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Short note
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Abstract. Large cross-section reaction channels were measured in the systems 6Li(7Li) + 208Pb with high
statistical accuracy at 5(3) energies around the Coulomb barrier from 29 to 39 MeV. These channels were
assigned (mainly) to the breakup of 6Li, very loosely bound, into α + d and to the breakup of 5Li, produced
by n-transfer to the target, into α + p and to similar processes with 7Li beam. The cross-sections with
6Li, Sα = 1.475 MeV, are systematically larger than the 7Li ones. This reflects, most likely, the higher
binding energy of 7Li, Sα = 2.468 MeV. Theoretical predictions for the 6Li + 208Pb system which include
for 6Li breakup to continuum states within a continuum discretized coupled-channels approach (CDCC)
and resonant breakup plus n-transfer with DWBA reproduce the angular distribution shapes but still
underestimate the cross-sections by a factor ∼ 3.

PACS. 25.70.Ji Fusion and fusion-fission reactions – 25.70.Mn Projectile and target fragmentation –
24.10.Eq Coupled-channel and distorted wave models

The study of breakup (BU) processes at energies
around the Coulomb barrier has recently attracted much
interest when it involves nuclei that have halo or skin
structures, or that are weakly bound, especially in con-
nection with ongoing and planned research with radioac-
tive ion beams. In fact it is expected, on the basis of
very straightforward arguments, that the BU processes for
such weakly bound nuclei have a large cross-section. This
should strongly influence fusion around the barrier. Many
theoretical works have been presented on this topic, with
conflicting predictions since both enhanced and hindered
cross-sections have been calculated.

Very strong reaction channels were observed at the
barrier in the systems 6He + 209Bi [1] and 9Be + 208Bi [2].
They were assigned to α-particles originating from pro-
jectile BU + neutron(s) transfer. The connection of this
strong process with the fusion of halo/skin nuclei [3,4]
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around the barrier is under study. Moreover the elastic
scattering of 9Be by 209Bi [5] has an anomalous poten-
tial most likely due also to this strong reaction channel.
Large reaction cross-sections are reported also from the
analysis of the elastic scattering of 6He by 209Bi [6] and
12C [7]. On the contrary the 17F + 208Pb system seems to
have a small BU cross-section [8] at 170 MeV, twice the
Coulomb barrier, and theoretical calculations foresee [9]
even a smaller BU cross-section at the barrier.

We decided to study BU effects in the system 6Li +
208Pb for the following reasons: 1) 6Li is the most weakly
bound stable nucleus with Sα = 1.475 MeV, 2) 6Li beam
can be produced with good intensity, allowing data to
be obtained with high statistical accuracy, 3) any process
where 6Li breakes produces one α-particle (plus eventu-
ally d or p) easy to be detected, 4) the elastic scattering
of this system was measured with high accuracy at several
energies around the barrier [10] so that the optical model
parameters are well known. Data were collected also for
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the system 7Li + 208Pb (Sα = 2.468 MeV). In this case
the ∼ 1 MeV higher binding energy should have the ef-
fect of producing a BU cross-section lower than for 6Li, as
already predicted [11].

The main goal of this experiment was to search for
the strong reaction channels expected, most likely origi-
nating from the α-particles produced by the 6Li BU, and
to measure the inclusive cross-section for such α-particles
production.

The experiment was done at the Tandem Van de Graaff
accelerator of the Laboratori Nazionali di Legnaro with Li
beams of 1 pnA and a Pb enriched target of 150 µg/cm2

thickness backed by a carbon foil of 10 µg/cm2. The data
were collected with 6Li (7Li) at 29, 31, 33, 35, 39 MeV (29,
33, 39 MeV). The emitted charged particles were detected
with a 4π array of Si + CsI(Tl) telescopes, described in
detail in ref. [12]. The array is essentially made of two
parts: a “wall” in forward directions, covering the angles
from 2.5◦ to 34◦ and a “ball” part covering the remain-
ing angles up to 163◦. In the present experiment only the
“ball” part was needed since from the 6Li + 208Pb kine-
matics the grazing angles are > 60◦. The “ball” consists
of 18 segments covering all the 2π azimuthal angle, each
segment is made of 7 detectors covering the angles from
34◦ to 163◦. Each single detector is located at 15 cm from
the target, spans an angle of ∼ 20◦(θ) × 17◦(φ) corre-
sponding to solid angles ranging from 32 msr in the back-
ward angles to 79 msr at ∼ 90◦ and consists of a ∆E
silicon detector, 300 µm thick, backed by a CsI scintilla-
tor 5 mm thick. The ∆E detector can stop up to 25 MeV
α-particles. This system allows a very good identification
of light charged particles: α, triton, deuteron and proton.
The data-taking was arranged in order to record for each
telescope the ∆E spectra and the ∆E vs. Eres matrices
for particle identification within the ∆E detector capabili-
ties. Coincidences between the various telescopes were not
considered in this first experiment because not necessary
for its goal, i.e. measurement of the inclusive α-particle
production cross-section; this is essentially equal to the
total BU cross-section since every BU event produces one
α-particle. Moreover the large opening of the detectors
does not warrant enough angular resolution because the
α-d (-p) cone is around 20◦(25◦).

The absolute cross-sections were obtained by normal-
izing each single spectrum with its own elastic peak; these
absolute cross-sections are reported in ref. [10]. An ad-
ditional check was done with the pure Rutherford cross-
section measured in two monitors located at ± 30◦ to the
beam direction, with an opening angle of 0.9◦, covering
a solid angle of 0.19 msr. Figure 1a shows a typical ∆E
spectrum observed in a detector located from 68◦ to 85◦ to
the beam at 35 MeV. Figure 1b displays the correspond-
ing ∆E−Eres two-dimensional spectrum which shows the
production of α, deuteron and proton. The broad peak in
fig.1a, with energies ranging from 16 to 25 MeV, has an
average energy of ∼ 21 MeV, which corresponds to 2/3 of
the elastic peak one, and has a large width typical of three-
body kinematics; it was therefore attributed to α-particles
emitted in the reaction also for the arguments presented
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Fig. 1. System 6Li + 208Pb at Ebeam = 35 MeV, detector
angle from 68◦ to 85◦: a) Spectra of charged particles observed
in the ∆E Silicon detector. The broad peak at around 21 MeV
is assigned to the α-particles emitted by the reaction; it is
broad because of the three-body kinematics. The peak at 33
MeV is from 6Li elastic scattering. The strong peaks at ∼ 5.5
MeV are from an α calibration source. b) Two-dimensional
spectrum ∆E vs. Eres; α, deuteron and protons are clearly
evidenced. The energy calibration of the Eres scale apply only
to α-particles due to the non equal response of the CsI detector
to particles with different atomic numbers. The cut-off at Eres

less than ∼ 4.5MeV was made because of the electronic noise
in the CsI detectors.

in the following. Two processes are most likely to produce
this channel: the first is the direct BU of 6Li + 208Pb into
α + d, while the second is the BU of the unbound 5Li/(p +
α) produced by the n-transfer reactions 208Pb(6Li,5Li/(p
+ α))209Pb which have Q-values of −1.728 MeV for the
5Li production and of +0.238 MeV for (p + α). Under
the simplified assumption of pure Coulomb trajectories
and of a BU kinematics not influenced by the target nu-
clear field (i.e. with no post acceleration effects) the 6Li
BU (n-transfer + BU) produces α-particles ranging from
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Fig. 2. Experimental and theoretical angular distributions at
various energies for the system 6Li + 208Pb. The experimental
points plotted are the average values over the solid angle of the
large-area detectors; these points are connected with straight
lines to guide the eye.

16(21) MeV to 26(30) MeV and a d - α (p-α) cone of ∼
20◦(25◦). This is in agreement with the experimental ob-
servations of fig. 1. In fig. 1b we clearly observe α-particles
with energy > 25 MeV punching through the ∆E detec-
tor and the protons and deuterons produced by the two
BU processes above. A similar broad peak was observed
systematically also in the system 9Be+209Bi [2] and was
assigned to α-particles from the decay of 8Be produced by
9Be BU and n-transfer.

The measured angular distribution are shown in fig. 2;
the differential cross-sections plotted are the average value
over the large angular range subtended by each detector.
The errors are smaller than 1%. The total inclusive cross-
sections for α-particles were evaluated as the sum over
all the detectors plus the contribution of the angles not
covered by the ball around 90◦, in backward and in for-
ward angles; these contributions were extrapolated by a
quadratic fit of the measured cross-sections. The 7Li data
were evaluated in the same way. The cross-sections ob-

0.6 0.8 1 1.2 1.4
Ec.m. /Vc

100

101

102

103

σ
(m

b)

6Li, exp
7Li, exp
9Be, exp
6Li, exp (Speth et al.,1970)
Transfer
BU sequential
BU continuum
Total
6Li (Keeley et al.,1998)
7Li (Keeley et al.,1998)

Fig. 3. Total inclusive cross-sections for α-particles: experi-
mental for the systems 6,7Li + 208Pb and 9Be + 209Bi, cal-
culated for the system 6,7Li + 208Pb. The data are plotted
versus Ec.m./Vc, with Vc Coulomb barrier, for a better com-
parison among the different nuclei. Vc used for 9Be is 38.4
MeV [13] and for 6,7Li 29.5 and 29.1 MeV, respectively. The
experimental points are connected with lines to guide the eye.

tained are shown in fig. 3; the errors are smaller than 5%.
The largest uncertainty originates from the extrapolation
of the angular distributions to low cross-sections in for-
ward directions. Contributions from α-particle evapora-
tion after the fusion of 6Li with the carbon backing nuclei
are to be excluded since expected at much lower ener-
gies and checked at some energies with a carbon target.
There might be a possible contribution from α-particles
evaporating from the (6Li+ 208Pb) compound nucleus ex-
pected [14] around 21 MeV. This cross-section was esti-
mated to be at least one order of magnitude smaller than
the BU one from: i) the cross-sections for the production
of evaporation residues measured during a calibration run
(unpublished data) by our group at the INS (Tokyo) Cy-
clotron in the 7Li+209Bi system in the energy range 29 to
48 MeV, ii) the evaporation calculations with both PACE2
and CASCADE codes. Moreover the angular distributions
shown in fig. 2 are peaked around the grazing angle; this
supports a surface interaction mechanism, i.e. BU, rather
than evaporation. Figure 3 shows also: i) similar data for
the system 6Li + 208Pb at lower energies [15] matching
well our results, ii) data for the similar system 9Be +
209Bi [2].

The 6Li BU cross-sections as well as the 9Be ones are
quite large; this confirms our expectation which motivated
this work. The 7Li projectile has cross-sections systemat-
ically lower than 6Li, most likely because of its binding
energy ∼ 1 MeV higher than 6Li; this is in agreement
with the calculations of ref. [11] also reported in fig. 3.
9Be projectile has rather an opposite, and somehow unex-
pected, behavior since, even if its binding energy is ∼ 0.2
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MeV higher than 6Li, the cross-sections are well above the
6Li ones. A tentative explanation could be that the struc-
ture of these two nuclei is quite different: 9Be, due to its
8Be, 2 α, core is much more deformed (and breakable?).
This, anyhow, needs further investigation in any case.

We have made exploratory calculations in order to
explain the 6Li results in the framework of a dynami-
cal reaction theory based on coupled-channels methods,
with inclusion of coupled discretized continuum channels
(CDCC) and DWBA formalisms in order to take into ac-
count this new feature of weakly bound nuclei, namely the
BU. Our purpose was to show that there is something in-
teresting also from a theoretical viewpoint about the data.
We have considered BU to continuum unbound states in
6Li as well as to resonant unbound ones (the so-called
sequential BU). As mentioned above the α emission is be-
lieved to have two origins: direct 6Li BU and 5Li BU fol-
lowing n-transfer. We have therefore adopted a mixed ap-
proach within the code FRESCO [16]. The continuum BU
was calculated in the CDCC formalism by using an α-d
cluster structure for the ground and continuum states. As
a first tentative approach the α-d continuum region in 6Li
above the α threshold was subdivided in 10 bins equally
spaced, with respect to the momentum of the α-d relative
motion, from 1.5 MeV up 6.5 MeV, and the unit spin of
deuteron was neglected. Only monopole and quadrupole
couplings were included, with both direct continuum cou-
pling and continuum-to-continuum coupling. The follow-
ing Woods-Saxon potential parameters were adopted for
the real part of the α-208Pb (d-208Pb) interaction: V0 =
20.0 (78.3) MeV, r0 = 1.220 (1.336) fm, a0 = 0.57 (0.79)
fm. For the imaginary part of the α-208Pb system we
adopted a volume term withWi = 38.0 MeV, ri = 1.22 fm,
ai = 0.5 7fm and for the d-208Pb system a surface term
with Ws = 16.6 MeV, rs = 1.47 fm, as = 0.598 fm. All
these values were extracted from the tabulation of ref. [17].
The calculations reproduce fairly well the elastic scatter-
ing angular distributions at the various energies [10].

The transfer + sequential BU was calculated in a sim-
plified DWBA approach. For the sequential BU part we
included only the following two excited levels in 6Li [18]:
2.186 MeV, 3+, δ2 = 4.13 fm, β2 = 1.6, and 4.310 MeV,
2+ , δ2 = 2.24 fm, β2 = 0.9 (δ2 is the deformation length of
the potential). Both levels are unbound and should be the
main responsible of the sequential BU. In principle lev-
els with these two energies are already counted for in the
CDCC approach, but were non-resonant, and they have
cross-sections ranging from 2 mb, at 29 MeV, to 11 mb,
at 39 MeV; this is small compared to the values calcu-
lated within the DWBA approach ranging from 27 mb to
86 mb. Since only the DWBA approach as yet includes
the 3+ and 2+ resonances, as a first approximation we
simply add the resonant and non-resonant contributions
from the CDCC and DWBA models, respectively. For the
transfer we have included the first 7 levels in 209Pb. They
are well known to be of single-particle nature and are all
well excited in the (9Be,8Be) n-transfer reaction [19] at
50 MeV: 9/2+, 0.0 MeV; 11/2+, 0.78 MeV; 15/2−, 1.42
MeV; 5/2+, 1.57 MeV; 1/2+, 2.03 MeV; 7/2+, 2.49 MeV;

Table 1. Woods-Saxon potential parameters adopted for the
DWBA calculations at the various energies for the system 6Li
+ 208Pb.

Ebeam V0 r0 a0 Wi ri ai

(MeV) (MeV) (fm) (fm) (MeV) (fm) (fm)

29 30.21 1.191 0.684 30.82 1.30 0.654
31 33.99 1.191 0.684 22.73 1.30 0.675
33 28.86 1.191 0.684 12.44 1.30 0.778
35 24.34 1.191 0.684 12.76 1.30 0.783
39 23.50 1.191 0.684 11.63 1.30 0.819

3/2+, 2.54 MeV. For all these levels we have assumed a
transfer amplitude equal to 1 since they are of rather pure
single-particle nature. At each energy we have adopted a
potential of Woods-Saxon shape deduced with the follow-
ing procedure. The real part was calculated with the fold-
ing model via M3Y interaction + tabulated matter den-
sities, as in ref. [10], and then fitted with a W-S shape;
the imaginary parameters were taken from ref. [10]. All
the parameters adopted, which well reproduce all the ex-
perimental elastic scattering cross-sections, are listed in
table 1.

The 1p-transfer reaction 208Pb(6Li,5He/(n + α))209Bi
was not considered since expected to have a cross-section
lower than the 1n-transfer one. This was checked anyhow
at 33 MeV: the total 1p-transfer to the first three 209Bi
levels was calculated to be 0.2 mb, with the same DWBA
approach, while the 1n-transfer is 3.0 mb.

The global results, i.e. the sum of the three angular dis-
tribution originating from continuum BU, sequential BU
and 1n-transfer are compared with the experimental α an-
gular distributions in fig. 2; the overall trends are generally
reproduced but the absolute values are underestimated by
a factor ∼ 3.

In fig. 3 we show the total cross-sections for these three
different components as well as their sum. The continuum
and sequential BU contribute in the same amount to the
total cross-section while the transfer BU has a negligible
contribution. Many of the parameters utilized were de-
duced from experimental data, namely, all the various po-
tentials and the sequential BU transition strenghs, so there
are not too many degrees of freedom left from this side
to the theoretical estimates. The fact that the experimen-
tal total cross-sections are still underpredicted means that
something is still missing in our theoretical approaches.
This is most likely to be dipole breakup, either nuclear
dipoles into p-waves of relative α-d motion, or Coulomb
+ nuclear breakup into s and d-waves continuum states
of p-5He and n-5Li motion. These last two breakup modes
are beyond the present range of CDCC models based on
α-d clustering, and will be the subject of future theoretical
investigation.

Figure 3 shows also the results of previous calcula-
tions [8] done for both 6,7Li projectiles: 6Li results are
similar to ours.

In summary the inclusive, large cross-sections for the
α-particles production in the systems 6Li(7Li) + 208Pb
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were measured with high statistical accuracy at several
energies around the Coulomb barrier. The 6Li system has
cross-sections systematically larger than the 7Li one; this
was attributed to its binding energy ∼ 1 MeV higher
than for 6Li. The 9Be projectile shows an opposite, un-
expected behavior maybe due to structure effects, which
needs further investigation. CDCC and DWBA calcula-
tions with most parameters deduced from experimental
data reproduce the angular distribution shapes but un-
derestimate by a factor ∼ 3 the absolute values, and ap-
pear to indicate that important dipole modes have yet to
be described accurately. We anticipate that investigation
of these dipole modes will also cast light on near-barrier
breakup of weakly bound nuclei.

The large 6Li BU cross-section should have some in-
fluence onto the fusion one. But opposite effects are pre-
dicted: enhancement because of coupling to excited states,
hindrance because the BU process could simply remove
flux from the fusion. The measurement of the 6Li+208Pb
fusion cross-section would be therefore very important.

After this manuscript was submitted a publication on
the same topic of this work appeared [20]. Also this pa-
per reports large inclusive breakup cross-sections rising
smoothly with energy for both 6,7Li projectiles. The cross-
sections at 29 MeV are equal to ours within errors, but at
39 MeV the values reported by [20] are a factor ∼ 2.6
smaller than ours. The reason of this discrepancy at high
energy is not clear and a new experiment is welcome to
solve this problem.
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