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The effect of6Li and 6He breakup on the fusion cross section of these nuclei with208Pb is investigated by
means of continuum-discretized coupled-channels(CDCC) calculations. For6Li the calculations describe
reasonably well the experimental data for elastic scattering,6Li →a+d breakup and the absorption cross
section given by the sum of the6Li fusion and thea production cross section not attributed to breakup. The
effect of 6Li breakup on the calculated absorption cross section is found to depend strongly on the imaginary
part of the diagonal bare potential. A combination of the CDCC technique and the barrier penetration model
generates results close to the measured fusion cross section. For6He the calculated absorption cross section is
much larger than the measured6He+209Bi complete fusion cross section values. However, it is found to be
relatively independent of the form of the imaginary part of the bare potential. The complete fusion cross
section is again found to be reasonably well described by the CDCC/BPM combination.
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I. INTRODUCTION

The fusion probability of two colliding nuclei is sensitive
to their structure as well as to the influence of other pro-
cesses such as nucleon transfer or breakup. It is expected that
for weakly bound projectiles breakup will be the dominant
direct reaction process and due to this expectation the effect
of breakup on other reaction channels, especially the fusion
process, has recently been intensively investigated. Many of
the fusion studies published to date lead to contradictory
conclusions. Some of them predict a large enhancement of
the fusion cross section below the Coulomb barrier due to
breakup, while others observe a rather large suppression of
the fusion cross section[1–5].

Generally, theoretical models used in these studies are
based on the coupled-channels(CC) formalism. This method
allows the effect of projectile breakup on fusion to be stud-
ied, since the total reaction cross section,sR, can be ex-
pressed as:

sR = sbr + sabs=
p

K2o
l

s2l + 1ds1 − uSlu2d, s1d

where the elastic scatteringS-matrix elements,Sl, and
breakup cross section,sbr, are directly provided by the CC
calculations. Here"K represents the relative momentum of
the two colliding nuclei in the entrance channel. If breakup is
the dominant direct reaction process, the absorption cross
section,sabs, is equal to the fusion cross section,sfus, as
contributions tosabs from other direct reaction channels not
explicitly included in the calculation may be neglected in this

case. An effective method of calculating the breakup cross
section is the continuum-discretized coupled-channels
(CDCC) formalism [6]. The continuum of unbound states
above the breakup threshold is discretized into bins in mo-
mentum space. Each bin is then represented as an individual
state in the CC formalism, using a wave function obtained by
averaging the continuum wave functions calculated within
that bin over its width.

A weakly bound projectile scattering system that has been
well investigated experimentally is6Li+ 208Pb. The elastic
scattering of6Li by 208Pb has been measured at several en-
ergies in the vicinity of the Coulomb barrier[7,8]. The se-
quential breakup process6Li →a+d proceeding via the first
resonant 3+ state was measured at three incident energies by
Gemmekeet al. [8], while the total inclusive and exclusive
breakup was recently investigated by Signoriniet al. [9]
Moreover, very recently Wuet al. [10] published cross sec-
tions for the fusion of6Li with 208Pb. These data form an
almost complete set for the interaction of6Li with 208Pb.

The interaction of6Li+ 208Pb has also been investigated
theoretically by means of CDCC calculations. Results for
elastic scattering and breakup were published in our earlier
papers[11,12]. In a recent paper[13] we have also shown
some results for the fusion of6Li with 208Pb. They were
obtained using a barrier penetration model(BPM) with the
real effective potential between the projectile and target be-
ing the sum of the bare potential and the dynamic polariza-
tion potential. The latter was generated by the couplings to
the resonant and nonresonant excited states of6Li included
in the CDCC calculations. The nucleus6Li is known to have
a well developeda+d cluster structure, therefore the bare
potential was calculated from empirical optical modela
+target andd+target potentials using the cluster wave func-
tion of the 6Li ground state and the single-folding technique*Electronic address: rusek@fuw.edu.pl
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[14]. The results could not be compared to measured fusion
cross sections as none were available at that time.

Recently Diaz-Torreset al. [15] proposed a novel method
for calculating fusion, still based on CDCC calculations us-
ing thea+d cluster model of6Li. They focused on the fusion
of 6,7Li with 59Co and209Bi without presenting results for
other reaction channels. Their CDCC calculations employed
a andd+target potentials with short-ranged imaginary com-
ponents to simulate an incoming wave boundary condition.
However, they did not include imaginary components in the
transition potentials.

The present paper is devoted to a more detailed study of
breakup effects on the fusion of6Li and 6He. We present the
results of different model calculations including CDCC cal-
culations with different input potentials. The aim of this
work is to ascertain whether modern reaction models can
describe simultaneously the elastic scattering, breakup and
fusion processes for the interaction of these weakly bound
light nuclei with a208Pb target. We compare calculated cross
sections with many existing data sets, including elastic scat-
tering, sequential and total breakup, and fusion. We study the
problem of fusion enhancement and fusion suppression and
the dependence of these effects on the imaginary part of the
diagonal bare potential as well as on the nature, Coulomb or
nuclear, of the breakup process.

II. MODEL CALCULATIONS

A. Continuum-discretized coupled-channels

The CDCC method was used to calculate cross sections
for the elastic and breakup channels. From these observables
the absorption cross section was extracted by means of Eq.
(1). For 6Li, couplings to the 3+ sEx=2.18 MeVd, 2+ sEx

=4.31 MeVd and 1+ sEx=5.65 MeVd resonant states were
included as well as couplings to the nonresonanta+d con-
tinuum. The continuum was truncated at an excitation energy
of about 11 MeV, corresponding to ana+d relative momen-
tum k=0.78 fm−1. The continuum was discretized into bins
of equal width,Dk=0.26 fm−1. In the presence of resonances
the discretisation was slightly modified in order to avoid
double counting. All cluster states corresponding toa+d
relative angular momentaL=0,1,2were included. The reso-
nant states were also treated as momentum bins, with widths
corresponding to 0.1 MeV, 2.0 MeV, and 3.0 MeV, respec-
tively [16]. Thea+d binding potential was of Woods-Saxon
shape with parametersR=1.9 fm anda=0.65 fm[17]. More
details concerning the parameters used in the present CDCC
calculations can be found in Refs.[11,12,18].

The diagonal and coupling interactions were calculated
from a+target andd+target optical model potentials by
means of the single-folding technique[14]. Two sets of input
potentials were used. Set A consisted of empiricala+ 208Pb
andd+ 208Pb optical potentials obtained in low energy elastic
scattering studies[19,20], and calculations with this set are
referred to as CDCC A. In order to investigate the sensitivity
of the results to the bare imaginary potential, we also per-
formed calculations where the imaginary parts of thea ,d
+ 208Pb optical model potentials were replaced by a short-
ranged potential with parametersW=50 MeV, r i =1.0 fm,

andai =0.2 fm, in order to simulate an in-going-wave bound-
ary condition for fusion, following the prescription of
Rhoades-Brown and Braun-Munzinger[21]. CDCC calcula-
tions using these parameters are referred to as CDCC B.

The binding energy of6He is even smaller than that of
6Li, so breakup is expected to be more dominant in the in-
teraction of6He with a target nucleus and to have a much
larger effect on the fusion process. Also,6He has a strongE1
excitation to the continuum, whereas in a stricta+d cluster
model of6Li the E1 excitation strength is identically equal to
zero [22]. Therefore, we performed similar CDCC calcula-
tions for the6He+208Pb scattering system, using a two-body
dineutron model of6He [13,23]. Although 6He is known to
have a three-bodya+n+n structure there are reasonable
grounds for believing that the dineutron model generates
physically meaningful results. As discussed in Keeleyet al.
[22] the dineutron model of6He producesE1 coupling
strengths that exhaust similar amounts of both the Thomas-
Reiche-Kuhn and cluster energy weighted sum rules to the
values extracted experimentally by Aumannet al. [24]. The
dineutron modelE1 strength is thus not unreasonable. In the
calculations couplings to the 1.8 MeV 2+ resonant state of
6He and to theL=0,1,2 nonresonant continuum, truncated
at an excitation energy of about 12.3 MeV, corresponding to
an a+ 2n relative momentumk=0.85 fm−1, were included.
The continuum was discretised into bins of widthDk
=0.25 fm−1 for the lowest energy bins for eachL value and
Dk=0.20 fm−1 for the others. The results for the elastic scat-
tering are compared to the experimental data in Fig. 1(a).
Test calculations with the model space limited to theL=1

FIG. 1. (a) Angular distribution of the differential cross section
(ratio to Rutherford cross section) for 6He+208Pb elastic scattering
[13]. The curves show results of one-channel and the full CDCC
calculations with the set A of the input cluster-target potentials.(b)
Results of the CDCC test calculations with different width of the
continuum bins. See text for details.
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states from the continuum and with the different bin widths
are presented in Fig. 1(b). In the calculations the continuum
was truncated atk=0.85 fm−1. It was found that the calcula-
tions with theDk=0.20 fm−1 generate very similar results to
the calculations with theDk=0.10 fm−1. Values of the
breakup cross section calculated with these two bin widths
differ by less than 1%. As input cluster-target optical poten-
tials we adopted the two sets used in the6Li+ 208Pb calcula-
tions.

B. Barrier penetration model

In the limit of no couplings, optical model calculations of
the absorption cross section with short ranged imaginary po-
tentials should give results close to the fusion cross section
calculated using the barrier penetration model(BPM). In the
BPM the fusion cross section is calculated from the barrier
penetration coefficients,Tl, using the following relation:

sfus =
p

K2o
l

s2l + 1dTl . s2d

The coefficientsTl in turn are calculated using the WKB
approximation and they depend on the Coulomb barrier,
UB=Unuclear

real +Ucoulomb. For the optical model case, when the
imaginary part of the diagonal nuclear potential,Unuclear, is
confined inside the Coulomb barrier the values ofs1−uSlu2d
obtained from Eq.(1) should be close to the BPMTl [21,25].
Hence the BPM fusion cross section and the optical model
absorption cross section will be similar for calculations with
the same real part ofUnuclear. It was shown that when the real
part of Unuclear is energy dependent according to the disper-
sion relation, BPM calculations of the fusion cross section
well reproduce the experimental data for16O fusion with
208Pb and32S fusion with40Ca [26].

It is possible to account for the effect of channel cou-
plings in one-channel calculations by means of a dynamic
polarization potential,Up. Such a potential may be derived
from CDCC calculations following the prescription of Th-
ompsonet al. [27]. Recently, it was shown that BPM calcu-
lations with an effective nuclear potential equal to the sum of
the bare potential and the polarization potential,Unuclear
=Ueff=Ubare+Up, are able to describe well the cross sections
for 6,7Li fusion with 16O [28,29]. In this paper we also
present results of such calculations for both scattering sys-
tems.

Most of the calculations presented in this paper were per-
formed using the codeFresco[31], version frxp18.

III. RESULTS AND DISCUSSION

A. Results for 6Li+ 208Pb

A typical example of the description of an elastic scatter-
ing angular distribution by the CDCC calculations is shown
in Fig. 2. Calculations with the empirical cluster-target opti-
cal model potentials(CDCC A) describe the data better than
those with the short-ranged imaginary parts(CDCC B). This
is due to the empirical potentials having more surface ab-
sorption, which in a broad sense models the effect of target

inelastic excitations and other channels not explicitly in-
cluded in the calculations. The effect of breakup on the elas-
tic channel is shown by the difference between the one-
channel calculations(dashed curves) and the full CDCC
results(solid curves). Here the one-channel calculations are
equivalent to the optical model calculations with the com-
plex potential derived from cluster-target empirical interac-
tions by means of single-folding technique.

The dynamic polarization potential derived from the
CDCC A calculations reduces the strength of the bare poten-
tial at the Coulomb barrier radius. This reduction varies
slightly with incident energy(see Table I) and is different for
the real and imaginary parts. The mean value of this reduc-
tion is Nr =0.57 andNi =0.90 for the real and imaginary parts
of the potential, respectively, indicating that the polarization
potential is mostly real and repulsive at the surface for these
calculations.

FIG. 2. Angular distribution of the differential cross section(ra-
tio to Rutherford cross section) for 6Li+ 208Pb elastic scattering. The
data are from Keeleyet al. [7]. The curves show results of various
calculations with the two sets, A and B, of input cluster-target po-
tentials. One-channel no coupling calculations are plotted as dashed
curves while the calculations with6Li →a+d breakup couplings
included are plotted as solid curves, see text for details.

TABLE I. Ratios of the realsNrd and imaginarysNid parts of
Ueff /Ubare at the Coulomb barrier radiussRC=11.6 fmd for 6Li
+208Pb extracted from the CDCC A calculations.

Ec.m. Nr Ni

26.6 0.61 1.12

28.2 0.52 0.99

32.0 0.52 0.80

37.9 0.58 0.78

50.5 0.63 0.79
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The results for the6Li →a+d breakup cross section do
not depend so strongly on the choice of input imaginary
potential parameters. For sequential breakup via the 3+ reso-
nant state of6Li both sets of calculations(CDCC A and
CDCC B) underpredict the cross section, but for the total
breakup(the sum of the sequential and direct breakup) the
agreement is better. The filled circles in Fig. 3 denote the
experimental values for the cross sections corresponding to
the sum of the exclusivea+d anda+p coincidences, so in
addition to the6Li →a+d breakup they include contributions
from the one-neutron transfer process and from the three-
body a+p+n direct breakup. Test calculations have shown
that one-neutron transfer to the first few excited states of
209Pb generates a total cross section of about the same size as
that for breakup. Couplings to these transfer channels were
not included in the present calculations, so the predicted
cross section values should be lower than the measured ones.

The absorption cross sections obtained from the CDCC
calculations are presented in Fig. 4(a). They are plotted as a
function of the c.m. energy(ratio to the Coulomb barrier
height,VB). The height of the Coulomb barrier was found to
be 28.5 MeV at a6Li+ 208Pb separation ofRC=11.6 fm in
the cluster-folding calculations. For weakly bound projectiles
like 6Li, one should distinguish betweencompleteand total
fusion[2]. The latter contains, in addition to the fusion of the
projectile as a whole with the target(complete fusion), fusion
of one or more projectile fragments with the target. The ab-
sorption cross sections obtained from the CDCC calculations
correspond to total fusion, since the imaginary parts of the
cluster-target input potentials account for the separate fusion
of the a andd with 208Pb. The problem of complete versus
total fusion and the various definitions of these quantities
found in the literature is extensively discussed in Diaz-Torres
et al. [15].

The calculated cross sections are compared with the ex-
perimental results of Wuet al. [10] for 6Li+ 208Pb fusion,
plotted by the solid circles in Fig. 4(a). As expected, the
one-channel calculations with input potential set A(dotted
curve) generate larger cross sections than those using set B
(dotted-dashed curve). This is simply because the imaginary
part of the diagonal potential derived from set A is of larger
range than that derived from set B. In both cases, however,
the absorption cross sections obtained from the full CDCC
calculations are much larger than the experimental fusion
cross sections. This is not surprising, as the experimental
values represent mainly complete fusion of6Li with 208Pb.

The calculated values of the absorption cross section are
close, however, to the sum of the fusion cross section and the
so calledstripping breakupcross section,sstr.BU, measured
by Signoriniet al. [9] (solid triangles). The latter is the dif-
ference between the totala production cross section seen in
the experiment and the exclusive breakup cross section plot-
ted in Fig. 3. Both calculations, CDCC A and CDCC B,
produce similar quality fits to these data.

The effect of breakup on the absorption cross section is
very different, depending on the input parameter set. For set
A breakup reduces the absorption cross section over the
whole energy range(solid curve), while for set B, the absorp-
tion cross section remains almost unchanged above the Cou-
lomb barrier and is significantly enhanced below the barrier

FIG. 3. Data for the exclusive6Li breakup froma+d and a
+p coincidences measured by Signoriniet al. [9] (filled circles) and
for the sequential6Li →a+d breakup via the 3+ resonant state of
6Li obtained by Gemmekeet al. [8] (triangles) compared with the
CDCC calculations. See text for details. FIG. 4. (a) Experimental data for6Li+ 208Pb (filled circles) [10]

and 6Li+ 209Bi fusion (stars) [2] compared to the absorption cross
sections obtained from the CDCC A and CDCC B calculations. The
filled triangles represent the sum of the fusion cross section and the
so calledstripping breakup, the difference between the totala pro-
duction cross section and the exclusive breakup cross section as
discussed in Ref.[9]. (b) Experimental data for the6He+209Bi com-
plete fusion cross section(filled circles) [4] compared with the ab-
sorption cross sections obtained from the CDCC A and CDCC B
calculations for208Pb target.
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(dashed curve). It is important to note that the calculated
values of the absorption cross section, independent of the
input potential set, are close to the experimental valuessfus
+sstr.BU plotted by the solid triangles.

The effect of the breakup process on the fusion cross sec-
tion may be discussed in terms of the dynamic polarization
potential. It is well known that the effect of6Li breakup on
the elastic scattering cross section may be simulated in a
one-channel calculation by a polarization potential with a
repulsive real part. Ioannides and Mackintosh[32] have
noted that this “repulsion tends to occur more strongly when
the underlying absorption is strongest.” Sakuragi[30] stud-
ied the real and imaginary parts of the dynamic polarization
potential generated by6Li breakup and found that the ratio of
these two terms depends on the nature of the coupling po-
tentials. When purely real coupling potentials are used in
CDCC calculations the dynamic polarization potential has a
significant absorptive imaginary part, but when complex
coupling potentials are used the imaginary part of the polar-
ization potential is negligibly small at the surface.

These observations correspond directly to the polarization
potentials derived from our calculations using the two sets of
input potentials. In Fig. 5 the real and imaginary parts of the
polarization potentials derived from the CDCC A and CDCC
B calculations at a c.m. energy of 28.2 MeV are plotted to-
gether with the respective imaginary part of the diagonal
potential,Wbare. When set A is used, the derived polarization
potential has a negligibly small imaginary part at separations
larger than the Coulomb barrier radius, while when set B is
used the imaginary part of the polarization potential becomes
strongly absorptive around the barrier radius. Thus, in the
CDCC A calculations the absorption cross section is mainly
determined by the lowering of the Coulomb barrier due to
the repulsive real polarization potential, while in the CDCC
B calculations the absorption generated at the surface is re-
sponsible for the increase of the absorption cross section be-
low the barrier.

A comparison of the cross sections for fusion of6Li with
208Pb (solid circles) and209Bi (stars) plotted in Fig. 4(a) sug-
gests that target excitation plays a negligible role in the fu-
sion process. This is supported by test CDCC calculations
which included coupling to the 2.6 MeV 31

− excited state of
208Pb.

Calculations of the fusion cross section using the BPM/
CDCC model depend only very weakly on the input param-
eters sets A, B since in this model the fusion cross section is
mainly defined by the real part of the effective nuclear po-
tential, Unuclear=Ueff. Therefore, in Fig. 6(a) we only show
the results of BPM calculations using input potential param-
eter set A. The results of the calculations with the diagonal
nuclear potential equal to the bare potential,Unuclear=Ubare,
are shown by the dotted curve. When the polarization poten-
tial is added to the bare potential the fusion cross section is
slightly suppressed below the Coulomb barrier(solid curve).

B. Results for 6He+208Pb

The mechanisms of6Li →a+d and 6He→a+ 2n breakup
in the field of a lead target are very different[13,33].
Breakup of6Li is governed by the nuclear interaction while
breakup of6He is dominated by Coulomb couplings to the
continuum. Verbitski� and Terenetski� [34] demonstrated that
if 6He breakup is of Coulomb nature the dynamic polariza-

FIG. 5. RealsVpd and imaginarysWpd parts of the dynamic
polarization potentialsUpd corresponding to the two different
CDCC calculations atEc.m.=28.2 MeV for 6Li+ 208Pb→ sa+dd
+208Pb breakup. The imaginary parts of the respective6Li+ 208Pb
bare potentialssUbared are plotted by the dashed curves.

FIG. 6. (a) Fusion cross sections for6Li+ 208Pb (filled circles)
[10] plotted as a function of the c.m. energy(ratio to the Coulomb
barrier height). The curves show the results of calculations using a
combination of CDCC and BPM techniques with the bare and ef-
fective potentials. See text for details.(b) Fusion cross sections for
6He+209Bi (filled circles) [4]. The curves show the results of cal-
culations using a combination of CDCC and BPM techniques with
the bare and effective potentials. See text for details.
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tion potential corresponding to this process has a small at-
tractive real part and a much stronger absorptive imaginary
part of a very long range.

This observation is fully supported by the present CDCC
calculations. Although at projectile-target separations around
the Coulomb barrier radiussRC=12 fmd the polarization po-
tential still has a strong repulsive real part, it becomes small
and attractive at separations larger than 14 fm, see Fig. 7.
The imaginary part is already absorptive at 12 fm and domi-
nates at separations larger than 14 fm. Thus, independent of
the input potential set, the absorption cross section is defined
by the long-range absorption at the surface and the absorp-
tion cross section predicted by the CDCC calculations is
therefore enhanced over the whole energy range.

The results of the CDCC calculations are plotted in Fig.
4(b). As fusion data for6He+208Pb are not available, the
calculations are compared to measured cross sections for
6He+209Bi complete fusion[4]. The 6Li fusion data were
found to be similar for both targets, therefore the assumption
that they are similar for6He is reasonable. The calculated
and measured cross sections are plotted as a function of the
c.m. energy, ratio to the Coulomb barrier height. The value
of the Coulomb barrier height was found to be 18.2 MeV at
RC=12 fm for 6He+208Pb. For the bismuth target the barrier
was assumed to be slightly larger and equal to 18.4 MeV. As
for 6Li, the one-channel calculations with set A(dotted
curve) give much larger absorption cross sections than the
calculations with input potential set B(dotted-dashed curve),
as expected. However, when the couplings to the 2+ reso-
nance and the nonresonant continuum are included the cal-
culated absorption becomes very similar in both cases and
much larger than the measured complete fusion cross section
(solid and dashed curves). One should bear in mind that the
calculated absorption cross section corresponds to the total
fusion and, as was shown for6Li, includes the effect of con-
tributions from direct reaction channels other than breakup.
However, in contrast to the results for6Li+ 208Pb, we may
draw the firm conclusion that the effect of6He→ 2n+a

breakup on the calculated absorption cross section(the “total
fusion”) is a considerable enhancement, irrespective of the
choice of diagonal imaginary potential.

When plotted as a function of theEc.m./VB ratio the values
for the 6He+209Bi fusion cross section become very similar
to those for fusion of6Li with 208Pb, cf. Figs. 6(a) and 6(b).
The description of the experimental fusion cross sections by
the BPM calculations is shown by the solid curve in Fig.
6(b). These calculations reflect the enhancement of the Cou-
lomb barrier due to the repulsive real part of the polarization
potential at the barrier, and therefore the effect of6He
breakup on the fusion cross section predicted by the BPM
calculations is opposite to that obtained from the full CDCC
calculations. The BPM predicts strong suppression of the
fusion cross section due to breakup, as a comparison of the
solid and dotted curves in Fig 6(b) shows. The large differ-
ence between the full CDCC and BPM results can be due to
other than breakup reaction channels not taken into account
in the CDCC calculations.

IV. CONCLUSIONS

Results of extensive CDCC calculations for the interac-
tion of 6Li and 6He with a 208Pb target have been presented.
The calculations are able to describe data for6Li+ 208Pb elas-
tic scattering,6Li →a+d breakup and “nonbreakup absorp-
tion” reasonably well. The latter observable is the sum of the
6Li+ 208Pb fusion and the so called stripping breakup, the
process which is responsible for 75% of the measureda
particle yield for the6Li+ 208Pb interaction. The mechanism
of this process remains to be elucidated and its effect on
fusion needs to be further investigated.

The effect of the6Li →a+d breakup on the calculated
absorption cross section is found to depend strongly on the
nature of the imaginary part of the diagonal bare potential. If
the imaginary bare potential is weak at the surface(CDCC B
calculations), the inclusion of breakup enhances the calcu-
lated absorption cross section below the Coulomb barrier,
leaving it unchanged above the barrier. If the imaginary bare
potential is strong in the surface(CDCC A calculations),
breakup reduces the calculated absorption cross section over
the whole energy range. However, both sets of calculations
give similar final results for the absorption cross section, in
broad agreement with the experimental “nonbreakup absorp-
tion” cross sections.

The CDCC/BPM calculations provide a reasonable de-
scription of thecompletefusion data, and predict general
suppression of the fusion cross section due to breakup below
the Coulomb barrier.

The absorption cross section values for6He+208Pb ob-
tained from the full CDCC calculations are much larger than
the measured complete fusion cross sections for the bismuth
target. Both sets of CDCC calculations predict strong en-
hancement of the absorption cross section over the whole
energy range and give essentially identical final results, in-
dependent of the nature of the bare imaginary potential. This
insensitivity to the choice of diagonal imaginary potential
may be ascribed to the dominant nature of Coulomb breakup
for 6He, in contrast to6Li.

FIG. 7. Dynamic polarization potentials corresponding to the
two different CDCC calculations as in Fig. 5 but for6He+208Pb at
Ec.m.=28.8 MeV .
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As for 6Li+ 208Pb, the CDCC/BPM calculations give a
reasonably good account of the complete fusion cross sec-
tions and predict a general suppression of the fusion cross
section due to breakup, the effect being considerably more
important for6He.

The large difference between the CDCC absorption cross
sections and the measured complete fusion cross sections
shows that a full understanding of the fusion process is not
possible without a simultaneous understanding of other reac-
tion channels which proceed with large cross sections, such
as transfer processes, and calls for more detailed experimen-
tal and computational studies. However, our results do lead
to the conclusion that the CDCC absorption cross section is
not the appropriate theoretical quantity to compare with
complete fusion, but rather with thetotal fusion. This con-
clusion is also physically reasonable, as the calculated ab-
sorption cross section is the sum of absorption by the imagi-
nary potentials out of all channels, including those for which
the 6He or 6Li is no longer bound.

Summarizing, we have shown that for both scattering sys-
tems the absorption cross section obtained from Eq.(1) with
the breakup cross section calculated by means of the CDCC

method is much larger than the experimentalcompletefusion
cross sections. CDCC calculations using an interior imagi-
nary potential suggest that the effect of breakup on the ab-
sorption cross section is enhancement below the barrier with
little or no change above it for6Li and a general enhance-
ment for 6He. Thecompletefusion cross section appears to
be rather well described by a combination of the CDCC and
BPM methods, these calculations indicating a suppression of
the sub-barrier complete fusion cross section by the breakup
couplings. These results provide ana posteriori justification
of the general scheme used to calculate sub-barrier fusion in
Ref. [1].
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