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Differential cross-sections for elastic scattering and neutron transfer reactions along with cross-
sections for fusion in the ®He+5°Cu system are reported at energies above the Coulomb barrier
(Eiab = 19.9 and 30.6 MeV). The present work demonstrates the feasibility of using inclusive mea-
surements of characteristic in-beam ~ rays with low-intensity (~ 10° pps) radioactive ion beams
to obtain the residue cross-sections for fusion and neutron transfer. Exclusive measurements of
rays in coincidence with light charged particles have been used to further characterize the direct
reactions induced by this double-Borromean nucleus. Coupled reaction channels calculations are
used to illustrate the important role played by the transfer channels and to help in understanding
the influence of the structure of ¥He on the reaction mechanism.

PACS numbers: 25.60.-t, 25.70.Hi, 25.70.Jj

I. INTRODUCTION

The advent of re-accelerated beams using Isotope Sep-
aration On Line (ISOL) techniques provides new oppor-
tunities to study and understand reactions with nuclei
far from stability [1-4]. The neutron separation ener-
gies of neutron-rich nuclei near the drip line are con-
siderably smaller (S,, ~ 1 MeV) than those for typical
stable nuclei (S,, ~ 8 MeV). In addition to the large
spatial extent (halo) of the weakly-bound valence nu-
cleon(s), these nuclei can also exhibit Borromean struc-
ture [5] (three-body bound systems in which none of the
two-body subsystems are bound). Typical examples in-
clude %®He, MLi and more recently 22C [6], which can
be viewed as three-body systems consisting of a core nu-
cleus and two valence neutrons. These properties are
expected to influence the reaction processes and are also
relevant to reactions of astrophysical interest [7]. The
large probability of breakup associated with the weak
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binding of the valence nucleon(s) led to the expectation
that breakup of the projectile would be a dominant chan-
nel and also influence the reaction mechanism for these
nuclei [1-3]. In particular, the influence of breakup on
fusion reactions around the barrier has been of consider-
able interest [1, 8]. Attempts have been made to under-
stand the influence of the breakup process on the fusion
and elastic scattering of beams of both stable and ra-
dioactive weakly-bound nuclei using various approaches
[9-13]. However, the loosely bound valence nucleon(s)
could also imply large transfer cross-sections from the
projectile to the target. This in turn would also be ex-
pected to influence the reaction mechanism. Large trans-
fer cross-sections have been reported for He beams on
65Cu [14, 15], 54Zn [16], 97Au [17], 29°Bi [18, 19] and
28U targets [20, 21]. Refs. [14, 19] also showed that
the transfer cross-sections were even larger than those
for breakup. More recently, large transfer cross-sections
(1n+2n) were also reported in the 8He+197 Au system at
energies below and above the Coulomb barrier [22]. The
effect of transfer on other channels was theoretically in-
vestigated using Coupled Reaction Channels (CRC) cal-
culations [2]. In order to have a complete understanding
of the reaction mechanisms for neutron-rich nuclei, mea-
surements of all the reaction channels are necessary.
Experimental investigations involving low-energy
(around the Coulomb barrier) and low-intensity ra-
dioactive ion beams (RIB) have brought about new
challenges. In general, investigations with low-intensity
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FIG. 1: (a) Low-lying states in *~®He isotopes (Refs. [23-26]).
(b) Lowest particle emission thresholds in the helium isotopic
chain. Full (open) symbols represent the bound (unbound)
isotopes. The line is to guide the eye.

radioactive ion beams (~ 10° pps) have been restricted
due to both the limited availability of ISOL beams
and the need for a substantial increase in experimental
sensitivity given the typical reduction by a factor of
~ 10° in intensity compared to stable beams. The direct
measurement of residues produced in reactions induced
by light projectiles at these energies is difficult given
their low recoil velocities. Measurements of reaction
products using the in-beam ~-ray technique are much
more challenging compared to stable beams due to the
relatively lower yields and the additional background
arising from the radioactive decay of the beam particles.
The first inclusive ~y-spectroscopy measurement using
a 10° pps re-accelerated RIB was performed by Cat-
ford et al. [27] using a beam of Ne. More recently
absolute cross-section measurements (both inclusive
and exclusive) in the “He+%Cu system with intensities
of ~ 107 pps have been reported [14, 15]. Inclusive
measurements may not be able to separate various
processes like fusion and direct reactions which could
lead to similar final states. This is particularly true for
reactions induced by light neutron-rich nuclei on medium
mass targets [14-16]. Studies of transfer reactions with
Borromean nuclei on medium and heavy targets neces-
sitate exclusive measurements. Particle (both charged
and neutral) — v coincidences [14] or particle correlations
[9] have been shown to be a powerful tool to characterize
the various reaction processes using ®He RIB. More
recently new limits of sensitivity enabling accurate and

precise cross-sections to be obtained using off-beam
measurements with beam intensities of ~ 10° pps have
also been reported [22].

With a half-life t;,,=119.1 ms, 8He is the most
neutron-rich bound nucleus known today and is an ideal
candidate to study the influence of nuclear structure on
the reaction mechanism around the Coulomb barrier. Ac-
curate measurements of its charge radius [28] and mass
[29] were recently reported. A significant reduction in
charge radius from %He to ®He was interpreted as a
change in the correlations of the valence neutrons. The
helium isotopic chain is an ideal laboratory to study the
effect of the dramatic variation of the intrinsic properties
on the reaction mechanism. Fig. 1(a) shows the low-
lying energy levels of the helium isotopes. The neutron
emission threshold has the largest variation for a single
isotopic chain, from 20.5 MeV for the tightly-bound “He
to 0.9 MeV for SHe (see Fig. 1(b)). Additionally, this
is the only isotopic chain where the two-neutron separa-
tion energy So,, increases as the neutron drip line is ap-
proached. The structure of ®He has been investigated us-
ing the direct reactions *He(p,d)"He [30] and ®He(p,t)°He
[31], quasi-free scattering [32], and knock out reactions
[33, 34]. The low-lying spectrum of ®He was also re-
cently studied by means of the *H(%He, p)®He reaction
[35]. The ground state configuration of ®He (involving
Vs [36] or v 1)y [31, 32, 37]) is still an open ques-
tion. The ground state of 8He can be considered to be
composed of a *He-+4n or He+2n structure. The possi-
bility of a significant contribution from the SHe (2%) first
excited state to the 8He ground state has also been in-
vestigated [31, 38]. As SHe is a Borromean nucleus, 8He
could be considered to be a “double-Borromean” nucleus.
The study of transfer reactions induced by neutron-rich
nuclei like 8He, associated with predictions of possible
dineutron correlations [37, 39], could be used as a tool to
probe pairing in finite fermionic systems [40, 41].

The motivation of this work is to measure for the first
time elastic scattering, transfer and fusion cross-sections
for ®He at energies around the Coulomb barrier and un-
derstand the effect of its intrinsic properties, described
above, on the reaction dynamics. Simultaneously, the
goal is to improve the sensitivity of in-beam measure-
ments with low-intensity ISOL beams. Inclusive mea-
surements of prompt 7y rays were used to obtain the heavy
residue cross-sections (fusion and neutron transfer), while
exclusive coincidence measurements between ~ rays and
light charged particles were used to obtain the individual
contributions arising from neutron transfer and breakup
mechanisms. The measured angular distributions and
total cross-sections are discussed within the framework
of coupled reaction channels calculations. In the next
section, the experimental details are presented. This is
followed by a detailed analysis, discussion and summary
of the work.
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FIG. 2: (Color online) Schematic of the experimental setup
showing the EXOGAM ~-array, the silicon AE-E annular tele-
scope and the Neutron Wall. The beam monitoring detectors
(Micro-Channel Plate (MCP) and plastic scintillator) are also
shown.

II. EXPERIMENTAL SETUP AND ANALYSIS

Beams of radioactive ®He ions were obtained from the
SPIRAL ISOL facility at GANIL [4, 42]. The frag-
mentation of a 75 MeV /nucleon *C beam on a thick
graphite target was used to produce the 8He ions which
were re-accelerated by the CIME cyclotron to 19.9 and
30.6 MeV. The 8He beams, with an energy resolution %
~ 1073, a beam spot size of less than 5 mm (FWHM)
and an average intensity of 2x 10° pps, were incident on a
2.68 mg/cm? thick self-supporting ®*Cu foil (isotopically
enriched to 99.7 %). The intensity of the 8He beam par-
ticles was measured using a plastic scintillator 2 inches
in diameter (placed 7m after the target, the beam was
refocused using a pair of quadrupoles). A Micro Chan-
nel Plate (MCP) detector, placed on a movable arm 2 m
upstream of the target position, was also used to mon-
itor the beam. A schematic of the experimental setup
is shown in Fig. 2. Characteristic «y rays from target-like
residues produced in the reaction were detected using the
EXOGAM ~-array [43] consisting of 11 fully Compton-
suppressed clovers placed 14.7 cm from the target. The
individual clovers were operated in add-back mode. The
photo-peak efficiency of the array was ~ 6.1% and typi-
cal energy resolution was ~ 2.4 keV at E, = 1332 keV.
The charged particles were detected and identified in an
annular Si telescope, placed at 2.5 cm from the target,
comprising AE (~50 pm) and E (~500 um) elements
with active inner and outer diameters of 22 and 70 mm
covering an angular range of 25°-60° (16 rings and 96 sec-
tors). The angular resolution was ~ 1.7°. The energy res-
olution for elastically scattered particles was ~300 keV.
Monte Carlo simulations, taking into account the size
of the beam and the geometry of the AE-E detector,

were used to obtain the center-of-mass angle and solid
angle corresponding to each ring and sector. The ef-
fects of energy and angular straggling in the target were
also taken into account in the simulation. The results
of the simulation were verified through elastic scattering
measurements on a %7Au (150ug/cm?) target. In addi-
tion, neutrons were detected in the Neutron Wall array
[44] consisting of 45 hexagonal detectors placed at 55 cm
from the target, covering ~ 18% of 4m. Inclusive mea-
surements as well as coincidences with charged particles
(+58He), neutrons and v rays were used to unambigu-
ously identify the characteristic v rays emitted by the
target-like residues.

A. Measurement of target-like residue
cross-sections from inclusive v rays for fusion and
neutron transfer

An inclusive v-ray spectrum obtained at Ep,, =
30.6 MeV is shown in Fig. 3(a). The inclusive ~y-ray
spectrum is dominated by lines at 1460.82 keV (room
background, 4°K) and 980.8 keV (emitted in the 3-decay
of ®He). It should be noted that the reduction of the ra-
dioactive beam induced background to a level lower than
room background represents a significant achievement.
In contrast, Fig. 3(b) shows the inclusive «-ray spectrum
obtained under the same conditions but with the MCP
detector assembly inserted in the beam. This illustrates
the dramatic effect of the implantation of radioactive
beam particles around the target position, in this case
due to a very small beam halo arising from straggling in
the mylar foil of the MCP. The figure shows the spectrum
to be completely dominated by the 981 keV ~ transition
(and the associated 477 keV transition) emitted in the de-
cay of implanted ®He beam particles. This highlights the
difficulties that can be expected in performing y-ray mea-
surements with low-energy radioactive ion beams. Simi-
lar issues will arise with other radioactive beams or their
daughter nuclei that have a relatively long half-life. The
beam was stripped after acceleration through the CIME
cyclotron to minimize charge exchange reactions in the
beam transport section and reduce the amount of 8He' ™
ions which, due to their higher rigidity, ended being im-
planted near the target. Optimal beam tuning and stop-
ping the beam far away from the target in addition to
using narrow and optimal time gates for data collection
also played an important role. As can be seen in the inset
of Fig. 3(a), despite the dominant contribution from un-
related ~ transitions, the efficient shielding provided by
the anti-Compton BGO shields and the other factors, dis-
cussed above, made inclusive measurement of the main
evaporation residues possible. With such a low inten-
sity beam the expected yields for the relevant transitions
can be smaller or comparable to the room background.
The measurement of smaller cross-sections for the reac-
tion products requires further improvement in the exper-
imental sensitivity. This was achieved using a “prompt”
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FIG. 3: (a) Inclusive y-ray spectrum at Ej., = 30.6 MeV for the 3He+5°Cu system. The dominant « rays arising from room
background (1461 keV) and the beta decay of ®He (981 keV) are labeled. The inset shows an expansion of the low-energy
region where characteristic transitions in **Ga can be identified. (b) Same as in (a) but with the MCP detector assembly
inserted in the beam line (see text). (c) Background subtracted v spectrum at 19.9 MeV, gated by the time condition between

the cyclotron Radio Frequency and the OR of the y-ray detectors for the inclusive spectra shown in the panels of (d).

The

v rays arising from fusion evaporation residues and neutron transfer can be clearly seen and are labeled. (d) The different
panels show (from top to bottom) the time spectrum between the cyclotron Radio Frequency and the OR of the y-ray detectors
inclusive, demanding a -y coincidence in the EXOGAM array in the coincidence with a particle identified in AE-E telescope
and neutrons in the Neutron Wall. The arrow illustrates the width and the position of prompt condition used.

time condition (as mentioned earlier) between the OR
of the time aligned constant fraction discriminators from
the various crystals of the EXOGAM ~-array and the cy-
clotron radio-frequency. However, as shown in Fig. 3(d)
(top panel), the inclusive time spectrum between the v
rays and the cyclotron radio-frequency is dominated by
random events due to the relatively small yields from the
reaction. The position and width of the prompt events
of the time distribution were obtained by using a coinci-
dence with either charged particles, v —~ coincidences or
neutrons (see the bottom panel of Fig. 3(d)). The back-
ground subtracted inclusive y-ray spectrum obtained us-
ing the prompt time condition (indicated by the arrow
between the dotted lines in Fig. 3(d)) is shown in Fig. 3(c)
at Epp, = 19.9 MeV. Suitable corrections were made to
account for the time response for lower energy transi-
tions due to the narrow time gate. The characteristic v
rays for the various residues can be clearly identified. A
comparison with a similar in-beam measurement in the
8He+2%Pb system (Fig. 1 of Ref. [45]) better illustrates
the advances made. In the absence of other charged par-
ticle detectors close to the target (Fig.2) the use of an
MCP detector would have been sufficient to obtain high

quality time gated v-ray spectra. The straggling of the
beam in the foil of the MCP detector causes a large de-
terioration of the quality of the charged-particle spectra
(mainly at forward angles) thus preventing the simulta-
neous measurement of angular distribution of direct re-
actions.

The individual residue cross-sections for the 8He-+% Cu
system were obtained using the corresponding intensities
of the well-known, low-lying v transitions from the mea-
sured inclusive y-ray spectra [14, 46]. The presence of
an isomeric first excited level (t1/2 = 13.8 h) in the %°Zn
(p3n) evaporation residues prevented the determination
of the cross-section for this channel. Corrections due
to direct population of the ground states are expected
to be small due to the low spins of the nearby levels
and have not been made. Figure 4(a) shows the residue
cross-sections as a function of the center-of-mass energy
for the 8He4%Cu system. The lines in the figure are
the results of statistical model calculations for the evap-
oration residues formed in the decay of >Ga using the
statistical model code CASCADE [47]. The level den-
sity formalism of Ignatyuk et al. [48] was used, with
a level density parameter a = A/9. The transmission
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FIG. 4: (Color on-line) Heavy residue, fusion and neutron
transfer excitation functions: (a) Measured partial residue
cross-sections as a function of the center-of-mass energy for
the 8He+5°Cu system. The lines are obtained using the statis-
tical model code CASCADE (see text). The calculations are
normalized to the measured fusion cross sections. (b) Fusion
and neutron transfer cross-sections for the 3He + %°Cu sys-
tem. Predictions from coupled reaction channels calculations
for fusion (continuous lines) and neutron transfer (dashed
lines) are also shown (see text). Only statistical errors are
shown.

coefficients were taken from Refs. [49-51] for the neu-
tron, proton, and « particles, respectively. The angular
momentum distribution was obtained from CCFUS [52]
using the Akyliz-Winther global parametrization for the
nuclear potential [53]. Similar calculations were used to
reproduce earlier measurements [14, 22]. As can be seen
from the figure, the various partial cross-sections are rea-
sonably well explained by the statistical model except for
the a3n and a4n evaporation channels (*®Cu and %5Cu
residues, respectively). Such a discrepancy between the
measured and calculated cross-sections for %6:6°Cu was
observed earlier in the case of ®He+%Cu [14], and was
shown to arise from neutron(s) transfer processes. This
is discussed in further detail in the next section. The to-
tal fusion cross-sections were then obtained from the sum
of the individual evaporation cross-sections for 4%:69:70Ga,
and %Zn and corrected for the %>6°Cu and %°Zn con-
tributions using the CASCADE statistical model calcu-
lation. These contributions amounted to 36% and 26%
at 30.6 and 19.9 MeV, respectively. The errors in the
cross-sections arising from the uncertainties in measure-
ments of the beam current, y-ray efficiency, target thick-
ness, available spectroscopic information of the residues
and corrections from the statistical model were estimated
to be between 10 % and 15 %. The integral neutron

FIG. 5: (Color on-line) Schematic for 1n and 2n transfer for
8He+-%°Cu system illustrating the similar final states formed
in a 1n and 2n transfer reaction involving a Borromean nu-
cleus.

transfer cross-sections were obtained from the measured
intensities of the inclusive y-ray spectra of 666Cu af-
ter correcting for compound nucleus contributions calcu-
lated using the code CASCADE [47]. The transfer cross-
sections for the 8He+4%°Cu system at 19.9 and 30.6 MeV
were 782+ 78 mb and 759+ 114 mb, respectively and are
shown in Fig. 4(b) along with the fusion cross-sections.
Additional uncertainty in the total transfer cross sections
arising from uncertainties in the statistical model calcu-
lations were estimated to be less than 5%. The measured
1n and 2n transfer cross sections were not corrected for
direct population of ground states of °6:67Cu and thus
represent lower limits. However, by analogy with the
results for the ®Cu(d, p)®*Cu reaction [54], which has
a similar Q-value to the (He,°He) and (®*He,"He) reac-
tions, direct population of the ground state of %Cu by
In-stripping is expected to be small. This expectation is
further supported by the CRC calculations presented in
section III, the calculated cross section for direct popula-
tion of the %Cu ground state being approximately 2% of
the total In-stripping cross section. Direct population of
the 57Cu ground state via 2n-stripping is effectively ruled
out by the very large Q-value mismatch for this reaction.

B. Direct reactions from particle-y correlations

As opposed to transfer reactions with light ions [55],
measurements involving heavy ions are severely restricted
by the energy resolution, so that normally distributions
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FIG. 6: (Color online) Particle-y correlations for SHe and “He (a) ~-ray spectrum in coincidence with 5He particles detected
in the telescope at Ejap, = 19.9 MeV. The transitions arising from °%:%3Cu are labeled. (b) A triple coincidence spectrum of ~y
rays requiring detection of a ®He and a neutron. ¢) A Q value distribution for 5He particles, between 30° and 40°, detected in
coincidence with either a 185.9 keV ~ transition (°®Cu ) or a 1115.5 keV ~ transition (°*Cu) at Ej.b=19.9 MeV. The ground
state Q-values (Qqy) and separation energies for the transfer of one and two neutrons are labeled. The arrow denotes the
excitation energy (E*) in ®”Cu populated in a two-neutron transfer. (d) *He angular distribution at Ej,, = 19.9 MeV obtained
in coincidence with °3:%®Cu « rays. The shaded curve denotes the calculated (using a statistical model) compound nucleus
contribution normalized to the measured fusion cross-section (the thickness of the line denotes the uncertainty). (e) Energy
distribution of « particles detected between 30° and 40° in coincidence with %6Cu 7 rays at Ejap = 30.6 MeV (open histogram)
and the calculations for the corresponding a3n channel (GGCu) from compound nuclear evaporation (filled histogram).

rather than the populations of discrete states are mea-
sured. The large positive @)-values for the transfer of
neutrons from neutron-rich RIB like ®He to heavy tar-
get nuclei additionally amplifies the importance of neu-
tron evaporation following transfer. Particle-gamma cor-
relations are a powerful probe for the understanding
of such processes and the reaction mechanism in gen-
eral. The large positive Q-values for one and two neu-
tron transfer in the 8He+%Cu system (@ = 4.48 and
14.04 MeV, respectively) and the semi-classical @-value
matching conditions for neutron transfer (expected to
peak near Q = Qo = 0 [56]) favor the population of
excited states in such reactions. Thus, excited states in
the heavy target-like residues are populated after a neu-
tron transfer process. However, the very large Q-value
for 2n transfer suggests that states much above the neu-
tron separation energy in 5”Cu (S,, = 9.1 MeV) are pop-
ulated, followed by neutron evaporation to 5%66Cu. In
this section particle-gamma correlations have been used
to obtain a deeper understanding of the transfer angular
distributions, with an emphasis on the double-Borromean

nature of ®He. Figure 5 illustrates the various final states
after a one and two neutron transfer in the given system.
Additionally the breakup of the projectile was also in-
vestigated. Fig. 1(a) shows that both He and "He as
well as the excited states of ®He are unbound. ®He and
the excited states of ©7He decay by neutron emission to
4He. Coincidences between °He and  rays from %5:66Cu
are therefore used to extract the transfer of neutron(s)
to the ©"He ground states, while coincidences between
4He and ~ rays from %5:%6Cu are used to study neutron
transfer to %“He excited states. Contributions to *He-v
coincidences arising from the residues formed after azn
evaporation in a compound nuclear process are accounted
for using a statistical model calculation. The summed
(In+2n) neutron transfer angular distributions were ob-
tained from the exclusive measurements of He and “He
in coincidence with characteristic v rays from %%:%6Cu, as
described below.

The observed coincidences between ®He and ~ transi-
tions in 5:96Cu arise from both 1n and 2n transfer to the
ground state of “He and ®He, respectively. The Q value
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FIG. 7: (Color online) Neutron transfer angular distri-

butions obtained from the measurements of *%He-y coinci-
dences: (a) SHe angular distribution at Ej.p, = 19.9 MeV in
coincidence with either the 185.9 keV v transition (°°Cu) or
1115.5 keV « transition (®*Cu). Standard (full lines) and
adjusted (dotted lines) CRC calculations of neutron transfer
to the ®"He(g.s.) are also shown (see Sec. IIT). (b) same
as (a) at Eu,=30.6 MeV (c) *He angular distribution at
Eb = 19.9 MeV in coincidence with %%%¢Cu corrected for
the compound nucleus contribution. Standard (full lines) and
adjusted (dotted lines) CRC calculations of neutron transfer
to the °He(2") are also shown (see Sec. III). (d) same as (c) at
Eiab = 30.6 MeV. (e) Break-up angular distribution inferred
from the difference between inclusive angular distribution of
charged particles (*He and ®He) and total neutron transfer
angular distribution at Eijap, = 19.9 MeV. The latter is shown
in Fig. 8. (f) same as (e) at Eja, = 30.6 MeV. Only statistical
errors are shown.

spectrum displayed in Fig. 6(c) illustrates the excitation
energy in the target-like residue. In principle contribu-
tions from 1n transfer can also arise from higher-lying
resonance states in ‘He, but as the known states are
above the He (2%) + n or “He + 3n thresholds their
contributions to the ®He yield are expected to be small.
Figure 6(a) shows a typical ~-ray spectrum in coinci-
dence with ®He and Fig. 6(c) shows the corresponding
SHe energy distributions in coincidence with either the
185.9 keV « transition in 5Cu or the 1115.5 keV ~ tran-
sition in %°Cu at Ej,p, = 30.6 MeV. The non observation

of 67Cu ~ transitions (Fig. 6(a)) and the @ value spec-
trum (Fig. 6(c)) of ®He is consistent with the hypothesis
of 2n transfer followed by evaporation of neutron(s). In
the present work, the upper limit on the cross section for
the production of 7Cu in a two neutron transfer reaction
was estimated, using 5He-v coincidences, to be ~ 0.5 and
1.9 mb at 19.9 and 30.6 MeV (as mentioned earlier, these
do not represent the 2n transfer cross sections). The esti-
mated cross sections are small compared to the measured
total transfer cross section reported previously and hence
are not considered. %He angular distributions obtained
in coincidence with %5:66Cu ~ transition are presented in
Fig. 7(a) and (b) at Ejp = 19.9 MeV and 30.6 MeV, re-
spectively. The yields have been corrected for detection
efficiency and relative branching of the gating y-ray tran-
sition. The contributions of SHe in coincidence with 5Cu
v rays amount to ~ 15% and ~ 35% of the total exclu-
sive He measurement at 19.9 and 30.6 MeV, respectively.
This difference in percentage of the population of °Cu
at the two energies is similar to that observed with He
and needs to be further understood. This is presumably
due to the "kinematic” effects, i.e. Q-value and angular
momentum matching. This will give rise to a variation
with incident energy of the transfer reaction cross sec-
tions which will be different for 1n and 2n transfer.

The situation with “He-v coincidences is less straight-
forward as different mechanisms can contribute to a par-
ticle production: (i) the a-xn channel from the decay of
the compound nucleus Ga (ii) 2n transfer to °He un-
bound excited states, (iii) 1n transfer to "He unbound
excited states (the ground state of “He cannot decay
by the emission of an « particle, Fig. 1(a)). Contri-
butions arising from compound nucleus decay were es-
timated using statistical model calculations normalized
to the measured fusion cross-sections and are compared
with the measured angular and energy distribution in
Fig. 6(d) and 6(e). As can be seen from the Fig. 6(d),
both the shape and amplitude of the angular distribution
of *He particles, in coincidence with + rays from %°:66Cu
at Ejap = 19.9 MeV, are not consistent with those aris-
ing from a compound nuclear evaporation (a2n and a3n)
channels. Additionally, Fig. 6(e) shows that the energy
distribution of “He particles is shifted toward higher en-
ergies when compared with statistical model predictions.
These two observations suggest that He is also produced
through a direct process, like transfer. Under the as-
sumption that 3n and 4n transfers are negligible, “He-vy
coincidences can be used to obtain information on the 1n
and 2n transfers to “He and “He excited states. The cor-
responding angular distributions, obtained by subtract-
ing the calculated compound nucleus contribution, are
shown in Fig. 7(c) and 7(d). The total neutron transfer
angular distributions, obtained as the sum of the exclu-
sive angular distributions of ®He and “He, are shown in
Fig. 8.

An attempt was also made to obtain angular distri-
butions for the breakup of the projectile. Direct mea-
surements of alpha-neutron correlations as used in Ref.[9]
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FIG. 8: (Color on-line) Total (1n+2n) neutron transfer angu-
lar distributions : (a) 1ln + 2n transfer angular distribution
at Ejp = 19.9 MeV obtained from the sum of angular dis-
tributions of ®He and *He in coincidence with ~ transitions
in ®5-56Cu shown in Figs. 7(a) and 7(c) respectively. Coupled
Reaction Channels calculations (standard) for 1n + 2n trans-
fer (full line), 1n transfer (dot-dashed line) and 2n transfer
(dashed line) angular distributions are shown (see text for
details). (b) same as (a) at Ejap = 30.6 MeV.

were not possible given the complexity of the structure
of 8He and the low beam intensity. Hence a different
approach was used. Events from neutron transfer and
breakup were separated using coincidences between ~y
rays emitted by the excited heavy target-like transfer
residues and light charged particles. The angular dis-
tribution for the breakup events was obtained from the
difference between the inclusive and the total exclusive
neutron transfer cross sections (obtained from the *¢He-
v coincidences). Such an approach assumes that in a
breakup processes %°Cu is left in its ground state. The
breakup angular distributions so obtained at Ej,;, = 19.9
and 30.6 MeV, are shown in Figs. 7(e) and 7(f), respec-
tively. It should be noted that these angular distributions
represent an upper limit to the breakup process as they
could contain contributions from a neutron transfer pro-
cess leading to the ground state of the target-like residues
where no v rays are emitted.

In the case of the Borromean nucleus ®He, the sepa-
ration of the different (1n/2n) neutron transfer channels
on targets apart from hydrogen represents an experimen-
tal challenge. The final reaction products are similar for
both 1n and 2n transfer so that they cannot be directly
differentiated from the measurement of either light or
heavy target-like products. Both the large Q-value asso-
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FIG. 9: (Color on-line) Elastic scattering angular distribu-

tions: (a) at Ejap = 19.9 MeV along no-coupling (bare) cal-
culations (dotted line) and Coupled Reaction Channels cal-
culations including couplings to 1n and 2n transfer : stan-
dard (dashed line) and adjusted (full line) (see text). (b) at
Ejap = 30.6 MeV. Coupled Reaction Channels calculations
(see text) with and without coupling for standard calcula-
tions: no coupling (dotted line) and with coupling (dashed
line); and adjusted calculations : no coupling (dash-dotted
line) and with coupling (full line). Only statistical errors are
shown.

ciated with the 2n transfer leading to neutron evapora-
tion from the corresponding heavy residue and the un-
bound nature of “He prevent deconvolution of 1n and 2n
transfer. In the case of SHe [15], the construction of the
kinematic correlation between the energies and emission
angles between *He particles and neutrons (that exists
for 1n transfer but not for 2n transfer) in coincidence
with v rays from the excited heavy residue permitted
the deconvolution of the the 1n and 2n transfer contri-
butions. The nearly 200 times smaller beam intensity of
8He prevented such an approach. Despite this, Fig. 6(b)
shows a (triple) coincidence spectrum highlighting the
sensitivity of the present work. This spectrum was ob-
tained in coincidence with the full Neutron Wall array.
The lower intensity of 8He (compared to He) prevented
building the necessary kinematic correlation of energies
and emission angles between ®He (and also He) particles
and neutrons in coincidence with « rays from the excited
heavy residue. Additionally in the case of 8He, as the
6."He excited states are unbound and decay to *He, this
leads to a loss of kinematic correlations (Fig. 5). The sep-
aration of 1n and 2n transfer in the case of ®He is beyond
the scope of the present investigation. The first model
independent lower limits on the ratio of 2n to 1n transfer



cross sections involving 8He are discussed elsewhere [41].

C. Elastic Scattering

Elastic angular distributions of ®He in the laboratory
angular range between 25°-60° at 19.9 and 30.6 MeV
were obtained with inclusive measurements of ®He and
are shown in Fig. 9. Inelastic excitations to the 1115 keV
and 1482 keV states of °Cu were studied using *He-y co-
incidences. The corresponding differential cross-sections
were estimated to be ~ 2 mb/sr in the measured angular
range for both 19.9 and 30.6 MeV. This result is similar
to those obtained in the a+%Cu system [57] and high-
lights the relatively small cross-section of this process. In
the next sections, these results for elastic scattering, neu-
tron transfer and fusion will be compared with Coupled
Reaction Channels calculations.

III. COUPLED REACTION CHANNELS
CALCULATIONS

A simultaneous description of the measured elastic
scattering, neutron transfer and fusion cross-sections was
attempted using the Coupled Reaction Channels (CRC)
framework. The CRC calculations were performed using
the code FRESCO [58]. Couplings of the elastic channel
to the 1n- and 2n-transfer channels, ®>Cu(®*He, He(g.s.))
and %°Cu(®He,’He(g.s.)) and ®Cu(®*He,He(2T)), were
included. Coupling to breakup channels was not in-
cluded, since 8He is best described as a five-body object
(four neutrons plus the « core), making it presently not
possible to model realistically its complex breakup modes
at these relatively low incident energies, unlike at much
higher energies where eikonal methods may be applied,
see e.g. Ref. [59]. We therefore considered it better to
omit this coupling altogether. Entrance and exit chan-
nel potentials consisted of double-folded real and inte-
rior Woods-Saxon imaginary parts. The Michigan three-
range Yukawa (M3Y) effective interaction [60] and ®He,
"He, and ®He matter densities from Refs. [61], [62] and
[63], respectively were used to calculate the real poten-
tials using the code DFPOT [64]. The ¢5:96:67Cu densities
were calculated using the liquid drop model of Ref. [65].
The Woods-Saxon imaginary potential parameters were
chosen to be: W = 50 MeV, R = 1.0 x (AII)/3 + A:/s)
fm, @ = 0.3 fm. The interior imaginary potentials simu-
late the ingoing-wave boundary condition so that in this
model the total absorption cross-section may be equated
to the total fusion cross-section. These calculations are
similar to those discussed in Ref. [15] for the SHe+% Cu
system. In the following, calculations employing inte-
rior imaginary potentials will be referred as “standard
calculations”. Calculations where the imaginary poten-
tial parameters in all partitions were adjusted to obtain
better agreement with the elastic scattering data will be
referred to as “adjusted calculations”.

The positive @ value (4+4.48 MeV) of the
65Cu(®He,"He)%Cu reaction favors population of
relatively high-lying states. However, the (2J + 1)S
values derived from an analysis of the %Cu(d,p) reaction
show a rather rapid decrease with increasing excitation
energy (below 3 MeV) [54]. Thus, a limited number of
states in %6Cu were included. Inclusion of the 2n transfer
channel in the calculations is more challenging, as the Q
value for this reaction (4+14.04 MeV) favors high-lying
states in ®“Cu in an excitation energy region where
no structure information is available. The ()-matching
condition, together with the fact of the non observation
of 67Cu, suggests that if the mechanism is conventional
transfer only states above the 1n separation threshold
in 57Cu (9.1 MeV) should be considered. Because of
the lack of information on high-lying states in $7Cu we
extrapolated the similarity of the low-lying spectra of
65Cu and 7 Cu observed in (p,t) reactions[66] to higher
excitation energies. All known states (above 10.9 MeV)
in %Cu [67] were included. A dineutron-like cluster
structure for these states with the lowest possible 2n
angular momentum relative to the ®*Cu ground state
was assumed. Coupling between the ®He 0% ground and
2+ excited states in the ®>Cu(®He,%He)%"Cu 2n-transfer
exit channel was also included, with B(E2) and 49
values from Ref. [31], but two-step sequential transfer
was omitted due to lack of knowledge of the specific
structure of the target-like states involved. Although
the sequential transfer could be more important here
than in the SHe + %Cu system, particularly for the
population of the SHe (27) state [31], we chose to omit
it rather than introduce possibly spurious effects into
the calculations [15]. In any case, extrapolation of the
importance of two-step transfer paths from the (p, t)
analysis to the present system is problematic, given
the very different kinematic conditions [31]. The n +
65Cu and 2n + % Cu form factors and spectroscopic
factors were as in Ref. [15], while those for n + "He and
2n + SHe were taken from Ref. [31]. The full complex
remnant terms and non-orthogonality corrections were
included.

IV. RESULTS AND DISCUSSION

The standard CRC calculations (dashed lines) are com-
pared in Fig. 9 with the elastic scattering angular distri-
butions and the “bare” no-coupling calculations (dotted
lines) that do not include couplings to transfer channels.
The significant effect of the couplings can be seen from
the figure at both energies, being larger at 19.9 MeV.
This observation is consistent with the known energy de-
pendence of coupling effects, that tend to reduce in im-
portance as the incident energy is increased above the
Coulomb barrier. However, in neither case can the full
CRC calculations be said to reproduce well the data. In
particular, at 19.9 MeV it is clear that the slope of the
CRC calculation (dashed line) is much less steep than



the data, suggesting that the coupling effect is too large.
This problem will be discussed below, in the light of the
second set of calculations (adjusted).

In Fig. 7(a) and (b), the standard calculations for the
sum of 1n + 2n transfer to the ground states of "He and
6He, respectively (full lines) are compared with the mea-
sured cross-sections. As the reaction mechanism(s) are
not separated experimentally it is not possible to trans-
form them to the center of mass reference frame, hence
the measured cross-sections are presented in the labora-
tory frame, as are the calculations. Note that the cal-
culated angular distributions for population of the "He
ground state by 1n-transfer are presented as a function of
the "He laboratory angle, whereas the data are a function
of the detected ®He laboratory angle (as the unbound “He
decays exclusively into °He(gs) + n). However, the dif-
ference between the two angles is negligible. While the
shapes of the angular distributions are well reproduced by
the calculations their magnitudes are not. At 19.9 MeV
[Fig. 7(a)] the calculations are a factor of ~ 2 smaller
than the data while at 30.6 MeV [Fig. 7(b)] they are ~ 5
times smaller. The good reproduction of the shape of
the angular distributions at both energies suggests that
the basic production mechanism is direct 1n- and 2n-
transfer, as modeled in the calculations. The discrepancy
in magnitude could be explained by the necessarily con-
jectural nature of the 7Cu = 2n + %°Cu form factors.
The excitation energies and spin-parities of known states
in %5Cu were taken as a basis for the °Cu:°"Cu over-
laps, setting the spectroscopic amplitudes equal to 1.0.
As the present data also include coincidences with the
1115.5 keV ~ transition in 5°Cu, transfer to states above
the 2n emission threshold in %“Cu may account for the
greater part of the difference between measured and cal-
culated cross-sections, as such states were not included in
the calculations due to lack of available spectroscopic in-
formation. More complicated reaction mechanisms such
as the °Cu(®He,"He)%¢Cu("He,*He)®” Cu two-step trans-
fer could also contribute to the “missing” cross-section.
However, the worse quantitative agreement with the mea-
sured cross-section at the higher incident energy suggests
that a significant portion of the reaction mechanism is
missing from the calculations. As the incident energy
increases more reaction channels open as the increased
available energy provides access to higher-lying states in
both projectile-like and target-like nuclei. The impor-
tance of multi-step transfer paths will also vary with en-
ergy. The increased available energy at 30.6 MeV might
favor these processes but would also give access to more
higher-lying states in ¢”Cu for direct 2n stripping. Thus,
the increased quantitative difference between calculated
and measured cross-sections at 30.6 MeV is consistent
with either or both of these explanations for the missing
cross-section.

In Figs. 7(c) and 7(d), the calculated angular distri-
butions for populating the unbound ®He 21“ state via
2n-stripping (full lines) are compared with the mea-
surements. The measured angular distributions are
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presented in the laboratory frame and the calculated
65Cu(®He,%He(2]))%"Cu cross-sections have been trans-
formed accordingly. The calculated cross-sections are
therefore a function of the ®He(2]) laboratory angle
rather than that of the detected *He; while the differ-
ence between these two quantities will be larger than
for the "He case it should not significantly affect the
conclusions. The calculated angular distributions under-
predict the magnitude of the data (by about a factor of
10 at the most forward angles measured) and also fail
to describe the shape. This cannot be ascribed to the
slight differences between the laboratory angles of the
calculated ®He(2]) and the measured *He cross-sections
and suggests that the main production mechanism for
« particles is some other reaction process. The most
likely candidates contributing to the « particles are 1n-
stripping to higher-lying states in “He and 2n-stripping
to higher-lying states in SHe (in both cases the projectile-
like residue could decay to give a particles).

The calculated 1n + 2n transfer angular distributions
(full lines) are compared with the sum of He and *He ex-
clusive angular distributions in Figs. 8(a) and 8(b). Also
shown in the figure are the individual calculated contribu-
tions for 1n (dot-dashed lines) and 2n (dashed lines). The
calculated 1n-stripping cross-sections are almost an order
of magnitude smaller than the 2n-stripping. The 3He:"He
and %°Cu:56Cu spectroscopic amplitudes are well-known,
and the calculations are expected to be realistic for the
1n channel. This is suggested by the rather good agree-
ment between similar calculations and the measured 1n-
stripping cross-sections in the “He + %°Cu system [15],
confirming that at least the °Cu:%6Cu overlap is reason-
ably accurate in description.

Finally, the fusion and total integrated transfer cross-
sections are compared with the predictions of CRC calcu-
lations in Fig. 4(b). The amplitudes of the fusion cross-
sections are in reasonable agreement at both energies.
The integral neutron transfer cross-sections are under-
predicted, which is consistent with the similar behavior
of the differential cross-sections.

The tendency of the set of standard calculations with
interior imaginary potentials in all partitions to overesti-
mate the coupling effect on the elastic scattering angular
distribution was mentioned earlier. This is a more or less
general problem with this type of calculation: the lack of
surface absorption in the exit partition optical potentials
(here the "He + %6Cu and ®He + ®7Cu potentials) tends
to lead to an over-prediction of both the transfer cross-
section itself and its coupling effect on the elastic scat-
tering. Ideally, one would like to alleviate this problem
by adding the strongest inelastic couplings between chan-
nels in the exit partitions, for example, but in this case
where the projectile-like nuclei are either weakly-bound
or unbound and a large number of states in the target-
like residues are populated this is not possible. The ef-
fect of such couplings may be simulated to some extent
by increasing the radius and diffuseness parameters of
the imaginary parts of the optical potentials in the exit



TABLE I: Imaginary potential parameters for the adjusted
calculations at 19.9 MeV and 30.6 MeV. The potentials are
of volume Woods-Saxon form and use the radius convention:
Rw = 71w x (ApY3 + A Y3 fm.

E (MeV) Partition W (MeV) rw (fm) aw (fm)

55Cu(®*He, ®He)®*Cu  50.0 1.00 0.30
19.9  %Cu(®He, "He)**Cu  50.0 1.45 0.60
55Cu(®*He, °He)®*"Cu  50.0 1.45 0.60
55Cu(®*He, ®He)®*Cu  20.0 1.30 0.40
30.6  5°Cu(®*He, "He)®*Cu  50.0 1.30 0.60
55 Cu(®*He, °He)®"Cu  50.0 1.30 0.60

partitions, at the cost of no longer being able to equate
the total absorption cross-section with the total fusion
cross-section. Therefore, in order to test the robustness
of the conclusions, a second set of calculations (referred
to as “adjusted”), where the imaginary potentials in all
partitions were allowed to vary to obtain the best agree-
ment with the elastic scattering, was performed. The
normalizations of the double-folded real potentials were
not varied in order to reduce the number of adjustable
parameters. Although the elastic scattering is sensitive
to the strength of the real potential, this is mainly in the
region of Coulomb-nuclear interference where no data are
available, making a realistic adjustment of this parameter
impossible in this case. The final “best fit” imaginary po-
tential parameters at both energies are given in Table I.

The adjusted calculations (thick full lines) are com-
pared with the elastic scattering data in Figs. 9(a) and
(b). A significant coupling effect on the elastic scatter-
ing can be seen at both energies, being more pronounced
at 19.9 MeV. While the overall coupling effect is now
rather smaller than it was for the standard calculations
(see Fig. 9(a) and (b)) the shape of the angular distribu-
tions is better reproduced. Then, in Figs. 7(a) and (b),
the corresponding calculations (dotted lines) are com-
pared with the exclusive *He angular distributions and
the standard calculations (full lines). Over the measured
angular range, the calculated cross-sections are not sig-
nificantly different from those of the standard calcula-
tions. The increased surface strength of the imaginary
potentials in the exit partitions compared to the stan-
dard calculations also damps out the oscillations in the
calculated angular distributions. As can be seen from
Figs. 7(c) and (d), similar observations also hold for the
« particle cross-sections. The shape of the calculated an-
gular distributions is not significantly affected, tending to
confirm the supposition that other reaction paths than
direct 2n-stripping to the He 2] state make the largest
contribution to the «a particle production cross-section.

To summarize, both sets of calculations, standard and
adjusted, are in reasonable qualitative agreement with
the data. Given the uncertainties in the 2n-stripping part
of the calculations and the apparent dominance of this re-
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FIG. 10: (Color on-line) Fusion and transfer excitation func-
tions for the systems ®®He+5°Cu. The He data are taken
from Refs. [14, 15]

action in the production of $He, qualitative agreement is
all that can reasonably be achieved. Nevertheless, the
level of agreement does enable us to draw some general
conclusions. It should be noted that the incident ener-
gies considered here, 19.9 and 30.6 MeV, are considerably
larger than the nominal Coulomb barrier for the 8He +
65Cu system (7.63 MeV when defined as the maximum
of the combined double-folded nuclear and Coulomb po-
tentials). Therefore, the coupling effects and, to a lesser
extent, the transfer cross-sections are expected to be rel-
atively less important than they would be at lower in-
cident energies. Conventional 1n- and 2n- stripping re-
actions to bound states of the target-like residual nuclei
generate a significant, even large, coupling effect at these
relatively high incident energies compared to the nomi-
nal Coulomb barrier. The higher-lying states populated
in 7Cu may subsequently decay by the emission of a
single-neutron rather than a - ray, but this does not af-
fect the fact that the reaction mechanism is conventional
transfer rather than “transfer to the continuum,” which
may be formally equated with breakup. The significant
coupling effect is robust, in that it does not depend on
the choice of imaginary potentials except in detail — the
adjusted calculations show a smaller (but still important)
coupling effect on the elastic scattering, which is prob-
ably the more realistic of the two. This large coupling
effect due to neutron stripping seems to be more or less
unique to the neutron-rich exotic nuclei, see e.g. [3], al-
though a low neutron separation energy is a necessary
rather than a sufficient condition, as the spectroscopic
factors also play an important role.

The present exclusive measurements of neutron trans-
fer using particle-y coincidences indicate that these cross-
sections are large for the interaction of 8He with 65Cu.
Large integral transfer cross-sections, even larger than
the fusion cross-sections at energies around the Coulomb
barrier, were earlier reported in the 8He+!7"Au system



[22]. The simultaneous measurement of elastic scatter-
ing and neutron transfer angular distributions and the
comparison with Coupled Reaction Channels calculations
highlights the significant effect of the coupling to the
transfer channels on the elastic channel. Recently, mea-
surements of elastic scattering in the %1011 Be+647n sys-
tem at an energy above the barrier have been reported.
This work used an optical model approach to point out
the difference between 'Be and other isotopes. The ob-
served differences were attributed to arise either from the
role of transfer or the breakup channel [68]. The relative
importance of the 2n transfer channel in the *He+2°Pb
system was also highlighted in Ref. [69]. Figure 10 shows
a comparison of the measured fusion and transfer cross
sections for the Borromean nuclei ®He on a %°Cu tar-
get. At these relatively high energies with respect to the
barrier, where the elastic scattering is on the edge of the
Fraunhofer scattering regime, the total transfer cross sec-
tion is still comparable (around a factor of two lower) to
the fusion cross section. This is very different from the
behavior for reactions involving “normal” nuclei. The ef-
fect is even more pronounced in the case of 8He, where
the extra neutrons do not significantly increase the fu-
sion cross section but contribute to the increased transfer
cross sections [22].

V. SUMMARY AND CONCLUSION

In summary, this work presents the first and most com-
plete study of direct reactions induced by ®He that could
be performed with currently available beam intensities at
energies around the Coulomb barrier. Results for fusion,
elastic scattering, neutron transfer and breakup of 3He
on %Cu have been presented. Inclusive measurements
of v rays and charged particles were used to obtain re-
spectively fusion and neutron transfer cross-sections and
elastic scattering angular distributions. Exclusive coin-
cidence measurements involving charged particles and
v rays were used to obtain neutron transfer angular
distributions. Breakup angular distributions were in-
ferred from these exclusive measurements. Large neutron
transfer cross-sections were obtained. Coupled Reaction
Channels calculations were used to illustrate the impor-
tant role played by the transfer channel in understanding
reactions involving weakly-bound Borromean nuclei.

The most surprising result is the relatively very large
total (1n 4+ 2n) transfer cross-section with respect to the
fusion cross-section, see Fig. 10. At these relatively large
incident energies, almost into the Fraunhofer scattering
regime, direct reaction cross section are usually much
smaller than those for fusion, yet here the total trans-
fer cross sections are only about a factor of two smaller
than the measured fusion cross sections. A suitable com-
parison with stable nuclei is not obvious, but perhaps
the nearest stable analog to the radioactive 8He nucleus
is 9Be. Of course, the parallel is not complete, as *Be
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only has a large 1n-transfer probability. However, Figure
20 of Ref. [3] shows that for somewhat lower energies—
still well within the Fresnel scattering regime—the 1n-
transfer cross section for the °Be + 2°8Pb system is al-
ready over an order of magnitude smaller than the fusion
cross section at energies a few MeV above the Coulomb
barrier. Thus, the present data underline previous con-
clusions concerning the influence of the specific structure
of 8He on its reaction mechanisms: the extra valence
neutrons lead to a dominance of transfer reactions, and
this dominance continues up to much larger energies than
would be inferred by extrapolating studies with stable
nuclei. A similar situation holds for He (see Fig. 10)
but with relatively smaller transfer cross sections com-
pared to 8He, strongly suggesting that the effect of cor-
relations among the valence neutrons is such that transfer
of these nucleons is favored over other reactions, includ-
ing to some extent the projectile breakup.

The feasibility of measuring absolute cross-sections us-
ing inclusive in-beam ~-ray measurements with 10° pps
ISOL radioactive beams has been demonstrated. Such
measurements have been made possible owing to very
good beam quality in conjunction with highly efficient
detector systems and open new possibilities for in-beam
reaction studies with low-intensity RIB at present and
future facilities.

The significant cross-sections for neutron transfers
with RIB at energies near the Coulomb barrier make
it a possible probe to investigate the structure of these
weakly-bound nuclei. For example, the relative cross-
sections for In and 2n transfer could provide an insight
into the spatial correlations of the valence neutrons in
Borromean nuclei and pairing properties. However, the
“double-Borromean” structure of 8He and the present
beam intensities prevent the individual determination of
1n and 2n transfer cross-sections using the kinematic cor-
relations suggested in Ref. [15]. Alternative experimental
approaches like that discussed in Ref [41] will be required
to explore new reactions involving Borromean nuclei in
more detail.
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