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Reactions induced by radioactive6,8He beams from the SPIRAL facility were studied on63,65Cu and
188,190,192Os targets and compared to reactions with the stable4He projectiles from the Mumbai Pelletron.
Partial residue cross sections for fusion and neutron transfer obtained from the measured intensities of char-
acteristic in-beamg rays for the6He+63,65Cu systems are presented. Coincidence measurements of heavy
reaction products, identified by their characteristicg rays, with projectilelike charged particles, provide direct
evidence for a large transfer cross section with Borromean nuclei6He at 19.5 and 30 MeV and8He at 27 MeV.
Reaction cross sections were also obtained from measured elastic angular distributions for6,8He+Cu systems.
Cross sections for fusion and direct reactions with4,6He beams on heavier targets of188,192Os at 30 MeV are
also presented. The present work underlines the need to distinguish between various reaction mechanisms
leading to the same products before drawing conclusions about the effect of weak binding on the fusion
process. The feasibility of extracting small cross sections from inclusive in-beamg-ray measurements for
reaction studies near the Coulomb barrier with low intensity isotope separation on-line beams is highlighted.
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I. INTRODUCTION

Nuclei far from stability, characterized by small binding
energies and large values of isospin, exhibit a variety of
novel properties like extended wave function(s) of the va-
lence nucleon(s), a Borromean structure(a three-body bound
system, where any of its two-body subsystems are unbound),
and large breakup probabilities. These features are expected
to strongly affect the reactions with radioactive ion beams
(RIBs) especially at energies near the Coulomb barriersVbd
[1]. The recent advent of facilities using the isotope separa-
tion on-line(ISOL) technique has opened up new opportuni-
ties to measure and understand reactions with low intensity
RIBs at energies nearVb.

Fusion studies with radioactive ion beams are currently
investigating the conflicting results/predictions of the influ-

ence of weak binding of the projectile. The larger radii of
such nuclei and the coupling to low lying resonant states
should tend to enhance the fusion cross section. However,
predictions regarding the influence of the strong breakup
channels in these weakly bound systems on fusion have been
controversial. In a simple picture it could lower the fusion
cross section(as compared to a one-dimensional barrier pen-
etration model) due to loss of flux in the entrance channel.
Contrary to this is the expectation that strong coupling to the
breakup channel would enhance the fusion cross section be-
low the Coulomb barrier. These contradictory predictions
have been theoretically reconciled in Ref.[2], where using
the11Be+208Pb system, it is shown that the effect of coupling
to continuum states is to enhance the complete fusion cross
sections below the barrier and reduce it above the barrier.
Complete fusion is the total amalgamation of the target and
projectile. In practice, interpretation of complete fusion with
these neutron-rich weakly bound nuclei is difficult, both ex-
perimentally and theoretically, due to the occurrence of sev-
eral different reactions at energies near the barrier, which
result in products which can be misinterpreted as complete
fusion. Inelastic scattering results in the excitation of the
target and/or projectile without any mass transfer. Transfer is
the direct exchange of one(or several) nucleons between
projectile and target. The weak binding of these projectiles
leads to a significant cross section for both elastic breakup,
transfer reactions and/or breakup followed by capture of a
part of it by the target. The latter process is also referred to as
incomplete fusion, massive transfer or breakup/stripping.
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Investigations of the fusion process have been made with
stable weakly bound6,7Li [3–5] and 9Be [6–8] beams and
radioactive beams of6He [9,10], 7,10,11Be [11,12], 17F [13],
29,31Al [14], and 38S [15]; however, with differing conclu-
sions about fusion enhancement/suppression, when com-
pared with measurements with stable isotopes and/or coupled
channel calculations[2,16,17]. This discrepancy arises
mainly from the difficulty in interpreting the experimental
results with weakly bound nuclei, due to the additional con-
tributions to the cross section, arising from noncompound
processes discussed above which cannot be differentiated in
all cases.

In interactions of light neutron-rich radioactive beams
with medium mass targets, reaction products formed in fu-
sion evaporation and other direct reactions mentioned above
could be the same, due to the preponderance of charge par-
ticle emission from the compound system. This is not the
case with heavier compound systems which decay mainly by
the emission of neutrons(it may be difficult to differentiate
between fusion-fission and transfer induced fission in fissile
systems). Therefore, before interpreting results of fusion
cross section measurements with weakly bound projectiles, it
is of paramount importance to ensure that the quoted fusion
cross section does not contain contributions from other
mechanisms. Striving toward a comprehensive understand-
ing of low energy reactions with weakly bound projectiles
thus entails performing experiments to separate the different
mechanisms and measure their respective cross sections.

A related issue is connected to exclusive studies of
nucleon transfer with radioactive ion beams. Such measure-
ments are relatively sparse[18,19], due to the experimental
limitation in disentangling elastic breakup and transfer. Stud-
ies of transfer reactions, with Borromean nuclei, could pro-
vide a useful probe to understand pairing in finite fermion
systems, like those in metal clusters, fullerenes, and super-
conductors[20]. It is important to measure neutron transfer
cross sections and then try to understand the relative impor-
tance of breakup and transfer on the fusion process within a
coupled channel framework. Only estimates of neutron trans-
fer have been attempted from the measurement ofa particles
in 6He induced reactions[21,22]. The ambiguity in the inter-
pretation of the origin of the measured inclusivea particles
has been recently discussed[23].

With light projectiles at low incident energies, direct de-
tection of residues is extremely difficult due to their low
recoil velocities. Therefore, investigations of fusion cross
sections have focused on prompt measurements through fis-
sion fragments[10,11] or g rays [3,5] or measurements
through decaya particles [4,9,14] or x-ray activity [22].
These techniques yield precise measurements of the cross
section for various residues(except in the case of fission
measurements, where only a total fission cross section is ob-
tained). However, the separation of the different reaction
mechanisms is often ambiguous as several mechanisms can
populate the same nucleus. A complementary approach to
obtain direct reaction cross sections has been the measure-
ment of light charged particle spectra for projectiles of6He
[21,22], 6,7,8Li [24–26], and9Be [27]. These studies are sen-
sitive to elastic breakup, which is not observed in the residue
measurements, but cannot distinguish between breakup,

transfer, and incomplete fusion. Very recently for the
6He+64Zn system, both residue and inclusive alpha particle
measurements have been reported[22]. In the present work
we have attempted to obtain a more complete understanding
of low energy reactions induced by the neutron-rich Bor-
romean nuclei6,8He, on both medium mass63,65Cu and
heavy188,190,192Os targets, by relying on a model independent
comparison with4He induced reactions. In the case of the
6He beam inclusive promptg-ray measurements have been
performed in order to obtain residue cross sections(fusion
and neutron transfer), and for the first time in a radioactive
beam experiment, coincident measurements betweeng rays
and light charged particles have been attempted to address
the separation of fusion and neutron transfer mechanisms. In
the case of8He, the weak beam intensity and the presence of
large background from8He b− decay precluded a successful
singles measurement; however, coincidences between the
charged particles and characteristicg rays could be observed.
Additionally, elastic scattering angular distributions were
measured and analyzed for both projectiles to obtain the re-
action cross-section. In the case of the very tightly bound
4He projectiles, direct processes are expected to be weak in
the energy range studied, and onlyg-ray singles were mea-
sured to obtain the complete fusion cross sections.

In the next section the experimental details are given, fol-
lowed in Sec. III by a detailed description of the analysis of
the data to distinguish reaction products arising from com-
pound and transfer processes, the main highlight of this
work. The extraction of the reaction cross sections from the
elastic scattering measurements allows us additionally to in-
fer breakup cross sections through a subtraction procedure.
The results for the medium mass targets along with those for
heavier targets, and their differences are then discussed. The
important implications of the large transfer reaction contri-
bution to the measured residue cross section are discussed in
Sec. IV followed by a summary of the work.

II. EXPERIMENTAL DETAILS

The measurements with4He beams, were made at the
14UD BARC-TIFR Pelletron Accelerator Mumbai, in the en-
ergy range 16 to 34 MeV. The intensities of the low lying
characteristicg rays from the evaporation residues(ER’s)
were measured, using four efficiency calibrated Compton
suppressed clover detectors, to obtain the complete fusion
cross sections[3,5]. The thickness of the rolled enriched
63Cu and65Cu targets of 2.8 mg/cm2 and 3.2 mg/cm2, re-
spectively, were obtained both by weighing and by measur-
ing the energy loss for alpha particles. Isotopically enriched
targets of 188,190,192Os having a target thickness of
1.60 mg/cm2, 1.04 mg/cm2, and 640mg/cm2, respectively,
were prepared by electrodeposition on.1 mg/cm2 Cu back-
ings [28]. The target thicknesses were estimated by measur-
ing the Rutherford scattering cross sections and also using
the tracer method discussed in[28]. While the190,192Os tar-
gets were 99% enriched, the188Os had the following isotopic
composition: 86.7%, 9.51%, 2.46%, and 1.33% of
188,189,190,192Os, respectively. The beam current was measured
in a 1 mlong Faraday cup placed after the target.
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Radioactive beams,6,8He, were obtained from the re-
cently commissioned ISOL facility, SPIRAL at GANIL[29].
The fragmentation of a 75 MeV/nucleon13C beam on a
thick graphite target was used to produce the6,8He ions
which were accelerated by the CIME cyclotron to 19.5 and
30 MeV for 6He and 27 MeV for8He (typical energy reso-
lution DE/E,10−3). The 6He and 8He beams, with beam
spot size of 5 mm and 8 mm full width at half maximum,
respectively, had average intensities of 13107 particles/s
and 73104 particles/s. The intensity of the6He was mea-
sured using a Faraday cup with a current amplifier while a
plastic scintillator of 2 in. diameter was used to directly
count the8He beam particles, the intensity being too low to
be reliably measured with the Faraday cup. The electronic
stability of the current amplifier for a given measurement
was better than 1%. With the unstable beams of He, data
from the following reactions will be reported:6He+63Cu at
30 MeV; 6He+65Cu at 19.5 and 30 MeV;8He+63Cu at 27
MeV; and6He+188,190,192Os at 30 MeV.

The characteristicg rays from the heavy reaction products
produced in the reactions with6,8He were detected using
eight clover detectors of the EXOGAM array[30] placed at a
distance of 10.5 cm from the target. The charged particles
were detected in a 500µm thick annular Si detector(active
inner and outer diameters of 22 mm and 70 mm, respectively,
with 16 rings and 16 sectors), placed at distance of 3.5 cm
downstream from the target. The energy resolution for 30
MeV 6He nuclei was.300 keV. Some of the rings of this
detector malfunctioned during the experiment, inducing gaps
in the measured angular distributions. A schematic of the
setup used at SPIRAL is shown in Fig. 1.

Figure 2(a) displays the inclusiveg-ray spectra from the
6He+65Cu reaction at 19.5 MeV. These spectra are the sum
of the spectra for all individual clovers operated in add-back
mode. The bottom spectrum shows the significant reduction
of the background obtained by gating on the peak of the time
spectrum taken between the clovers and the CIME rf.

The intensities of the well studied low lyingg transitions
extracted from the measured inclusiveg-ray spectra were

used to obtain the partial residue cross sections for the
4,6He+65Cu systems which are shown in Figs. 3(a) and 3(b),
respectively. The corrections, due to direct population of the
ground states which is not accompanied byg-ray emission,
are expected to be small due to low spins of the nearby lying
levels and have not been considered. The fusion cross section
is obtained from the sum of the cross sections for the various
residues. The same procedure was followed to obtain the
cross sections for the4,6He+63Cu systems which are shown
in Fig. 4(a) and 4(b), respectively.

For the fusion of4,6He with the isotopes of Os, the cross
sections for the even-even ER’s were extracted from the ex-
trapolated value of the intensity atJ=0, obtained from the
measuredg-ray intensities for various transitions in the
ground state rotational band[3]. Cross sections for the popu-
lation of the odd-even ER’s were obtained from the sum of
the intensities of all the low lying transitions directly feeding
the ground state. For the case of the4He beam, the total cross
section was a sum of 2n, 3n, and 4n channels. In the case of
the 188Os, corrections for the target impurities were made
using both the statistical model and measured intensities of
gamma transitions in nuclei produced solely by the impuri-
ties [31]. The fusion cross sections with the6He beams with
Os isotopes at 30 MeV were obtained from the measured
cross section for the 4n channel. The small cross section of

FIG. 1. (Color online) Schematic of the experimental setup at
SPIRAL. The Faraday cup(plastic detector) was used for monitor-
ing the beam particles with the6Hes8Hed beam.

FIG. 2. g-ray spectra for6,8He+63,65Cu. (a) Inclusive spectrum
for 6He+65Cu at 19.5 MeV and the spectrum gated with the pulsed
beam showing the suppression of the background. All dominant
peaks are identified.(b) Spectra in coincidence with charged par-
ticles detected in the annular Si detector for6,8He. The lines corre-
sponding to targetlike products(arising from neutron transfer fol-
lowed by evaporation) are labeled.
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the 3n channel was not measured but was estimated from the
statistical modelCASCADE [32] using the same parameters
that explained the partial cross sections for the measured
a+Os systems and added to the measured 4n cross section in
order to obtain the total residue cross section. The 3n contri-
butions amounted to 22% and 5% of the fusion cross section
for the188Os and192Os targets, respectively. The errors in the
total cross sections arising from the measurements of the
beam current,g-ray efficiency, and target thickness and
knowledge of the spectroscopic information of the residues
have been estimated to be between 10% and 15% for the
various projectile target combinations.

As can be seen from Figs. 3(b) and 4(b), absolute cross
sections down to a few millibarns have been obtained from
inclusive g-ray measurements with a RIB, in this case6He,
for the first time. Such measurements are difficult primarily
due to the presence of large background in theg-ray spectra
as has been discussed in Refs.[33,34]. However, the deter-
mination of absolute fusion cross sections in the present
work demonstrates the wide applicability of this technique
for nuclear reaction studies with low intensity RIB’s and thin
targets at energies nearVb. Use of this technique expands the
scope of measuring fusion cross sections with RIB’s involv-
ing lighter targets. Measurements until now had been mainly

restricted to fusion with heavy targets. As the EXOGAM
array was still in an early stage of implementation a configu-
ration with only partial Compton shielding, which permitted
a higher efficiency at the expense of lower peak to total ratio
[30], was used. The present work not only pushed down the
usable intensity limit as compared to earlier works[33] by
two orders of magnitude but also absolute cross sections
were obtained from inclusive spectra using low energy ISOL
beams of6He. Measurements using a low energy8He beam
three orders of magnitude lower in intensity than the6He
were extremely challenging. Due to the insufficient peak to
background ratio, it was not possible to exploit the singles
data even when gated by the CIME rf. Based on the present
work, with improved Compton suppression(hence also ac-
tive shielding of the backgrounds) and the full array, singles
g-ray measurements with even lower intensities will be pos-
sible. Measuring detailed fusion excitation functions around
the barrier with RIB’s is of course one of the goals of ex-
perimental programs such as this. We attempted such mea-
surements for6He, but were unsuccessful due to the diffi-
culty of obtaining degraded beams of sufficient quality and
intensity. Retuning the CIME cyclotron at several energies
would have required a much longer beam time allocation.

With the aim of deducing total reaction cross sections,
measurements of elastic scattering angular distributions were

FIG. 3. (Color online) (a) Measured partial residue cross sec-
tions indicated by different symbols for4He+65Cu system as a
function of the center of mass energy. The lines are obtained using
the statistical model codeCASCADE (see text). (b) Same as in(a) for
the 6He+65Cu system. (c) Total residue cross section for
4He+65Cu (open symbols) and 6He+65Cu (filled symbols). Only
statistical errors are shown.

FIG. 4. (Color online) (a) Measured partial residue cross sec-
tions indicated by different symbols for4He+63Cu system as a
function of the center of mass energy. The lines are obtained using
the statistical model codeCASCADE (see text). (b) Same as in(a) for
the 6He+63Cu system. (c) Total residue cross section for
4He+63Cu (open symbols) and 6He+63Cu (filled symbols). Only
statistical errors are shown.
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performed for the6He+65Cu system at 19.5 MeV and 30
MeV and the8He+63Cu system at 27 MeV. The angular
range between 15° and 50° was covered and the measured
angular distributions are shown in Fig 5. The statistical errors
are indicated in the angular distributions. For each reaction
Monte Carlo simulations, taking into account the finite size
of the beam and the detailed geometry of the detector, were
used to obtain the center of mass angle and solid angle cor-
responding to each ring and sector. The simulation provided
the number of events and their expected energy, from a set of
events generated following Rutherford distributions for the
different cases. The effects of energy and angular straggling
in the targets were also taken into account in the simulation.
The results of the simulation were checked through elastic
scattering measurements on Os and W targets, where the
elastic cross section at 19.5 MeV for the angles measured
follows Rutherford scattering.

III. ANALYSIS AND RESULTS

A. Products from direct and compound process
in medium mass targets

As mentioned in Sec. I, for reactions induced by light
neutron-rich projectiles, there exists an ambiguity between
the products of fusion and those from direct reactions. In this
section, we present evidence to show that in reactions with

weakly bound isotopes of He, direct reactions(neutron trans-
fer in this case) occur with a large probability and result in
products which could erroneously be attributed to fusion.
First we compare the cross sections of reaction products with
statistical model calculations and deduce that the abnormally
large cross section for a few specific channels is incompat-
ible with the fusion process. We then show that the energy
spectra and angular distributions of the charged particles
measured in coincidence with these channels are consistent
with those of a neutron transfer mechanism.

1. Statistical model analysis

Figure 3(a) shows the residue cross sections as a function
of the center of mass energy for the4He+65Cu system. The
lines in the figure are statistical model calculations for the
evaporation residues formed in decay of69Ga with the code
CASCADE [32]. The level density formalism of Ignatyuket al.
[35], with a level density parametera=A/9 was used. The
transmission coefficients were taken from Refs.[36–38] for
the neutron, proton, and alpha particles, respectively. A
Woods-Saxon shape was chosen for the angular momentum
distribution with a diffuseness of 2" and lmax assuming a
barrier height and radius calculated from systematics. As can
be seen from the figure, the various partial cross sections are
reasonably well explained by the statistical model.

Thesame setof parameters was used to predict the partial
cross sections for the6He+65Cu system which are shown in
Fig. 3(b). Once again, a good account of the partial residue
cross sections is obtainedexcept for the a-n evaporation
channel(66Cu residue). This discrepancy between the mea-
sured(filled diamond) and calculated(thick curve) cross sec-
tions for 66Cu is unexpected in a compound nucleus picture,
where 66Cu would not survive, as it would be sufficiently
excited to emit more particles. Hence the large cross section
for 66Cu must have an origin different from fusion evapora-
tion.

Similar results and calculations are shown for the63Cu
target(Fig. 4), albeit only for the highest6He energy. Again,
the 4He data are well reproduced. The only strong departure
from the statistical model calculation in the case of the
6He+63Cu system is for the production of64Cu,a-n channel,
as can be seen from Fig. 4(b), reinforcing the evidence for a
large noncompound contribution to these reactions.

2. Particle-gamma correlations

a. 6He. The large production cross sections for66Cu dis-
cussed above in the6He+65Cu reactions can be further in-
vestigated through particle-g coincidence events. Fig. 2(b)
shows theg-ray spectrum measured in coincidence with any
charged particle detected in the Si detector for the reaction at
19.5 MeV. It is seen to be dominated by transitions in66Cu.
A representative charged particle spectrum in coincidence
with the 185.9 keVg rays from the first excited state in66Cu
is shown in Fig. 6(a) (full line). These charged particles can
be identified with alpha particles since they are in coinci-
dence with theg ray from the decay of the first excited state
of 66Cu, which is ana-n channel. This spectrum peaks near
Q=0 which is consistent with the semiclassical matching

FIG. 5. (Color online) (a) a-particle angular distributions in
coincidence with the 185.9 keVg transition in 66Cu for 6He
+65Cu. The lines are Gaussian fits to the data.(b) Elastic angular
distributions for6He+65Cu and for4He+65Cu (Ref. [42]). The lines
are calculations usingECIS97. (c) Same as in(b) for 8He+63Cu and
4He+63Cu (Ref. [43]). Only statistical errors are indicated.
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condition for neutron transfer(expected to peak nearQ
=Qopt=0) [39].

Considering the large spectroscopic factor for thea+2n
configuration of the ground state of6He [40,41] this spec-
trum is interpreted as arising from a 2n transfer leading toa
and 67Cup. As seen from Fig. 6(a), the peak of theQ-value
spectrum is well above the one-neutron thresholdS1n in 67Cu
and is consistent with the observed large cross section for the
1n emission channel66Cu and the absence of67Cu [Fig.
3(b)]. The population of65Cu expected for excitation ener-
gies aboveS2n, confirmed by the observedQ-value spectrum
gated by the 1115.1 keVg rays from65Cu, is displayed as a
dotted curve in Fig. 6(a). Thus, these measuredQ-value
spectra are consistent with a two-neutron transfer followed
by evaporation. Given the unbound nature of5He, these re-
sults could be also explained by contributions from both 1n
and 2n transfer. Only a direct measurement of the energies
and angular distributions of the emitted neutrons could lead
to an assessment of the relative contributions of one-neutron
and two-neutron transfer.

The interpretation of theQ-value spectrum in terms of
direct transfer is further supported by the angular distribu-
tions fora particles in coincidence withg rays from the first
excited state of66Cu which are shown in Fig. 5(a). Despite
the fragmentary nature of these distributions, due to the
missing ring signals of the silicon detector, the angular dis-

tribution atElab=19.5 MeV is seen to peak near the grazing
angle, while that at 30 MeV is forward peaked. Both angular
distributions are again consistent with those expected for a
direct transfer process though, at 30 MeV no measurements
were taken below the grazing angle.

The total neutron transfer cross sections were obtained
from the measured intensities from the inclusive gamma-ray
spectra and were corrected for the small compound nuclear
contributions to66Cu at 19.5 MeV calculated with the code
CASCADE. The transfer cross sections for the6He+65Cu sys-
tem at 19.5 and 30 MeV are 355±30 mb and 335±50 mb
respectively.

b. 8He. The inset of Fig. 2(b) displays theg-ray spectrum
from the8He+63Cu reaction at 27 MeV in coincidence with
charged particles in the annular detector, which in this case
can be either4He or 6He. Similar to the case of6He+63Cu,
the spectrum is dominated byg rays from64Cu. TheQ-value
spectrum for the8He+63Cu system at 27 MeV in coincidence
with the 159.1 keV transition to the ground state in64Cu is
shown in Fig. 6(b). The spectrum is broader than for the6He
case and can be understood as consisting of two components.
The high energy part has characteristics similar to those dis-
cussed for the6He+63,65Cu systems earlier and is thus con-
sistent with 2n transfer followed by neutron evaporation. The
additional strength at lower energy can be explained bya
particles arising from compound nuclear evaporation. In-
deed, the low energy part is in reasonable agreement with
statistical model predictions fora particles emitted from the
compound system[shown by the dotted histogram in the Fig.
6(b)]. (Another theoretically[41] possible origin of the low
energy part could be alpha particles arising from a 4n trans-
fer to the target; however, this cannot be quantified in this
experiment due to lack of particle identification.) Due to the
large g background from theb− decay of the8He beam to
excited states in Li in the singlesg spectra no reliable values
of absolute cross sections for the neutron transfer could be
obtained for this system.

The present measurements of the characteristicg rays
from heavy products in coincidence with projectilelike
charged particles for6,8He along with the statistical model
analysis presented are a direct evidence for the large transfer
cross sections with radioactive beams at energies near the
Coulomb barrier.

3. Estimate of breakup cross sections for the6He beam

An important contribution to the reaction cross section
induced by6He is the direct breakup of the projectile intoa
particles and neutrons, which are not captured by the target.
The limited coverage and particle identification capability of
the silicon detector precluded us from performing a direct
measurement of the totala-particle cross section. Therefore,
we have inferred the breakup cross section as the difference
between the total reaction cross section and the total residue
cross section, which, as shown above, consists of both fusion
and transfer.

The reaction cross sections with6He beams were obtained
from the measured elastic scattering angular distributions at
19.5 and 30 MeV and are given in Fig. 5(b). The reaction
cross sections for the4He beam are quoted from previous

FIG. 6. Charged particles measured in the annular Si detector.
(a) In coincidence with the 185.9 keVg transition in66Cu (full line)
and 1115.5 keV in65Cu (dotted line) for 6He+65Cu at 19.5 MeV at
ulab=35°. The yields have been corrected for efficiency and branch-
ing of the gating transition. Inset shows the corresponding inclusive
spectrum.(b) 8He+63Cu at 27 MeV gated by the 159.1 keV transi-
tion in 64Cu atulab=37°. The gray curve is a calculateda evapora-
tion spectrum using a statistical model. The ground stateQ values
sQggd and the neutron separation energiessSnd in the residual
nucleus in a two-neutron stripping reaction are indicated.
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works [42,43]. The reaction cross sections were obtained for
6,8He by fitting the angular distribution[Figs. 5(b) and 5(c)]
usingECIS97[44] with real and imaginary potentials having a
geometry similar to Refs.[42,43]. For example, in the
6He+65Cu system at 30 MeV, the parameters for the depth,
radius, and diffuseness of the real and imaginary part of the
nuclear potential were 118.7 MeV, 1.13 fm, and 0.47 fm and
25.4 MeV, 1.194 fm, and 0.158 fm, respectively. Since the
present measurements extend to angles large compared to the
grazing angle, the extracted reaction cross sections can be
considered to be relatively well determined. The reaction
cross sections for the exotic isotopes were found to be larger
than for 4He, reflecting the weak binding of6,8He, which
leads to large cross sections for reactions like breakup and
transfer.

Plotted in Figs. 3(c) and 4(c) are the sums of the measured
partial cross section for the6He+63,65Cu systems. These rep-
resent, as shown in the earlier section, a sum of the fusion
and transfer cross sections. The breakup cross sections were
inferred from the difference between this sum and the calcu-
lated reaction cross section(ignoring the small inelastic con-
tributions to the reaction cross sections). Breakup cross sec-
tions are thus estimated to be 210 mb and 280 mb for
6He+65Cu at 19.5 and 30 MeV, respectively. The uncertainty
in these derived breakup cross sections was estimated to be
15%, this also includes uncertainties arising from the calcu-
lated reaction cross sections. These breakup cross sections
are smaller than the neutron transfer cross sections[355(30)
mb and 335(50) mb at 19.5 and 30 MeV, respectively],
which form the largest contribution to the direct reaction
cross section.

B. Measurements with heavy targets

As discussed in the earlier subsection, in the interaction of
weakly bound nuclei with medium mass targets, the cross
sections of some heavy reaction products contain contribu-
tions both from direct interactions of the valence nucleons
with the target and from compound processes, making the
separation of the two processes challenging. In the heavier
systems studied here using Os targets, charged particle
evaporation from the compound system is negligible and
therefore neutron transfer reactions will lead to nuclei which
are not populated in fusion evaporation. Shown in Fig. 7 is
the charged particle spectrum from the6He+190Os reaction
in coincidence with the 186.7 keV transition in190Os (black
line) and the 175.7 keV transition in191Os (gray line). These
Q-value spectra which peak nearQ=0 are also consistent
with transfer followed by evaporation. This figure shows fea-
tures almost identical to those for the medium mass dis-
cussed earlier. The main difference with respect to the me-
dium mass nuclei(compare Figs. 6 and 7) is the presence of
an additional contribution arising from inelastic scattering,
which results in the peak nearQ=0 in coincidence withg
rays from190Os. Coincidence spectra with other Os isotopes
were not observed due to limited statistics. Some technical
difficulties during this part of the experiment prevented the
measurement of the absolute cross section for the
6He+190Os system. The measured cross sections for

4,6He+188,192Os systems at 30 MeV are reported in Table I.
As can be seen, the direct reaction cross sections with6He,
which in this case refer to the sum of inelastic and neutron
transfer processes, are much larger than those with the4He
beam. The fusion cross sections are found to be comparable
for 4,6He beams. As we will discuss later, in the present work
we are unable to distinguish between complete fusion and
the incomplete fusion of the alpha particle arising from
breakup. It should be noted that the large cross sections for
neutron transfer are a general feature with weakly bound
neutron-rich nuclei and have been observed with both me-
dium and heavy targets. Earlier measurements in the
6He+209Bi system were not able to detect this directly since
these transfer reactions would in general populate nuclei very
close to stability making any decay measurement a non op-
timum choice. The present measurements highlight the ver-
satility of using the measurement of in-beam gamma rays for
the detailed study of the reaction mechanism with low en-
ergy radioactive ion beams.

IV. DISCUSSION

The present measurements indicate that the neutron trans-
fer cross sections are larger than the breakup cross sections
for interactions of6He on medium mass targets. This as-
sumes that all reactions where one or two neutrons are cap-
tured by the target can be labeled as transfer and not breakup
followed by fusion. In the literature “breakup fusion” or even

FIG. 7. Charged particles measured in the annular Si detector in
coincidence with the 186.7 keVg transition in190Os (full line) and
the 175.7 keV transition in191Os(gray line) for 6He+190Os reaction
at 30 MeV atulab=37°. The yields have been corrected for effi-
ciency and branching of the gating transition. The ground stateQ
valuessQggd and the neutron separation energiessSnd in the residual
nucleus in a two-neutron stripping reaction are indicated.

TABLE I. Fusion and direct reaction cross sections(mb) mea-
sured for4,6He+188,192Os systems at 30 MeV(see text for details).

188Os 192Os

s f sdir s f sdir

4He 700(70) 43(6) 789(85) 47(6)
6He 794(80) 260(35) 652(91) 260(40)
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“breakup stripping”[25] reactions have sometimes been dis-
cussed, the precise definitions of these reaction mechanisms,
and their differences are not straightforward to apprehend. It
is not fully clear, how it will be possible to distinguish these
experimentally, or even conceptually, either among them-
selves, or from what is generally labeled as transfer to the
continuum. In this work a large cross section is observed for
reactions in which one or two neutrons are captured by the
target and the energy and angular characteristics of the out-
going a particle are reminiscent of a direct process. Such
reactions are referred to as transfer in the present work. The
other terminologies may be more appropriate for weakly
bound stable projectiles like6,7Li which break up into two
well defined charged clusters, one of which one can be cap-
tured by the target.

The measured large cross sections for thisQ-matched
transfer channel does imply a strong coupling strength to the
elastic channel[39]. Neutron transfer reactions involving nu-
clei near the drip line, with large positiveQ values, are ex-
pected to have a strong influence on the fusion process[45].
The present results could lead to the expectation of strong
couplings to transfer channels resulting in increased fusion
cross section at energies below the barrier for reactions with
neutron-rich RIB’s. As mentioned earlier, the motivation of
this work was to understand in a model independent way the
effect of small binding energy of the valence neutrons, by
means of comparison with the corresponding stable, tightly
bound isotope. State of the art coupled channels calculations
[2,16,17] for fusion, incorporating the effect of breakup,
have not yet taken into account coupling to the transfer chan-
nel for a three-body system like6He with relatively largeA
targets. It is our intention to motivate calculations in this
direction by demonstrating the possibility of such exclusive
experiments(as in the present case) and the large transfer
cross sections. The significant cross sections of transfer re-
actions with RIB’s at energies near the Coulomb barrier
make it a feasible probe to investigate the structure of these
weakly bound nuclei, e.g., the relative cross sections for 1n
and 2n transfer could provide an insight into the spatial cor-
relations of the valence neutrons in Borromean nuclei and
pairing properties.

Investigations using weakly bound stable nuclei[3,6]
have found that for reactions with heavy targets, complete
fusion is “suppressed” at above barrier energies. For medium
mass targets, this suppression was predicted to be smaller
[7]. For reactions with RIB’s, fusion may be affected in a
similar way, although the extended matter distributions of
drip-line nuclei could lead to increased fusion and thus com-
pensate for the reduction due to breakup. In the present mea-
surement of fusion with6He on medium mass targets, a sup-
pression with respect to the stable isotope is not observed. It
must be noted that products from the capture of the charged
fragment s4Hed arising from breakup of6He could not be
separated from the complete fusions6He+Cud events. The
ratio of the various ER’s formed is similar in the two, given
the energetics of breakup of6He and theQ values involved.
Therefore we stress that what is labeled “fusion cross sec-
tion” in the present work for6He projectiles is in reality the
sum of the complete fusion cross section and the incomplete
fusion cross section(a+target, where one or two neutrons

have escaped). This is important to consider when theoretical
predictions are to be compared with the data.

In studies of fusion with weakly bound neutron-rich nu-
clei, capture of the neutral fragment by the target is often not
considered. The present study shows that the cross section
for the capture of the neutron(s) is large and arises from a
direct process(transfer). These events lead to nuclei which,
in the case of medium mass targets, can also be formed in
complete fusion, emphasizing the need for identifying the
mechanism of residue production(direct or compound)
formed in reactions involving light neutron-rich RIB’s. In
general it iswrong to equate the total residue(or fission)
cross section with the fusion cross section. Figures 3(c) and
4(c) show the sum of the measured residue cross sections for
the4,6He+Cu systems and as detailed above, for6He induced
reactions, these include in addition to fusion a large contri-
bution from transfer. Thus a comparison of6He and 4He
reactions made without separating the direct reaction contri-
bution, would lead to erroneous conclusions about the effect
of weak binding on the fusion process. In the case of nonfis-
sioning heavy compound systems, like6He+Os systems, the
transfer products can be easily differentiated from those
formed by compound nuclear processes, as long as the
charge of the residue is measured. In heavier fissioning sys-
tems the segregation of compound and direct processes also
requires exclusive measurements. Recent remeasurements
for the 6He+238U [46] system corroborate this fact, wherea
particles measured in coincidence with fission fragments
show large cross sections for(neutron) transfer induced fis-
sion which contributed to the earlier quoted fusion-fission
cross sections[10].

V. SUMMARY

In summary, we have presented results for fusion, trans-
fer, breakup, and elastic scattering of4,6,8He on (medium
mass) Cu and(heavy) Os targets near the Coulomb barrier.
The feasibility of measuring small cross sections usinginclu-
sive in-beamg-ray measurements with low intensity ISOL
beams in conjunction with highly efficient arrays has been
demonstrated. Large neutron transfer cross sections were ob-
tained through direct measurements, and were found to be
larger than those for breakup. The importance of identifying
and delineating the mechanisms of residue formation for un-
derstanding fusion with RIB’s has been clearly illustrated.
Kinematically complete experiments including the measure-
ment of neutrons are now necessary to distinguish between
compound and direct reactions and also between one- and
two-neutron transfer processes, in order to advance toward a
more complete picture of low energy reaction dynamics with
neutron-rich projectiles.
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