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Elastic scattering and transfer in the 6He¿209Bi system below the Coulomb barrier
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The interaction of6He with 209Bi has been studied over a range of energies well below the nominal
Coulomb barrier. A4He group of remarkable intensity, first observed in a previous experiment at near-barrier
energies, continues to dominate the reaction in the sub-barrier regime. A total cross section of nearly 200 mb
was measured for this group at 6 MeV below the barrier. This very large value is shown to be consistent with
the total reaction cross section deduced from a simultaneously-measured elastic scattering angular distribution.
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In a recent Letter@1#, we reported the discovery of a
exceptionally strong 4He group resulting from transfe
and/or breakup modes in the interaction of the exotic ‘‘B
romean’’ @2# nucleus6He with a 209Bi target. The integrated
cross section of this group far exceeds the total fusion y
@3# in the region of the barrier. The sum of the fusion pl
‘‘breakup/transfer’’ yield saturates the total reaction cro
section predicted from an analysis of simultaneous
measured elastic scattering angular distributions. In view
the large magnitude of the4He yield near the barrier, we
have extended the measurement to energies that are we
low the nominal barrier. In the present work, we report
excitation function for ‘‘breakup/transfer’’ down to a cente
of-momentum~c.m.! energy of 14.3 MeV, which is approxi
mately 6 MeV below the nominal Coulomb barrier of th
6He1209Bi system. The results confirm the highly
anomalous nature of this process.

The experimental method has been discussed in Ref.@1#.
The 6He beam was produced by theTwinSol radioactive
nuclear beam~RNB! facility at the University of Notre Dame
@4#. Two large superconducting solenoids act as thick len
to collect and focus the secondary beam of interest on
spot that is typically 5 mm full width at half maximum
~FWHM!. The primary beam was7Li at an energy of 27.5
MeV, incident on a gas target with a 2mm Havar entrance
window. The cell was 2.5 cm long and contained He gas
pressure of 1 atm to cool the exit window, a 12mm foil of
9Be in which 6He is produced via the9Be(7Li, 6He) proton
transfer reaction. Primary beam currents of up to 300 p
were available, resulting in a maximum6He rate of 105 s21.
The secondary beam flux was calibrated by inserting a
DE-E telescope at the secondary target position and red
ing the intensity of the primary beam by 3 orders of mag
tude, so that the6He particles could be directly counte
while at the same time the primary beam current was m
sured in a Faraday cup. The secondary beam was cont
nated by ions having the same magnetic rigidity as the
0556-2813/2001/63~6!/061603~4!/$20.00 63 0616
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sired 6He beam. This contamination was reduced by plac
an 8 mm Havar foil at the crossover point between the tw
solenoids. Differential energy loss then helps to elimin
unwanted ions from the beam prior to the secondary tar
which was a 3.2 mg/cm2 Bi layer evaporated onto a
100 mg/cm2 polyethylene backing and oriented so that
normal was at 12° to the beam. The remaining contamin
ions were identified by time-of-flight~TOF! techniques. The
TOF of the particles was obtained from the time differen
between the occurrence of the secondary reaction and th
timing pulse from a beam buncher. The time resolution
better than 3 ns~FWHM! was adequate to separate6He from
all contaminants, except for3H which has the same mass-to
charge ratio and therefore the same velocity as6He. How-
ever, it was shown in Ref.@1# that the3H contaminant does
not produce events in the energy region of interest for t
experiment. The initial laboratory energy of the6He beam
was 19.4 MeV. This was reduced to lower values via ene
loss in various combinations of 30mm polypropylene and
51 mm Mylar foils. In all cases, the energy resolution of th
beam was approximately 1.5 MeV FWHM.

The reaction events were detected with five SiDE-E tele-
scopes placed at various angles on either side of the be
Each telescope had a circular collimator that subtende
solid angle of 13 msr, corresponding to an effective angu
resolution of 6°~FWHM!, computed by folding in the ac
ceptance of the collimator with the spot size and angu
divergence of the beam. As in the previous work@1#, we
observed a strong, isolated group of4He ions at a meanQ
value of about22.5 MeV. The angular distributions ob
tained for this group~see Fig. 1 for an example! are broad,
approximately Gaussian in form, and agree quite well w
those reported in Ref.@1#, where overlapping data exis
They are also similar in shape to those recently measured
6Li1208Pb near the barrier@5#. The total reaction cross sec
tions, obtained by summing the angle-integrated4He yield
©2001 The American Physical Society03-1
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with the fusion cross section deduced from the data repo
in Ref. @3#, are shown in Fig. 2. The highest-energy po
comes from the previous experiment; apart from this o
and the point at 18.6 MeV, fusion makes a negligible con
bution to the total reaction cross section. For example,
fusion cross section at 17.3 MeV~obtained from an extrapo
lation of the data shown in Ref.@3#! is only 6% of the total
cross section at this energy; the fractional contribution
lower energies is even smaller. Remarkably, the ‘‘trans
breakup’’ yield is still nearly 200 mb at a c.m. energy of 14
MeV, which is about 6 MeV below the nominal barrier.
contrast, the6Li1208Pb cross section is already below 10 m
at a similar energy relative to the barrier@6#.

Simultaneously-measured elastic scattering angular di
butions confirm the remarkable behavior of the total react
cross section discussed above. These distributions are sh
in Fig. 3. The 21.4-MeV angular distribution is taken fro
Ref. @1#, and the 18.6-MeV point from this reference w

FIG. 1. Angular distribution atEc.m.518.6 MeV. The curve is a
Gaussian fit to the data, and the filled circles are taken from R
@1#. See this reference for further discussion of the angular dis
butions.

FIG. 2. Excitation function for the total reaction cross sectio
This is the sum of the angle-integrated4He yield with the fusion
cross section reported in Ref.@3#. See text for a discussion of th
curves.
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repeated, as noted above. The solid curves in this figure
the result of optical-model fits to the data. The parameter
these fits are discussed in more detail below. The total re
tion cross section predicted by the optical model is shown
the solid curve in Fig. 2. Thus, the same parameters tha
the reaction cross section data also generate elastic-scatt
angular distributions that are in reasonable agreement
experiment. This is an important confirmation of the ve
large reaction cross sections that have been measured si
suggests, for example, that the absolute normalization of
reaction data has been properly computed.

The optical-model parameters that have been used
purely phenomenological. They were obtained from a glo
fit to all of the elastic and reaction measurements so a
highlight the trends in the energy-dependence of the dat
proved to be necessary and sufficient to vary only one
rameter: the imaginary diffuseness. Equivalent fits can
generated by varying the imaginary radius parameter inst
but not the imaginary well depth unless an exceptiona
strong variation in this parameter~far stronger than the varia
tion reported by Signoriniet al. @7# in their study of 9Be
1209Bi elastic scattering! is deemed to be acceptable. Th
well-depth, radius, and diffuseness parameters of the
Woods-Saxon potential were 150 MeV, 7.95 fm, and 0
fm, respectively. The depth and radius of the volume Woo
Saxon imaginary potential were 25 MeV and 9.38 fm,

f.
i-

.

FIG. 3. Elastic scattering angular distributions for6He1209Bi.
The c.m. energies corresponding to each distribution are given
data at 21.4 MeV are taken from Ref.@1#. The solid curves were
generated using a phenomenological optical-model potential w
an energy-dependent imaginary diffuseness parameter. See te
a discussion of the dashed curves.
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spectively. Finally, the imaginary diffuseness parameter w
given by

aI5~1.96420.045Ec.m.! fm. ~1!

The predicted angular distributions are not very sensi
to the parameters of the real potential, consistent with
observation that the6He1209Bi system is dominated by ab
sorption from the elastic channel. Mohr@8# has used a fold-
ing model based on systematics ofa-nucleus potentials and
found excellent agreement with the data of Ref.@1#. Fits to
the present elastic-scattering data generated in this mode
shown as the dashed curves in Fig. 3. The depth of
imaginary potential, taken to be of Woods-Saxon form, w
computed from the Brown-Rho formula@9# for the volume
integral of the potential, withJ05127 MeV fm3 and D
512.7 MeV. The radius parameter was given by

RI5~5.3411131.7/Ec.m.! fm. ~2!

All other parameters were the same as those given in
@8#. In this approach, the anomalous behavior of the to
reaction cross section is encapsulated in the very large im
nary radius parameter, rather than in the diffuseness pa
eter as above. It can be seen that the predictions of
model agree very well with those generated using an ene
dependent imaginary diffuseness parameter over the en
range investigated. However, they give different predictio
at lower energies. For example, the variable-radius mo
yields a total reaction cross section that is about an orde
magnitude higher atEc.m.510 MeV. It would be interesting
to extend the measurements to lower energy to see w
approach gives the best agreement with experiment, an
higher energy in order to derive better parameters for th
models.

Another approach to parametrizing the energy dep
dence of the total reaction cross section is the mode
Wong @10#, in which the complex, energy-dependent optic
model potential is replaced by an inverted harmonic osci
tor potential. The reaction cross section is then compu
from the barrier penetration probability, leading to the fo
mula

s reac5S \vR2

2Ec.m.
D lnS 11expS 2p

\v
@Ec.m.2Vb# D D . ~3!

Here,Vb is the barrier height,\v is the oscillator paramete
which determines the diffuseness of the potential, andR is
the radius of the system at the barrier. The data in Fig. 2
be fit with Vb514.5 MeV, \v58.0 MeV, and R
510.75 fm, leading to an excitation function~dashed curve!
which is almost indistinguishable from the optical-model
using an energy-dependent imaginary diffuseness param
except at the lowest energy where it in fact yields a sligh
better fit to the experiment. The barrier height is abou
MeV less than the nominal Coulomb barrier for the6He
1209Bi system, and the effective potential is also diffu
since it has an oscillator parameter that is about twice
typical value. However, the radius parameter is close to
expected value@11#. It is remarkable that the simple Won
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model does such an excellent job of reproducing the
served energy dependence of the total reaction cross sec
As discussed above, the optical model with complex Woo
Saxon potentials requires a strong energy dependence in
geometry of the imaginary well to give similar-quality fits t
the data. This implies that the effective potential is not ve
well described by a Woods-Saxon form, which is perha
not surprising. However, there appears to be no obvious
planation for the fact that barrier penetration through a re
quadratic, energy-independent potential describes the da
well as it does. It is also interesting to note that the 6 M
reduction in the nominal barrier agrees reasonably well w
that needed to explain the sub-barrier fusion cross sec
@3#. This can be understood in the context of coupling b
tween the breakup and fusion cross sections, as discuss
Refs.@12,13#.

Another point concerns the relationship between the
fuse absorptive potential required to explain the experime
total reaction cross section and the so-called ‘‘thresh
anomaly’’ in elastic scattering@14#. This anomaly manifests
itself as a rapid energy dependence of the real nuclear po
tial near the barrier. Dispersion relations@14# predict an at-
tractive ‘‘polarization’’ potential resulting from the norma
rapid reduction in absorption below the barrier. In t
present situation, the absorption does not decrease rap
below the barrier, and one therefore expects no anom
Absence of the anomaly for weakly-bound systems has b
discussed by Mahaux, Ngoˆ, and Satchler@15#, and appears to
occur for the 6Li1208Pb system@16#, as well as for 6Li
1138Ba @17# and 6Li128Si @18#. In the present case, we ca
fit the elastic data with an energy-independent real poten
as expected in the absence of the anomaly. However,
absorption is so strong and of such long range that the
sitivity of the data to the real potential is not very grea
which might obscure any sign of energy dependence eve
it were present.

In summary, we have measured an excitation function
transfer/breakup in the6He1209Bi system below the nomi-
nal Coulomb barrier. This process was shown in a rec
experiment@1# to be exceptionally strong, accounting fo
over 80% of the total reaction cross section at the barr
The correspondinga-particle yield is a factor of 4 greate
than that observed@5# for 6Li1208Pb at the barrier. In the
present work, we show that transfer/breakup saturates es
tially all the sub-barrier reaction cross section. The yield
mains remarkably large, amounting to nearly 200 mb a
MeV below the barrier, which is at least a factor of 2
greater than that for6Li1208Pb at a similar energy relative t
the barrier@6#. Extrapolation of the trend observed for6He
1209Bi suggests that thea-particle emission cross sectio
may still be in the range from 1–10 mb at a c.m. energy
10 MeV, i.e., one-half the nominal barrier height.

As another comparison, the total reaction cross sec
@16# for 7Li1208Pb was extended to sub-barrier energies
ing the method described in Ref.@8#, but without varying the
reaction radius. This excitation function, corrected for t
higher Coulomb barrier of7Li, is illustrated by the dotted
curve in Fig. 2, which should be a good indication of t
cross section expected for a more tightly-bound projectile
3-3
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Simultaneously-measured elastic scattering angular di
butions have been analyzed in the context of the opt
model. The total reaction cross sections deduced from th
data agree very well with the sum of the transfer/breakup
fusion yields. Energy-dependent absorptive potentials are
quired in order to reproduce the measured angular distr
tions. In particular, it was found that the geometry of t
Woods-Saxon imaginary potential well varies as a funct
of energy, becoming more diffuse and extended at low
energies. An alternative approach, involving an increas
radius for the imaginary well at lower energies, appears
give equivalent results.

The total reaction cross section near and below the ba
can also be reproduced by a very simple barrier-penetra
model due to Wong@10#. Although there are three adjustab
parameters in this model, the entire excitation function
reproduced with a single choice of values. One of these
rameters, the effective height of the barrier, is 6 MeV le
than the nominal Coulomb barrier for6He1209Bi. This shift
is reasonably consistent with that deduced from a previ
measurement of the fusion cross section@3#. Another param-
eter, which measures the diffuseness of the effective po
.
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tial, is very large compared with its typical value for norm
nuclear systems. The third parameter, the interaction rad
is quite normal however.

The observed anomalous behavior of the fusion a
breakup/transfer yields below the barrier is presumably
lated to the very weak binding of6He, which may in turn
lead to a large spatial extent for the radial wave function
the last two neutrons and an enhanced breakup cross se
due to the fragile nature of the system. However, all of
analyses to date have been purely phenomenologica
would be very interesting to compare our data with detai
reaction calculations based on realistic models of6He. Un-
fortunately, complete calculations of this kind are presen
unavailable, though a qualitative study of the11Be1208Pb
system@19# has recently appeared.
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