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A series of coupled reaction channels calculations for the 9Be + 209Pb system at near barrier 
energies is presented. Single neutron stripping couplings leading to several states ill 209Pb together 
with coupling to the direct breakup of 9Be using a sHe + a cluster model are included. We find that 
the transfer couplings give rise to a dynamic polarization potential with the same characteristics in 
the nuclear surface region as that produced by breakup. 
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1. INTRODUCTION 

Interest in the influence of breakup on the elastic scat
tering of weakly bound nuclei dates back to the discovery 
that the double-folding model using the M3Y interaction 
[1], hitherto highly successful for many different heavy
ion projectiles [2], had to be renormalized by a factor of 
order 0.5 in order to fit the elastic scattering of the weakly 
bound 6Li [3], 7Li [4] and 9Be [5] nuclei. This was subse
quently demonstrated to be due to a large positive real 
dynamic polarization potential produced by coupling to 
breakup [6-9J. However, although ground state reorienta
tion couplings were found to have an important influence 
on the elastic scattering of 7Li and 9Be for relatively high 
bombarding energies with respect to the Coulomb bar
rier [10], there has been little investigation of the effect 
of coupling to transfer reactions on the elastic scattering 
of such nuclei. 

The effect of coupling to transfer channels with neg
ative Q-values on the elastic scattering of systems in
volving a weakly bound projectile has been previously 
investigated for the 2oBpbeLi,6Li)209Pb single neutron 
stripping reaction [11]. These couplings were found to 
induce negative real and imaginary dynamic polarization 
potentials, contributing to the "threshold anomaly" ob
served for this system [12J. We note that while coupling 
to the ground state reorientation and excitation of the 
first excited state of 7Li was found to have a negligible 
effect at near barrier energies for the 7Li + 208Pb system 
[13], Lubian et al. [14J found that these couplings had a 
significant effect on the elastic scattering of 7Li by 138Ba. 
However, coupling to excited states of the target nucleus 
was found to have a negligible influence for both systems 
[11, 14J. 

For the interaction of these weakly bound nuclei with 
heavy targets, where breakup should have its maximum 
influence due to the large Coulomb breakup contribution, 

there are also transfer reactions with positive Q-values 
that could play an important role at near and sub barrier 
energies. In this paper, prompted by the recent availabil
ity of precision elastic scattering data for the 9Be + 208Pb 
system [15J, we investigate the influence of one such reac
tion, the 20BPb(9Be,8Be)209Pb single neutron stripping, 
on elastic scattering through coupled reaction channels 
(CRC) calculations. Total transfer yield data are also 
available for this system at several energies [16J, provid
ing a check on the transfer coupling strengths used in the 
calculations. This transfer may be expected to be par
ticularly important due to the presence of several states 
in the residual 209Pb nucleus at excitation energies such 
that the effective Q-value will be approximately zero, and 
which should consequently be strongly populated. 

II. THE CALCULATIONS 

The calculations employed a two-body 5He+a cluster 
picture of 9Be in order to model the breakup within the 
coupled discretized continuum channels (CDCC) formal
ism (see Sakuragi et al. [9] for a convenient summary of 
the CDCC method as applied to light heavy ions.) While 
9Be is best described as a three-body a+a+n object, at 
present CDCC has not been completely implemented for 
four-body breakup (although progress is being made in 
this area, see Matsumo et al. [17]). The two-body model 
of 9Be has been found to work rather well for the elastic 
and inelastic scattering (breakup) to the 2.43 MeV 5/2
resonance of 9Be from a 12C target [18]. 

Structure calculations suggest that the 9Be ground 
state is largely of 5He+a cluster nature (19], thus one may 
reasonably suppose that coupling to the 5He+a:: breakup 
mode will have most influence on the elastic scattering 
despite its higher (2.37 MeV) threshold compared to that 
of the 8Be+n mode (1.67 MeV). We note that the as
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FIG. 1: Calculated 9Be ---. 5He+a breakup cross sections com
pared with the data of Wooliscroft et al. [16J. 
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sumption of a 5He+a cluster structure in our calculations 
does not rule out the possibility of a significant contri
bution to the total breakup cross section from 8Be+n 
breakup; we merely make the tacit assumption that cou
pling to this mode will have a small effect on the elastic 
scattering due to the non-orthogonality of the 9Be ground 
state with this clustering mode. 

The 5He+a continuum was included in the calculations 
exactly as described in [18], with the exception that cou
pling to the 1.68 MeV 1/2+ state, poorly described by 
a 5He+a cluster, was omitted and the continuum model 
space was limited to 0.0 ~ k ~ 0.8 fm- 1 with !J.k 0.2 
fm- 1 , hk being the momentum of the 5He+a relative 
motion. Test calculations with !J.k = 0.15 fm- 1 gave 
similar results. All partial waves up to e 150 were 
included and the matching radius was set equal to 130 
fro, while the radius limiting the range of the continuum 
bins was 80 fm. The a+208 Pb optical potentials required 
as input to the cluster-folding 9Be potentials were taken 
from Goldring et at. [20], while the 5He+208 Pb potentials 
used the same parameters with the real and imaginary 
diffuseness increased by 0.1 fm in order to take account 
of the larger radial extent of the 5He resonance. All cal
culations described here were carried out using the code 
FRESCO [21], version FRXY.li. 

In Fig. 1 we compare the calculated 9Be - 5He+a in
tegrated breakup cross sections with the values of Woolis
croft et al. [16L extracted from their total a yield mea
surements. The calculated 9Be - 5He+a breakup ac
counts for between a half and a third of the measured 
total breakup yield. 

Other reaction processes besides breakup may have an 
important influence on the near barrier elastic scattering. 
The 208Pb(9Be,8Be)209Pb single neutron stripping reac

tion has a Q-value of +2.27 MeV and may be expected 
to playa significant role for near barrier energies. In or
der to investigate the effect of this reaction on the elas
tic scattering, transfers leading to the following states of 
209Pb were included in the calculations: 0.0 MeV 9/2+, 
0.78 MeV 11/2+, 1.57 MeV 5/2+, 2.03 MeV 1/2+, 2.49 
MeV 7/2+, and 2.54 MeV 3/2+. These states were as
sumed to be of pure single particle nature with the con
figurations of Kovar et al. [22]. The 8Be+209Pb optical 
model parameters in the exit channels were taken from 
fits to the 9Be+208 Pb elastic scattering using Woods
Saxon [23J form real and imaginary potentials. 

Two sets of calculations including the single neutron 
stripping were carried out. The first set took the Co
hen and Kurath [24J value for the 9Be/8Be overlap spec
troscopic factor of C2 S = 0.58, with the IPl/2 neutron 
being bound in a Woods-Saxon potential well with the 
standard parameters R 1.25 x 81/ 3 fm, a ;:;; 0.65 fm, 
the depth being adjusted to obtain the correct binding 
energy. The corresponding spectroscopic factors for the 
208Pb/209Pb overlaps were set equal to 1.0, the neutron 
being again bound in a Woods-Saxon well with stan
dard parameters, R 1.25 x 2081/ 3 fm, a 0.65 fro. 
A similar procedure was found to give a good descrip
tion of the 208PbeLi,6Li)209Pb single neutron stripping 
reaction [25]. The calculations were performed using the 
post form of the coupled reaction channels (CRC) for
malism and included the full complex remnant term and 
non-orthogonality correction. 

A comparison of the calculated angular distribu
tions with the data of Stahel et al. [26] for the 
208Pb(9Be,8Be)209Pb reaction at an incident 9Be energy 
of 50 MeV found that they overpredicted the measured 
values by a factor of approximately five. However, we 
note that the DWBA analysis of Stahel et al., also us
ing the Cohen and Kurath spectroscopic factor for the 
9Be/8Be overlap, extracted spectroscopic factors for the 
209Pbj2o8Pb overlaps that were smaller than those ob
tained from 208Pb(d,p)209Pb analyses by an average fac
tor of about 5.2. 

We therefore performed a second set of calculations 
including the single neutron stripping, with the form
factors for the 9Be/8 Be and 209Pbj2o8Pb overlaps being 
taken from Lang et al. {27] and Kovar et at. [22], respec
tively. The latter set of form-form factors were taken to 
be those obtained from the adiabatic model analysis of 
the 20 MeV 208Pb(d,p)209Pb data. Lang et al. obtained a 
9Be/8Be spectroscopic factor of C 2S 0.42 for the IPl/2 
neutron bound in a Woods-Saxon potential well with pa
rameters R = 1.15 X 81/ 3 fm, a = 0.57 fm with the depth 
adjusted to give the correct binding energy and a spin
orbit component with the same geometry parameters and 
a fixed depth of 5.5 MeV. The form-factors of Kovar et 
al. bound the neutron in a Woods-Saxon potential well 
with parameters R = 1.23 X 2081

/ 3 fm, a = 0.65 fm with 
the depth adjusted to give the correct binding energy and 
a spin-orbit component with the same geometry param
eters and a fixed depth of 6.0 MeV. These calculations 



FIG. 2: Calculated total 208Pb(9Be,8Be)209Pb cross sections 
for the first (filled squares) and second (open squares) sets of 
calculat~ons compared wi~h the data of Wooliscroft et al. [16J 
(filled cucles). The asterISk denotes the summed integrated 
cross section for the DWBA fits of Stahel et al. [26J. See text 
for details. 
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overpredict the data of Stahel et ai. [26] by a factor of 
approximately three. 

This discrepancy between the two sets of calculations 
both with physically reasonable choices for the 9Be/8B~ 
and 209Pbj208Pb form-factors, and the data of Stahel et 
al. [26] could be due to one of two possibilities: either the 
data are incorrectly normalized or the mechanism of the 
208Pb(9Be,8Be)209Pb reaction is more complicated than 
direct single neutron stripping. Fortunately, Wooliscroft 
et al. [16] have extracted total integrated cross sections 
for the 208Pb(9Be,8Be)209Pb reaction at several incident 
energies. The total cross sections predicted by the two 
sets of calculations described above are compared with 
these data in Fig. 2. We see that the first set of calcu
lations somewhat overpredict these data (by a factor of 
'" 1.4 at Ec .m . 40 MeV) while the second set slightly 
underpredict the data (by a factor of '" 0.8 at Ec .m . 40 
Me V). We also plot on Fig. 2 the summed integrated 
cross section of the DWBA fits of Stahel et at. [26]. It 
is a factor of "-' 4 below the equivalent data point of 
Wooliscroft et al. [16]. We therefore conclude that the 
208Pb(9Be,8Be)209Pb reaction does indeed largely pro
ceed via direct single neutron transfer and that the data 
of Stahel et ai. [26J are incorrectly normalized. The sec
ond set of calculations could be modified to fit the total 
cross section data of Wooliscroft et al. [16] by a slight 
increase in the 9Be/8Be spectroscopic factor and/or the 

radius parameter of the potential well used to bind the 
1Pl/2 neutron to the 8Be core, although we have chosen 
to keep the values obtained from the literature. 

We have discussed the question of the 
208Pb(9Be,8Be)209Pb coupling strengths at some 
length as we found that the effect of this transfer 
coupling on the elastic scattering was sensitive to the 
values chosen for these strengths. In Figs. 3 and 4 we 
present the results of the second set of calculations 
compared with the elastic scattering data of Wooliscroft:t al. [15J. Note that the effect of the breakup coupling 
IS to reduce the Coulomb rainbow while increasing 
the cross section at backward angles, characteristic of 
this type of coupling. However, rather surprisingly, 
we note that the 208Pb(9Be,8Be)209Pb single neutron 
stripping cou~ling acts in the same sense as the breakup, 
further reducmg the Coulomb rainbow and improving 
the agreement with the data. This is particularly so 
for the lowest incident 9Be energies, and we show a 
detail of the Coulomb rainbow region at a 9Be incident 
energy of 44 Me V in Fig. 5 to better illustrate this. The 
first set of calculations (with single neutron stripping 
c~u?ling strengths that are somewhat too large) show a 
SImIlar but somewhat larger effect, the full calculations 
rather underpredicting the elastic scattering data in the 
Coulomb rainbow region. 

The effect of the single neutron stripping on the cal
culated elastic scattering leads us to expect that the 
dynamic polarization potential (DPP) induced by these 
couplings should be similar to that induced by coupling 
to breakup, i.e. the real part of the DPP should be pos
itive (repulsive) in nature. In Fig. 6 we confirm this by 
plotting the strength of the trivially equivalent local po
tential, calculated according to the method of Thompson 
et al. [28], evaluated at a radius of 12.3 fm, taken as the 
radius of sensitivity by Wooliscroft et al. [15]. 

One may observe that coupling to the single neutron 
stripping does indeed induce a DPP that is qualitatively 
similar to that induced by the breakup coupling, al
though the energy dependence of the surface strength 
is somewhat different. The real part of the DPP induced 
by breakup becomes steadily more positive (repulsive) as 
the gBe incident energy is reduced towards the Coulomb 
barrier, while the reverse is true for that induced by the 
stripping. However, the imaginary part of the DPP be
comes more negative (absorptive) for both couplings as 
the incident energy is reduced. We also note that the two 
sets of CRC calculations yield DPPs that are very close 
in strength in the surface region, the main effect of the 
larger coupling strength in the first set being to slightly 
increase the absorption at all energies. 

III. DISCUSSION 

We have shown that the 208Pb(9Be,8Be)209Pb single 
neutron stripping reaction has a significant effect on the 
near barrier elastic scattering of 9Be by 208Pb. We have 
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FIG. 3: Calculated angular distributions for 9Be + 208Pb FIG. 4: Calculated angular distributions for 9Be + 208Pb 
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FIG. 5: Detail of the Coulomb rainbow region for 9Be+28o Pb 
elastic scattering at an incident 9Be energy of 44 MeV. The 
dotted, dashed and solid curves denote the results of calcula
tions with no coupling, coupling to breakup only and coupling 
to both breakup and single neutron stripping, respectively. 
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FIG. 6: Dynamic polarization potentials (DPPs) derived from 
the present calculations evaluated at a radius of 12.3 fm. The 
open circles denote the DPPs derived from the calculations 
including breakup only, the filled circles those derived from 
the first set of calculations including the single neutron strip
ping and the filled diamonds those derived from the second 
set of calculations including the single neutron stripping. 
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further demonstrated that, unlike coupling to transfer 
channels with relatively large negative Q-values [111, cou
pling to these transfers with Q-values that are either pos
itive or very close to zero generates a DPP that is qual
itatively similar to that induced by breakup. This DPP 
has a positive (repulsive) real part and a negative (ab
sorptive) imaginary part, the latter steadily increasing in 
strength as the incident energy is reduced towards the 
Coulomb barrier. 

The nature of the DPP induced by the 
208Pb(9Be,8Be)209Pb stripping reaction has impor
tant implications for the question of the presence or 
absence of a threshold anomaly in near barrier 9Be 
elastic scattering. The threshold anomaly is a channel 
coupling effect that manifests itself as a pronounced rise 
in the surface strength of the real part of the optical 
model potential, associated with a sharp drop in the 
imaginary part as the incident energy is reduced towards 
the Coulomb barrier, see e.g. [29, 30J and references 
therein. The threshold anomaly has been found to 
be present for 7Li but to be absent from 6Li elastic 
scattering [12, 31-33], the lower breakup threshold of 
6Li being found to play a major role in this difference 
[13}. 

For 9Be elastic scattering the situation is less clear. 
Wooliscroft et al. [15] found a threshold anomaly in the 
9Be+208 Pb system, whereas Signorini et al. [34] found 
hybrid behavior in the neighboring 9Be+209Bi system. 
The surface strength of the real part of the optical model 
potential showed the rapid increase with decreasing in
cident energy characteristic of the threshold anomaly, 
while that of the imaginary part continued to rise as 
the incident energy decreased below the Coulomb bar
rier. Moraes et al. [35] obtained conflicting results for the 
9Be+64 Zn system; with one form of the optical potential 
they obtained a weak threshold anomaly, while with an 
alternative form no significant energy dependence of the 
surface strength of the potential was observed. A later 
analysis by the same group [14] concluded that this sys
tem does not exhibit a threshold anomaly. 

As the bare cluster-folded potential used in our calcula
tions is energy independent, the optical potential param
eters of Goldring et al. [20J used as input not varying 
with energy, the DPP obtained from our CRC calcula
tions would appear to contradict the observation of a 
threshold anomaly for the 9Be+208Pb system by Woolis
croft [15] and be more in accord with the behavior ob
served by Signorini et al. [34} for the 9Be+209Bi system 
or Moraes et al. [35] for the 9Be+64Zn system. However, 
we note that the real part of the DPP is only on aver
age of order 5 % of the strength of the bare real poten
tial at the same radius, thus allowing the DPP induced 
by coupling to other channels, such as transfer reactions 
with negative Q-values, to induce the classic threshold 
anomaly behavior observed for 7Li. The same applies 
to the imaginary part of the DPP, although its surface 
strength is much larger relative to the bare potential than 
for the real part, particularly so for the lowest incident 
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energies considered here. 

It is clear that in contrast to the 7Li+208Pb system 
the threshold anomaly observed by Wooliscroft et al. 
[15] for the 9Be+208Pb system is not explained by sin
gle neutron stripping, rather the reverse. It is there
fore possible that the apparently contradictory behav
ior observed for the 9Be+209Bi and 9Be+64Zn systems 
could be explained by the dominance of the effect of cou
pling to the stripping channels in these systems. How
ever, the Q-value for the 64Zn(9Be,8Be)65Zn reaction is 
+6.31 MeV, favoring transfers to states in 65Zn at around 
6 Me V excitation energy. Such states exist, but little 
is known about their structure. The Q-value for the 
209Bi(9Be,8Be)21OBi transfer is +2.94 MeV, similar to 
that for 208Pb(9Be,8Be)209Pb, suggesting that the effect 
should be similar, although the transfer strength is highly 
fragmented in 21OBi, making calculation difficult. 

There is, however, an empirical argument in favor of 
a threshold anomaly for the 9Be+208Pb system. If one 
compares the elastic scattering angular distributions for 
6Li and 7Li+208Pb at the same near barrier energies on 
a linear cross section (ratio to Rutherford) scale, one im
mediately notices that the Coulomb rainbow for 7Li is 
considerably more pronounced than that for 6Li, which 
is hardly present at all in comparison, indicating a larger 
V/W ratio for 7Li. This difference diminishes with in
creasing incident energy, thus providing an empirical il
lustration of the contrasting near barrier behavior of the 
two isotopes. In Fig. 7 we plot the measured elastic scat
tering angular distributions for 6Li, 7Li and 9Be+208Pb 
at incident energies of 39, 39 and 48 MeV, respectively, 
approximately the same center of mass energies with re
spect to the appropriate Coulomb barriers. It will be 
observed that the Coulomb rainbow for 9Be is similar to 
that for 7Li, showing the marked minimum just before 
the rainbow peak that is absent for 6Li, suggesting that 
the 9Be+2osPb system should exhibit similar near bar
rier behavior to that of the 7Li+208Pb system and show 
a threshold anomaly. 

This empirical argument in favor of a threshold 
anomaly for the 9Be+2osPb system also lends support to 
our assumption that the 5He+a breakup of 9Be is more 
important with regard to its effect on the elastic scat
tering than the 8Be+n mode, despite its higher thresh
old energy. Calculations comparing the iBe+208Pb and 
7Li+2osPb systems [36] suggest that our previous con
clusion [13] as to the importance of the breakup thresh
old energy in explaining the presence in the 7Li+208Pb 
and the absence in the 6Li+2osPb system of a threshold 
anomaly may be generalized, and that a strong experi
mental signature of the absence of a threshold anomaly is 
the suppression of the Coulomb rainbow in the near bar
rier elastic scattering. The presence of a strong Coulomb 
rainbow in the measured near barrier 9Be+2osPb elas
tic scattering strongly supports the view that the 5He+a 
breakup with its threshold energy of 2.37 MeV, close to 
that of the a+t breakup in 7Li (2.47 MeV), is the impor
tant mode for determining the influence of breakup on 

FIG. 7: Measured elastic scattering angular distributions for 
6Li (open circles), 7Li (filled circles) and 9Be (filled diamonds) 
at incident energies of 39, 39 and 48 MeV, respectively. See 
text for details. 
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the elastic scattering of 9Be. In contrast, as Fig. 1 makes 
clear, the 9Be --t 8Be+n mode provides the major contri
bution to the total breakup yield, as might be expected 
due to its lower threshold energy (1.67 MeV). 

IV. SUMMARY 

A series of CRC calculations for the 9Be+208Pb sys
tem using a 5He+a cluster picture of 9Be to model the 
effect of breakup using the CDCC formalism and includ
ing couplings to the 20SPb(9Be,8Be)209Pb single neutron 
stripping reaction have been presented. Good fits to the 
elastic scattering data of Wooliscroft et al. [15] were ob
tained with no adjustable parameters. 

We have shown that coupling to the single neutron 
stripping has a significant effect on the calculated elas
tic scattering angular distributions, acting to reduce 
the Coulomb rainbow in the same way as couplings to 
breakup. Furthermore, DPPs derived from the CRC cal
culations demonstrated that the transfer coupling gives 
rise to a DPP of the same type as that due to breakup, i.e. 
it has a positive (repulsive) real part and a negative (ab
sorptive) imaginary part. We have therefore shown for 
the first time that couplings to transfer reactions with 
Q-values that are positive or close to zero affect the elas
tic scattering in the same way as breakup, in contrast 
to couplings to transfer reactions with relatively large 



negative Q-values, which induce a DPP with a negative 
(attractive) real part (see e.g. [11]). 

This has interesting implications for the question of the 
presence or absence of a threshold anomaly in 9 Be elas
tic scattering. Unlike the 7Li+208Pb system where the 
single neutron stripping contributed to the presence of 
a threshold anomaly, for 9Be+208 Pb the reverse is true; 
coupling to the single neutron stripping channels tends 
to suppress threshold anomaly type behavior. Thus, for 
the 9Be+208Pb system the explanation of the observed 
threshold anomaly [15] must be sought in couplings to 
other channels, such as negative Q-value transfers. As 
the positive DPPs induced by the 5He+a breakup and 
single neutron stripping are relatively weak the calcula
tions presented here are consistent with this possibility. 

Previous work comparing 6Li and 7Li+208 Pb [13] and 
7Li and 7Be+208 Pb [36] suggests that for weakly bound 
systems the breakup threshold energy plays an impor
tant role in determining whether a threshold anomaly 
is present or not, and that suppression of the Coulomb 
rainbow at near barrier energies is an experimental sig
nature of the absence of a threshold anomaly. A com
parison of the measured angular distributions for 6Li, 
7Li and 9Be+208 Pb elastic scattering at similar center of 
mass energies with respect to their appropriate Coulomb 

barriers reveals that the 9Be+208 Pb angular distribution 
shows a pronounced Coulomb rainbow, similar to that for 
7Li+208 Pb. This is consistent with the observation of a 
threshold anomaly for the 9Be+208 Pb system by Woolis
croft et at. [15] and supports the suggestion that the 
5He+a breakup mode with a threshold energy only 0.1 
MeV lower than the a+t threshold of 7Li has the greatest 
influence on the 9Be elastic scattering. Thus, comparison 
of near barrier elastic scattering angular distributions in 
the region of the Coulomb rainbow provides an empirical 
means of determining whether breakup and/or positive 
Q-value transfer channels dominate the effects of channel 
coupling on the elastic scattering, provided that the data 
have sufficient angular definition to unambiguously trace 
the form of the Coulomb rainbow. 
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