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We present results of the study of the influence of the break-up process on the fusion, scattering and reaction
cross sections, at near barrier energies. Most of the discussed reactions and scattering mechanisms are induced
by the stable weakly bound nuclei6,7Li and 9Be, although comparisons with reactions induced by strongly
bound nuclei are also made. We give a picture of the break-up and fusion mechanisms at energies above the
Coulomb barrier.

The effects of the coupling of elastic, inelastic and trans-
fer channels on the fusion cross section, at energies close
to and bellow the Coulomb barrier, have been extensively
investigated in the last two decades. At present they are
reasonably understood, and their most remarkable effect
is the enhancement of the fusion cross section at the sub-
barrier energy regime, relative to the predictions of one-
dimensional barrier penetration models. However, in the
last years the effect of the break-up process on the fusion
cross section started to be investigated, and in the present
situation it is still very far from being fully understood. At
present there are few and controversial experimental data.
From the theoretical side, there are models that predict the
fusion cross section enhancement, when compared with the
fusion induced by strongly bound nuclei, due to the addi-
tional break-up channel. This enhancement should be par-
ticularly important at sub-barrier energies, where the cou-
pling effects on the fusion may be strong. On the other
hand, some models suggest the hindrance of the complete
fusion, due to the loss of incident flux in this channel, caused
by the break-up. There are also predictions of fusion cross
section enhancement at sub-barrier energies and fusion hin-
drance above barrier energies, both effects originated from
the break-up process.

There is a special interest on this subject due to the re-
cently available radioactive beams of very weakly bound nu-
clei. Reactions with these nuclei are important in processes
of astrophysical interest, as well as in the search of mech-
anisms that produce super heavy elements. The full under-
standing of reactions induced by the highly intense beams of
stable weakly bound nuclei is a key for the study of the re-
actions induced by the low intensity radioactive beams. The
UFF ’s group of Heavy Ion Reactions and their collaborators
have been investigating this subject during the last years [1-
12].

The most suitable stable nuclei for this type of investi-
gation are9Be, 6Li and 7Li, due to their small separation
energies that should favor the break-up process. It is im-
portant to study the role of the break-up of these projectiles
on different target masses, in order to investigate the effect,
on the fusion, of nuclear and Coulomb break-ups. Also, it
is important to span the energy region from sub-barrier to
twice or three times the barrier, because there are evidences
that the role of the break-up on the fusion depends on the
energy regime.

A major difficulty with many of the fusion experiments
is the fact that the complete fusion (CF) and the incomplete
fusion (ICF), resulting from the fusion of one of the break-
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up fragments with the target, may not be separated, depend-
ing on the experimental detection method used. In this kind
of experiments the sum of the cross sections of these two
mechanisms somehow masks the effect of the break-up on
the complete fusion. Actually, when one studies the break-
up process and its influence on the fusion mechanism, at
least five different reaction mechanisms should be consid-
ered: (i) direct break-up that occurs at large distances or
large angular momenta. (ii ) direct break-up that occurs at
short distances or small angular momenta. (the term direct
break-up stands for the situation in which neither projectile
fragment fuses with the target) (iii ) ICF following the break-
up, when one of the fragments fuses with the target. (iv) CF
following the break-up, when all projectile fragments fuse
with the target. (v) CF as a single step mechanism, not pro-
duced by break-up. The first process (i) should not affect
the complete fusion (v), since they are concerned with dif-
ferent partial waves. The other three break-up processes (ii ,
iii andiv) may influence the fusion (v) cross section. When
one measures the direct break-up cross section, actually one
is measuring the sum of the (i) and (ii ) processes. When one
measures the complete fusion cross sections of systems with
weakly bound nuclei, actually one is measuring the sum of
the cross sections of two processes:iv and v. When one
measures the sum of CF and ICF cross sections, three mech-
anisms (iii , iv andv) are mixed together and therefore the
possible fusion suppression that can be observed is due to
the effect of the direct break-up corresponding to low angu-
lar momenta (ii ).

Recent theoretical results[13, 14] suggest that the differ-
ences in the direct break-up cross sections are not reflected
on the values of the fusion cross sections, in agreement with
experiments[15, 16, 17] that measure the direct break-up
cross sections for6,7Li and 6He on 208Pb and209Bi. The
results show that although the break-up process for6Li has
cross sections that are one or two orders of magnitude larger
than for7Li, the total fusion (CF + ICF) cross sections for
the two Li isotopes are similar.

Another approach to the study of the influence of the
break-up on the fusion cross section is through the analy-
sis of the behavior of the energy dependence of the real and
imaginary parts of the optical potentials at near barrier en-
ergies. The presence or absence of the well known thresh-
old anomaly is an indication of the coupling strengths of the
elastic channel with the inelastic scattering or other direct
reaction channels and it is directly related with the fusion
cross section behavior at near barrier energies.

In this paper we discuss experimental results on the fu-
sion and/or elastic and inelastic scattering of the6,7Li, 9Be
+ 27Al, 64Zn, 138Ba systems. At the end of the paper we
try to give a very simple picture of the relation between the
break-up and fusion processes.

The fusion experiments were performed at the 8UD Pel-
letron Laboratory of the Univeristy of São Paulo and at the
20UD Tandar Laboratory of the CNEA, Buenos Aires. The
energy ranges were from the Coulomb barriers to twice or
three times these values. Different experimental methods
were used. The complete fusion cross sections of9Be +
64Zn [4, 5] were measured by the in-beam and off-beam

gamma ray spectroscopy methods[18] at São Paulo, using
two germanium detectors with Compton suppression, for
four beam energies. Individual evaporation channels were
observed for the CF, and no ICF was observed. The total
fusion of 6,7Li + 27Al, 64Zn [11] were measured at Tan-
dar, using a time of flight detection system especially de-
veloped for these measurements. One microchannel plate
and one surface barrier silicon detector PIPS were used as
start and stop detectors, respectively, with a 1.7 m flight dis-
tance. Seven beam energies were measured, and angular
distributions were obtained for five angles, from 100 to 300,
at three energies, for each system. The timing resolution was
good enough to separate residual nuclei with masses differ-
ing by one unit of mass. The total fusion of9Be + 27Al
[8] was measured, for ten beam energies, at Tandar, with a
large ionization chamber followed by one surface barrier de-
tector. Angular distributions were obtained for four angles,
from 100 to 200, at four energies. The E -∆E telescope had
resolution to separate residual nuclei differing by one unit of
atomic number. The scattering experiments were performed
at S̃ao Paulo[2, 5, 7, 8], with an array of nine silicon surface
barrier detectors, with energy resolution good enough to re-
solve elastic and inelastic peaks. Measurements at backward
angles up to 1650 were performed.

The experiments on elastic and inelastic scattering of
6,7Li + 138Ba [2, 4, 7] and9Be + 64Zn [4, 5, 7] systems
have shown that the usual threshold anomaly of the optical
potential is present in the7Li, but not in the6Li and9Be scat-
tering. This fact is in agreement with the results for the6,7Li
+ 208Pb system[19] and it is interpreted[2, 4, 5, 7, 19, 20] as
the effect of the strong coupling of the elastic channel with
the first7Li excited state channel. So, when the energy of the
first excited state is lower than the dissociation energy, as for
the7Li nucleus, the inelastic coupling predominates over the
break-up process and the threshold anomaly is present. On
the other hand, when the opposite situation occurs, as for
6Li and 9Be nuclei, the break-up process predominates over
the inelastic coupling and the threshold anomaly vanishes.
Therefore, the break-up of6Li and9Be inhibit their inelastic
excitation and, consequently, does not allow the occurrence
of the usual fusion cross section enhancement, relative to
the predictions of one dimensional barrier penetration mod-
els. From this interpretation, at near barrier energies, the
break-up and reaction cross sections for the6Li induced re-
actions should be higher than for the7Li, but the fusion cross
section should be smaller. Figure 1 shows the real and imag-
inary parts of the optical potential for the7Li + 138Ba sys-
tem. The full dots (curves) are the values (fit) of the optical
potential considering only the elastic scattering data. The
open triangles (dashed curves) are the values (fit) when the
coupling of the first excited state of the7Li is considered.

The influence of the break-up on the fusion cross section,
in the following analysis, is investigated by the comparison
of the fusion excitation functions of several medium-light
systems, above barrier energies: the weakly bound6,7Li and
9Be, and the strongly bound16O and11B nuclei as projec-
tiles and the27Al and 64Zn nuclei as targets [1,4,5,8,11,21-
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Figure 1. Values of the real and imaginary part of the optical po-
tential at the radius of sensitivity equal to 11.27 fm for the7Li +
138Ba. The lines correspond to the dispersion relation calculations:
full line and dots - optical model calculations, dashed line and open
triangles - coupled channel calculations. The error bars correspond
to the variation of one unity of theχ2 value.

23]. Each fusion excitation function was fitted by one di-
mensional barrier penetration models. If the direct break-up
process had an important influence on the fusion cross sec-
tion, the derived barrier parameters should have anomalous
values. Reasonable fits were obtained for all the systems,
and the barrier parameters agree with the values from the
systematic study[24], within the usual fluctuations around
the average values. The fusion excitation functions for these
systems are very similar, regardless the presence or absence
of weakly bound nuclei, as it is shown in Figs. 2 and 3.
Furthermore, the comparison of the fusion excitation func-
tions of systems of this mass region, leading to the same
compound nuclei[8], do not show any dependence on the
projectile separation energy. Also, the ratio fusion / reaction
cross sections does not follow any systematic dependence
with the separation energies[8], neither does the maximum
measured experimental fusion cross sections[8]. Therefore,
there are strong signatures that there is no total fusion cross
section hindrance, above barrier energies, for these medium
mass systems.

On the other hand, from the complete fusion cross sec-
tions of 9Be + 208Pb [3] and6,7Li + 209Bi [6, 12] it is ob-
served a strong fusion suppression at energies above the bar-
rier. The conclusion from all the mentioned data on weakly
bound stable nuclei is that the long range Coulomb break-up
is responsible for the fusion suppression at energies above
the barrier, and this process is predominant only for heavy
targets.

One can make a conjecture that the direct break-up cross
sections for the three weakly bound nuclei may be large and
quite different for each of these projectiles, and they may
increase the reaction cross sections, but they do not affect
the total fusion cross section (CF + ICF), at least within the
experimental uncertainties. This effect has been recently sug
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Figure 2. Fusion excitation functions for the6Li, 7Li, 9Be, 11B,
16O + 27Al systems. The values for the Coulomb barrier can be
found in Ref.11. The reference system for reduced values was the
6Li + 27Al.
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Figure 3. Fusion excitation functions for the6Li, 7Li, 9Be, 16O +
64Zn systems. The values for the Coulomb barrier can be found
in Ref.11. The reference system for reduced values was the6Li +
64Zn.

gested by Keeley et al[13] for light systems, and verified by
Kolata[25] for heavy systems. It is also in agreement with
the conclusions drawn from low energy elastic scattering of
6,7Li on heavy targets[2, 19].

We conclude that, at above barrier regime, the direct
break-up that does not lead to complete fusion or incom-
plete fusion is the Coulomb break-up that takes place at
large distances or for trajectories corresponding to large an-
gular momenta (process (i)). We conclude that it does not
affect the fusion mechanism, although it affects the elastic
scattering and reaction cross section. The break-up process
that might inhibit or enhance the complete fusion occurs at
small distances or central trajectories, where both Coulomb
and nuclear break-ups are important. For heavy targets it has



326 J. Lubianet al.

been observed [3, 6, 12] that although the ICF cross sections
were found to be significant, when compared to CF cross
sections (of the order of 30% of CF above the barrier), at
high energies the sum of the measured CF + ICF cross sec-
tions agree with the predictions of one dimensional barrier
penetration models that do not consider the break-up effect.
So, for heavy targets it is found that the effect of the direct
break-up, corresponding to low partial waves (process (ii )),
on the total fusion is negligible. For the9Be + 64Zn sys-
tem, where the CF and ICF cross sections could be measured
separately[4, 5], the ICF cross section was found to be negli-
gible. Therefore, we expect that the ICF is not so important
for light systems, at energies above the barrier, as it is for
the heavy ones. Furthermore, if the ICF is not important,
the CF following break-up (process (iv)) is not expected to
be relevant. Therefore, the present results for the6,7Li, 9Be
+ 27Al, 64Zn systems show that the total fusion cross section
(CF + ICF) is also not inhibited for medium-light systems,
due to break-up effects. Also, although the behavior of6Li
and9Be scattering are qualitatively different from7Li scat-
tering [2, 4, 5, 7, 19], this is not reflected in the total fusion
cross sections.

For a complete understanding of the influence of the
break-up process on the fusion cross section, complete fu-
sion, incomplete fusion, direct break-up, and elastic scatter-
ing have to be measured with enough degree of precision
to evaluate the influence of each process separately. While
such complex experiments are lacking the relevant informa-
tion has to be extracted from the available data and in ad-
dition further theoretical models and calculations deserve to
be developed. More data at sub-barrier energies are also re-
quired.
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