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Near-barrier fusion of weakly bound 6Li and 7Li nuclei with 59Co
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Excitation functions for sub- and near-barrier total~complete1 incomplete! fusion cross sections are
presented for the6,7Li159Co reactions. Evaporation residues were identified by their characteristicg rays and
the corresponding yields measured with both the IReS Garel1 array at the Vivitron facility and with the Sa˜o
Paulo Ge array at the 8UD Pelletron tandem facility using standardg-ray techniques. The data extend to
medium-mass systems previous works exploring the coupling effects~hindrance versus enhancement! in fusion
reactions of both lighter and heavier systems. The results indicate a small enhancement of total fusion for the
more weakly bound6Li at sub-barrier energies, with similar cross sections for both reactions at and above the
barrier.
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I. INTRODUCTION

A number of experimental and theoretical studies ha
explored the effect of coupling to collective degrees of fre
dom on the fusion process@1–5#. A significant enhancemen
of the sub-barrier fusion cross section is often found co
pared to predictions of one-dimensional barrier penetra
models. This is understood in terms of the dynamical p
cesses arising from couplings to collective inelastic exc
tions of the target and projectile@5#. However, in the case o
reactions where at least one of the colliding nuclei ha
sufficiently low binding energy so that breakup becomes
important process, conflicting model predictions and exp
mental results have been reported@6–15#.

Projectile breakup is likely to have a strong influence
reactions with radioactive ion beams. For example, a pro
tile such as11Li might be expected to break up by emittin
its two weakly bound neutrons. In order to understand suc
process, however, it is essential to see first if the fusion of
stable lithium isotopes6,7Li can be understood and to see o
which targets the most interesting results might be obtain
Here again, however, breakup processes could still be im
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tant due to the cluster structure of these nuclides, and
should test whether simple inelastic excitations are adeq
to describe this physics. Of course, another element in
problem is that incomplete fusion~ICF! may also be impor-
tant for cluster systems. This introduces complications b
experimentally and theoretically.

Although the coupling to collective degrees of freedom
known to systematically enhance the complete fusion~CF!
cross section@1–5#, the expected tendency to break up f
weakly bound nuclei at barrier energies can also lead t
suppression of the CF cross section@9#. Some experimenta
results suggest that, above the Coulomb barrier, nuc
breakup is a major factor limiting fusion in light heavy-io
systems involving weakly bound nuclei@10#. However, these
results have recently been challenged@13#. Little is known
about the effect of breakup on the sub-barrier fusion of s
systems. For massive systems, where Coulomb effects m
be expected to dominate, the influence of projectile brea
is also controversial, even though there has been cons
able experimental work on the issue@16–23#. In general, the
data seem to indicate a suppression of fusion above the
rier in systems with a significant breakup probability. T
magnitude of the suppression may be consistent with
‘‘missing’’ yield that goes into ICF channels@19#. Sub-
barrier studies using weakly bound projectiles on heavy
gets have not shown a consistent pattern of suppressio
enhancement@24–27#. Coupled-channel calculations for th
9Be1208Pb system performed without couplings to break
channels underestimate the fusion data, which may indic
fusion enhancement at energies below the barrier@19#. The
CF suppression in the9Be1208Pb reaction has been recent

s.
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investigated through the the sub-barrier breakup yields
9Be @23#.

For both 6He1209Bi @24,25# and 6He1238U @26,27# fu-
sion reactions, with a weakly bound neutron-halo project
a large sub-barrier enhancement is observed, though no
hancement is observed using a proton-rich projectile in
17F1208Pb reaction@18#. Clearly, a full understanding of th
effects of breakup on near-barrier fusion will require syste
atic measurements covering a wide range of systems
energies.

In the present paper we choose to study the fusion of6,7Li
with the intermediate-mass target59Co. In addition to
complementing existing systematics for light syste
@15,28,29#, this choice is also partly motivated by the pr
posed experimental technique of detecting characteristig
rays emitted from the resulting evaporation residues~ER!,
which could in principle, also allow us to distinguish b
tween CF and ICF.

The paper is organized as follows. The experimental te
niques are described in detail in Sec. II and the experime
results are given in Sec. III. Data analysis and coupl
channel calculations are discussed in Sec. IV, and our c
clusions presented in Sec. V.

II. EXPERIMENTAL DETAILS

The total fusion excitation functions were measured
theg-ray spectroscopy method@30#. This technique has bee
shown to work well in mass regions with well-establish
level schemes and with a small number of long-lived is
meric states. In particular, it has been employed in the s
medium-mass region in a study of the16O146,50Ti reactions
near the Coulomb barrier@31#.

The potential problem of not being able to observe par
the ground-state populations of residual nuclei~direct side
feeding into the ground state! is not significant in the mas
and energy regions being studied here, as demonstrate
Refs.@30–32#. The alternative technique used to study m
lighter systems involves detecting the energy loss of ER’s
gas and/or solid-state detectors. However, the very low re
velocities available when studying medium-mass syste
make such measurement impractical at beam energies
the Coulomb barrier. The energy-loss technique has, ne
theless, been recently employed for6,7Li164Zn CF reaction
studies at energies above the barrier@22#.

The 6Li and 7Li beams, with energies between 11 and
MeV and intensities of 5–10 pnA, were provided by both t
Vivitron electrostatic tandem accelerator of the IReS and
8UD Pelletron tandem facility of the University of Sa˜o
Paulo. The targets consisted of thin foils of59Co of areal
density '600 mg/cm2, leading to an average energy lo
DEbeam'500 keV, backed by 48-mg/cm2-thick Pb ~Stras-
bourg! or very thick Ta ~São Paulo!, with thin
('65 mg/cm2 thick! Al buffer layers between the Co foil
and the backing material. This Al layer is necessary to p
vent any diffusion of the Co material into the Pb backin
The backings were used to avoid Doppler shifts of theg
lines.

For the Strasbourg measurements, theg-ray events were
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detected with part of the Garel1 spectrometer array@33#
configured with 14 Compton-suppressed, high-efficien
Eurogam-type@34# Hp Ge detectors together with one LEP
~low-energy photon spectrometer! detector. The LEPS detec
tor was used to enhance the detection efficiency and res
tion of low-energy transitions. The beam was not stopped
the Pb target backing. Consequently, the beam current, m
sured on a Faraday cup after the target, was integrate
order to obtain the charge accumulated at each energy.
absolute efficiency for the set of Ge detectors was (1
60.16)% for a calibrated60Co source. The uncertainties i
the total fusion cross sections come from statistical error
the determination of theg-ray yields, background subtrac
tion, absolute efficiency of the detectors, and systematic
rors resulting from measurements of the target thickness
the integrated beam current. Sufficient data were collec
for the g decays of the dominant ER’s to allow estimates
the effect of long-lived isomeric states. These states do
alter the cross sections deduced for the major channels
each energy, the activity buildup was measured with
beam with runs of approximately 1 h duration. Relative nor-
malizations at different energies were checked by simu
neous measurements of x-ray emission and ofg rays from
inelastic scattering of beam particles in the target and ba
ing.

For the Sa˜o Paulo measurements, the beam was stop
in the target backing and the beam current was integrate
the isolated and biased target holder. Dead-time correct
were determined using radioactivity peaks. Relative norm
izations at different energies were checked usingg-ray yields
from inelastic scattering. The absolute efficiency of the S˜o
Paulo Ge detector array was (0.4860.04)% for a calibrated
60Co source.

III. EXPERIMENTAL RESULTS

The ER excitation functions for both the6Li and 7Li
induced reactions are presented in Figs. 1~a! and 1~b!, re-
spectively. They were obtained from the observed decay
ER’s from the65Zn and 66Zn compound nuclei, respectively
and combine the data taken both in Strasbourg and˜o
Paulo. Defining CF experimentally is not always straightf
ward as both ER and fusion-fission cross sections should
measured in the same experiment, though for the stud
systems fission is unimportant@36#. Therefore the ER cross
sections are here considered to be the total fusion cross
tions. The uncertainty in the total fusion cross section is
proximately65% ~statistics! and620% ~systematics!. The
figure displays the excitation functions for all fusion even
(CF1ICF), as well as for the dominant ER’s. In the pa
fusion has implicitely included CF yields and ICF yield
however, with the advent of radioactive ion beams, it will
important to distinguish between these processes. In p
ciple, it should be possible to estimate the ICF contribut
by studying the population patterns of ER states exploit
statistical-model calculations. The present data, however
not have sufficient statistics to perform such a difficult ana
sis. In addition, the (an) channel, populated both throug
the CF and the ICF mechanisms, is stronger than statist
2-2
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model predictions for CF given by the codeCASCADE @35#
~not shown! by almost a factor of 10 for both reactions at a
energies. Consequently, the following discussion will foc
on the total (CF1ICF) fusion cross sections.

Most of the fusion yield is concentrated in just a fe
dominant ER channels. However, there are some ambigu
in the assignments to these channels. Transitions leadin
63Zn and 63Cu @corresponding to the (2n) and (pn) chan-
nels for 65Zn and to (3n) and (p2n) for 66Zn] are identified
by the same twog rays ~669 keV and 962 keV! in 63Cu,
populated either directly or following63Znb decay. Thus, in
both reactions, these yields are presented by their sum.
statistical model predicts comparable63Zn and 63Cu yields
for 6Li159Co, but predicts an appreciable yield only f
63Cu in the7Li159Co reaction. A similar situation occurs fo
64Cu and60Co @corresponding to the~p! and (ap) channels
for the 6Li induced reactions and to (pn) and (apn) for

FIG. 1. ~a! Excitation functions for the dominant ER channe
for the 7Li159Co reaction. The upper excitation function represe
the sum of all the observed decay channels and is associated
the total (CF1ICF) fusion cross section. Unresolved ER’s are se
rated by a sign. Weaker channels, delimited by commas,
summed.~b! Same for the6Li159Co reaction. Dashed lines corre
spond to fits to the data with the SBPM formula of Wong@37#.
Statistical errors are smaller than the symbols. Systematic error
not shown. The arrows indicate the Coulomb barriers of the W
formalism.
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7Li] since a 278-keVg ray is present in both nuclei. Thus
the sum of the yields is again presented in Figs. 1~a! and
1~b!. Here, the statistical-model calculations suggest t
60Co should dominate for the6Li reaction, whereas64Cu
should dominate for7Li. The sum of the weaker channe
~less than 10% of the total fusion cross section! is repre-
sented by the half-filled triangles or diamonds.

The average fusion excitation functions, obtained by
ting the data with the single-barrier penetration mod
~SBPM! of Wong @37#, are shown in Figs. 1 by the soli
lines. The relevant parameters are the barrier radiusR, the
‘‘curvature’’ \v of the barrier, and the barrier heightB. For
7Li these parameters have the respective values 7.5 fm,
MeV, 11.3 MeV and for6Li the values are 7.6 fm, 8.1 MeV
and 12.0 MeV. The values obtained for the barrier parame
agree well with those extracted from similar fits of th
6,7Li164Zn fusion data@22#. However, in both cases the de
rived values of the barrier radii are slightly smaller th
those extracted either from the semiempirical fusion barr
of Vaz and Alexander@1# or from the fusion barrier system
atics established by Kovaret al. @28#, and recently extended
and revised@15,29#. This may be considered as an indicatio
of the impact of direct breakup on the fusion cross secti
However, these fits should be viewed simply as parametr
tions of the experimental data since they do not take i
account coupling effects or the angular momentum dep
dence of the barrier parameters. As a whole, these param
zations describe the general trends of the two excita
functions well. They also serve to demonstrate that altho
the data require a lower barrier for7Li, as one would expect
the cross section for6Li is larger at the lowest energies. Th
is simulated by a larger value of the curvature in this case
is apparent that some form of coupling is more important
the lighter projectile than for the heavier one. This is d
cussed further in the following section based on the insp
tion of Fig. 2.

IV. DISCUSSION

In order to better isolate the effects of possible couplin
the ratio of the total fusion cross sectionssF(6Li)/ sF(7Li) is
given in Fig. 2 as a function of the center-of-mass ene
Ec.m.. Here, the6Li data have been interpolated between t
data points in order to have results at the corresponding7Li
energies. The solid curve in this figure also shows the ra
calculated by the model of Wong@37# using the independen
fits of the two SBPM parametrizations discussed in the p
ceding section. If the only difference between the tw
lithium isotopes was theA1/3 dependence of the radius, on
would expect a simple shift in energy due to the correspo
ing difference in barrier heights. This shift should be arou
0.14 MeV and the dotted curve gives the resulting ratio
Fig. 2; the latter clearly goes in a direction opposite to t
experimental data at sub-barrier energies.

Besides the obvious difference in spin~the ground-state
spins of 6Li and 7Li are 1 and 3/2, respectively!, 6Li differs
from 7Li in other important aspects. The two nuclei ha
small, but different separation energies:6Li breaks up into
a1d with a smaller breakup thresholdSa51.47 MeV com-
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pared to7Li breaking intoa1t with Sa52.47 MeV. 6Li is
spherical in its ground state, whereas7Li is deformed. 7Li
has a bound 1/22 excited state at 0.478 MeV, wheras the fi
excited state of6Li is unbound. Therefore, microscopic di
ferences in the structures of the two isotopes lead to diffe
reorientation terms in the channel couplings~spectroscopic
quadrupole moment isQ520.082 fm2 for the spherical6Li
nucleus and24.06 fm2 for the more deformed7Li nucleus!
as well as to different quadrupole couplings between
ground state and first excited state@B(E2)↑521.8 e2 fm4 for
6Li and 8.3 e2 fm4 for 7Li]. The dashed curves in Fig. 2 ar
CCFULL @38# calculations with and without reorientation e
fects. The potential parameters were taken to be identica
both projectiles: Vo574.0 MeV, a50.63 fm, and r o
51.05 fm. As one might expect from the above values of
quadrupole moments, one sees that the7Li cross section is
enhanced over the6Li value. Without the coupling, the ratio
of cross sections is about 0.96 at high energies. This de
tion from 1 is due to geometrical effects~mainly the differ-
ence of the Coulomb barrier height!. However, when cou-
pling to the first excited state in each projectile~i.e., to the
unbound 31, 2.186-MeV level for 6Li, and to the bound
1/22, 0.478-MeV state for7Li, respectively! is included, the
ratio of cross sections displayed by the dot-dashed line n
becomes about 1, and is consistent with the experime
data. The effects of target phonon excitations have been v
fied to be rather weak. Although we were not able to extr
the CF yields from the measured total fusion cross sectio
is clear that all the details of the data, particularly at su
barrier energies, are not reproduced by the present calc
tions. More realistic coupled-channel calculations~see Refs.
@11,14#!, taking account the interplay between project
breakup and fusion, should be undertaken.

FIG. 2. Energy dependence of the ratio of the total fusion cr
sections for6Li159Co and 7Li159Co reactions. Error bars reflec
the large systematic errors. The solid and dashed curves corres
to SBPM @37# fits of the ratios as explained in the text. The dott
curves correspond to two uncoupledCCFULL calculations@38# with
and without reorientation effects, whereas the dot-dashed curv
the result ofCCFULL calculations including the coupling to the firs
excited state.
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In Fig. 2, the observed total fusion yields are seen to
similar for both systems at energies above the barrier.
interpret this observation as a lack of breakup related s
pression for the total fusion cross section above the bar
although the possibility that both fusion cross sections
suppressed to the same degree cannot be ruled out. The
of a breakup effect is expected since the data are given
sum of CF and ICF contributions, for which the incident flu
would be conserved at energies above the barrier and,
sequently, there is no mechanism for fusion suppress
This experimental result is also supported by theoretical
vestigations of other reactions induced by6,7Li projectiles
@39# on both a light 16O target and a heavy208Pb target,
using a SBPM model with a potential that includes the r
part of the dynamic polarization potential obtained fro
continuum-discretized coupled-channel~CDCC! calcula-
tions. Similar fusion excitation functions for the two lithium
isotopes in the two reactions were obtained. The CDCC
sults can be expected to be the same for a target with in
mediate mass such as59Co. It will be also of interest to
investigate if this lack of suppression for the6Li159Co sys-
tem above the barrier, in agreement with systema
@15,28,29#, can also be observed for the6He159Co system.
The g-ray spectroscopy method could be used with lo
energy radioactive beams of6He, which are now available
for fusion studies in some facilities@24,26#.

V. CONCLUSION

Measurements of the excitation functions for sub- a
near-barrier total fusion~complete fusion1 incomplete fu-
sion! have been presented for the stable, weakly bound p
jectiles 6Li and 7Li on the medium-mass59Co target. Evapo-
ration residues were identified by their characteristicg rays
and the corresponding yields measured using theg-ray spec-
troscopy method. Above the Coulomb barrier, the fus
yields are found to be very close for both systems, in agr
ment with rather simple coupled-channel calculations@11#.
The results are consistent with there being no significant
sion hindrance caused by breakup effects as long as fusio
defined as the sum of CF and ICF contributions. The abse
of a breakup-related suppression of the total fusion cr
sections above the barrier appears to be a common featu
6,7Li induced reactions, regardless of target mass. An
hanced yield is observed below the Coulomb barrier for
weakly bound6Li projectile as compared to that found fo
the more tightly bound7Li, although requiring a lower bar-
rier at the lowest energies. This result may be relevan
future studies of nuclides far from stability created usi
weakly bound, radioactive ion beams such as6He. Experi-
ments using charged particle spectroscopy techniques ar
ing carried out to measure the total reaction cross sec
~inelastic and transfer! as well as the light-particle breaku
channels for both6,7Li159Co reactions. These measuremen
are essential@23# to determine the coupling strength to th
breakup channel that will be introduced in full couple
channel calculations to be performed in the framework of
CDCC formalism @14# or using a microscopic interactio
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~with a reduced real part of the optical model! for weakly
bound and halo systems@27#.
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