion cross section, used in order to eliminate g
metrical factors for the different systems, is defined as

s red5sS RB,ref

RB
D 2

, ~1!

and the reduced center-of-mass energy, used in order
into account the different Coulomb barriers for the system
is defined as

Ec.m., red5Ec.m.

VB,ref

VB
. ~2!

Figure 2 shows the reduced fusion excitation functions
three systems: 9Be164Zn, 16O164Zn, and 14N159Co,
where the14N159Co system was taken as the reference o
In the 9Be164Zn system, there might be the influence of t
9Be breakup on the fusion process, producing an inhibit
of this process. In the16O164Zn system, with the same tar

-

m

FIG. 2. Comparison of reduced fusion cross section for differ
systems, where s fus-red5s fus(RB,ref /RB)2 and Ec.m.-red

5Ec.m.(VB,ref /VB), and the subscriptref means the reference sys
tem ~taken as the14N159Co system in this case!. The values ofRB

andVB , for the systems not studied in this work, were taken fro
Refs.@6–9#.
8-2
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FUSION AND ELASTIC SCATTERING OF9Be1 . . . PHYSICAL REVIEW C 61 064608
get, the projectile is a strongly bounded double ma
nucleus. In the14N159Co, the same compound nucleus
the 9Be164Zn is formed.

One can notice that there is no fusion suppression for
9Be induced reaction, in comparison with the other syste
Moreover, as the barrier parameters derived from the data
the three systems@7,8# are similar to those predicted by th
systematics@15# and by a one-dimensional potential mod
@16#, a possible influence of the breakup process on the s
ing factors defined in Eqs.~1! and~2! is disregarded. There
fore, there is an indication that the9Be breakup does no
play a major role in the fusion process for this system.

However, one should keep in mind that there might be
contribution of incomplete fusion, following the breakup
the 9Be into a1a1n or 9Be into a15He, on the derived
fusion cross section. The reason is that theg rays emitted by
the deexcitation of the incomplete fusion residual nucle
formed through thex channel would be the same as the on
emitted by the deexcitation of the complete fusion resid
nuclei formed through theanx channel. Therefore, what wa
measured might be the addition of complete and incomp
fusion.

The complete fusion evaporation channels which co
possibly be contaminated by the breakup are theapn, a2n,
and a2pn. Figures 3~a!, 3~b!, and 3~c! show thePACE pre-
dictions for these channels and the experimental results.
the apn anda2n channels, at high energies, the agreem
is reasonable. For the lower energies, the experimental
ues are higher than the predictions, indicating that th
might be some contamination. However, if one notices t
the contribution of these channels for the total complete
sion cross section, at these energies, are small~roughly 3 and
0.2 %, respectively!, one could neglect this possible contam
nation. Thea2pn cross section was determined togeth
with the 2pn cross section, but the overall agreement is a
reasonable.

III. THE ELASTIC SCATTERING

Another approach to study the influence of the breakup
other reaction mechanisms is through the detailed analys
elastic and inelastic scattering, at near barrier energies.
pairs of systems have been reported so far:6,7Li1208Pb @19#
and 6,7Li1138Ba @20#. The role of the breakup process on t
elastic scattering process is investigated by the analysi
the behavior of the energy dependence of the real and im
nary parts of the optical potentials. A dispersion relati
@21,22# associates a peak in the strength of the real par
the optical potentialV in the vicinity of the Coulomb barrier
with the decrease of the imaginary part of the potentialW as
the bombarding energy decreases towards the barrier en
This behavior is called threshold anomaly. When the c
pling of the inelastic and eventual strong direct react
channels are taken into account, the anomaly is destro
The presence of the anomaly can, therefore, be interprete
the effect of the strong coupling of the elastic channel w
the inelastic and direct reaction channels at near barrier
ergies. Consequently, it may also be interpreted as a si
ture of the fusion cross section enhancement. It has b
06460
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reported@23,24#, that the coupling to the breakup chann
may contribute as a repulsive polarization potential. This
pulsive potential may exceed the attractive term arising fr
the inelastic coupling to the bound states or other direct
action channels, if there is any relevant coupling, or may
of the same order of magnitude. If there are not any ot
important reaction channels out of breakup, this might me
that the polarization potential produced by the breakup va
slowly with energy.

From the elastic scattering data, one can also derive
total reaction cross section and compare it with the fus
cross section. Therefore, from the simultaneous study of
fusion excitation functions and elastic scattering angular d
tributions, one should be able to extract enough informat
on the fusion and reaction cross sections and polariza
potential, in order to contribute to the understanding of
role of the breakup on the fusion, reaction, and scatter
processes.

The elastic scattering experiments were also performe
the 8UD Pelletron accelerator of the University of Sa˜o Paulo.
The beam energies were 17, 19, 21, 23, 26, and 28 M
corresponding to energies from the nominal Coulomb bar
to 50% above this value. The metallic Zn target had thic
ness of the order of 50mg/cm2. The Zn target and one Au
target were placed at the target holder at the center o
multipurpose scattering chamber, with a diameter of 1
The detection system was an array containing nine sili
surface barrier detectors. The angular separation betw
two adjacent detectors was 5°. In front of each detector th
was a set of collimators and circular slits for the definition
solid angles and to avoid slit-scattered particles. The an
determination was made by a reading on a goniometer wi
precision of60.5°. The angular distribution data were tak
in the range 25°<Q lab<165°, for the lower energies and u
to 95° at the highest one. A monitor was placed at 35° w
the beam direction. The relative solid angles of the detec
were determined by the Rutherford scattering of9Be on the
197Au target. The energy resolutions of the detectors were
the order of 300–500 keV~FWHM!. The inelastic peak of the
64Zn was well resolved from the elastic peak. The uncerta
ties in the differential elastic cross section data vary from
to 10 %.

The analysis of the angular distributions was perform
by theECIS code@25#. The real and volume imaginary poten
tials were of the Woods-Saxon form.

An alternative approach to the elastic scattering analy
is to use the double-folded potential for the real part with
nucleon-nucleon interaction of M3Y kind~see, for example,
Ref. @19#, and references therein! and the imaginary part o
the Woods-Saxon form. One characteristic of these kinds
studies is the need to renormalize the double-folded poten
at near barrier energies, as a consequence of the couplin
the breakup channel, where it is relevant~reactions with the
6Li projectile, for example!.

It has been shown by Keeleyet al. @19#, studying the
elastic scattering of6,7Li from 208Pb, that the doubled-
folding real potential must be normalized for the6Li
1208Pb system by a coefficient around 0.6, at near bar
energies, in order to fit the experimental angular distrib
8-3
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FIG. 3. ~a! Comparison between experimental data of percent contribution ofapn evaporation channel to fusion cross section a
theoreticalPACE predictions.~b! Comparison between experimental data of percent contribution ofa2pn evaporation channel to fusion cros
section and theoreticalPACE predictions.~c! Comparison between experimental data of percent contribution of 2pna12pn evaporation
channels to fusion cross section and theoreticalPACE predictions.
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tions. They concluded that the polarization potential p
duced by the coupling of the breakup channel has a repul
character, on the basis of the already mentioned studies
ried out by Sakuragiet al. @23#. Sakuragi and co-worker
performed a microscopic calculation of the dynamic pol
ization potential produced by the coupling of the break
channel to the elastic channel for the6Li128Si, 40Ca at en-
ergies well above the Coulomb barrier. In order to extr
this polarization potential, they used the coupled discreti
continuum channel method@26–28#, including the resonance
and nonresonance states, and they described the totally
symmetrized wave function of6Li on the basis of thea-d
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cluster model. They showed that the real part of the dyna
polarization potential is strongly repulsive, and that
imaginary part has a negligibly small value~nuclear
breakup!. Then, it was demonstrated that the origin of t
strong reduction of the normalization factor for the real p
tential, required in the double-folding model, is due to t
6Li breakup effect on the elastic scattering.

On the other hand, the study of Keeleyet al. showed no
need for the introduction of this reduction factor for th
7Li1208Pb system, which means that the7Li breakup is not
an important coupling channel. They obtained a poten
with the well known anomalous energy dependence,
8-4
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FUSION AND ELASTIC SCATTERING OF9Be1 . . . PHYSICAL REVIEW C 61 064608
near barrier energies, for7Li1208Pb system and no anoma
lous dependence for the6Li1208Pb system.

In our previous study on6,7Li1138Ba @20#, using the
Woods-Saxon optical potential, the same results as Ke
et al. were obtained, i.e., the optical potential anomaly w
obtained for the system involving the7Li as a projectile and
no potential anomaly for the system involving the6Li pro-
jectile. Therefore, for very weakly bound nuclei, as the6Li,

FIG. 4. Energy dependence of the real and imaginary part
the optical potential at the radius of sensitivity (Rs510.5 fm) for
both variants of optical potentials~see text for details!.

FIG. 5. Elastic angular distribution for the studied energies. T
full lines represent the fits with volume and surface imaginary
tentials, and the dashed lines represent the fits with volume im
nary potential only. The difference between them is hardly see
06460
ey
s

the coupling to the breakup channel may be strong enoug
affect the real part of the optical potential near the Coulo
barrier in such a way that it leads to the absence of
threshold anomaly in the scattering of these projectiles.
the other hand, for the reactions induced by7Li on heavy
targets, other direct reaction channels, such as the excita
of its first low-lying state, or one neutron transfer reacti
@29# may be responsible for the presence of the thresh
anomaly at near barrier energies, and the breakup does
play an important role for these systems. From these an
ses, there are strong signatures that when the breakup
pears to be the most relevant reaction channel, the ove
polarization potential varies slowly with the energy.

On the basis of these previous works, the same kind
study, the investigation of the potential anomaly at near b
rier energies, using the Woods-Saxon optical potential, w
performed for the9Be164Zn system.

As we used the Woods-Saxon form factor for the real p
of the optical potential, their parameters are owned by
well-known ambiguities@30#. In order to minimize these op
tical potential ambiguities, one has to find the values of
potentials at the sensitivity radius, found as the posit
where the different families of optical potential paramete
provide the same value of the potential, for a given ener
and providing a good fit of the elastic angular distribution
i.e., the samex2. The details of this procedure have be
explained in detail in Refs.@9,20,31#. We fixed the reduced
radii of the real and the imaginary parts of the optical pote
tials and varied the diffuseness parameters from 0.5 to
fm in steps of 0.05 fm, and fitted the angular distributions
order to find the potential strengths.

Figure 4 shows the values of the real and imaginary p

of

e
-
i-

FIG. 6. Comparison of the experimental fusion cross sect
~full circles! with the reaction cross sections derived from optic
model analyses. The full stars correspond to the calculations
volume and surface parts of the imaginary optical potential, and
full triangles, with the volume part only.
8-5
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S. B. MORAESet al. PHYSICAL REVIEW C 61 064608
of the optical potential at the radius of sensitivity, for tw
different variants of sets of optical potential. The first on
full stars, corresponds to the calculations with imaginary v
ume and surface optical potentials with 1.1 and 1.25 fm
the reduced radii, respectively. The second one, full circ
corresponds to the calculation with only a volume shape
the imaginary part of the optical potential, having a reduc
radius 1.25 fm. The choice of this reduced radius for
second variant does not have the usual physical mea
adopted for the volume part of the imaginary optical pote
tial in heavy-ion reactions at near barrier energies, i.e., c
tribution of the flux to fusion. In this case, it must accou
for the total absorption of flux from the elastic channel.
both sets, the reduced radius of the real part of the opt
potential was of 1.25 fm. One can see from this figure t
the two variants have different behaviors for low energi
The calculation with only the volume part of the optical p
tential shows a drop of the imaginary part for lowest ene
and the increment of the strength of the real part. This f
as mentioned above, and explained in details for the ela
scattering of6,7Li on 138Ba in Ref. @20#, would allow us to
say that the breakup channel has no significant effect on
elastic scattering for this system and that the enhanceme
the fusion cross section must be produced by the couplin
the inelastic excitations of the low-lying states of the tar
64Zn or the one neutron transfer, followed by the decay
the unstable residual nucleus8Be or another reaction chan
nel. On the other hand, the results with both parts of
imaginary optical potential show almost no anomalous
ergy dependence, and following the results with the6Li pro-
jectile, could lead us to say exactly the opposite, i.e., that
breakup channel might be the main one responsible for
absence of the threshold anomaly. Both assumptions for
imaginary part of the optical potential give very good fits
elastic angular distributions for this system, as can be see
Fig. 5. The only important difference between the two sets
the optical potential is the value of the reaction cross sec
for 17 MeV, that is of 27.2 mb in the case of the only volum
part, and 66.5 mb when both volume and surface parts of
imaginary optical potential are included. The study of t
reaction cross section versus the inverse of energy sho
the well known linear dependence, with a small deviation
y

d
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.
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this rule for the near barrier energies, in both cases, w
reasonable values for the reaction cross section.

Figure 6 shows a comparison between the fusion cr
sections and the total reaction cross section, derived from
elastic scattering data. One can see that they are quite sim
in the whole energy range where the fusion was measu
leaving no room for a significant cross section for any oth
reaction mechanism, including the breakup. This is a str
indication that there is no fusion suppression for this syste

IV. CONCLUSIONS

This paper is concerned with the study of the role of t
breakup of weakly bound projectile9Be on the fusion and
elastic scattering by medium mass target64Zn, at energies
close to the Coulomb barrier. Fusion and elastic scatte
data of 9Be164Zn are presented.

The analysis of the elastic scattering data was not con
sive about the presence of the threshold anomaly. It will
important to measure the fusion cross section~the most rel-
evant channel in the reaction cross section at energies b
and near the barrier!, at the barrier energy, in order to asse
the influence of the breakup channel on the elastic scatter
The simultaneous analysis of the fusion and elastic scatte
data at low energies would clarify on the presence or no
the threshold anomaly for this system.

On the other hand, the high-energy fusion cross sec
results show a strong signature that the fusion is not s
pressed by the9Be breakup. The reason for that might b
that the Coulomb breakup plays a major role in the reacti
with heavy targets@5#, by suppressing the fusion at energi
above the Coulomb barrier, but for lighter systems, when
nuclear breakup is predominant and occurs at short distan
the fusion suppression effect is not important. For very lig
systems, the observed small ratio fusion-reaction cross
tion @4# might be due to competition with other direct rea
tion channels, such as transfer reactions, and not necess
the breakup.
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