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The excitation function for complete fusion of the radioactive projectile8Li with a 208Pb target has been measured at energies near but above
the Coulomb barrier, via the 4n and 5n evaporation channels. Comparing with the predictions of a simple evaporation calculation using the
code PACE2, the high energy behaviour of the data can be qualitatively understood if a contribution of fusion with a7Li cluster is included,
consistent with breakup prior to fusion. A fusion suppression factor of 0.73±0.03 is deduced and possible incomplete fusion processes are
discussed.

Keywords: Complete fusion; neutron evaporation.

A través de los canales de evaporación 4n y 5n, se mide la función de excitacíon para la fusíon completa del proyectil radioactivo8Li con
un blanco de208Pb, a enerǵıas cercanas pero por arriba de la barrera coulombiana. Comparando con las predicciones de un cálculo simple
de evaporación con el ćodigo PACE2, se puede entender cualitativamente el comportamiento de los datos a alta energı́a si se incluye una
contribucíon de fusíon con un ćumulo de7Li, lo cual es consistente con un rompimiento antes de la fusión. Se deduce un factor de supresión
de fusíon de 0.73±0.03 y se discuten posibles procesos de fusión incompleta.

Descriptores: Fusíon completa; evaporación de neutrones.

PACS: 25.60.-t; 25.60.Pj; 25.70.-z

Weakly-bound nuclei, either stable or radioactive, have been
the subject of numerous studies lately. The6He+209Bi sys-
tem, for instance, has been found to present extremely inter-
esting features. Because of the loosely-bound neutron-halo
nature of the6He projectile, the direct transfer/breakup pro-
cesses dominate in the energy region below the barrier [1,2].
This behaviour, observed in a lower scale also for stable
weakly-bound projectiles [3], contrasts with that for more
normal, tightly-bound nuclei, for which the fusion process
usually exhausts the total cross section at energies sufficiently
below the barrier. It is also typical for these latter nuclei to
exhibit some sub-barrier fusion enhancement, while recent
results for loosely-bound stable projectiles such as9Be [4]
and6,7Li [5] show evidence for the opposite effect, i.e., hin-
drance effects might be present for them. Indeed, for weakly-
bound systems the possibility of projectile dissociation prior
or at the point of contact might play an important role and the
complete fusion process (CF) may be thus suppressed by the
presence of breakup events [6].

Another effect of transfer and/or breakup channels re-
maining open near the barrier is the absence of threshold

anomaly that has been observed for some systems involv-
ing weakly-bound projectiles such as6He [7] and6Li [8].
In other words, the rapid variation usually observed around
the barrier for the optical potential, seems to be absent for
these systems. Through the coupling to direct reaction chan-
nels, this peculiar behaviour is expected to affect also the fu-
sion process [7, 9], thus posing a challenge on both theorists
and experimentalists to perform complete studies involving
all relevant channels in specific systems with light weakly-
bound projectiles.

Along these lines, considerable progress recently has
been made with the8Li+208Pb system for which both, elas-
tic angular distributions and reaction channels leading to7Li
and 4He have been measured for energies around the bar-
rier [10,11]. The interaction barrier for this system was found
to be reduced by approximately 4 MeV relative to that of
the 7Li+208Pb reaction previously measured [8], indicating
a strong effect of the weakly bound valence neutron on the
reaction cross section near the Coulomb barrier. In fact, a
systematic analysis of transfer/breakup yields near the bar-
rier for the interaction of several light, weakly bound nu-
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clei with high-Z targets indicates that the valence-neutrons
of the projectile might play a key role in these types of reac-
tions [10–12].

A DWBA and CCBA analysis of the elastic and one-
neutron removal channels for the data of Ref. [10], including
transfer and breakup processes, confirms that the7Li yield is
produced mainly by 1n-transfer, with only a small contribu-
tion from breakup [13,14]. In addition, a very detailed search
for a threshold anomaly in this system provides evidence that
none is present [15]. With the purpose of further testing the
reaction mechanisms in8Li+208Pb, in this work we report on
our measurements for the corresponding fusion channel. Pre-
liminary results reported earlier [16], indicated the possibility
of a substantial fusion suppression. A complete fusion (CF)
suppression has been actually observed at energies above the
barrier for several systems, attributed to the presence of the
incomplete fusion (ICF) mechanism [3–5].

The8Li beam was generated by means of the one-neutron
transfer reaction9Be(7Li,8Li)8Be, using the TwinSol ra-
dioactive nuclear beam facility at the University of Notre
Dame (UND) ( [10] and Refs. therein). The UND Tan-
dem FN accelerator was used to deliver primary7Li beams
with energies between 36 and 42 MeV in 1 MeV steps, which
in turn produced8Li beams with center-of-mass energies at
the target center of 32.1, 33.0, 33.9, 34.8, 35.7, 36.6 and
37.5 MeV, respectively. A pulsed beam was used to allow for
decay time measurement of short-lived residues. The target
was a 1.8 mg/cm2 foil of isotopically separated208Pb having
an isotopic purity better than 99%.

After 4n emission from the compound nucleus, the ex-
cited212At evaporation residue can feed its 1− ground state,
which decays with a half-life of 314 ms by the emission
of two closely spacedα groups with an average energy of
7662 keV. Alternatively, it can decay via the 9− isomeric state
which has a half-life of 119 ms, again by the emission of two
closely spacedα groups in this case having an average energy
of 7848 keV. The 5n evaporation channel, on the other hand,
eventually populates the 9/2− ground state of211At which
has a half-life of 7.2 h, decaying 42% of the time by emis-
sion ofα particles of 5980 keV, while the remaining 58% of
the time decays by EC to211Po, which quickly emitsα par-
ticles of 7590 keV.

As in a previous work [17], the delayedα particles
were detected in a “box” consisting of four large-area
(3 cm× 3 cm) Si detectors placed directly in front of the tar-
get, i.e., in the back-angle hemisphere, with a coverage effi-
ciency of 21± 1 %. The energy resolution of the detectors
was insufficient to resolve the closely spaced groups whose
energies differ only by the 63.5 keV excitation energy of the
4+ state in208Bi. Separation of the ground-state from the
isomeric-state decay in212At or from the “slow” 7590 keV
α´ s on the basis of averageα-particle energy alone was also
impossible, but identification was achieved from the differ-
ence in decay curves [16]. Two 600 mm2 Si detectors placed
at±45 deg served as beam monitors for normalization pur-
poses. Further experimental details can be found in Ref. 16.

The fusion cross sections obtained for the 4n and 5n evap-
oration channels are presented in Fig. 1. PACE calculations
were performed imposing the condition that the sum of cross
sections for these two channels should be well reproduced.
The dashed curves are the results for the individual chan-
nels, while the solid curve represents the corresponding sum,
including small contributions of other evaporation channels
predicted by PACE.

The calculations closely follow the low-energy data for
the 4n channel and correctly predict the slope of the 5n exci-
tation function, but the relative population of both channels is
not reproduced for the higher energy points. For the highest
energy, in particular, PACE predicts a 5n yield larger than the
4n one, opposite to the observations.

Because the valence neutron in8Li is weakly bound
(En=2.03 MeV), the projectile may sometimes break before
fusion so that only the7Li core fuses. Since the7Li carries
the whole charge of the projectile, this mechanism is usu-
ally included within the definition for the CF process [3],
but its presence would certainly modify the relative yields
of the 211,212At residues. Indeed, considering the available
kinetic energy for7Li-fusion after breakup (see discussion
below), PACE predicts a predominant compound nucleus de-
cay through 3n evaporation, which would lead in this case
to the 212At residue. This, along with the fact that for the
lower energy points the available energy of the7Li core is
below the corresponding barrier, might thus explain the ob-
servations mentioned in the previous paragraph.

Since the fusion of both the8Li projectile and the7Li
cluster after breakup will lead predominantly to either211At
or 212At residues, our measurements correspond to essen-
tially all the CF yield, except perhaps by the small corrections
suggested by the solid curve in Fig. 1. This yield, however,
is substantially smaller than expected for the fusion of tightly
bound systems, as shall be discussed below.

FIGURE 1. Excitation functions for the211At and 212At fusion-
evaporation channels in the8Li+208Pb system.
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In order to reliably determine the fusion barrier for our
system, the barrier distribution should be found through the
second derivative of the experimental quantity ECM *σfus.
The high precision data required to do this are still unreach-
able for radioactive beams such as8Li, but we can estimate
the corresponding barrier from reported measurements for
similar systems with stable beams. In Fig. 2 the experi-
mental barriers for heavy targets with6,7Li [5] and 9Be [4]
projectiles are plotted versus the parameterξ defined in the
same figure. The linear behaviour observed in this plot is
then used to extrapolate to8Li+208Pb, which gives a barrier
VB=29.1±0.3 MeV for this system.

One-dimensional barrier-penetration-model (BPM) cal-
culations were performed with different nuclear potential
shapes giving the above barrier height, i.e., VB=29.1 MeV.
The results for Woods-Saxon (WS) [18], Proximity [19], and
Krappe-Nix-Sierk (KNS) [20] type potentials are shown in
Fig. 3, along with the sum of the211At and212At experimen-
tal excitation functions. The corresponding barrier parame-
ters are given in Table I, along with those obtained from two
different empirical formulas. Even though the estimated bar-
rier height is larger than the ones from the systematics, the
calculated cross sections are clearly much higher than the CF
data, independently of the potential shape. In other words,
there is a substantial suppression of complete fusion for the
measured above-barrier energies.

A suppression factor (SF ) for fusion can be calculated
by dividing the experimental values by the calculated ones.
Since a Woods-Saxon potential has been used to evaluate this
factor for other systems, we use here the BPM(WS) calcula-
tion for comparison purposes. In fact, the results should not
be very sensitive to the potential shape, as can be seen from
the curves in Fig. 3. TheSF values obtained, presented in
Fig. 4, vary from about 0.55 to 0.70 and show a general trend
to grow higher (less suppression) with energy, with a hint for
settling down to a constant value for the three highest energy
points.

FIGURE 2. Experimental barriers for the6,7Li+209Bi [5] and
9Be+208Pb [4] systems, and extrapolated value for8Li+208Pb.

FIGURE 3. Experimental complete fusion (CF) data for the
8Li+208Pb system and Barrier Penetration Model calculations us-
ing three different potentials with the same barrier height, VB=29.1
MeV.

TABLE I. Barrier parameters obtained for the WS, Proximity, and
KNS potentials used in the BPM calculations of Fig. 1. For com-
parison, corresponding values calculated from the systematics of
Vazet al. [21] and of Puriet al. [22] are also included.

V0 R0 ~ω
(MeV) (fm) (MeV)

WS 29.1 11.5 4.4

Proximity 29.1 11.4 4.2

KNS 29.1 11.3 3.9

Ref. 21 28.1 11.6

Ref. 22 27.5 9.9

Since the latter points correspond to energies far enough
from the barrier, they are already out of the region of rapid
variation of the cross section and they probably give the most
reliableSF values. This would be consistent with the ob-
servations for other systems [4, 5], where higher energies
have been measured, indicating energy-independent fusion
suppression factors. We therefore take the average of the
last three points,SF=0.73±0.03, as the characteristic value
for our system. This number includes a 5% increase com-
ing from non-detected low-intensity channels estimated from
PACE, with the corresponding uncertainty also folded in. An
additional 7% systematic error must be considered, related to
the uncertainty in the barrier height used in the BPM calcula-
tions.

A comparison with fusion suppression factors measured
for other systems is presented in Table II, where the rows
have been ordered with increasingSF values. We see from
column 3 that the projectile breakup energy appears also in
increasing order, so the correlation noticed in previous works
with stable beams [4,5] also holds for our8Li beam.

The fact that the measured fusion cross sections are much
smaller than expected, strongly suggests that there is some

Rev. Mex. F́ıs. S53 (6) (2007) 1–5
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FIGURE 4. Fusion suppression factors with respect to the
BPM(WS) calculation of Fig. 3.

TABLE II. Comparison of fusion suppression factors for various
systems.Ebu is the corresponding projectile breakup energy.

system SF Ebu Ref.

(MeV )
6Li+209Bi 0.65 1.47 [5]
9Be+208Pb 0.68 1.57 [4]
8Li+208Pb 0.73 2.03 this work
7Li+209Bi 0.75 2.47 [5]

missing reaction channel that has not been measured. This
missing yield could be the result of incomplete fusion (ICF),
a process that has been observed to be important for the sim-
ilar systems9Be+208Pb [4] and6,7Li+209Bi [5]. The specific
ICF channels that may be expected for our system depend on
the cluster structure of8Li, which consists primarily of an
(αt)n component, with two additional independent arrange-
ments that must also be considered: (αn)t and (tn)α [23].
Being higher above the three-body threshold, the last compo-
nent is probably the less important one.

If only two-step processes are considered - breakup (bu)
plus fusion of the target with one of the clusters -, ICF can
thus proceed only through fusion with a cluster of either7Li,
4,5He, or3,4H. As discussed above, our results do show ev-
idence for fusion with the7Li cluster, a process included
within the phenomenological definition for CF. Sequential
(e.g., 7Li → α+t) or direct three-body breakup processes do
not add any new cluster, although the available energies for

fusion might be different. Under the assumption that, just
after breakup but prior to ICF, the clusters share the same ve-
locity but have a total kinetic energy diminished by the cor-
responding bu-energy, the available energy for fusion corre-
sponding to each cluster may be calculated and the respective
fusion cross section can be estimated from the BPM with ap-
propriate barrier parameters, for instance those from Refs. 21
and 22.

For cluster energies below the respective barrier, a neg-
ligible contribution of the corresponding ICF process might
be expected, especially if it has to compete with ICF involv-
ing other clusters with above-barrier energies. According to
this criterion, no ICF with the He isotopes is expected and the
most important contribution may come from ICF with the H
isotopes, most probably with tritium since the (4H)α compo-
nent of8Li is expected to be weak (see above). In addition
to direct bu, ICF with t might also originate from three-step
processes such as sequential bu of7Li (α+t) [10] or even of
4H itself, thus reinforcing the hypothesis of this being the
most important ICF contribution. According to PACE cal-
culations, the fusion of t+208Pb in the relevant energy range
would produce the stable209Bi residue after 2n evaporation,
so our measurement technique is actually ”blind” to this pro-
cess. This might thus explain the missing fusion yield.

Summarizing, we have measured fusion-evaporation
cross sections for all predominant channels corresponding to
complete fusion of the8Li+208Pb system at seven energies
above the Coulomb barrier. By comparing with statistical
model calculations using the code PACE, probable evidence
was found in the data for the presence of the mechanism
where the7Li cluster fuses with the target after8Li breakup.
The data show a considerable fusion suppression with respect
to the expectations for tightly bound systems, leading to a
suppression factor ofSF=0.73±0.03. The apparent correla-
tion reported by other authors betweenSF and the projectile
breakup energy, is confirmed in this work. Considering the
cluster structure of8Li, possible ICF processes accounting
for the suppression are discussed. In order to complement
the present results, a direct measurement of the ICF yield be-
comes necessary.
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