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Dipole polarizability of 6He and its effect on elastic scattering
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The elastic scattering of6Li and 6He by 208Pb at energies in the vicinity of the Coulomb barrier is studied
by means of continuum-discretized coupled-channels calculations. It is shown that the strong reduction of the
6He1208Pb elastic scattering cross section at forward angles is caused by long-range dipole Coulomb excita-
tion of the projectile. The role of breakup in the fusion of halo nuclei is also discussed.
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It is expected that the dipole excitation of6He in the field
of a highly charged nucleus should proceed with a la
probability. This excitation mode occurs because the t
halo neutrons are well separated from the charged core
the center of charge and the center of mass of the6He
nucleus do not coincide. For energies in the vicinity of t
Coulomb barrier, the dipole excitation is dominated by t
long-range Coulomb force. For nuclei with a low break
threshold, the effect of projectile excitation is to lower t
elastic scattering cross section at small angles, and so thE1
excitation of 6He should be observable as a reduction of
elastic scattering cross section. This consequence of its
pole polarizability was first predicted for scattering of t
halo nucleus11Li from 208Pb by Andrés et al. @1#. Coupled-
channels calculations performed by Sakuragiet al. @2# con-
firmed this effect.

One very good opportunity to observe the effect of t
dipole polarizability of 6He is to compare its elastic scatte
ing from a heavy target with that of the6Li nucleus, whose
dipole polarizability should be very small. The two-bod
cluster model of Buck and Pilt@3# gives dipole reduced tran
sition probabilitiesB(E1) identically equal to zero for an
a1d cluster. As6Li is very well described by such a cluste
picture, any residual dipole polarizability in6Li will be very
weak. Therefore, a comparison of similar experimental d
for both nuclei, e.g., elastic scattering cross sections, sh
reveal any differences caused by the strong6He dipole po-
larizability. Both nuclei are of similar size and the bindin
energy of6Li is only slightly larger than that of6He. While
6Li has a well developeda1d cluster structure and6He is a
three-bodya1n1n object, the three-body wave function o
the 6He ground state has a dineutron (2n) component that
dominates the tail of this wave function@4#, giving rise to an
a12n cluster structure. Because low energy6He scattering
by a heavy target is only sensitive to the tail of the6He
ground state wave function, the dineutron component sho
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be the dominant feature of this wave function. Therefore, o
would expect that the two-body dineutron model of6He
should account for most of the effects observed in such s
tering.

There are many scattering datasets available for6Li but
very few for 6He. At present, the only available elastic sca
tering data for6He by a heavy target at near-barrier energ
are the 6He1209Bi data of Aguileraet al. @5#, which are
insufficiently accurate at forward angles to test the effect
dipole polarizability. Recently, however,6He elastic scatter-
ing by 208Pb was measured at the Cyclotron Research Ce
in Louvain-la-Neuve at an incident energy of 29.6 MeV. T
experiment was part of a campaign~by the PH-114 Collabo-
ration @6#! in which the elastic scattering of6He by different
targets was investigated; details are given in Ref.@7#. The
6He1208Pb data are shown in Fig. 1 as the open circles. T
angular distribution of the elastic scattering cross section~ra-
tio to Rutherford cross section! does not exhibit a Coulomb
rainbow, in contrast to the6Li1208Pb scattering at a simila
energy relative to the Coulomb barrier. In order to acco
for the different Coulomb barriers of the6He1208Pb and
6Li1208Pb systems, we have compared elastic scatte
data where the ratio of the c.m. energy to the nomi
Coulomb-barrier energy,Ec.m./EC, is approximately the
same. The nominal Coulomb-barrier energy was taken to
20.75 MeV for 6He1208Pb and 31.13 MeV for6Li1208Pb.

In a recent publication@9#, we have shown by means o
continuum-discretized coupled-channels~CDCC! calcula-
tions that the absence of a distinct Coulomb rainbow
7Be1208Pb scattering is caused by the low breakup thre
old of the projectile. Based on this conclusion, we wou
predict that 6He, with ana12n breakup threshold lowe
than thea13He one of 7Be, should have elastic scatterin
angular distributions for near-barrier energies from a he
target such as208Pb which show a lack of a Coulomb rain
bow. In this paper we present the results of CDCC calcu
tions for 6He1208Pb and6Li1208Pb in order to test whethe
this conclusion is supported by detailed model calculatio

The present CDCC calculations for6Li, which include
couplings to the resonant and nonresonant excited state
©2003 The American Physical Society04-1
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this nucleus, are only slightly modified in comparison w
the calculations performed previously for6Li1208Pb
breakup@10#. The discretization of thea1d continuum was
slightly changed and also the depths of thea1d binding
potentials for theL52 nonresonant states were taken to
the same as the depths of the potentials for the correspon
resonances. The inputa1208Pb andd1208Pb optical model
potentials are the same as in Ref.@10#.

For 6He, the dineutron model of Ref.@11# was assumed
with the continuum truncated at momentumk50.85 fm21.
The inputa1208Pb and dineutron1208Pb optical model po-
tentials were taken to be the same as the corresponding
tentials used for6Li. The potential binding the dineutron
cluster to thea core used the set II parameters of Rus
et al. @11#. The coupled equations were integrated up toR
5260 fm for the lowest laboratory energy of 19 MeV. Ca
culations at a still lower energy would require a much larg
model space and therefore were not performed. For the h
est energy of 143.4 MeV the integration was carried out
to R535 fm. The calculations were performed by means
the codeFRESCO, version FRXP.18@12#.

In Fig. 1 the results of the CDCC calculations for6Li
1208Pb elastic scattering at a laboratory energy of 42 M
and for 6He1208Pb at an energy of 29.6 MeV are plotted b
the solid curves. The calculation for6Li fits very well the
experimental data of Gemmekeet al. @8#. The dotted curve
shows the result of a one-channel calculation which does
include breakup effects. Inclusion of the projectile break
by means of the CDCC method damps the rainbow osc
tions and, at larger scattering angles, enhances the el
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FIG. 1. Comparison of the angular distributions of the differe
tial cross section~ratio to Rutherford cross section! for elastic scat-
tering of 6He ~open circles! and 6Li ~filled circles! by a 208Pb
target. In order to account for the different Coulomb barriers
data are compared at similar values of the ratio of c.m. energy to
nominal Coulomb barrier energy, 1.39 for6He and 1.31 for6Li.
Experimental data are from Refs.@7,8#. Solid curves show the re
sults of the full CDCC calculations while the dotted and dash
curves show the results of one-channel calculations for6Li and
6He, respectively. Note the linear cross section scale.
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scattering cross section in a way similar to a reduction of
real part of the optical potential. For6He, the difference
between the one-channel calculation plotted as the das
curve and the CDCC calculation shows a very large eff
from 6He breakup, which, at scattering angles larger th
50°, has the same nature as for6Li. However, at more for-
ward angles, the effect is much larger than that for6Li. It
damps completely the rainbow oscillations and considera
reduces the elastic scattering cross section. This is simila
the effect of an increase in the imaginary part of the opti
potential.

The origin of this strong reduction was investigated in
series of test calculations. The results are presented in Fi
When theE1 excitations were omitted from the couplin
scheme, the effect of the6He breakup was similar to that fo
6Li. The dotted curve in Fig. 2 represents the result o
CDCC calculation withoutE1 excitations. Clearly, the origin
of the large reduction of the elastic scattering cross sec
can be attributed to the dipole polarizability of6He. The fact
that the6He nucleus is very weakly bound makes this effe
larger. The dot-dashed curve shows the result of a CD
calculation with the binding energy of6He increased to tha
of 6Li. In the latter case, the effect of the dipole polarizab
ity is reduced but it is still large.

A comparison with the experimental data for the6He
1208Pb breakup would provide an important test of o
CDCC calculations. Currently such data are not availab
The two-neutron removal cross section for this scatter
system was recently measured by Wanget al. @13# at a labo-
ratory energy of 143.4 MeV. Although the dineutron mod
used by us may not work well at this high energy, we d
cided to perform a test calculation. The measured value
the two-neutron removal cross section was 17006100 mb
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e
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FIG. 2. Angular distribution of the differential cross section~ra-
tio to Rutherford cross section! for 6He1208Pb elastic scattering
The solid and dashed curves show the results of calculations a
Fig. 1. The dotted curve corresponds to a CDCC calculation w
E1 excitations switched off. The result of a CDCC calculation w
the binding energy of6He increased to 1.5 MeV is indicated by th
dot-dashed curve.
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while the CDCC calculation gave 1130 mb for the6He
→ a12n breakup. Taking into account the possible sho
comings of the dineutron model and that processes other
the direct6He breakup can contribute to the measured cr
section, this agreement is quite reasonable. The calcul
total reaction cross section was 4940 mb while the meas
value by Warneret al. @14# was 45106100 mb in the labo-
ratory energy range 138–378 MeV.

There is a long-running discussion as to how breakup
fects the fusion cross section of weakly bound nuclei. It w
shown @15# that the breakup process can be simulated
one-channel calculations by a repulsive polarization pot
tial, which, for heavy targets, may enhance the elastic s
tering cross section and lead to the reduction of the fus
cross section. On the other hand, there are suggestions@16#
that in the case of halo nuclei the breakup effectively redu
the barrier and leads to the enhancement of the fusion c
section. Experimentally, the suppression of the fusion cr
section due to breakup was reported recently for6,7Li
1209Bi by Dasguptaet al. @17#, while Kolataet al. @18# ob-
served a large enhancement of the6He1209Bi fusion cross
section at sub-barrier energies in comparison with model
culations. This enhancement was also reported for6He
1238U by Trottaet al. @19#.

The mechanisms of the6Li and 6He breakups in the field
of a lead target are different. The breakup of6He is domi-
nated byE1 transitions to the continuum while6Li breaks
up into a1d by means of quadrupole couplings to the res
nant and nonresonant states. These quadrupole coupling
driven mainly by nuclear forces. Therefore, the break
cross section for6He is much larger than the breakup cro
section for 6Li. Thus, a comparison of the fusion cross se
tions for the6Li1208Pb and6He1208Pb systems should pro
vide some information on the role of breakup in the fusi
process. On the other hand,6Li and 6He differ in binding
energies and this difference may also influence the fus
cross section. In order to investigate fusion, we have p
formed CDCC calculations for both scattering systems a
few energies around the Coulomb barrier. The fusion cr
section was extracted from the CDCC calculations using
method described in our previous paper@9#. From the CDCC
calculations an effective potential~bare plus polarization po
tential! was obtained for each of the investigated syste
This effective potential was then used to calculate the fus
cross section by means of the barrier penetration model.
results are presented in Fig. 3.

At present, no experimental data are available for the
sion of 6Li or 6He with 208Pb around the barrier. Howeve
for 6He there is a dataset for the neighboring target209Bi
@18# and these data are plotted in Fig. 3. The dashed
dot-dashed curves show the results of calculations for6He
and for 6Li, respectively, with the breakup couplings om
ted. The difference between the calculated fusion cross
tions for both projectiles can be attributed to their differe
binding energies or to the halo structure of6He. However,
when the breakup couplings were included, this large dif
ence was canceled by the breakup effects. The fusion c
sections were reduced, as shown by the solid~for 6He) and
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dotted~for 6Li) curves, and this reduction was much larg
for 6He than for6Li. As a result, the calculated fusion cros
sections for both projectiles are very similar, reflecting th
similar sizes. Above the barrier the cross section for the m
strongly bound nucleus6Li is slightly larger while below the
barrier the cross section for the more loosely bound6He
becomes larger. We have observed a very similar effec
our previous comparative studies of the7Li, 7Be1208Pb sys-
tems@9#.

In summary, we have performed realistic CDCC calcu
tions for 6Li and 6He scattered by208Pb at energies aroun
the Coulomb barrier. The calculations reproduced well
angular distributions of the differential cross section for el
tic scattering. We have shown that the large reduction of
differential cross section for6He1208Pb elastic scattering a
forward angles is caused by the large dipole polarizability
the halo nucleus in the Coulomb field of the heavy targ
Dipole excitation to the continuum is the dominant influen
on the elastic scattering of6He by 208Pb, and the low6He
→a12n threshold energy enhances this effect. For the
sion, the effect of breakup cancels the differences aris
from the different binding energies and the calculated fus
cross sections for6He and 6Li with a lead target are very
similar. Our results suggest that the effect of the6He dipole
polarizability could be seen in the fusion cross section be
the barrier, when compared with the fusion cross section
6Li on the same target. In order to study these effects
more detail, we propose a series of experiments to mea
accurate elastic scattering angular distributions for6He
1208Pb at energies in the vicinity of the Coulomb barrier
well as fusion cross sections for both projectiles with a le
target.

The authors thank Professor J. J. Kolata for provid
numerical values of the6He1209Bi fusion cross section.
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FIG. 3. Comparison of the calculated fusion cross section
6He1208Pb with the experimental data measured by Kolataet al.
@18# for a 209Bi target. The results of the CDCC calculations a
plotted by the solid curve while the results of the one-channel
culations are plotted by the dashed curve, as in Figs. 1 and 2. Do
and dot-dashed curves show the results of CDCC and one-cha
calculations, respectively, for6Li1208Pb.
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