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Total reaction cross section for the 6He + 9Be system
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Elastic angular distributions of the 6He + 9Be scattering at Elab=16.2 and 21.3 MeV have been analyzed in the
context of the optical model. The projectile-target optical potential was calculated in a cluster model where the
contributions from the fragment target (α−9Be) and the dineutron target (2n−9Be) are separated and the latter
was searched to reproduce the experimental data. The total reaction cross sections for the 6He + 9Be system have
been obtained, and the error bars have been estimated considering the spread between the present optical model
and previous coupled channels and continuum discretized coupled-channels calculations. The cross sections
have been reduced and compared in a systematics involving tightly bound, weakly bound, and the exotic 6He
projectiles, all on 9Be target. An analysis of the enhancements observed in the total reaction cross section induced
by 6He on light, medium mass, and heavy targets is presented.
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Low-energy reactions induced by exotic neutron halo
projectiles such as 6He have been investigated over the last
years [1–7]. Elastic scattering measurements indicate that the
total reaction cross section of neutron halo projectiles such
as 6He [5,7,9], 11Li [8], and 11Be [6] on heavy and medium
mass targets is considerably higher than the cross sections of
stable projectiles on similar mass targets. Among the nuclei
investigated, three classes can be distinguished: the tightly
bound nuclei, which are normally double magic such as 4He
and 16O, present the lowest cross sections. The weakly bound
projectiles such as 6,7Li and 9Be present total cross sections
higher than the tightly bound but lower than the exotic ones.
Finally, the exotic 6He which presents the higher reaction
cross section. The reason for that enhancement lies in part,
in the fact that light exotic nuclei normally have a pronounced
cluster configuration and are weakly bound, in comparison
to their stable isobars. The 6He nucleus, for instance, has a
separation energy of 0.973 MeV to break up into an alpha
particle and two neutrons, whereas 6Li has a separation energy
of 1.47 MeV to break into an alpha particle and a deuteron.
Tightly bound nuclei such as 4He and 16O, on the other hand,
have a much higher breakup energy, ranging from 7 up to more
than 20 MeV. That low breakup threshold make reactions, such
as projeticle breakup, easy to occur even at low energies. In
addition, some neutron-rich exotic nuclei such as 6He present
a halo formed by loosely bound neutrons, which extends to
large distances from the core. These nuclei present a large
dipole polarizability, making them easy to break up even in
the Coulomb field of the target (Coulomb breakup). The effect
of the breakup in the Coulomb field is primarily to remove flux
from the elastic scattering in the forward angles region, around
the position of the Fresnel peak, enhancing the total reaction
cross section. This effect is important in the collision involving
heavy targets, because of the dependence of the Coulomb
breakup form factor with the target atomic number [10,11].
Then a question arises of what happens in collision between the
6He projectile and light targets, where the Coulomb breakup
becomes less and less important and even negligible [10,12].
There are indications that the enhancements observed in the

6He total reaction cross section, with respect to its weakly
bound partners 6,7Li, would be very much reduced or even
disappear in the case of lighter targets such as 27Al target [3].
More recently a systematic analysis of several systems indicate
that the enhancement for 6He + 12C is reduced with respect to
the heavy targets [13,14].

Here we present results for the 9Be target that complement
a recent work [15], where 6He + 9Be elastic angular distribu-
tions have been measured at two energies. In Ref. [15] the
angular distributions have been analyzed by two approaches:
coupled channels (CC), considering the coupling with excited
states of the target, and three-body and four-body continuum-
discretized coupled-channels (CDCC) calculations, which de-
scribe the effect of the coupling between the elastic scattering
and the projectile breakup channel. The basic ingredients of the
CDCC calculations are the optical potentials which are used to
describe the α-9Be and n-9Be scattering. Those potentials have
been obtained from the literature at the relevant energies and
consequently, no adjustment of parameters was performed.
In this sense, the CDCC calculations presented in Ref. [15]
can be considered as predictions for the elastic cross sections.
However, this approach does not give a complete description of
the 6He + 9Be scattering. The 9Be target is also a weakly bound
nucleus, with no bound excited states, and can easily break
up in the collision. In addition, one and two neutron transfer
processes between the projectile and target are expected to
play some role in the reaction mechanism [16]. Although the
target breakup is somehow taken into consideration in the
α-9Be optical potential used in the CDCC calculations, we do
not expect the CDCC to reproduce all features of the data.
In fact, the theoretical results (3b- and 4b-CDCC) presented
in Ref. [15] are in fair agreement with the data but, at the
higher energy, the agreement is not so good, mainly of the
4b-CDCC at backward angles. This may cast some doubts on
the reaction cross sections obtained from these CDCC and
CC calculations.

As a complete calculation, including the projectile and
target breakup, is beyond our present possibilities, we propose
here a different approach.
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TABLE I. Parameters of the optical model calculations. The calculation was performed with the folded potential [Eq. (1)] using the
parameters given below.

Elab Potential V0 r0 a0 W0 ri ai σreac Ref.
(MeV) (fm) (fm) (MeV) (fm) (fm) (mb)

α + 9Be 50.00 1.85 0.55 2.50 1.85 0.55 – [19]
2n + α 96.06 1.90 0.25 – – – – [17]

16.2 2n + 9Be 61.01 1.51 0.55 20.00 1.20 1.01 1513 –
21.3 2n + 9Be 21.41 1.51 0.54 10.02 1.35 1.56 1944 –

The idea is to obtain the best fit of the data, by adjusting
the parameters of an optical potential and then to look at the
reaction cross sections that come out. For optical potential,
however, we use the diagonal part of the CDCC cluster model
for the ground state which is given below:

Vopt = 〈
φ

(gs)
6He

∣∣V[2n+9Be] + V[α+9Be]

∣∣φ(gs)
6He

〉
. (1)

In this approach, the interaction between the projectile
6He and the target 9Be is separated into two contributions,
one for the fragment target (α-9Be) which is known and
another for the dineutron target (2n-9Be) which is unknown.
For the α-9Be system, we fixed a Wood-Saxon potential,
obtained empirically from experimental data (see Table I). The
(2n-9Be) component of the interaction, however, is unknown,
because there are no data for the di-neutron scattering. This
component, we parametrized by a Wood-Saxon shape, whose
six parameters have been freely varied to fit the data. As
far as we know this approach is new in pure optical model
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FIG. 1. (Color online) Elastic scattering angular distributions for
6He + 9Be at (a) Elab = 16.2 MeV and (b) Elab = 21.3 MeV. The
solid circles are the data and the solid lines are the results of the
optical model calculations using the folded potential shown in Table I.
These calculations have been convoluted with the experimental
resolution [15] and for comparison we also present the calculation
without convolution (dotted line).

applications and was used only in CDCC calculations where
no parameter adjustment is made.

The intrinsic projectile wave function (φ(gs)
6He ) was calculated

in the single-particle model, considering the two neutrons as a
single particle, bound to the α core with a separation energy of
1.6 MeV instead of the correct value 0.973 MeV. This modified
binding energy was first proposed by Moro in Ref. [17], as a
way to reproduce the exact three-body wave function of the
6He, and was adopted previously in several applications of
the CDCC model giving results close to the full four-body
model [1,2,15].

All the calculations have been performed using the com-
puter code SFRESCO, part of the code FRESCO [18]. The
results are shown in Fig. 1 by the solid line and the resulting
parameters for the (2n-9Be) potential are shown in Table I.
The optical model calculations reproduce quite well the overall
shape of the angular distributions. The oscillations have been
smoothed out considering the effect of the experimental
angular resolution, as explained in detail in Ref. [15]. The
calculation without the convolution with the experimental
angular resolution is represented by the dotted line. Some
ambiguity was observed between the parameters V0 and r0

of the (2n-9Be) potential presented in Table I. Equally good
fits can be obtained by increasing V0 and decreasing r0.
However, the total reaction cross sections, which are the
main goal of the present analysis, are very similar. We chose
the solution presented in Table I which preserves a similar
geometry (r0 and a0) for the two energies. The error bars of the
OM parameters that come out from the SFRESCO calculations
are very small—about 2% for r , and less than 1% for V0

and W0.
The total reaction cross sections obtained are presented

in Table II, together with the results from the CC and
CDCC calculations [15]. The CC and 3b-CDCC calculations
overestimate the elastic scattering cross sections in the forward
angle region, resulting in lower total reaction cross sections,
when compared to the present OM calculation.

To compare different systems, the total reaction cross
sections obtained from the present OM, and previous CC,

TABLE II. Total reaction cross sections in mb for OM, CC and
CDCC calculations.

Elab OM CC 3b-CDCC 4b-CDCC

16.2 1513 1445 1488 1643
21.3 1944 1449 1483 1648
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FIG. 2. (Color online) Reduced total reaction cross section for
different systems induced by exotic, weakly, and strongly bound
projectiles. The solid line is the result of a São Paulo potential
calculation for the 6Li scattering on 9Be target. Dashed and dotted
lines are a guide to the eyes.

3b-, and 4b-CDCC analysis [15] have been reduced using the
relations below [20,21]:

σred = σexp
(
A

1/3
1 + A

1/3
2

)2 , (2)

Ered = Ecm
(
A

1/3
1 + A

1/3
2

)

Z1Z2
. (3)

The goal of the reduction procedure is to allow the
comparison among different systems at different energies in
the same plot. This is done by rescaling the cross sections
and energies, taking into account the size and the different
Coulomb energies.

In Fig. 2 we compare the results for 6He and several other
light projectiles on 9Be target [16,22–31]. The reduced values
have been averaged over the different calculations (OM, CC,
3b-, and 4b-CDCC) and are plotted in Fig. 2 with an error
bar given by the standard deviations of the four calculations
included in the average (Table II). It is clear that systems
involving the 6He nucleus present a much higher reduced
reaction cross section compared to the stable double magic
4He nucleus. A surprising feature is the low-energy region
(Ered < 1.0) in Fig. 2, where most stable nuclei both weakly
or tightly bound have very similar behavior. This was already
observed for the 12C target in Ref. [13].

The question now lies in the comparison between the 6He
and other weakly bound 6,7,8Li and 7,9Be projectiles. Is there
any enhancement in the total reaction cross section or not and
how it depends on the mass of the target? Albeit the dispersion
in Fig. 2, there seems to be a sizable enhancement effect.

To investigate this point in more detail, the following
quantity was calculated:

�σ (%) = 100
σreac(6He) − σreac(6Li)

σreac(6Li)
, (4)

where σreac(6He) is the total reaction cross section induced by
6He, obtained from elastic scattering experiments for several
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FIG. 3. Comparison between the enhancements [Eq. (4)] in the
total reaction cross section for 6He and 6Li projectiles. The dashed
line is a guide to the eyes.

systems [2,3,5,6,9,32–34]. Only experimental data taken at
energies (Ered > 1.1 MeV) were selected and the ratios
have been calculated at the same reduced energies. This is
an important point because, at energies below the Coulomb
barrier, the cross sections drop down rapidly and it is difficult to
quantify the differences between exotic and stable systems. For
Ered > 1.1 MeV, however, the differences among the systems
seem to be less dependent on the energy and could be compared
in a more reliable way. The quantity σreac(6Li) was obtained
from optical model calculations using the standard São Paulo
potential (SPP) [35,36] and the results are shown in Fig. 2 by
the solid line.

In Fig. 3 we plot �σ (%) as a function of the mass of the
target. Considerable enhancements (60%) in the total reaction
cross section are observed for 6He scattering on heavier targets
such as 120Sn [2] and 208Pb [5,9]. This is expected from the
effect of the Coulomb breakup, which is important for the
scattering of neutron halo projectiles on heavy targets. For
6He + 9Be, on the other side, the situation is not so clear and
smaller enhancements, of about �σ = 22(7)% for 16.2 MeV
and 31(18)% for 21.3 MeV, are seen. The CDCC calculations
applied to the 6He + 12C system [32] also show an enhance-
ment of about 15% with respect to the weakly bound 6Li.

An interesting minimum in the enhancement is observed
for the 6He + 27Al system [3] and the possible origin of this
minimum requires further investigation.

The comparison of the reduced reaction cross sections
between weakly bound and exotic projectiles as a function
of the mass of the target is important because it allows one
to display effects other than the pure geometrical ones. As
explained before, enhancement effects in the total reaction
cross section induced by exotic projectiles are probably related
to their large breakup probabilities. The total breakup cross
section is the result of the interference between two processes,
Coulomb and nuclear breakups, and this interference can be
either constructive or destructive, as shown in Ref. [10]. For
heavy targets, both processes are important and interfere, but
for light targets the nuclear breakup dominates. The interplay
between Coulomb and nuclear breakup could then be assessed
by an analysis of the enhancements as a function of the mass
of the target.
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In summary, we performed optical model fits of the
6He + 9Be scattering, separating the contribution of the frag-
ment target and the dineutron target to the total projectile
target interaction, and adjusting only the unknown dineutron
target part. Very good fits of the angular distributions have
been obtained and the resulting 2n-9Be potential presents a
long-range diffuseness in the imaginary part.

A comparison among reduced reaction cross sections
induced by several weakly bound stable projectiles 6,7,8Li
and the exotic 6He on the light 9Be target indicate a possible

increase in the total reaction cross section for the 6He case, with
respect to their weakly bound partners. This enhancement is of
the order of twice the estimated error bars of the cross sections
and was seen in the 6He + 9Be scattering at three energies and
in the 6He + 12C system.
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