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Near-barrier fusion of weakly bound °Li and ‘Li nuclei with >°Co
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Excitation functions for sub- and near-barrier totabmplete + incompletg fusion cross sections are
presented for th&7Li+5°Co reactions. Evaporation residues were identified by their characteyistigs and
the corresponding yields measured with both the IReS Gagatay at the Vivitron facility and with the ®a
Paulo Ge array at the 8UD Pelletron tandem facility using standaraly techniques. The data extend to
medium-mass systems previous works exploring the coupling effeictdrance versus enhancemantfusion
reactions of both lighter and heavier systems. The results indicate a small enhancement of total fusion for the
more weakly boundLi at sub-barrier energies, with similar cross sections for both reactions at and above the
barrier.
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[. INTRODUCTION tant due to the cluster structure of these nuclides, and one
should test whether simple inelastic excitations are adequate
A number of experimental and theoretical studies haveo describe this physics. Of course, another element in this
explored the effect of coupling to collective degrees of free-problem is that incomplete fusiofCF) may also be impor-
dom on the fusion proce$d—5]. A significant enhancement tant for cluster systems. This introduces complications both
of the sub-barrier fusion cross section is often found comexperimentally and theoretically.
pared to predictions of one-dimensional barrier penetration A|th0ugh the Coup”ng to collective degrees of freedom is
models. This is understood in terms of the dynamical proxnown to systematically enhance the complete fusioR)
cesses arising from couplings to collective inelastic excitarross sectiof1-5], the expected tendency to break up for
tions of the target and projecti[6]. However, in the case of \eakly hound nuclei at barrier energies can also lead to a

reactions where at least one of the colliding nuclei has Quppression of the CF cross sectf@. Some experimental
sufficiently low binding energy so that breakup becomes an

) i - _fesults suggest that, above the Coulomb barrier, nuclear
important process, conflicting model predictions and experlbrealkup is a major factor limiting fusion in light heavy-ion
mental results have been repor{éd-15].

Projectile breakup is likely to have a strong influence Onsystems involving weakly bound nucldi0]. However, these

reactions with radioactive ion beams. For example, a projecr—es'UItS have recently been challenddd]. Little is known

tile such ast'Li might be expected to break up by emitting about the effect of breakup on the sub-barrier fusion of such

its two weakly bound neutrons. In order to understand such ystems. For massive systehmsf, ¥|\/here Cofulorr?b e'flfects mklght
process, however, it is essential to see first if the fusion of th@€ €xPected to dominate, the influence of projectile breakup
stable lithium isotope&Li can be understood and to see on 'S also controversial, even though there has been consider-
which targets the most interesting results might be obtainediPle experimental work on the issl6—-23. In general, the

Here again, however, breakup processes could still be impoflata seem fo indicate a suppression of fusion above the bar-
rier in systems with a significant breakup probability. The

magnitude of the suppression may be consistent with the
*Corresponding author. Email address: christian.beck@ires.Missing” yield that goes into ICF channell9]. Sub-

in2p3.fr barrier studies using weakly bound projectiles on heavy tar-
TOn leave from Yukawa Institute for Theoretical Physics, Kyoto gets have not shown a consistent pattern of suppression or
University, Kyoto 606-8502, Japan. enhancement24—-27. Coupled-channel calculations for the
*Permanent address: Institut de Physique faigde Lyon, °Be+2%%Pb system performed without couplings to breakup
F-69622 Villeurbanne Cedex, France. channels underestimate the fusion data, which may indicate
$present address: INFN, Laboratori Nazionali di Legnaro, Viafusion enhancement at energies below the ba[diéf. The
Romea 4, -35020 Legnaro, Padova, Italy. CF suppression in théBe+ 2%%Pb reaction has been recently
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investigated through the the sub-barrier breakup yields ofletected with part of the Garel spectrometer array33]
°Be [23]. configured with 14 Compton-suppressed, high-efficiency
For both 8He+29Bi [24,25 and ®He+2%%U [26,27 fu-  Eurogam-typd34] Hp Ge detectors together with one LEPS
sion reactions, with a weakly bound neutron-halo projectile (low-energy photon spectrometetetector. The LEPS detec-
a large sub-barrier enhancement is observed, though no etor was used to enhance the detection efficiency and resolu-
hancement is observed using a proton-rich projectile in théion of low-energy transitions. The beam was not stopped in
YF+20%p reactior 18]. Clearly, a full understanding of the the Pb target backing. Consequently, the beam current, mea-
effects of breakup on near-barrier fusion will require system-sured on a Faraday cup after the target, was integrated in
atic measurements covering a wide range of systems aratder to obtain the charge accumulated at each energy. The
energies. absolute efficiency for the set of Ge detectors was (1.20
In the present paper we choose to study the fusioh’bf +0.16)% for a calibrated°Co source. The uncertainties in
with the intermediate-mass targeCo. In addition to the total fusion cross sections come from statistical errors in
complementing existing systematics for light systemsthe determination of the-ray yields, background subtrac-
[15,28,29, this choice is also partly motivated by the pro- tion, absolute efficiency of the detectors, and systematic er-
posed experimental technique of detecting characteristic rors resulting from measurements of the target thickness and
rays emitted from the resulting evaporation resid(ieR), the integrated beam current. Sufficient data were collected
which could in principle, also allow us to distinguish be- for the y decays of the dominant ER'’s to allow estimates of
tween CF and ICF. the effect of long-lived isomeric states. These states do not
The paper is organized as follows. The experimental techalter the cross sections deduced for the major channels. At
niques are described in detail in Sec. Il and the experimentaach energy, the activity buildup was measured without

results are given in Sec. lll. Data analysis and coupledbeam with runs of approximatell h duration. Relative nor-
channel calculations are discussed in Sec. IV, and our cormalizations at different energies were checked by simulta-
clusions presented in Sec. V. neous measurements of x-ray emission ands ohys from

inelastic scattering of beam particles in the target and back-
ing.
Il EXPERIMENTAL DETAILS For the Sa Paulo measurements, the beam was stopped
The total fusion excitation functions were measured byin the target backing and the beam current was integrated on
the y-ray spectroscopy methd80]. This technique has been the isolated and biased target holder. Dead-time corrections
shown to work well in mass regions with well-establishedwere determined using radioactivity peaks. Relative normal-
level schemes and with a small number of long-lived iso-izations at different energies were checked usirgy yields
meric states. In particular, it has been employed in the samiom inelastic scattering. The absolute efficiency of the Sa
medium-mass region in a study of th8O+455%Tj reactions  Paulo Ge detector array was (0:46.04)% for a calibrated
near the Coulomb barri¢B1]. 9Co source.
The potential problem of not being able to observe part of
the ground-state populations of residual nudBirect side
feeding into the ground statés not significant in the mass
and energy regions being studied here, as demonstrated in The ER excitation functions for both th&Li and ’Li
Refs.[30—32. The alternative technique used to study mostinduced reactions are presented in Fig&) Band 1b), re-
lighter systems involves detecting the energy loss of ER’s irspectively. They were obtained from the observed decays of
gas and/or solid-state detectors. However, the very low recoltR’s from the®°Zn and ®®Zn compound nuclei, respectively,
velocities available when studying medium-mass systemand combine the data taken both in Strasbourg anal Sa
make such measurement impractical at beam energies neRaulo. Defining CF experimentally is not always straightfor-
the Coulomb barrier. The energy-loss technique has, neveward as both ER and fusion-fission cross sections should be
theless, been recently employed fofLi+%/Zn CF reaction measured in the same experiment, though for the studied
studies at energies above the barf2]. systems fission is unimportaf®6]. Therefore the ER cross
The 5Li and “Li beams, with energies between 11 and 26sections are here considered to be the total fusion cross sec-
MeV and intensities of 5—10 pnA, were provided by both thetions. The uncertainty in the total fusion cross section is ap-
Vivitron electrostatic tandem accelerator of the IReS and th@roximately = 5% (statistics$ and = 20% (systematics The
8UD Pelletron tandem facility of the University of &a figure displays the excitation functions for all fusion events
Paulo. The targets consisted of thin foils 3Co of areal (CF+ICF), as well as for the dominant ER’s. In the past,
density ~600 ug/cn?, leading to an average energy loss fusion has implicitely included CF vyields and ICF yields;
AEpean=500 keV, backed by 48-mg/cthick Pb (Stras-  however, with the advent of radioactive ion beams, it will be
bourg or very thick Ta (Sao Paulg, with thin  important to distinguish between these processes. In prin-
(=65 uglen? thick) Al buffer layers between the Co foils ciple, it should be possible to estimate the ICF contribution
and the backing material. This Al layer is necessary to preby studying the population patterns of ER states exploiting
vent any diffusion of the Co material into the Pb backing. statistical-model calculations. The present data, however, do
The backings were used to avoid Doppler shifts of the not have sufficient statistics to perform such a difficult analy-
lines. sis. In addition, the ¢n) channel, populated both through
For the Strasbourg measurements, jhmy events were the CF and the ICF mechanisms, is stronger than statistical-

IIl. EXPERIMENTAL RESULTS
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10" T e T ’Li] since a 278-keVy ray is present in both nu_clei. Thus,
a) Li+7Co ] the sum of the yields is again presented in Fig®) &nd
10°F Eh Z”S 1(b). Here, the statistical-model calculations suggest that
ie 615." (2n) 8Co should dominate for théLi reaction, wherea*Cu
10°F 11 640:1(?;)?)/6°Co(apn) should dominate for'Li. The sum of the weaker channels
-cE? ** immers_oant5 1y 630y (pn2)/%3Zn(3n) (less than 10% of the total fusion cross secti@ repre-
Sop o IA“““““ZIZO 31 ONj (a2n) sented by the half-filled triangles or diamonds.
© -‘: ,.;;v;ﬁ,mo ie 2209 (p3n) The average fusion excitation functions, obtained by fit-
10°F a1 (e, ting the data with the single-barrier penetration model
10 L asttast ] sgm: Eggn) (SBPM) of Wong [37], are shown in Figs. 1 by the solid
10"k ;”A 1— Wong lines. The relevant paramgters are the bgrrler ramuthe
M ] ‘;cur\;]ature" hw of the l;arrler,hand the barrier lhelglitg?r »
L e ——— Li these parameters have the respective values 7.5 fm, 4.
° 1ot 14: 13'\;:\/2)2 2202 MeV, 11.3 MeV and for®Li the v_alues are 7.6 fm, 8.1 MeV,
el and 12.0 MeV. The values obtained for the barrier parameters
. agree well with those extracted from similar fits of the
T 6. soa 6.7Li +%4Zn fusion datg22]. However, in both cases the de-
D) Li+™Co rived values of the barrier radii are slightly smaller than
127 E those extracted either from the semiempirical fusion barriers
L T AR AL 1 * %fg;l_ of Vaz and Alexandef1] or from the fusion barrier system-
1E gy A 63CIL|(??)/63Zn(2n) atics established by Kovat al.[28], and recently extended
a8 1 7 o’ 1 e ®2cu (SZn) and revised15,29. This may be considered as an indication
E100F v o 34 64Cu (p)/ %0 Co(ap) of the impact of direct breakup on the fusion cross section.
e O =50 1o 527n(3n), However, these fits should be viewed simply as parametriza-
10°F ® akade “6”00"; 83Ni (2p), tions of the experimental data since they do not take into
) e 1 ©2Ni(2pn) account coupling effects or the angular momentum depen-
wE I— Wong dence of the barrier parameters. As a whole, these parametri-
GF e iaenaswe] zations describe the general trends of the two excitation
1078 10 12 14 16 18 20 22 24 26 28 functions well. They also serve to demonstrate that although

E.m(MeV)

the data require a lower barrier f8Li, as one would expect,
the cross section fotLi is larger at the lowest energies. This

FIG. 1. (a) Excitation functions for the dominant ER channels IS simulated by a larger value of the curvature in this case. It
for the ”Li +5°Co reaction. The upper excitation function representsiS apparent that some form of coupling is more important for
the sum of all the observed decay channels and is associated withe lighter projectile than for the heavier one. This is dis-
the total (CF+ICF) fusion cross section. Unresolved ER’s are sepa-cussed further in the following section based on the inspec-
rated by a sign. Weaker channels, delimited by commas, ar&ion of Fig. 2.
summed . (b) Same for the®Li+>°Co reaction. Dashed lines corre-
spond to fits to the data with the SBPM formula of Wofgy].
Statistical errors are smaller than the symbols. Systematic errors are
not shown. The arrows indicate the Coulomb barriers of the Wong
formalism.

IV. DISCUSSION

In order to better isolate the effects of possible couplings,
the ratio of the total fusion cross sectioms(°Li)/ o("Li) is
given in Fig. 2 as a function of the center-of-mass energy
model predictions for CF given by the codascape [35]  E,,. Here, theSLi data have been interpolated between the
(not shown by almost a factor of 10 for both reactions at all data points in order to have results at the correspondirig
energies. Consequently, the following discussion will focusenergies. The solid curve in this figure also shows the ratio
on the total (CH-ICF) fusion cross sections. calculated by the model of Wori@7] using the independent
Most of the fusion yield is concentrated in just a few fits of the two SBPM parametrizations discussed in the pre-
dominant ER channels. However, there are some ambiguitiaseding section. If the only difference between the two
in the assignments to these channels. Transitions leading {@hium isotopes was th&'® dependence of the radius, one
®3Zn and ®3Cu [corresponding to the (® and (pn) chan-  would expect a simple shift in energy due to the correspond-
nels for ®Zn and to (31) and (2n) for ®°Zn] are identified  ing difference in barrier heights. This shift should be around
by the same twoy rays (669 keV and 962 keVin ®3Cu,  0.14 MeV and the dotted curve gives the resulting ratio in
populated either directly or followin§®Zng decay. Thus, in  Fig. 2; the latter clearly goes in a direction opposite to the
both reactions, these yields are presented by their sum. Thexperimental data at sub-barrier energies.
statistical model predicts comparabi&Zn and %3Cu yields Besides the obvious difference in spithe ground-state
for SLi+%%Co, but predicts an appreciable yield only for spins of®Li and “Li are 1 and 3/2, respectively®Li differs
63Cu in the ’Li+ °°Co reaction. A similar situation occurs for from ’Li in other important aspects. The two nuclei have
®4Cu and®%Co [corresponding to thép) and (@p) channels  small, but different separation energiéd:i breaks up into
for the ®Li induced reactions and topf) and (apn) for a+d with a smaller breakup thresho&),=1.47 MeV com-
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2.5 - . : - - In Fig. 2, the observed total fusion yields are seen to be
similar for both systems at energies above the barrier. We
interpret this observation as a lack of breakup related sup-

20 —— Independent Wong fits E

e Wong (shift of 0.14 MeV) pression for the total fusion cross section above the barrier,
Mg s although the possibility that both fusion cross sections are
315 — -~ G.S.Hirst excited state ] suppressed to the same degree cannot be ruled out. The lack
5 of a breakup effect is expected since the data are given as a
'E sum of CF and ICF contributions, for which the incident flux
B Lofp would be conserved at energies above the barrier and, con-

sequently, there is no mechanism for fusion suppression.
This experimental result is also supported by theoretical in-
vestigations of other reactions induced ByLi projectiles
[39] on both a light®O target and a heavy®®Pb target,
: ; ; : using a SBPM model with a potential that includes the real
10 15 20 25 part of the dynamic polarization potential obtained from
Ecm. MeV) continuum-discretized coupled-channéCDCC) calcula-
tions. Similar fusion excitation functions for the two lithium
$sotopes in the two reactions were obtained. The CDCC re-

sylts can be expected to be the same for a target with inter-
the large systematic errors. The solid and dashed curves correspo P 9

to SBPM([37] fits of the ratios as explained in the text. The dotted in\?g;?iteatrg ?fs tshizulgcl:kaicsou- Itre\{\g!iobr? fce)lrli%b?:- gr;tcegesstst_o
curves correspond to two uncoupledruLL calculationg 38] with g PP Y

and without reorientation effects, whereas the dot-dashed curve m_above thel babrrler,b n agrfe emrg nt "‘._é'gth systematics
the result ofccruLL calculations including the coupling to the first L+2:28,29, can also be observed for thiéle+>"Co system.

excited state. The y-ray spectroscopy method could be used with low-
energy radioactive beams 8He, which are now available
for fusion studies in some facilitig4,26|.

05 1

FIG. 2. Energy dependence of the ratio of the total fusion cros
sections forbLi+%°Co and’Li+%°Co reactions. Error bars reflect

pared to’Li breaking intoa+t with S,=2.47 MeV. Li is
spherical in its ground state, where8si is deformed. ‘Li
has a bound 1/2 excited state at 0.478 MeV, wheras the first
excited state ofLi is unbound. Therefore, microscopic dif-
ferences in the structures of the two isotopes lead to different Measurements of the excitation functions for sub- and
reorientation terms in the channel couplingpectroscopic near-barrier total fusioicomplete fusior+ incomplete fu-
quadrupole moment i®= —0.082 fnt for the sphericaPLi sion) have been presented for the stable, weakly bound pro-
nucleus and-4.06 fn? for the more deformedLi nucleus  jectilesbLi and “Li on the medium-mas8°Co target. Evapo-

as well as to different quadrupole couplings between theation residues were identified by their characteristicays
ground state and first excited sta@(E2)7 =21.8 & fm*for  and the corresponding yields measured usingythay spec-

®Li and 8.3 € fm* for ’Li]. The dashed curves in Fig. 2 are troscopy method. Above the Coulomb barrier, the fusion
CCFULL [38] calculations with and without reorientation ef- yields are found to be very close for both systems, in agree-
fects. The potential parameters were taken to be identical fanent with rather simple coupled-channel calculatiphs].

both projectiles: V,=74.0 MeV, a=0.63fm, and r, The results are consistent with there being no significant fu-
=1.05 fm. As one might expect from the above values of thesion hindrance caused by breakup effects as long as fusion is
quadrupole moments, one sees that fhecross section is  defined as the sum of CF and ICF contributions. The absence
enhanced over théLi value. Without the coupling, the ratio of a breakup-related suppression of the total fusion cross
of cross sections is about 0.96 at high energies. This devissections above the barrier appears to be a common feature of
tion from 1 is due to geometrical effectmainly the differ-  ®’Li induced reactions, regardless of target mass. An en-
ence of the Coulomb barrier heighHowever, when cou- hanced yield is observed below the Coulomb barrier for the
pling to the first excited state in each projectile., to the  weakly bound®Li projectile as compared to that found for
unbound 3, 2.186-MeV level for®Li, and to the bound the more tightly bound'Li, although requiring a lower bar-
1/27, 0.478-MeV state for'Li, respectively is included, the rier at the lowest energies. This result may be relevant to
ratio of cross sections displayed by the dot-dashed line novuture studies of nuclides far from stability created using
becomes about 1, and is consistent with the experimentaleakly bound, radioactive ion beams such®ke. Experi-
data. The effects of target phonon excitations have been vennents using charged particle spectroscopy techniques are be-
fied to be rather weak. Although we were not able to extractng carried out to measure the total reaction cross section
the CF yields from the measured total fusion cross section, ifinelastic and transferas well as the light-particle breakup

is clear that all the details of the data, particularly at subchannels for bott?’Li +%°Co reactions. These measurements
barrier energies, are not reproduced by the present calculare essential23] to determine the coupling strength to the
tions. More realistic coupled-channel calculatigese Refs. breakup channel that will be introduced in full coupled-
[11,14)), taking account the interplay between projectile channel calculations to be performed in the framework of the
breakup and fusion, should be undertaken. CDCC formalism[14] or using a microscopic interaction

V. CONCLUSION
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