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The reaction6He+64Zn was studied in order to investigate the effects of the projectile neutron-halo structure
on the reaction mechanism at energies around the Coulomb barrier. Elastic scattering angular distributions,
transfer/breakup angular distributions, and fusion excitation functions have been measured. Due to the low-
recoil energy of the evaporation residues and the low intensity of the6He beam, the fusion cross section was
measured by detecting off-line the atomic x-ray emission which follows the electron capture decay of the
evaporation residues. For comparison the reaction4He+64Zn was studied using the same technique. The data
for the reaction6He+64Zn show that the transfer and breakup mechanisms account for almost 80% of the total
reaction cross section, moreover we do not observe an enhancement of the fusion cross section when compared
with the 4He+64Zn reaction.
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I. INTRODUCTION

In the past few years, in different laboratories, a great
experimental effort has been devoted to studying reactions
induced by radioactive beams in order to investigate the ef-
fects of nuclear structure on reaction mechanisms. In particu-
lar, both theoretical and experimental work have studied the
effects of the halo structure of nuclei on the fusion reaction
mechanism at energies near and below the Coulomb barrier.

Contradictory effects on fusion cross section have been
predicted by different theoretical models in reactions induced
by neutron-halo nuclei at energies around and below the
Coulomb barrier. These models agree that the larger spatial
extent of halo nuclei, and the coupling with possible low-
lying resonant states, would increase the fusion cross section.
However, the models disagree about the role played by the
breakup of the loosely bound halo nucleons on the fusion
cross section. Breakup could produce a loss of flux from the
fusion channel and thus hinder the cross section[1–3]. Con-
versely, strong coupling with the breakup channel with the
associated dynamical modulation of the fusion potential,
could produce an enhancement of the sub-barrier fusion
cross section[4]. At energies above the barrier, according to

Ref. [4], the strong coupling with the breakup channel has
the opposite effect of reducing the fusion cross section.

Experimental investigation is quite difficult due to the low
intensity of radioactive beams(three or four orders of mag-
nitude lower than typical stable beams) coupled with the
small fusion cross sections at sub-barrier energies. To our
knowledge, only three systems have been studied:6He
+ 209Bi [5–8], 6He+238U [9,10], and11Be+209Bi [11,12]. The
6He+209Bi fusion reaction around and below the barrier
leads to the production of heavy evaporation residues(E.R.)
unstable againsta emission. The fusion cross section was
obtained by detecting thea particles following the E.R. de-
cay. The authors found an enhancement of the fusion cross
section below the barrier and a strong contribution due to the
transfer and/or breakup reaction channels[5–8]. In the 6He
+ 238U system fusion reactions lead to fission of the com-
pound nucleus. The fusion cross section was obtained from
the detected fission events assuming that no significant con-
tribution came from other reaction mechanisms. Once more,
a large enhancement of the fusion cross section below the
barrier was observed[9,10]. In the 11Be+209Bi system the
cross section was obtained by detectinga particles emitted in
the E.R. decay. However, in contrast to the previous two
systems, no enhancement was observed. In fact, similar fu-
sion cross sections have been measured for the9,11Be
+ 209Bi reactions at energies below the Coulomb barrier[11],
whereas a larger fusion cross section was found above the
barrier for the halo nucleus induced reaction. However, in the
11Be+209Bi experiment the fusion cross section was obtained
by summing the contribution of the 5n,4n, and fission chan-
nels, the 3n channel was not measured. This channel is ex-
pected to be relevant below the barrier. Conversely the fis-
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sion cross section below the barrier could have been
overestimated[11,13].

The 9Be nucleus being weakly boundsSn=1.6 MeVd may
not be the best reference nucleus to compare the fusion cross
section with. In fact a reduction of the fusion cross section
above the barrier was found in the9Be+208Pb [14,15] reac-
tion, and data on9Be+209Bi show a large transfer/breakup
cross section below the barrier[13] as in 6He+209Bi [8,16].

The effects of projectile structure on reaction mechanisms
seem also to depend on the target mass. In fact, contrary to
the above mentioned9Be+208Pb case[14], no effects on fu-
sion cross section were found for9Be+64Zn at near barrier
energies[17]. The fusion cross section in this case was the
same as for reactions induced by tightly bound nuclei.

In summary, the existing experimental data give appar-
ently contradictory results and more data are necessary to
better understand the problem. We note, in addition, that the
two experimental techniques mentioned above can be ap-
plied only to heavy systems leading to fission ora unstable
evaporation residues.

We have measured6He induced reactions on a medium
mass64Zn target at energies around the Coulomb barrier. We
used an experimental setup suitable for the study of the fu-
sion process and the other open channels: elastic, transfer,
and breakup.

To our knowledge, no data for fusion reactions induced by
neutron-halo nuclei on medium mass targets around the bar-
rier are available. To overcome the experimental difficulties
of measuring low-energy fusion cross sections induced by
low-intensity beams, we measured off-line the atomic X-ray
emission following the electron capture(E.C.) decay of the
E.R. produced in the reaction. The choice of64Zn as a target
was made, with the help of statistical model calculations, in
order to have the largest fraction of the fusion cross section
producing radioactive E.R. mainly decaying by E.C. The fu-
sion excitation function was performed at a fixed beam en-
ergy using the activation technique. For comparison, the re-
action 4He+64Zn was also measured at the same center of
mass(c.m.) energy.

In Sec. I we will describe the experimental techniques, in
Sec. II the results for the different channels(elastic scatter-
ing, transfer/breakup, fusion) will be presented, and Sec. III
will be dedicated to final remarks and conclusions.

II. EXPERIMENTAL TECHNIQUES

A. Detector setup

The experiment was performed at the Centre de Recher-
ches du Cyclotron at Louvain la Neuve with an average6He
beam current of 33106 pps. A total of two runs were per-
formed. In the first run we measured the reaction6He
+ 64Zn at Elab=10 MeV. A 1 mg/cm2 self-supporting64Zn
target was used. The experimental setup is shown in Fig. 1(a)
and consisted of three arrays of highly segmented, large solid
angle Si strip detectors covering a total solid angleV<2p.
The detectors used were 20 sectors of the Louvain la Neuve-
Edinburgh-detector-array(LEDA) [18] with a total of 320
strips. The first array LEDA consisted of eight sectors,
placed in an annular configuration with each sector normal to

the beam direction. The laboratory angular range covered
was 0°øfø360° and 5°øuø12°. The other two arrays
each consisted of six sectors at 45° with respect to the beam
axis and covering the laboratory angular ranges 20°øu
ø65° and 120°øuø160° respectively, with 0°øf
ø360°. The configuration of these two detector arrays is
called LAMP due to its lampshade shape and it allows for a
very large solid angle coverage.

In this run only light charged particles such as p,a, and
6He were detected. Hydrogen was discriminated from He by
means of the time of flight(ToF) technique using the cyclo-
tron rf as the time reference.

In the second run the same reaction was measured at
Elab=13.6 MeV and, as a comparison, the reaction4He
+ 64Zn was also measured at the same c.m. energysEc.m.

=12.4 MeVd. The experimental setup used in this run was
modified in order to have a more complete angular coverage
and it is sketched in Fig. 1(b). The target was a 0.5 mg/cm2

self-supporting64Zn foil. It was angled at 45° with respect to
the beam direction in order to measure at laboratory angles
around 90°. The detectors used were two halves of a LAMP
detector array, one at forward and one at backward angles,
each consisting of three sectors covering the laboratory an-
gular range 0°øfø180° and 15°øuø50° (LAMP front)
and 180°øfø360° and 120°øuø160° (LAMP back).
Four double sided silicon strip detectors[18] covered the
angular range 70°øuø100°. Two were placed above and
two below the target position as shown in Fig. 1(b). This
detector geometry allowed for a very large angular coverage
with good granularity. A total of 240 strips were used. In this

FIG. 1. Schematic diagram of the experimental setup:(a) for the
run atElab=10 MeV; (b) for the run atElab=13.6 MeV. See text for
details.
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run hydrogen was also discriminated from helium using the
ToF technique.

With this setup the elastic scattering and light charged
particle angular distributions were measured. As sketched in
Fig. 1(b), downstream of the primary64Zn target, in a cube
adjacent to the scattering chamber containing the Si detector
arrays, we placed a stack of four64Zn foils alternated with
93Nb catcher foils which were used for the activation experi-
ment. This will be discussed in detail in the following sec-
tion.

B. Activation experiment

A fusion reaction induced by a beam of light halo nuclei
on a medium mass target, at energies around and below the
barrier, will lead to production of low-energy evaporation
residues which are stable againsta decay. Therefore none of
the techniques previously used[6,9,11] is suitable for study-
ing such reactions. Direct E.R. detection will be very diffi-
cult since, typically, the slow E.R. will be in the same energy
range as theb background from the decay of the scattered
radioactive beam. Moreover a fraction of the E.R. produced
will not come out from the target since their energies are too
small. For example, in the present experiment for a6He
beam of 13.5 MeV and a64Zn target having a thickness of
2 mg/cm2 the fraction of E.R. stopped inside the target is
about 80%. On the other hand indirect E.R. detection via
on-line or off-line gamma spectroscopy techniques, is very
difficult due to the high background compared to the low
E.R. yields and to the low Ge detector efficiencies. To over-
come these difficulties we decided to measure off-line the x
rays following the E.C. decay of the E.R. to study the fusion
reactions4,6He+64Zn. This technique can be used by choos-
ing, with the help of statistical model calculations, a suitable
target such that all(or at least a large fraction) of the possible
E.R. produced are unstable against E.C. decay. The main
advantages of the proposed technique are the following.

(a) Atomic x rays in the energy region of interest
s5–10 keVd can be easily detected off-line with extremely
low background and 100% intrinsic detection efficiency by
using Si(Li ) detectors.

(b) The E.R. can be identified by atomic number from
the energy of the x-ray lines, whereas different isotopes can,
in some cases(as in the present case), be separated by their
half lives.

(c) By activating a stack of targets it is possible to
extract the cross section at different energies without chang-
ing the beam energy thus reducing the beam time needed to
perform an excitation function measurement with the very
low intensity radioactive beams.

As previously mentioned, a stack of four64Zn targets
(,2 mg/cm2 thick) followed by 93Nb catchers(,3 mg/cm2

thick) were placed about 70 cm downstream of the thin64Zn
“scattering” target. The catchers were needed in order to stop
the residues emerging from the previous target and to slow
down the beam, increasing the average difference in beam
energy for the different targets. Using these stacks, we ex-
plored a center of mass energy range 8 MeVøEc.m.
ø12 MeV in the 6He induced reactions and 10 MeV

øEc.m.ø12 MeV in the 4He case(only three targets were
used). The error in determining the beam energy at the center
of each target in the stack is due to the error in the target
thickness and in the stopping power since different programs
give slightly different stopping power values. Since the target
thickness was measured by the energy loss of 5.48 MeVa
particles traversing the foil, the source of error is due to the
energy loss calculations. The error in the calculations was
estimated by using several energy loss programs which gave
a maximum difference of 3%. Of course, the error in the
energy loss in each foil must be considered, therefore the
largest error in the beam energy occurs at the last target of
the stack and is about ±150 keV. The energy loss program
used for our calculations was SRIM[19].

Different activation runs were performed with6He beams
to optimize the production of short lived and long lived resi-
dues. x rays emitted from the different targets(together with
the corresponding catcher) were measured off-line using
ORTEC Si(Li ) detectors surrounded by lead shields. Possible
reactions induced by the beam on the93Nb catchers do not
represent a problem since the x ray energies are different to
the ones corresponding to reactions on64Zn. Due to the very
low background, we were able to measure low counting rates
which were, in some cases, of the order of 1 count/h.

The beam current was determined from the elastic scat-
tering at small angles where the elastic cross section is
known to be Rutherford. To extract the cross sections for the
production of various residues, especially for short-lived nu-
clides, it was necessary to monitor the beam current as a
function of time, during the activation run. In order to do
this, a clock signal was generated by using the signal of a
pulse generator with a fixed(and stable) frequency. This sig-
nal was stored on tape along with the elastic scattering data.
A spectrum, time versus counts in the elastic peak at small
angles was extracted from the data with a 1 min time bin
and, after normalization, the incident current as a function of
time was obtained.

The x-ray activity emitted by each64Zn foil was measured
by placing both the64Zn target and the93Nb catcher very
close to the Si(Li ) detector. The93Nb foil was placed on top
of the 64Zn foil so that they were measured simultaneously.
Each measurement was repeated in order to measure the ac-
tivity as a function of time. The average x-ray absorption by
the 64Zn and93Nb foils has been estimated with the help of a
Monte Carlo statistical model calculation[20] that calculates
the E.R. energy spectra and implantation profile within the
target. In these calculations the reaction could take place
randomly within the64Zn target. This self-absorption is dif-
ferent for the different x-ray lines, with an average value of
about 6.5%.

The incident beam profile was measured in order to ex-
tract the Si(Li ) geometric detection efficiency. The beam pro-
file along with the detection geometry were folded into a
Monte Carlo code. The extracted total efficiency was 2.1%.

III. EXPERIMENTAL RESULTS

A. Elastic scattering

The elastic scattering angular distributions were extracted
for all of the reactions studied. In Fig. 2(a) a comparison
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between the elastic scattering angular distributions for the
two reactions4He+64Zn and6He+64Zn at the same c.m. en-
ergy sEc.m.=12.4 MeVd is shown. As one can see from this
comparison there is much more flux removed from the elas-
tic channel in the reaction induced by the halo nucleus6He
than there is with the stable nucleus4He. This implies a
much larger reaction cross section(more than a factor 2
larger) for the 6He induced reaction. In Fig. 2(b) the elastic
scattering angular distributions for6He+64Zn at Elab
=10 MeV sEc.m.=9 MeVd and Elab=13.6 MeVsEc.m.

=12.4 MeVd are shown.
An optical modelx2 analysis was performed on the elastic

scattering data using the codePTOLEMY [21]. The details of
the light charged particle analysis are reported in Ref.[22],
and we will only summarize the results here. The real and
imaginary part of the optical potential used in the calcula-
tions were Wood-Saxon wells. The6He+64Zn data at the two
beam energies were fitted using as free parameters the real
and imaginary potential depths. To avoid a fit with many free
parameters all other parameters were fixed. For the optical
model x2 analysis of the reaction4He+64Zn at sEc.m.

=12.4 MeVd we followed the same procedure as in the
6He+64Zn case.a particle scattering on heavy target is
known to have continuous ambiguities of the Igo type[23].
In this case a similarly good fit was obtained with a much

larger real potential depth and smaller radius. We also veri-
fied that the addition of a surface-derivative type potential to
the volume part of the imaginary potential did not improve
the fits. The values of the optical model parameters obtained
from the fits are shown in Table I and the results of the fit are
shown in Figs. 2(a) and 2(b). From the optical model analy-
sis of elastic scattering data the total reaction cross sections
were extracted. We obtained the following values: for4He
+ 64Zn s=s650±80d mb at sEc.m.=12.4 MeVd and for 6He
+ 64Zn s=s380±60d mb ands1450±130d mb atEc.m.=9 and
12.4 MeV, respectively. As we will see in the following the
largest fraction of the total reaction cross section in the6He
case corresponds to transfer/breakup events.

B. Transfer and breakup channels

In the experiment6He+209Bi a very large cross section
(almost saturating the total reaction cross section) due to
transfer and/or breakup was found[7,8]. In our data we also
looked for such events. Figure 3 shows an energy spectrum
at u=90° for the reaction6He+64Zn at Elab=13.6 MeV ob-
tained by gating on the helium locus in the ToF-energy spec-
trum. One can see that there is a stronga-particle contribu-
tion in addition to the 6He elastic scattering peak. As
discussed in Ref.[22], a particles are expected to be pro-
duced in fusion evaporation, one and two neutron transfer

FIG. 2. (a) Elastic scattering angular distributions atEc.m.

=12.4 MeV for 4He+64Zn (closed circles) and 6He+64Zn (closed
triangles). (b) Elastic scattering angular distributions for6He
+64Zn at Ec.m.=9 MeV (closed diamonds) and Ec.m.=12.4 MeV
(closed triangles). The dashed lines represent the results of the cor-
responding optical model fits.

TABLE I. Optical model parameters.

Reaction Ec.m.sMeVd V r0 a W ri ai

4He+64Zn 12.4 123 1.2 0.43 20.4 1.05 0.43
6He+64Zn 12.4 104 1.2 0.6 38.9 1.2 0.85
6He+64Zn 9.1 47.4 1.2 0.6 10.7 1.2 0.85

FIG. 3. Energy spectrum ofa and 6He locus measured atulab

=90° for the reaction 13.6 MeV6He+64Zn.
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and breakup processes. In general, different mechanisms can
be discriminated by their energy and/or angular distributions.
However, in the present case it is not easy to distinguish
different reaction channels based upon energy considerations
alone [16]. Different mechanisms will, in fact, produce
events in approximately the same energy region. One or two
neutron transfer to the ground state is not likely to occur
since the optimumQ-value for neutron transfer isQopt,0. In
fact no events in the energy region corresponding to 2n
transfersQg.s.=18.06 MeVd to the ground state are present.
One neutron transfersQg.s.=6.11 MeVd produces5He which
then decays to 4He+1n. The energy region for the
a-particles from one and two neutron transfer is slightly dif-
ferent but, as shown in Fig. 3, it is not possible from the
energy spectrum to distinguish the two transfer processes
since the experimental energy distribution is quite broad. A
possible way to discriminatea particles from direct(transfer
and/or breakup) or fusion reactions is the angular distribu-
tion. Evaporateda particles are expected to be produced
with an almost isotropic angular distribution since they are
emitted from a compound nucleus having very small velocity
and low angular momentum[Jmax,5" for Elabs6Hed
=13.6 MeV as predicted by CASCADE[24]]. Thea particle
angular distribution for transfer and breakup channels is ex-
pected to be peaked, typical of direct processes with a maxi-
mum in the angular distribution that moves to larger angles
as the beam energy decreases.

The a particle angular distributions for6He+64Zn were
obtained by subtracting the elastic scattering contribution
with a two Gaussian fit. They are shown in Figs. 4(a) and
4(b) at Elab=10 and 13.6 MeV, respectively. Small angles
suø30°d were not considered since the elastic scattering
contribution was too strong to be subtracted. It seems evident
from the angular distributions that the dominant mechanisms
are transfer and/or breakup. However a small contribution
due to inelastic scattering cannot be excluded.

The integrateda particle cross sections ares300±100dmb
and s1200±150dmb atElab=10 and 13.6 MeV, respectively.
From the comparison of these cross sections with the reac-
tion cross sections extracted from elastic scattering, one can
see that the largest fraction of the reaction cross section
(about 80%) corresponds to transfer and breakup channels.
This result is in agreement with Ref.[7] for the reaction
6He+209Bi. As discussed in Ref.[22], transfer processes
have been identified by looking at events where thea par-
ticle was detected in coincidence with protons or anothera
particle. In Fig. 5 we show an energy spectrum of protons
and a for the reaction6He+64Zn at Elab=10 MeV with the
condition of a charged particle multiplicity of two. A peak at
E,6.5 MeV is evident in the spectrum. The peak position
moves with angle and, according to kinematical calculations,
it corresponds toa particles emitted after 2n transfer to form
66Zn*. The 1n transfer channel cannot contribute to the peak
since the excitation energy, owing to the smallerQg.s., is not
sufficient for charged particle emission from65Zn* (notice
that we are looking at events having charged particle multi-
plicity 2). Not only a-p anda-a events can be produced in
2n transfer reactions but alsoa-n which cannot be detected
in the experiment but can contribute to the production of

65Zn. As will be discussed in the following, strong produc-
tion of 65Zn has been observed within the activated targets
which further confirms a strong contribution by the transfer
process.

C. Fusion excitation function

The fusion excitation function was extracted by measur-
ing the contribution of each radioactive E.R. produced in the
reaction. In fact statistical model calculations performed with
CASCADE predict that the contribution of stable E.R. is, at
most, 3% of the total cross section. As we will see in the
following, the extracted E.R. cross section agrees rather well
with the CASCADE predictions with the exception of one
nuclide,65Zn.

FIG. 4. (a) a particle angular distribution for6He+64Zn at
Ec.m.=9 MeV. (b) a particle angular distribution for6He+64Zn at
Ec.m.=12.4 MeV.
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Typical yields of x rays measured off-line for the reaction
6He+64Zn are shown in Figs. 6(a) and 6(b). Figure 6(a) was
obtained in a measurement of a few hours performed about
1 h after the end of the activation. From the x-ray energy one
can clearly identify the Ka contributions due to the decay of
Ga and Zn isotopes. As one can see, the background level
(not subtracted in this figure) is very small. Data correspond-
ing to the same target, and collected over 2 weeks, about 2
months after the end of the activation are shown in Fig. 6(b)
after background subtraction. As one can see, the contribu-
tion of the short lived Ga isotopes is no longer present,
whereas by measuring for a sufficiently long period of time,
the contribution of long lived Zn and Ge isotopes becomes
evident.

X-ray energies characterize different elements but not dif-
ferent isotopes. However, in the present case, it was possible
to discriminate isotopes by monitoring the activity of each
element as function of time. An example is shown in Fig. 7
for Ga isotopes. One can clearly see two contributions due to
the decay of67GasT1/2=3.26 daysd and another shorter lived
isotope. As shown in Fig. 7 the activity curve of Ga isotopes
can be reproduced by assuming the simultaneous contribu-
tion of 67,68Ga in agreement with CASCADE predictions.
Following this procedure we unfolded the contributions of
the different E.R. The residues produced have half lives
ranging between 1 h and almost one year as shown in Table
II. The activity of the long lived residues was monitored for
about one year after the end of the experiment.

From the fits of the activity curves as a function of time
we extracted, for each residue, the activity att=0 (i.e., at the
end of the activation run). Then, knowing the current inci-
dent on the target as function of time, the thickness of the
different targets, the total x-ray detection efficiency, and the

Ka fluorescence probability[25] (the analysis was performed
only on theKa lines) we extracted the cross section for the
production of each E.R.

The reaction4He+64Zn was measured in the late 1950s
and 1960s using a radiochemical method[26,27]. However
these two data sets are not in agreement. Following the pro-
cedures discussed above, we analyzed our data for4He
+ 64Zn identifying the same E.R. found in Refs.[26,27], 67Ge
and 67Ga, corresponding to the decay chains 1n and 1p, re-
spectively, as also predicted by statistical model calculations.
In our case the extracted fusion cross sections for4He
+ 64Zn are in good agreement with the data of Ref.[26].

For the reaction6He+64Zn the identified heavy reaction
products are the ones shown in Table II. Summing up the
contribution of each nuclide we obtained the excitation func-
tion (open diamonds) shown in Fig. 8(a) compared with the
excitation function for4He+64Zn (closed triangles). The er-

FIG. 5. Energy spectrum of events with charged particle multi-
plicity 2 at backward angles for the run atEc.m.=9 MeV. The sym-
bols represent the contribution of fusion evaporation events calcu-
lated using a Monte Carlo statistical code.

FIG. 6. (a) X-ray energy spectrum for the first target in the
stack, measured 1 h after the activation run ended. TheKa lines of
Zn and Ga isotopes are well above background.(b) X-ray energy
spectrum for the first target in the stack, measured about one month
after the activation run ended. The contribution of the short lived
Ga isotopes is no longer evident.
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ror bars also include the contribution, calculated with
CASCADE, of the stable E.R. not measured in the experi-
ment. From this comparison a strong enhancement of the
fusion cross section for the reaction induced by the halo
nucleus6He is observed. However, by comparing, at all the
energies explored, the cross sections for the production of
each E.R. with the predictions of CASCADE, it is evident
that the strong enhancement is mainly due to the contribution
of a particular residue, i.e.,65Zn. As an example in Fig. 9 we
show the comparison between the CASCADE prediction and
measured values atEc.m.=10.55 MeV, where the measured
cross section for producing65Zn is the highest. A possible
explanation for the much larger experimental yield of65Zn
with respect to the calculated one is that other reaction
mechanisms are contributing to this particular channel. Both,
one and two neutron transfer could in fact produce65Zn. The
two neutron transfer channel with its very highQg.s. could
produce an excited66Zn* sE* =Qg.s.−Qoptd which then decays
by emitting light particles. One neutron emission from66Zn*

will then produce65Zn. In Fig. 8(a) we also show the exci-
tation function for6He+64Zn where the measured65Zn con-
tribution is replaced with the one calculated by CASCADE
(closed diamonds). Comparing this excitation function with
the one for the4He+64Zn reaction a small enhancement of

the fusion cross section for the6He induced collision appears
to be present. However if one plots the fusion cross section
as s / sp3R2d versus Ec.m./Vc, whereR is the sum of the
radii of projectile and target andVc is the Coulomb barrier,
the fusion excitation functions for the two systems appear to
be very similar. This is shown in Fig. 8(b).

TABLE II. Different identified evaporation residues for the first
target.

Residue Decay chain T1/2

68Ge 2n 271 day
68Ga 1p+1n 67.6 min
67Ga 1p+2n 3.26 day
65Zn 1a+1n 244 day

FIG. 9. Comparison of the experimentally measured cross sec-
tions of E.R.(dashed histogram) with the predictions of CASCADE
(full histogram) at Ec.m.=10.55 MeV.

FIG. 7. Activity curve for Ga isotopes. The contributions of
68Ga and67Ga can be disentangled due to their different half-life.

FIG. 8. (a) 6He+64Zn (open diamonds) and 4He+64Zn (tri-
angles) excitation functions obtained by summing up the contribu-
tion of all measured heavy reaction products. The closed diamonds
correspond to the excitation function obtained by substituting the
measured65Zn contribution with the one calculated by CASCADE.
(b) The same excitation functions have been plotted ass / sp
3R2d vs Ec.m./Vc. See text for details.
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We would like to underline that the strong contribution of
65Zn gives an apparently large enhancement of the cross sec-
tion similar to the one measured by Trottaet al. for the
system6He+238U [9]. As discussed, we concluded that the
strong enhancement observed in Fig. 8(a) is mainly due to
transfer and not due to fusion. A new study of the6He
+ 238U reaction(performed by the same group as Ref.[9])
where a detector covering a larger angular range was used,
showed that much of the fission cross section below the bar-
rier was due to transfer/fission rather than fusion/fission[28]
in agreement with the present result.

Coupled channel calculations using potential parameters,
extracted from the elastic scattering analysis and the code
CCFULL [29], were performed in an attempt to reproduce the
fusion excitation functions for the systems4He+64Zn and
6He+64Zn. We included in the calculations the coupling to

the first excited state atE* =0.99 MeV in the64Zn target and
the coupling to the first excited state of the projectile in the
6He induced reaction. As one can see in Figs. 10(a) and
10(b), such calculations overestimate the measured cross sec-
tions for both systems. By reducing the radius parameter
from 1.2 fm to 1.0 fm a good agreement between the calcu-
lations and the experimental data are found. However, with
such radius reduction, the elastic scattering data are not re-
produced anymore(see Fig. 11) unless a very deep potential
well is usedsV=340 MeVd. This is due to the previously
mentioned Igo type ambiguities[23].

IV. SUMMARY AND CONCLUSIONS

In this paper a complete study of the4,6He+64Zn reac-
tions has been performed to investigate the effects of the6He
structure on the reaction mechanisms around the Coulomb
barrier. Elastic scattering angular distributions were mea-
sured and the total reaction cross sections extracted by opti-
cal model analysis. The reaction cross section for the system
6He+64Zn was a factor of two larger than the one for the
4He+64Zn system measured at the sameEc.m.. The largest
fraction of the total reaction cross section is due to direct
processes such as transfer and breakup as found previously
in the 6He+209Bi system[7].

The fusion excitation function was also measured using
an activation technique. By detecting off-line the atomic
x-rays following the E.R. decay we studied, for the first time,
a fusion reaction induced by a light halo beam on a medium
mass target. In the energy range explored in this experiment,
a strong enhancement of the fusion cross section for6He
induced reaction compared to4He induced reaction was ob-
served. However, since the strong increase of the cross sec-
tion is due only to the contribution of a particular reaction
product65Zn, we concluded that other reaction mechanisms
such as 1n and 2n transfer are contributing to the measured
65Zn cross section. An excitation function, where the mea-
sured65Zn contribution was replaced by the one calculated
with the statistical code CASCADE, does not show an en-
hancement with respect to the one for the4He induced col-

FIG. 10. (a) 4He+64Zn excitation function. Full lineCCFULL

calculations using the optical model potential parameters extracted
from the elastic scattering. Dashed line,CCFULL calculations using a
reduced r0 value(see text). (b) 6He+64Zn excitation function. Open
diamonds, experimentally measured excitation function. Closed dia-
monds, excitation function obtained by substituting the experimen-
tal 65Zn contribution with the one calculated by CASCADE. Full
line CCFULL calculations using the optical model potential param-
eters extracted from the elastic scattering. Dashed line,CCFULL cal-
culations using a reducedr0 value.

FIG. 11. Elastic scattering angular distributions as shown in Fig.
2(a). The dashed lines represent the result of the optical model fit,
the full line represents the result of an optical model calculation
where the parameters used are the ones showed in table I with the
exception ofr0 where it was usedr0=1.0 fm.
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lision. A new experiment is currently planned to extend the
energy range of the measured excitation function. The data
presented clearly show that the off-line detection of x-rays
following E.R. decay is a useful “tool” for studying fusion
reactions induced by light halo nuclei on medium mass tar-
gets.
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