
RAPID COMMUNICATIONS

PHYSICAL REVIEW C, VOLUME 61, 061603~R!
Unusual near-threshold potential behavior for the weakly bound nucleus9Be
in elastic scattering from 209Bi
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The cross sections for elastic scattering of the weakly bound9Be on 209Bi around the Coulomb barrier have
been measured with;5% absolute accuracy from 40 to 48 MeV. The potential obtained from an optical model
analysis has an unusual behavior. At the strong absorption radius the imaginary~absorptive! potential is
increasing~rather than decreasing! with decreasing energy, as would be consistent with a long range polariza-
tion potential arising mainly from couplings to breakup channels. The real part, on the other hand, displays a
strong attractive polarization contribution with the maximum at the barrier, as would be normally expected
from a polarization contribution arising from strong couplings. The inelastic multiplet in209Bi of collective
nature around 2.6 MeV, originating from the coupling@208Pb(32) ^ h9/22#Jp, was seen only at 48 MeV. The
total multiplet cross section is well reproduced by coupled channel calculations with the potential obtained
from the optical analysis and the experimentalB(E3) strengths of the209Bi multiplet levels.

PACS number~s!: 25.70.Bc, 24.10.Eq
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Due to the increasing interest in physics with radioact
nuclear beams, the interaction of weakly bound or halo
clei at colliding energies around the Coulomb barrier is
very lively topic. In fact, among radioactive nuclei there a
most of the best candidates for such investigations, and
will be more numerous in the future. The most relevant qu
tion is whether there is any signature of the expected in
ence of the weak binding, plus the eventual halo structure
the various processes going on at the barrier energ
namely scattering~elastic and inelastic!, transfer, breakup
and fusion. All of these nonelastic processes influence
some extent, the entrance channel optical potential, so m
surement of elastic scattering is a necessary first step.

Within this research framework, systematic investigatio
are going on in the systems9,11Be1209Bi, 208Pb for the fol-
lowing reasons:~i! 11Be is a weakly bound unstable nucleu
Sn50.50 MeV, with a well established halo structure@1#,
and a low energy radioactive beam has already been de
oped @2,3# for this isotope.~ii ! 208Pb and 209Bi have very
well established shell model structures, constitute t
‘‘easy’’ low cost targets from an experimental view poin
and are easy to be treated theoretically.~iii ! 9Be represents a
reference stable nucleus with which high precision meas
ments are possible due to the much higher beam inten
achievable. Moreover, the9Be nucleus is quite interesting b
itself, since it is one of the two less bound stable nuclei w
Sn51.67 MeV, the other one being6Li with Sa51.47 MeV.

The fusion process was extensively studied in the syst
9,10,11Be1209Bi @2,4,5# and 9Be1208Pb @6#. One important
finding in all these experiments is that the breakup proces
both 9Be and 11Be projectiles has a significant influence o
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the fusion one. Our systematic work therefore continued w
precision measurements of the elastic scattering cross se
of the 9Be1209Bi system around the Coulomb barrier. Th
goal was to get the interaction potential from a consist
optical model analysis, and then to look for possible sig
tures of the breakup process.

Some theoretical work done for a similar syste
11Be1197Au @7,8# predicts a hindrance, i.e., ‘‘stronger’’ ab
sorption, ofds/dsR at the barrier,E(11Be)540 MeV, and
no hindrance below,E(11Be)530 MeV. The optical model
analysis of the6,7Li1208Pb elastic scattering@9# shows, for
the 6Li projectile, that the imaginary~absorptive! potential at
the distance corresponding to the strong interaction rad
increases with decreasing energy, but not for7Li. This
should reflect the fact that6Li with Sa51.47 MeV can break
more easily than7Li with Sa52.47 MeV as discussed als
in Ref. @10#. The behavior of9Be optical potential near the
barrier is predicted@10# to be close to that of6Li since both
nuclei have similar breakup thresholds. Indeed the anal
of elastic scattering of6Li, 9Be, as well as7Li by light
targets shows that the real potentials, calculated with
double folding procedure, have to be all renormalized b
factor of ;0.5 in order to reproduce the data@11–13#.

The elastic scattering data were taken using the Tand
Van de Graaff accelerator of the Munich Universities. Ang
lar distributions were measured at9Be bombarding energie
of 40, 42, 44, 46, and 48 MeV. The9Be 41 beam currents
were ranging from 2 nA to 25 nA~electrical! on target de-
pending on bombarding energies and scattering angles.
incoming beam was well defined in direction by means o
4.5 mm diameter collimator located at;18 cm from the
©2000 The American Physical Society03-1
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target corresponding to an angular definition better th
0.7°. The targets used were;300 mg/cm2 natural Bismuth
vacuum deposited onto;10 mg/cm2 carbon backing. An
array of six identical silicon surface barrier detectors 300mm
thick was employed in the measurement. The detectors w
all positioned 25 cm from the target, at a fixed angle of
from each other and spanning an angle of 1.4° defined
means of a 6 mm diameter collimator. The correspondin
solid angle was 0.45 msr. A high precision machining of
mechanical support guaranteed that all solid angles w
identical. With this arrangement it was possible to build
an overlapping set of elastic scattering angular distribut
data at each bombarding energy in a reasonable time wit
angular step of 3.5°. The most backward angle reached
the detectors was 156°, as imposed by the collimator ge
etry. Two monitor detectors, 300mm thick, were located a
630° and at a distance of 25 cm from the target coverin
solid angle of 0.200 msr.

A typical spectrum collected at 48 MeV and 107°
shown in Fig. 1. The energy resolution of around 260 keV
all detectors, corresponding toDE/E.0.6%, allowed an ac-
curate determination of the elastic scattering peak. The
rows in Fig. 1 indicate the expected positions of the first t
excited states, of single particle structure,209Bi at 0.897
MeV (Jp57/22) and 1.608 MeV (Jp513/22). In Fig. 1 a
structure atEx.2.6 MeV assigned to the well establishe
collective multiplet@208Pb(32) ^ h9/2#Jp with energies rang-
ing from 2.492 to 2.741 MeV is clearly visible; the detecto
resolution did not allow the separation of the seven lev
This assignment was also based on a similar observatio
the scattering of11B by 209Bi at E>51 MeV @14#. The mul-
tiplet excitation could be observed clearly only at 48 Me
and barely at 46 MeV, where the statistics did not allow
extract any angular distribution data.

The overall data normalization for the absolute cross s
tion determination was done at each energy assuming

FIG. 1. Spectrum from9Be scattering by209Bi at 48 MeV re-
corded at 107°. The arrows indicate the location of the~expected!
peaks from inelastic excitation of the first and second excited le
at 0.897 and 1.608 MeV and of the observed ‘‘32 multiplet’’ at
around 2.6 MeV of209Bi. The 9Be excitations cannot show up i
this energy range since they correspond only to unbound s
which decay into thea1a1n channel.
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the monitor detectors were measuring Rutherford scatte
as confirmed by the experimental results; the solid ang
were taken, in a first analysis step, from the detectors ge
etry and then slightly adjusted considering the angular reg
whereds/dsR51. This leads to an estimated error in th
absolute normalization of65%. Figure 2~a! shows the ob-
tained elastic scattering angular distributions; the overall
solute angle accuracy is estimated to be;1°. The error bars
take into account only the statistical contribution and a
smaller than the point dimension in most cases; they
visible only at the largest angles at 46 and 48 MeV. N
rainbow peaks or Coulomb-nuclear interference dips are
ible in Fig. 2~a!. Figure 3 shows the 32 multiplet angular
distribution; at angles smaller than;90° this multiplet could
not be observed due to increasing background most prob
originating from the tail of the elastic peak.

The experimental results were analyzed with the help
two different codes:PTOLEMY @15#, for the elastic data since
it has a parameter fitting built in routine, andFRESCO@16#,
mainly for the inelastic excitations, since it is a coupl
channel code which can handle very large angular mom
tum ranges. The main goal of this analysis was to get c

ls

es

FIG. 2. ~a! Angular distribution of9Be scattered elastically by
209Bi. The continuous lines are the result of the optical model
with the codePTOLEMY with the parameters in Table I. Identica
results are obtained with the codeFRESCO and the parameters o
Table I; ~b! behavior of the real part of the potential fitting the 4
MeV elastic scattering data for different values of the diffusen
parameter.
3-2
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sistent optical potential parameter sets, and in particula
define the potential around the strong absorption radius.
well known that at these energies the usual ambiguities c
mon to all analyses of complex ion elastic scattering will
reflected by a nonunique set of parameters deduced from
fits, but the potential values at the strong absorption rad
are usually well defined and rather independent upon th
ambiguities, since the elastic scattering cross sections
sensitive mostly to this region, corresponding to a surf
interaction of the two colliding nuclei.

A consistent optical model analysis was carried out
the elastic scattering data with the codePTOLEMY with a
Woods-Saxon form real and imaginary potential. There ar
parameters to be determined:V0 (Wi), r 0 (r i), a0 (ai),
which are, respectively, the potential depth, the radius,
the diffuseness of the real~imaginary! potential. The total
radius r is given by the usual formular 5r 0(A1

1/31A2
1/3),

where A159,A25209. A two step fitting procedure wa
adopted. In the first step a grid search was done with f
parameters fixed,r 05r i51.178 fm, a05ai50.63 fm, and
the remaining twoV0 andWi as variables with starting poin

FIG. 3. Angular distribution of the inelastic collective multiple
at around 2.6 MeV originating from the coupling of the 32 octupole
excitation in208Pb with one proton in the 1h9/2 single particle state.
The continuous line is the prediction of theFRESCOcode calculated
with the parameters of Table I and experimentalB(E3) values.
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52.2 MeV andWi5V0, respectively. The values of the pa
rametersr o ,a0 ,V0 were obtained from the Akyu¨z-Winther
potential@17#. In the second stepr 0 anda0 were kept fixed at
the same value given above, and the other four parame
were varied with the output of the previous search used a
starting point. The parameters with their relative statisti
errors obtained from the fitting procedure are listed in Ta
I. The fitting results are shown in Fig. 2~a! by continuous
lines. In Table I are reported also the strong absorption r
calculated in two ways:~i! impact parameter correspondin
to the scattering angle for whichds/dsR51/4, ~ii ! radial
distance at which the real potential is independent on rea
tic variations of the well parameters. An example of this
shown in Fig. 2~b! where the real potentials at 48 MeV re
sulting from the angular distribution fits witha0 ranging
from 0.53 to 0.83 fm are drawn. The results of these t
procedures agree very well with each other. The real
imaginary potentials were then evaluated at an intermed
r sa512.5 fm and plotted in Figs. 4~a!,~c!. Since the elastic
scattering process is sensitive mainly to the surface poten
i.e., atr sa , this is the only distance which has a clear phy
cal meaning. In these two figures we show in addition
potentials for the very similar system9Be 1208Pb at 50 MeV
@18# and as a reference the values at the same distance o
bare Akyüz-Winther @17# potential~dashed line! and of the
double folding potential with theM3Y interaction~dashed-
dotted line!. For the folding potential the9Be density was
included in the calculations with the same procedure adop
in Ref. @12#. For comparison the corresponding results o
tained for 6Li 1208Pb @9# are also shown in Figs. 4~b!,~d!.
Note that for both systems the double folding proced
based on realistic densities distributions for both9Be and
6Li gives a potential value almost double with respect to
‘‘global’’ behavior given by the Akyu¨z-Winther parametri-
zation.

We observe that the real part of the9Be potential has a
maximum around the barrier with a strong renormalizat
with respect to the bare potential. Such a large attrac
polarization potential is consistent with the expectation@19#
of ‘‘standard’’ polarization potential in the presence
strong coupling to excited states. The situation is less clea
the case of6Li, where the potential shows a maximum at th
barrier energy, but with values smaller with respect to
predictions of the folding model, at variance therefore w
the 9Be case.
e

TABLE I. Woods-Saxon potential parameters obtained with a four-parameters fit, fixingr 051.178 fm

anda050.63 fm. Strong absorption radii deduced fromds/dsR51/4 (r u1/4
) and from a grid search on th

fitting procedure (r sa).

Elab V0 Wi r i ai x2/deg. x2/point r u1/4
r sa

~MeV! ~MeV! ~MeV! ~fm! ~fm! ~fm! ~fm!

40.0 49.463.8 132.063.6 1.18260.002 0.62160.003 2.05 1.76 - 12.14
42.0 112.561.0 168.764.8 1.20860.002 0.54160.002 5.34 4.79 12.46 12.37
44.0 143.761.2 186.367.6 1.25060.002 0.43960.004 2.20 1.94 12.44 12.67
46.0 137.561.4 139.265.5 1.24160.002 0.45860.005 2.37 1.95 12.46 12.57
48.0 115.061.5 98.964.7 1.21060.003 0.54560.007 2.72 2.08 12.46 12.34
3-3
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The imaginary/absorptive part increases with decreas
energies, even below the barrier where the fusion cross
tion decreases exponentially@5#; in this case the behavior
although different from the usual polarization case, is v
similar to the 6Li one. For 9Be we cannot obviously draw
any conclusion about threshold anomaly, absent with6Li
projectile @13# as explained by intuitive theoretical argu
ments @20#, because there are not enough experime
points. This analysis suggests anyhow that the polariza
effect continues to dominate the coupling interaction do
to and most likely below the Coulomb barrier. This behav
is quite different from that observed with well bound nucl
where with decreasing energy the imaginary potential

FIG. 4. Real~a!,~b! and imaginary~c!,~d! potentials calculated
around the strong absorbing radii of the two systems. The6Li data
are deduced from Fig. 2 of Ref.@9#. The dashed~dot-dashed! lines
in ~a!,~b! show the value of the ‘‘bare’’ Akyu¨z-Winther potential
~folding potential!.
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creases since the inelastic excitations go to zero. This i
cates that strong absorption channels are still open. Since
209Bi inelastic channels were found to have rather sm
cross sections this can be most likely related to the projec
breakup expected to be relevant for both9Be and6Li nuclei
due to their low binding energies; if this is the case th
breakup interaction should be predominantly of Coulom
type since we are at energies below barrier, even if nuc
breakup for weakly bound systems is expected to still
active at much larger distances than in normal cases.
contribution also of the reorientation coupling of the9Be
ground state quadrupole, fairly large, cannot be exclud
such effect has been reported for the scattering of9Be by
40Ca @11# and 44Ca, 39K @12#.

The above considerations are supported by the fact ab
the barrier that in the case of9Be the fusion cross sectio
with 209Bi appears to be hindered@5# as well as with208Pb
@6#, moreover in this last case also a sizable incomplete
sion cross section~due to breakup fragments! is reported. In
the case of6Li 1208Pb a sizable breakup partial cross secti
~proceeding only via excitation of the first excited unbou
31 state at;2.2 MeV, the so-called sequential breakup! was
measured@21# to have a value raising from 3.0 mb at 2
MeV to 65 mb at 48 MeV. Finally, the analysis of the elas
scattering of polarized6Li and 7Li by lighter targets needs
the coupling to continuum~breakup! projectile states@22#.

In order to have a more complete understanding of
data we have tried to describe the excitation of the un
solved ‘‘32’’ 209Bi multiplet ~experimentally observed only
at 48 MeV! with calculations which considered:~i! only
DWBA first order coupling,~ii ! ‘‘exact’’ coupled channel
~CC! coupling. Both calculations included only the nine low
est 209Be states, seven of which belong to the 32 multiplet.
Both calculations were done with the codeFRESCO, the only
one that can handle the extremely large angular momen
space necessary since9Be g.s. hasJp53/22, the 209Bi states
spins range from 3/2 up to 15/2 and a total spin, includ
the orbital angular momentum of the relative motion, up
50\ had to be considered. The calculations were done w
the potential given in Table I for 48 MeV and the couplin
strengths deduced from the experimentalB(E3) values@23#
known with precision between 10% and 20 %, with no fr
parameters. In the case of CC approach, these are simp
calculations since they do not include explicitly the coupli
to the 9Be excited states, which are all unbound, leading
breakup, and to the9Be g.s. quadrupole moment which play
a relevant role as reported for the scattering by lighter i
topes@11,12#. We are well aware that there is a strong infl
ence of 9Be* states on the scattering as evident from o
fitted optical potential which has a large absorption ter
This contribution is already built in an average way into t
optical model potential adopted in the CC calculations
the ‘‘32’’ 209Bi multiplet.

The CC calculations results are shown in Fig. 3 by t
continuous line obtained by adding the cross sections ca
lated for each single multiplet level. The DWBA results a
equal within 5%. Within the accuracy of the experimen
points andB(E3) values these calculations reproduce t
inelastic data, especially the maximum of the cross sectio
3-4
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value and angular position. The elastic cross section is
reproduced by the CC approach; the values coincide with
optical model fit reported in Fig. 2 for the 48 MeV data. T
fact that the CC calculations reproduce the elastic and ine
tic data, which have a small cross section;5 mb,,0.5% of
the total reaction cross section, justifies, in our opinion, t
general CC approach too. Therefore the effect of the con
ered coupling on the elastic channel is small and the ‘‘ba
potential required for these specific model calculations
quite similar to the fitted optical model one. Thus the expe
mental results are fairly well understood in the frame of
available well established approaches.

A direct measurement of the total breakup cross sectio
the 9Be 1209Bi system would be very useful for a mor
quantitative understanding of the interaction process at
barrier and for a correct interpretation in the frame of a f
coupled channel calculation approach.

In summary, the elastic scattering cross section of9Be by
209Bi was measured with high accuracy from 40 to 48 Me
The fitted optical potential shows, around the strong abso
.
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tion radius, a strong attractive real polarization peaked at
barrier and an imaginary/absorbing part increasing with
creasing energy, consistent with a coupling to excited9Be
states which is extending its action below the Coulomb b
rier. This may indicate, as suggested also by the fusion c
section data, the occurrence of processes leading to l
breakup cross sections of9Be since it has no bound state
Moreover the only inelastic channel observed was the w
known collective multiplet@208Pb(32) ^ h9/2#Jp, visible only
at 48 MeV and with small cross sections. All the other209Bi
inelastic channels have negligible cross sections. The op
model potential, extracted from the elastic data fits, rep
duces well also the inelastic excitations within a simplifi
CC approach.
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