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Abstract

Cross sections for the elastic scattering of6He radioactive nuclear beam on proton targets have been measured at 38.3
MeV/nucleon. With a view to test the ability of general optical potentials to reproduce the data for scattering of unstable
nuclei, the present results, as well as other existing data for6,8He, have been analyzed within the framework of the microscopic
Jeukenne–Lejeune–Mahaux nucleon–nucleus potential. The angular distributions were found to be best reproduced by reducing
the real part of the optical potential. This renormalization can be seen as a consequence of the complex polarization potential
produced by the coupling to the continuum due to the weakly bound nature of the unstable nuclei. This effect can be simulated
in a phenomenological analysis by a surface potential. 2001 Published by Elsevier Science B.V.
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The weak binding of light neutron-rich nuclei leads
to “exotic” features such as halos [1,2]. Nuclei such
as6He exhibit much larger sizes than expected based
on the short-range properties of the strong interac-
tion. The halo is a direct consequence of the weak
binding energies of the valence nucleons (S2n{6He} =
975 keV), which allows the wave functions to extend
far from the core potential. The nucleus6He is the pro-
totypical example of a two-neutron halo.

For reactions involving this nucleus, couplings to
the continuum are expected to play a significant
role since the scattering states are much closer to
the continuum states than in stable nuclei. As such
the standard description in terms of well separated
bound states from continuum states is no longer valid.
In pioneering work describing the microscopic fold-
ing analysis of nucleus–nucleus elastic scattering [3],
Satchler and Love proved that it was necessary to re-
duce the real part of the optical potential to repro-
duce the data involving light, weakly bound nuclei,
such as6Li and 9Be [3]. This renormalization was
attributed directly to the coupling to the continuum
states, favoured by the weak binding energy of these
nuclei [4]. These effects are not taken into account in
approaches employing optical potentials [5].

Nucleus–nucleon elastic scattering can be described
using the complex microscopic JLM potential [6]
which only depends on the scattering energy and
on the neutron and proton densities of the nucleus.
The potential is deduced from calculations in infi-
nite symmetric nuclear matter with the Brueckner ma-
trix including the Reid hard-core nucleon–nucleon
interaction. For nucleon energies up to 160 MeV,
the nucleus–nucleon potential is obtained by apply-
ing the local density approximation. In the case of
stable nuclei, this approach reproduces successfully
a large range of proton and neutron elastic scatter-
ing angular distributions [7]. For light nuclei, it was
demonstrated [8] that the JLM potential could repro-
duce the data by renormalizing the imaginary poten-
tial (λW ∼ 0.8) and without any renormalization of the
real part (λV = 1). This prescription will be referred to
below as the “standard JLM”.

As an example of the validity of the JLM potential
for the light nuclei we present in the Fig. 1 our analy-
sis for the elastic scattering of7Li(p, p) measured at
24.4 MeV [9] and of p(7Li, 7Li) at 65 MeV [10]. The
JLM potential is calculated with a simple Gaussian

Fig. 1. Cross sections for the7Li + p elastic scattering compared to
calculations using the JLM potential. Data are from Ref. [9,10].

form for the 7Li proton and neutron densities. Their
root mean square (rms) radii are 2.279 and 2.441 fm,
respectively, as given in Ref. [3]. The data at the two
energies are well reproduced by the standard JLM po-
tential. A set of elastic data of light nuclei on pro-
tons was presented in a previous article [11], includ-
ing 6He. The microscopic JLM optical potential was
used to perform the calculations of the elastic poten-
tial. For comparison, the CH89 parametrization [12]
was also used. CH89 is a phenomenological optical
potential which uses standard form factors for the po-
tential, with the depth and geometry determined by fit-
ting a large amount of differential cross sections for
proton and neutron elastic scattering on nuclei with
mass numbers ranging from 40 to 209 and in the en-
ergy domain of 10–65 MeV. The data were well repro-
duced using both potentials provided that the real part
was reduced or the imaginary part enhanced. This was
attributed to the couplings necessary for the weakly
bound nuclei. Importantly, however, the two renormal-
izations (real or imaginary) led to very different cross
sections at large angles. Unfortunately, the data did
not extend to large enough angles to allow the correct
renormalization to be identified.

It is then necessary to extend to large angles the
previous measurements that were limited to 40◦ c.m.
(center of mass) for6He.

In this spirit we have remeasured cross sections for
elastic hydrogen (polypropylene) target. The differen-
tial cross sections were measured from 1.35◦ to 8.55◦
in the laboratory. The c.m. angle range covered was
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from 9.5◦ to 71.5◦. It has thus proven possible to in-
vestigate more comprehensively the effect of the weak
binding on the elastic scattering and to test the valid-
ity of the general nucleus–nucleon optical potentials.
The experiment was undertaken at the GANIL coupled
cyclotron facility. The6He secondary beam was pro-
duced by fragmentation of a 75 MeV/nucleon primary
13C beam on a carbon production target located be-
tween the two superconducting solenoids of the SISSI
device [13]. The secondary beam was purified with
an achromatic degrader set in the beam analysis spec-
trometer [14]. The6He beam was produced at an en-
ergy of 38.3 MeV/nucleon and an intensity of 105

pps (particles per second). Elastic angular-dependent
cross sections of6He projectiles that were scattered
from a 10 mg/cm2 thick polypropylene target (CH2
CHCH3)n (density 0.896 g/cm3) were measured with
the SPEG dispersion-matched energy-loss spectrome-
ter [15]. The scattered particles were identified at the
focal plane by the energy loss measured in an ionisa-
tion chamber and the residual energy measured in a
thick plastic scintillator. The momentum and the angle
after the target were obtained by track reconstruction
of the trajectories as determined by two drift chambers
straddling the focal plane of the spectrometer. The po-
sition and incident angle of the projectiles on the tar-
get were determined event-by-event using two posi-
tion sensitive detectors located upstream of the target.
The scattering angle was then calculated by taking into
account the incident angle.

The polypropylene target contains both hydrogen
and carbon nuclei allowing a simultaneous measure-
ment of the cross sections on12C and protons. Owing
to the good energy resolution of the SPEG spectrome-
ter (	E/E = 10−3), the elastic scattering data did not
include contamination from scattering to the12C ex-
cited states. Cross sections on12C are dominated at
small angles by Coulomb deflection, so the calcula-
tion at these angles is not sensitive to the nuclear po-
tential. Consequently, all calculations lead to the same
first maximum of the angular distribution, thus pro-
viding an absolute normalization for the data on12C,
and as a result on the protons. The normalization er-
ror which results from the uncertainties due to the tar-
get thickness, the number of incident particles and the
acceptance of the detection system is thus negligible
compared to the statistical one. The data for the elastic
scattering of6He on protons are presented in Fig. 2. In

Fig. 2. Cross sections for the6He+ p elastic scattering at 38.3
MeV/nucleon compared to calculations using the JLM potential.
The full circles correspond to the present data. The open circles
are the data measured at 41.6 MeV/nucleon in a previous experi-
ment [11].

the figure, the uncertainties are statistical. The binning
of the data presented in Fig. 2 corresponds to the an-
gular resolution of the measurement, which is equal
to 0.3◦ in the laboratory system. In the c.m. frame,
the spacing between points is of the order of 2.1◦ at
the smaller angles (from 9.5◦–11.6◦) and increases
to 4◦ c.m. for the final angles (67.4◦–71.5◦) due to
the kinematics. First, the elastic scattering is calcu-
lated with the JLM potential. In a three-body model
[16], 6He can be described as a tightly bound alpha
particle plus two valence neutrons. The6He density
used in the JLM calculation was a three-body density
with a matter rms radius of 2.55 fm, which is close
to the value obtained in the three-body model analysis
[17] of the elastic scattering of6He by protons at 700
MeV/nucleon [18]. All theoretical curves are folded
with the experimental angular resolution. In the angu-
lar range from 15◦ to 50◦ c.m., there is a large dis-
crepancy between the standard JLM curve (λv = 1 and
λW = 0.8) and the data.

To improve the agreement with the data, we tried
two approaches. First we normalized the real part of
the nuclear potential by a factorλv = 0.8 (λW = 0.8);
then we normalized the imaginary part byλW = 1.4
(keepingλv = 1.0). The JLM analysis is presented in
Fig. 2.
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Fig. 3. Cross sections for the6He+ p elastic scattering compared
with calculations using the CH89 potential (dashed line) and taking
into account a complex polarization potential (solid line). The
parameters of the DPP are given in the text.

The angular distributions of6He on protons are bet-
ter reproduced when the real part of the JLM poten-
tial is reduced (Fig. 2), with a factor 0.8. The ori-
gin of this effect was discussed in Ref. [5] and may
be explained within the theory developed by Fesh-
bach [19]. According to this theory, the interaction
potential should be written asU = V + Upol where
V is the usual real potential andUpol is the dynami-
cal polarization potential (DPP).V can be seen as the
folding potential or the elastic potential described by
microscopic or phenomenological models. It includes
only the interaction between the projectile and the
target ground states.Upol is complex, non-local and
energy-dependent, it arises from couplings to inelastic
channels. WithUpol = Vpol + iWpol, the total optical
potential can be written asU = V + Vpol + iW with
W includingWpol. For well-bound nuclei, the excita-
tion probability during the elastic scattering is weak,
and the main contribution is imaginary, represented by
the usual phenomenological imaginary partW which
is added to the realV to form the optical potential.
For weakly-bound nuclei, the enhancement of the cou-
pling to the continuum leads to a greater influence of
Upol and then to the reduction of the real part of the nu-
clear potential. This corresponds to the effect observed
in 6He+p scattering, as analyzed using the JLM po-
tential (Fig. 2).

We now want to obtain a simple expression of the
DPP for the elastic6He+p potential. A complex sur-
face potential, with a repulsive real part, is expected
to simulate the surface effects generated by the polar-
ization potential [4]. Microscopic features of the DPP
were obtained in Ref. [20] in the case of the system
11Li + 12C, and this study indicated the general behav-
ior of the DPP, that was used in Ref. [21] to represent
the DPP in a very simple way. As in Ref. [21], we
have adopted a potential of Woods–Saxon first deriva-
tive shape, with radius parameterR0 = 0:

Upol = − (Vpol + iWpol)exp(r/apol)

[1+ exp(r/apol)]2 .

Its parametersVpol, Wpol andapol are adjusted on the
data. Since the effect of the coupling corresponds to
the reduction of the total interaction potential, the re-
sulting DPP is expected to be repulsive. The DPP writ-
ten above has a very simple shape and no microscopic
inputs. The objective here is only to show that a phe-
nomenological DPP, added to the elastic potential, can
account for the effects of the couplings induced by
the weak binding energy of the nucleus6He. Then,
in the following analysis, instead of the JLM poten-
tial used before, we have adopted for simplicity the
CH89 optical potential parametrization [12] and the
DPPUpol described above is added to the CH89 po-
tential for the6He+p reaction at 38.3 MeV/nucleon
[22]. This will provide the complete parametrization
of the 6He+p potential, useful to predict cross sec-
tions. Moreover, this parametrized potential can be
compared easily with potentials given for other weakly
bound systems. With the sign conventions of CH89
(its real part is written−V/(1+ exp[(r −R)/a]) with
V > 0) the parameters of the DPP areVpol = −47.2
MeV, Wpol = −4.4 MeV andapol = 1.33 fm. Since the
sign of
eUpol and�mUpol is positive, the DPP added
to CH89 reduces the interaction potential. The elas-
tic cross sections are then calculated with the ECIS97
code [23]. The result for the6He+p system is given in
Fig. 3. As for the JLM, the CH89 potential alone does
not allow the data below 40◦ (dashed line) to be repro-
duced. But if we take into account the effects gener-
ated by the polarization potential, and use the DPP, the
6He+p data are well reproduced (solid line). A sim-
ilar analysis, using the repulsive DPP, could be done
with the JLM potential, instead of the CH89 potential.
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Fig. 4. The present6He+ p data (GANIL) together with data
obtained at Dubna [25] and at Riken [26]. The lines are the results
of calculations using the JLM potential.

Both the phenomenological DPP and the normal-
ization procedure applied to the JLM potential for
6He+p at 38.3 MeV/nucleon have reproduced the
data. The DPP was studied in Ref. [24] for the elas-
tic scattering of the weakly bound11Li on 12C at
60 MeV/nucleon, and it was shown that the two ap-
proaches were not equivalent to describe the scattering
refractive patterns at larger angles. Here, for the elastic
scattering on protons, both methods provide a global
description of the decrease in differential cross sec-
tions related to the coupling to the continuum, and for
an angular range up to 70◦. To confirm our findings,
we have reanalyzed other proton elastic scattering data
for 6He projectiles that were measured at Dubna [25]
and Riken [26]. As seen in Fig. 4, the renormalization
by a factor of 0.8 (solid line) of the real part of the JLM
potential also allows the sets of data for6He, obtained
at 25 and 71 MeV/nucleon, to be reproduced.

We now consider the nucleus8He and the data taken
at Riken [26]. Here we are dealing with a weakly
bound nucleus (S4n = 3.1 MeV), with no bound ex-
cited states and low-lying resonances [27,28]. As done
for the 6He+p scattering, it is possible to repro-
duce these8He+p data using a phenomenological
DPP [29], with the same shape as presented previ-
ously. Within the five-body COSMA model [28],8He
is described as an inert alpha core with four valence
neutrons occupying a full 0p3/2 subshell and constitut-

Fig. 5. Cross sections for the8He+ p elastic scattering. The lines
are the results of calculations using the JLM potential.

ing a neutron skin. With the same normalization proce-
dure of the JLM potential adopted in the case of6He,
elastic scattering of8He on protons [26] at 32, at 66
and at 73 MeV/nucleon has been analyzed using the
COSMA densities [28] that yield an8He matter rms
radius of 2.52 fm. The calculations reproduce success-
fully the data (Fig. 5) at 73 MeV/nucleon, provided
that the real part of the potential is renormalized by
0.8. At 32 and 66 MeV/nucleon, the statistical quality
of the data is quite low and we can only conclude that
data are consistent with such a renormalization.

Recently, a description of the elastic scattering of
9Be (its threshold to one neutron emission is very
low Sn = 1.67 MeV) was successfully undertaken
with the reduction of the elastic potential by a fac-
tor of ∼ 40% [30]. Such a reduction may also in-
fluence inelastic scattering and fusion reactions, and
may explain why the data for fusion in the system
9Be+ 209Pb reported in Ref. [31] are overestimated by
the calculations. This phenomenon was underlined in
Ref. [3] and theoretically demonstrated in Ref. [4] for
the elastic scattering of stable weakly bound nuclei: it
was shown that coupling to the continuum for6Li pro-
duces a surface reduction of the usual elastic potential.

As a consequence of the causality principle, a dis-
persion relation links the energy dependencies of the
real and the imaginary parts of the optical potential,
as explained in Ref. [32]. Through these relations, the
dispersive contribution which arises from the coupling
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between the elastic and non-elastic channels can be
evaluated, as done in Ref. [33]. It can be expected that
these dispersion relations should constrain the DPP.
Nevertheless, it was shown that the weakly bound sys-
tems may not display the same features, concerning
these relations, as the stable nuclei do. It has been es-
tablished for many systems of stable nuclei that the
energy dependence of the elastic potential around the
Coulomb barrier is described by the dispersion rela-
tions and corresponds to the so-called threshold anom-
aly [34,35]: a localized peak in the strength of the real
part V , around the Coulomb barrier, associated to a
sharp increase with energy near the threshold in the
imaginary partW . But in the case of weakly bound
nuclei, the absence of the anomaly was theoretically
discussed by Mahaux, Ngô and Satchler [32]: cou-
plings between break-up and elastic channels gives
rise to a large repulsive real polarization potential and
to a weak imaginary potential, that is almost energy
independent. Recently, potentials have been deduced
from the elastic scattering data involving the weakly
bound nucleus6Li, and the absence of the anomaly
was shown [36,37]. Therefore, since the loosely bound
systems may not display a threshold anomaly, we can-
not base upon the dispersion relations to get the cor-
rect behavior for the DPP. Elastic scattering data are
needed to deduce the interaction potential at the right
energy.

In summary, we have measured elastic scattering
by protons of the radioactive neutron-rich nucleus
6He. The interaction potential between the nucleus
and protons was calculated within the framework of
the JLM optical potential. It was demonstrated that a
normalization factor on the real potential was needed
to reproduce the data. This suggests that the coupling
of the ground state to possible low lying resonant
states in the continuum predominantly affects the real
part of the potential. A complex surface potential, with
a repulsive real part, was added to the CH89 optical
potential to simulate the surface effects generated by
the polarization potential. The features deduced for
the polarization potential are in agreement with the
theoretical work made by Y. Sakuragi [4]. Here, we
have shown that it is a more general effect, and proven
that the weak binding of nuclei far from the valley of
stability results in an increase of the couplings to the
continuum, which in turn leads to an enhancement of
the polarization potential and then to the decrease of

the real part of the elastic potential. Our data would
require a precise treatment of the polarization potential
through an explicit calculation of the coupling, as
done with the continuum discretized coupled channel
methods [4]. But this involves the knowledge of the
couplings to low-lying resonant states of the system
for which additional data are needed. These effects
must be taken into account in the study of reaction
mechanisms at low energy.
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