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Breakup and neutron-transfer effects on 6He + 206Pb elastic scattering below the Coulomb barrier
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The elastic scattering and inclusive α-particle yield for the 6He + 206Pb system at an incident energy of
18 MeV, just below the nominal Coulomb barrier, have been measured. The α-particle yield at forward
angles is also reported. The data are analyzed by means of continuum-discretized coupled-channels, distorted
wave Born approximation, and coupled reaction channels calculations. Couplings to the one-neutron- and
two-neutron-transfer reactions are found to be able to account for most of the absorption in the entrance channel.
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I. INTRODUCTION

The radioactive nucleus 6He has a three-body α + n + n
structure with an extended neutron distribution or halo. The
scattering and reactions of 6He are therefore of considerable
interest since experiments may demonstrate a sensitivity to
this underlying structure. In addition, its threshold against
6He → α + n + n breakup is less than 1 MeV and this weakly
bound nature can also significantly affect the dynamics of the
collision. Here we report a measurement of the elastic scat-
tering and inclusive α-particle production in the 6He + 206Pb
system at an incident energy of 18 MeV, just below the nominal
Coulomb barrier. Similar measurements of elastic scattering in
the 6He + 208Pb system have been reported at incident energies
of 14, 16, 18, 22 [1], and 27 MeV [2] and for the backward
angle (θ > 120◦) α-particle production at 14, 16, 18, and
22 MeV [3]. The present data extend the angular coverage
of the α-particle production cross section angular distribution
to more forward angles, into the region where Coulomb
breakup of 6He via the 6He → α + n + n process is expected
to dominate over one-neutron (1n) and two-neutron (2n)
stripping in the reaction mechanism. The data reported here
thus provide an opportunity for testing models of the breakup
of 6He as well as for probing the effects of 1n and 2n stripping.

The main motivation behind the choice of a 206Pb target
in the present experiment was to repeat and extend previous
measurements of the near- and sub-barrier 6He + 206Pb fusion
excitation function [4] with better beam energy resolution.
(These results, taken simultaneously with the elastic scattering
and α-particle production cross section measurements de-
scribed here have been reported elsewhere [5].) Nevertheless,
while the breakup cross section should not differ significantly
for a 208Pb or a 206Pb target, the target being essentially an
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inert spectator in the usual breakup process, the use of a 206Pb
target does allow for an interesting check of the influence of
target structure on 1n stripping; while we do not anticipate
much difference for 2n stripping because of the preferential
population of high-lying states close to the 2n emission
threshold due to the large positive Q value for the (6He,4He)
transfer process, 1n stripping will populate relatively low-lying
states where differences in the single-particle structure of
207Pb and 209Pb may play a role. If such differences are
important they should be observable in the α-particle pro-
duction angular distribution and/or the coupling influence of
1n stripping on elastic scattering.

This paper is divided into the following sections: in Sec. II
the experimental method is described. Sections III and IV
describe calculations probing the effect of breakup and 1n and
2n stripping, respectively. Finally, Sec. V contains a summary
and conclusions.

II. EXPERIMENTAL METHOD

The experiment was performed at the Cyclotron Research
Centre in Louvain-la-Neuve, Belgium. The radioactive 6He
beam was produced via the 7Li(p, 2p)6He reaction using a
LiF powder target contained in a graphite holder [6]. A high-
current 30-MeV proton beam from the Cyclone-30 cyclotron
was used to produce the secondary 6He beam, which was
subsequently ionized in an electron cyclotron resonance (ECR)
ion source, then separated and postaccelerated in the Cyclone-
110 cyclotron. The final 6He beam had a laboratory energy of
18 MeV with a charge state of 1+ and an average intensity
of about 1.6 × 107 ions per second. Two targets were used:
a scattering target of 206Pb metal (97%) with a thickness of
0.5 mg/cm2 evaporated onto a 0.042 mg/cm2 carbon foil and
an activation stack of targets formed by evaporating 206PbS
compound (94%) onto Ti foils used for the fusion measurement
reported in Ref. [5]. Full details are given in Ref. [5].
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FIG. 1. (Color online) Schematic of the experimental setup. All distances are in millimeters.

The experimental setup is shown in Fig. 1. Elastically
scattered particles and reaction products were measured in
a detection system consisting of two Louvain Edinburgh
Detector Array (LEDA) silicon detector arrays of five sectors
each arranged in a six-sided cone, the so-called “LAMP”
configuration, covering average forward scattering angles from
25◦ to 70◦ and backward angles from 105◦ to 165◦. Each sector
consisted of 16 strips with a thickness of 300 μm, an angular
coverage of 42◦, and a total active area of 45.9 cm2. Two
further LEDA sectors in an annular configuration with each
sector normal to the beam direction were placed downstream
of the activation stack to monitor the total projectile flux
incident on the stack targets. The master trigger was set as
a common OR; thus all events in any of the detectors were
registered. A 10-mm-diameter collimator was placed between
the scattering chamber and the activation stack to prevent the
LAMP detectors registering back-scattered products from the
activation stack. Further details of the experimental setup are
given in Ref. [5].

The experiment did not employ detector telescopes so that
particle identification via the �E-E method was not possible.
However, previous experiments [1,7] with 6He + 208Pb found
that the only charged-particle reaction products of importance
were 6He and α particles. In addition to a sharp peak
corresponding to elastically scattered 6He ions a large, broad
peak was observed in the energy spectra, ascribed to α particles
produced by the 6He → α + n + n breakup and the 1n- and
2n-stripping reactions (see Figs. 2 and 3). Energy calibration
of the silicon detectors was performed using a triple-α source.

The presence of a large (about 11% of the total number of
counts) background at forward angles was the main problem
in extracting the elastic scattering and α-particle production
yields. At forward angles the elastic peak varies in shape from
a form similar to a Dirac delta function at the smallest angles
to a wider form more like a Bragg peak at larger angles. It was
therefore fitted using a combined Gaussian + Lorentz function,
which well describes this shape. At forward angles the data
analysis procedure adopted was to fit the background and
the elastic peak as accurately as possible, with the α-particle
yield being obtained by subtracting the fitted elastic peak and

background events from the total number of events in the
spectrum (see Fig. 2). At backward angles the procedure was
much simpler. Both peaks, elastic scattering and α particle,
were fitted using a Gaussian shape and the background under
the fit, which was much smaller (about 6%) compared to
forward angles, was subtracted (see Fig. 3). In addition to
the elastic scattering and reaction events, products from the
elastic scattering of 6He from the carbon backing of the target,
along with a small number of events from the interaction of the
beam with the aluminum target holder, were also observed.

Figure 4 plots the number of counts as a function of
laboratory energy versus laboratory angle. A clear group of
counts at an energy of about 14 MeV (the ringed region on
Fig. 4 centered at θlab = 60◦) can be noted. These can only
be explained as coming from direct 6He + n + n breakup,
although based on this hypothesis they should have an energy
of about 4/6 that of the beam, i.e., about 12 MeV (with the
kinematic curve for this reaction being plotted on Fig. 4 as

FIG. 2. (Color online) Energy spectrum from a forward LAMP
detector at θlab = 48.05◦. In addition to the large, sharp 6He elastic
peak, a small, flat α-particle peak was also observed. Note the
logarithmic counts scale.
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FIG. 3. (Color online) Energy spectrum from a backward LAMP
detector at θlab = 154.9◦. The elastic peak sits on top of the flat
Gaussian-shaped α peak. Note the linear counts scale.

the long-dashed curve). The apparent discrepancy may be
explained as due to Coulomb postacceleration of the α particles
after breakup. At θlab = 60◦ the shift is about 2.3 MeV. From
this we may infer that breakup takes place at a distance from
the target of about 34 fm at this angle. The discrepancy
between the kinematic prediction and the centroid of the
α peak increases with increasing scattering angle. This could
be interpreted as a signature of different reaction mechanisms.
At more backward angles the α particles could come from
1n (Qgg = +4.87 MeV) and 2n (Qgg = +13.1 MeV) transfer
reactions rather than from 6He breakup. Since the Coulomb

FIG. 4. (Color online) Kinematics diagram of laboratory energy
vs laboratory angle. The solid line denotes the calculated kinematic
curve for the 6He + 206Pb elastic scattering and the long-dashed curve
that for α particles at 4/6 the beam energy produced in the 6He → α +
n + n breakup reaction. The short-dashed and dot-dashed lines denote
the kinematic curves for 2n and 1n transfer, respectively, both plotted
for “effective” Q values of 0.0 MeV (see text). (The energy scale of
the 1n-transfer curve was multiplied by 4/5 because the α particles
from the decay of the 5He were detected rather than the 5He itself.)
The regions where α particles were actually observed are ringed.

postacceleration of the 5He from 1n transfer is much weaker
than the postacceleration of α particles from 6He breakup and
the optimum Q value of the neutron-transfer reaction should be
close to zero, the centroid of the α peak at mid-range scattering
angles (where 1n transfer is expected to dominate) is closer to
the kinematic curve for this process, plotted for an “effective”
Q value of 0.0 MeV (dot-dashed curve in Fig. 4). At the most
backward angles the centroid of the α peak is at a lower energy
than expected from the 2n-transfer kinematics (short-dashed
curve, again plotted for an effective Q value of 0.0 MeV),
which suggests that in this angular region the α particles arise
due to 2n transfer to states in the 2n + 206Pb continuum located
a few MeV above the 2n + 206Pb threshold of 208Pb.

Elastic scattering data are very sensitive to beam mis-
alignment at the target, especially at sub-barrier energies.
Any misalignment was corrected for using a standard method
described in Ref. [8], based on the fact that Rutherford
scattering of charged particles from a nucleus with charge
Ze has cylindrical symmetry about the beam axis [9]. The
difference between the measured and calculated elastic yields
in the angular region where the elastic scattering corresponds
to Rutherford scattering was minimized and the effective
position of the beam spot thus obtained was used to introduce
a correction in the elastic yields due to the variation in the solid
angles [7].

The angular distribution of the elastic scattering differential
cross section was obtained from the relation [10]

σel(θi)

σRuth(θi)
= N (i)

��(i)lab

1

K
F (i), (1)

where K is a normalization constant, N (i) is the number of
elastic events in detector strip i, ��(i)lab is the solid angle
for each strip calculated according to the method described
in Ref. [9], and F (i) accounts for the correction due to beam
misalignment. The constant K = 267.68 was determined from
the assumption that for small scattering angles the elastic
scattering cross section is equal to the Rutherford cross section.
The cross section for the α-particle yield was obtained from the
ratio of α-particle to elastic scattering events, Nα(θi)/Nel(θi),
and the elastic scattering differential cross section using the
expression

σα(θi) = Nα(θi)

Nel(θi)
σel(θi). (2)

The statistical uncertainties in the α-particle cross section at
forward angles are large since the number of elastic events is
very large compared to the number of α events in this angular
region.

III. BREAKUP EFFECT

In this section we investigate the influence of coupling to the
breakup channels on 6He + 206Pb elastic scattering. One of the
most effective means to calculate breakup of weakly bound
projectiles is the continuum-discretized coupled-channels
(CDCC) method. It has been used successfully to describe the
breakup of 6He in the field of different targets. The most real-
istic model of 6He is as a three-body object, with an α-particle
core and two neutrons forming a halo state. CDCC calculations
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employing such a model, called “four-body CDCC,” were used
to analyze 6He elastic scattering from a 208Pb target at 22
MeV [11]. They gave a similar description of the experimental
data to “three-body CDCC” results [12,13] based on a much
simpler dineutron model of 6He [14]. “Three-body CDCC”
was used to analyze 6He + 208Pb elastic scattering at a range
of energies from just below to just above the Coulomb barrier
[15]. In order to have a direct comparison with these results
we have performed similar “three-body CDCC” calculations.
All calculations were carried out using the code FRESCO [16].
The α + dineutron wave functions of 6He were calculated
in a Woods-Saxon potential with geometry R = 1.9 fm and
a = 0.39 fm [17]. The effective α + dineutron separation
energy was set to 1.6 MeV, following the work of Ref. [14].
The continuum above the breakup threshold was discretized
into equally spaced bins in momentum space. Details of the
binning scheme may be found in Ref. [18]. The fragment-
target optical potentials used to generate the diagonal and
coupling potentials via Watanabe-type folding were adopted
from previous studies [18,19]. For the dineutron + 208Pb
optical potential the deuteron potential of Ref. [20] was used
and for α + 208Pb the potential of Goldring et al. [21] was
used.

The results of calculations for elastic scattering are plotted
in Fig. 5. The effect of the breakup coupling is illustrated
by the difference between the dotted and solid curves. The
dotted curve presents the result of a calculation without any
couplings—an optical model calculation with the “bare” po-
tential, the diagonal potential in the entrance channel—while
the solid curve denotes the result of a calculation including
couplings to the 2+ resonant state of 6He at Eex = 1.8 MeV and
the nonresonant continuum, including continuum-continuum
couplings. The total breakup cross section emerging from this
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FIG. 5. Breakup effect on elastic scattering. The dotted curve
shows the result of an optical model (no-coupling) calculation with
the bare potential while the result of the CDCC calculation including
couplings to the breakup channels is denoted by the solid curve. The
dashed curve denotes the result of an optical model calculation with
the effective potential (see text).

calculation is 151 mb and the total reaction cross section is
572 mb.

The agreement with the data is good, except for a slight
overprediction at backward angles (θc.m. � 125◦). In this
respect the results are similar to those for a 208Pb target at
energies above the Coulomb barrier, 22 and 27 MeV [12,18],
where similar calculations also reproduced the experimental
data very well. However, for this lower energy the coupling
effect is much more pronounced.

From the CDCC calculations one can extract so-called
trivially equivalent L-dependent polarization potentials [22].
By taking the weighted mean value of these potentials an
L-independent dynamic polarization potential (DPP) can be
constructed [23]. If the DPP extracted in this way is a proper
representation of the coupled-channel effects, an optical model
calculation with the effective potential (the sum of the bare
potential and the DPP) should reproduce the CDCC results.
Such an effective potential was derived from the present CDCC
calculation. While the result of an optical model calculation
with this potential is not absolutely identical to the original
CDCC result it is sufficiently close that we may consider the
DPP to provide an adequate representation of the breakup
coupling effect on the elastic scattering (see the dashed curve
in Fig. 5).

IV. EFFECT OF NEUTRON-TRANSFER REACTIONS

In this section we examine the influence of coupling to 1n-
and 2n-transfer reactions on elastic scattering. Distorted wave
Born approximation (DWBA) calculations are initially made
to establish realistic coupling strengths for these processes
by a comparison with the inclusive α-particle production
data. Coupled reaction channels (CRC) calculations are then
performed to establish the coupling effect on the elastic
scattering.

A. DWBA calculation of 1n transfer

According to the shell-model calculations of Ref. [24]
the ground-state wave function of 6He consists of 5Heg.s. +
n(1p3/2) and 5He1exc. + n(1p1/2) components, with spec-
troscopic amplitudes of 1.2648 and 0.8944, respectively.
Spectroscopic factors for the 207Pb = 206Pb + n overlaps were
taken from the 206Pb(d, p) studies of Moyer et al. [25]. In the
present calculations, transfers to the single-particle states in the
final nucleus at the following excitation energies were taken
into account: 0.0, 2.73, 4.40, 4.64, 5.14, and 5.23 MeV. The
potentials binding the neutron to the 5He and 206Pb cores were
of Woods-Saxon shape with the standard geometry parameters:
R = 1.35 × A1/3 fm and a = 0.65 fm.

In the entrance channel the effective optical potential—i.e.,
that including the effects of coupling to breakup channels as
described in the previous section—was used. The potential
in the exit channel was calculated by folding empirical n +
207Pb and α + 207Pb optical potentials with the wave function
of the 5He ground state. This wave function, in turn, was
calculated using the method described in Ref. [26]. The global
nucleon-nucleus potential of Ref. [27] was adopted for the n +
207Pb optical potential while for α + 207Pb the optical potential

064603-4



BREAKUP AND NEUTRON-TRANSFER EFFECTS ON . . . PHYSICAL REVIEW C 87, 064603 (2013)

 θlab (deg)

6
He + 

206
Pb, α yield, 18 MeV

σ 
(m

b/
sr

)

 solid – sum

 dotted – breakup (CDCC)

dashed – 1n transfer (DWBA)

dotdashed – 2n transfer (DWBA)

0 50 100 150

 

0

20

40

60

80

100

120

140

160

 

FIG. 6. Angular distribution (in the laboratory system) of the
α particles emitted in the 6He + 206Pb reaction at 18 MeV. The solid
curve represents the total calculated yield due to 6He breakup (dotted
curve), one-neutron transfer (dashed curve), and two-neutron transfer
(dot-dashed curve). The transfer calculations were performed using
the DWBA method.

used in the input to the CDCC calculations to generate the
6He + 208Pb interactions was employed [21].

The results of the DWBA calculations are plotted as the
dashed curve in Fig. 6. The calculated 1n-transfer cross section
is 153 mb, a value comparable with the breakup cross section.

B. DWBA calculation of 2n transfer

A method to calculate 2n transfer from 6He to the 210Pb
continuum was developed by Escrig et al. [3] and used to
study the α-particle yield emitted in the 6He + 208Pb reaction
at energies around the Coulomb barrier [12,15]. In general, the
calculations slightly underestimated the number of measured
α particles at backward angles.

In this work we have applied a more phenomenological
approach. The Q value for the 206Pb(6He, α)208Pb reaction is
large and positive, Q = 13.1 MeV, and the 2n binding energy
of 208Pb is S2n = 14.1 MeV. From the 6He + 208Pb experiments
we have learnt that the optimum Q value for the 2n-transfer
process is zero or even slightly negative [12]. In other words,
the transfer proceeds mainly to highly excited states in the final
nucleus located around the binding energy. Thus, our DWBA
calculations were performed for a fictitious dineutron state in
208Pb placed at an excitation energy of 14.0 MeV. The quantum
numbers of this state were set to 6S0 and the potential binding
the dineutron to the 206Pb core was of Woods-Saxon shape
with geometry R = 1.25 × 2061/3 fm and a = 0.65 fm. For
the 6He = 4He + 2n overlap, the dineutron model used in the
CDCC calculations was employed.

In the entrance channel the effective potential derived
from the CDCC calculations (and already used in the 1n-
transfer calculations) was employed and in the exit channel
the α + 208Pb optical potential from the CDCC input was

adopted [21]. The DWBA cross section was normalized to
the experimental data in the following way. As mentioned
above, the CDCC calculations yielded a total reaction cross
section of 572 mb and a breakup cross section of 151 mb, thus
leaving 421 mb for the other reaction channels. Subtracting the
calculated 1n-transfer cross section (153 mb) and the measured
fusion cross section (48 mb [5]) and assuming that the only
remaining process is 2n transfer, we normalized the DWBA
2n-transfer cross section to the remaining 220 mb, obtaining
a value for the normalization constant of S = 6.1. The result
of this approach is plotted as the dot-dashed curve in Fig. 6.
The results of the calculations were transformed from the c.m.
frame to the laboratory frame in order to compare them with
the experimental results.

While the transformation from c.m. to laboratory frame
is straightforward for the 2n transfer, it is difficult for the
other two processes. The breakup calculations produced an
angular distribution of the excited 6He where the c.m. angle is
that of the α + dineutron system—the inelastically scattered
“6He” nucleus—and not the angle of the α particles detected
in the experiment. In order to make a comparison with the
experiment, the two angles were assumed to be the same.
Under this assumption, the calculated cross section for 6He
breakup was transformed from the c.m. to the laboratory
frame and the result is plotted as the dotted curve in Fig. 6.
The transformation for the 1n transfer was made under the
assumption that the angle of the emitted 5He is identical with
the angle of the α particle that is the product of its decay. The
result is plotted as the dashed curve in Fig. 6.

The solid curve in Fig. 6 represents the sum of the three
calculated processes. It overestimates the measured values at
forward angles and also at angles around 125◦. Here one should
remember that the measurements at forward angles were
difficult to make due to the large background. Nevertheless,
even taking into account the very approximate transformation
of the breakup calculations from the c.m. to the laboratory
frame, the agreement between the data and the predictions is
rather poor.

C. CRC calculations

In order to learn about the effect of coupling to neutron-
transfer reactions on elastic scattering, CRC calculations were
performed. All the input parameters were kept the same as
in the DWBA calculations discussed in the previous sections.
The results are plotted in Fig. 7 as the dotted curve. Inclusion
of the transfer channels reduced significantly the elastic cross
section at scattering angles larger than about 60◦.

In a series of test calculations it was found that in order to
account for this effect and improve the fit to the experimental
data the imaginary part of the input 6He + 206Pb effective
optical potential had to be modified to be of “short range”
form—a Woods-Saxon shape with parameters W = 50 MeV,
R = 1.0 × 2061/3 fm, and a = 0.2 fm. It is interesting to note
that the results of the calculations were found to be insensitive
to changes in the real part of this potential. If, in addition to
the imaginary part of the entrance channel optical potential,
the normalization factor S is reduced to a value of 3.6, the
results of the calculation describe the elastic scattering data
very well (solid curve in Fig. 7).
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FIG. 7. Effect of neutron-transfer reactions on the elastic scat-
tering studied by means of CRC calculations. The dashed curve
shows the optical model calculation from Fig. 5 with the effective
potential; the dotted curve shows the CRC calculation with one- and
two-neutron transfers included. The results of the latter calculation
but with a reduced imaginary potential are plotted as the solid curve.

V. SUMMARY AND CONCLUSIONS

The elastic scattering data could be well reproduced by a
CDCC calculation including the effects of 6He breakup only.
This is in agreement with previous work on 6He + 208Pb elastic
scattering at the somewhat higher energy of 22 MeV [11–14].
The present calculations slightly overpredict the data at
backward angles, θc.m. � 125◦, whereas the more sophisticated
four-body CDCC calculations of Ref. [11] tend to underpredict
the elastic scattering cross section in this region. The dynamic
polarization potential derived from these calculations has a
similar shape to that found for a 208Pb target, with long-range
absorption and a long-range attractive real part [13].

Coupled reaction channels calculations based on the ef-
fective 6He + 206Pb optical potential (bare plus DPP) and
including neutron-transfer reactions were also able to describe
well elastic scattering after a significant reduction of the
imaginary part of the effective potential. This suggests that
neutron-transfer reactions are the main processes responsible
for the absorption of flux from the elastic channel at this
energy and that their role becomes more important at energies
below the Coulomb barrier. This is consistent with the CRC
calculations of Refs. [28,29] which included 1n transfer only.
Thus, the inclusion of neutron-transfer processes produces a
different effect on elastic scattering compared to that of the
inclusion of couplings to the 6He breakup states. The latter
modify not only the imaginary part of the effective optical
potential but also its real part.

The model calculations overpredict the inclusive α-particle
production cross section at forward angles. This could in part
be explained by the approximations made in transforming
the calculated breakup yield from the c.m. frame to the
laboratory frame, although this is unlikely to account for all
the discrepancy. At backward angles, the α yield could be

explained by two processes: 1n- and 2n-transfer reactions. The
calculated cross sections for these reactions were of similar
order, in contrast to the conclusions drawn previously from
analyses of the α yield from the 6He + 208Pb interaction, where
2n transfer was found to be dominant [3,12,15]. However, we
emphasize that the approximate parity in the magnitude of the
1n- and 2n-transfer reaction cross sections of the present work
is not an experimental result and therefore very much model
dependent; in particular, the normalization of the 2n-transfer
cross section is sensitive to the magnitude of the calculated
breakup cross section, which is not completely reliable in the
simplified model employed here.

In a series of remarkable α-neutron coincidence mea-
surements [30–32] carried out at the TwinSol facility at the
University of Notre Dame for the 6He + 209Bi system at an
incident 6He energy of 22.5 MeV, 2n transfer was also found to
be the dominant α-particle production mechanism, accounting
for approximately 55% of the total α yield, with 1n transfer
and direct breakup making similar contributions of around
20%–25% each. The experimental ratio of 2n to 1n transfer is
thus about 2.5 in this system. Later triple-coincidence measure-
ments between α particles, neutrons, and characteristic γ rays
of the targetlike residues for the 6He + 65Cu system [33] at a
much higher energy relative to the relevant Coulomb barrier
revealed a measured ratio of 2n to 1n transfer of around
10, suggesting that the trade-off between the two transfer
mechanisms is strongly target and/or energy dependent.

The DWBA calculations of Sec. IV give a 2n- to 1n-transfer
ratio of about 1.4, much lower than the experimental value for
the 6He + 209Bi system at a similar energy. This discrepancy
could possibly be explained as due to dependence on incident
energy and target structure. The incident energies are quite
close (the difference in Coulomb barrier for 206Pb and 209Bi
targets being negligible here) but in this region the 1n-transfer
cross section changes rather rapidly as a function of incident
energy; in the calculations presented in Fig. 14 of Ref. [34] the
1n-transfer cross section for the 6He + 208Pb system at Elab =
22 MeV is about 2.5 times larger than that at 18 MeV. However,
if this is to explain the larger importance of 1n transfer at the
lower energy that our calculations suggest it would require
the 2n-transfer cross section to drop off even more rapidly as
the incident energy is decreased. The results of Ref. [3] suggest
that this is not the case. Regarding the influence of target
structure, since the 2n transfer populates states close to or in the
target + 2n continuum we would expect little target-specific
variation in the 2n-transfer cross section for targets so close in
mass and charge, and likewise for the direct breakup where the
target is essentially a spectator. Of the α-particle production
mechanisms, 1n transfer is likely to be the most sensitive to
target structure influences since it populates known low-lying
single-neutron levels in the targetlike residual nucleus. In this
case, however, we would expect the 1n-transfer cross section
for a 208Pb target to be largest and that for 209Bi smallest, with
206Pb somewhere in between. Since this does not appear to be
the case, it is most likely that the model adopted for the 2n
transfer in this work is too simplified and underestimates the
2n-transfer contribution to the total α yield.

Finally, in this work we have considered breakup and 2n
transfer as two distinct processes modeled by CDCC and
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by DWBA and CRC, respectively. However, as pointed out
in Refs. [15,35] for example, breakup may be modeled as
“transfer to the continuum” provided sufficient partial waves
are included in the 2n-target relative motion. Nevertheless,
given the forward-peaked nature of the calculated CDCC
breakup cross section it is difficult to image how 2n transfer
could produce such a shape in the angular distribution at near-
and sub-barrier energies on purely kinematic grounds (transfer
cross sections at these energies being markedly backward-
peaked). However, the present data for the inclusive α-particle
cross section do not exhibit a peak in this angular region; thus
it is certainly possible that a fully converged “transfer to the
continuum” calculation could reproduce the observed shape of
the angular distribution, although it might require very large
partial waves in the 2n-206Pb continuum (�f > 8h̄) to do so
(see Ref. [15]). It is also possible that the lack of a forward-
angle peak in the experimental inclusive α-particle angular
distribution is due to kinematic “washing out” of the structure;
it will be recalled that the CDCC calculations represent the lab-
oratory frame “6He” inelastic scattering angular distribution
rather than the α-particle distribution. The subsequent decay
of the unbound “excited states” of 6He could lead to a spreading
out of the breakup peak in the measured α-particle distribution.

On the other hand, CDCC calculations are unable to
account for the observed large backward angle α-particle cross
sections in the 6He + 208Pb system (see, e.g., Ref. [15]). The
present calculations for the 6He + 206Pb system have a similar

problem. While this could possibly be due to lack of complete
convergence in the CDCC calculations (since extra partial
waves and/or higher momentum bins could be required) this
seems somewhat unlikely, again on kinematic grounds; CDCC
effectively calculates the “inelastic scattering” of 6He which is
naturally forward peaked (although inelastic scattering angular
distributions do tend to become “flatter” as a function of angle
at sub-barrier energies).

The results reported here suggest that to describe com-
pletely the available data for this system both breakup and
transfer processes must be included in the calculation. In
particular, the 1n transfer seems to have a greater importance
than suggested by previous work for the 6He + 208Pb system.
These results also point to the need for a more sophisticated
theory to understand completely the reaction mechanisms. The
CRC calculations of Ref. [15] still fail to describe all the
observed backward angle α-particle strength, pointing to
limitations in the simple dineutron model picture. To make
further progress in this area a model that treats breakup
and 1n and 2n transfer on an equal footing and which
incorporates the experimental indistinguishability of transfer
to the nonresonant 2n + target continuum and direct breakup
to the nonresonant α + 2n continuum is needed.
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