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Abstract. In the fusion of heavy nuclei, there is a distribution of fusion barrier energies resulting from
coupling between intrinsic motion and internal degrees of freedom. Precise experimental measurements
of excitation functions have allowed the extraction of the distributions by taking the second derivative
using a point-difference method. In the case of statically deformed nuclei, experimental data shows that
the different fusion barrier energies correspond to different physical configurations of the colliding nuclei,
the latter affecting the subsequent dynamical trajectories over the potential energy surface, influencing the
ultimate reaction products, as for example in quasi-fission. The fusion barrier distribution is also valuable
in understanding the fusion of weakly bound nuclei, enabling a reliable prediction of the expected fusion
cross-sections, and thus the determination of fusion suppression factors at above-barrier energies.

PACS. 25.70.Jj Fusion and fusion-fission reactions

1 Introduction

One of the important applications of radioactive ion
beams will be to form, through nuclear fusion, new nu-
clei far from stability. Studies of fusion of radioactive nu-
clei should result in insights into the properties of the
radioactive nuclei undergoing fusion, as well as into the
fusion process itself. It is important to strive to obtain
precise and accurate cross-sections in such measurements,
as results for reactions with stable beams discussed below
demonstrate the value of such data.

The fusion barrier distribution represents the proba-
bility that a fusion barrier will be found at a given beam
energy, and its existence can be most easily appreciated in
the case of fusion with a statically deformed nucleus. In the
decade since the first proposal [1] that a representation of
the fusion barrier distribution could be extracted by tak-
ing the second derivative of the fusion excitation function,
considerable development in our quantitative understand-
ing of the fusion of heavy nuclei has occurred [2], both
from an experimental and a theoretical point of view; the
latter partly due to the demands placed on theory by the
new, precise fusion data which have been obtained.

For nuclei with a charge product greater than about
250, it has been found that the width of the fusion barrier
distributions is typically more than 5% of the mean barrier
energy. By appropriate choice of colliding nuclei, barrier
distributions characteristic of the excitation of different
collective modes of the colliding nuclei have been observed.
These include rotational modes [3] (which classically cor-
respond to a static deformation) and vibrational modes

(both surface octupole [4] and quadrupole [5] vibrations).
Small effects of the single-nucleon transfer have also been
isolated [4]. Correlations have been made betweeen large
changes in the shape of the barrier distributions (enhanc-
ing the sub-barrier fusion by many orders of magnitude)
and the presence of positive Q-value multi-neutron trans-
fers [6]. The latter may be related to the classical concept
of neck formation.

It can be expected that in the fusion of radioactive
nuclei, the excitation of such collective modes strongly
coupled to the relative motion will also have the largest
influence on fusion. Because of the different N/Z ratios
of radioactive species, multi-nucleon transfers may have a
large and favourable effect in particular cases. However,
the weakly bound nature of light radioactive nuclei could
be expected to result in a suppression of fusion due to
their breakup in the field of the target nucleus before the
fusion barrier is reached. Already, fusion excitation func-
tions have been measured for radioactive species, (see, for
example, contributions from C. Signorini and J.J. Kolata
in these proceedings) and intriguing results are being ob-
tained. In understanding these results, comparisons with
their stable cousins is important, to isolate the effects
which are due to exotic N/Z ratios. In this regard, fu-
sion studies of weakly bound stable nuclei such as 6,7Li
and 9Be give valuable complementary information, since
at present, more extensive data can be obtained for such
nuclei.

Details of fusion measurements made at the Australian
National University, for these nuclei will be presented, and
conclusions given, after the influence of the entrance chan-
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Fig. 1. (a) The barrier distribution for 32S + 208Pb together with (b) the centroids of the fission mass splits (symmetric fission
is indicated by the dashed line) and (c) the energy dependence of the fission anisotropy. The predictions of the TSM with and
without the inclusion of couplings in fusion are given by the dashed and full lines, respectively. Similar quantities for 32S + 232Th
are shown in (d), (e) and (f), the results for symmetric mass splits between 0.4 and 0.6 of the compound-nucleus mass being
indicated by triangles. In both reactions, the calculated fusion barrier distributions are not best fits, but demonstrate that the
inclusion of wide barrier distributions does not allow reproduction of the measured A values.

nel properties on fission is discussed. The latter subject is
important if radioactive nuclei are to be used to try to
form superheavy nuclei which are closer to the predicted
island of stability than can currently be accessed. This
is because entrance channel effects can have a dramatic
influence on the competition between compound-nucleus
formation and the quasi-fission process. To form super-
heavy nuclei, of course the former process needs to be
optimised.

2 Effect of static deformation on
fusion-fission and quasi-fission competition

Generally, different fusion barriers correspond to different
conditions or configurations of the two nuclei at the fusion
barrier radius. Does the configuration at fusion influence
the outcome of the reaction? If an equilibrated compound
nucleus is formed, according to Bohr’s independence hy-
pothesis, the answer should be no. If, however, this is not
the case, as in quasi-fission, some influence of the config-
uration at fusion could remain. An investigation of the
influence of fusion barrier energy and configuration on
the subsequent fission process has been carried out for
reactions involving both spherical and statically deformed
heavy nuclei. It is crucial to appreciate that the range of
fusion barrier energies encountered can be controlled by
choosing the bombarding energy within the range of the
fusion barrier distribution [7,8]. At low energies, only the

low fusion barriers result in capture, whilst above the fu-
sion barrier region, all fusion barriers contribute to the
yield.

By comparing the measured fission properties (in par-
ticular angular distributions) as a function of the beam
energy with calculations using the statistical transition
state model (TSM) [9], which should be able to describe
the fusion-fission process, changes in the fission dynamics
can be investigated.

The principal variables determining the fission angular
distributions (usually characterised by the anisotropy A,
defined as the ratio of the yield at 0◦ or 180◦ to that at
90◦) are shown by the approximate expression for A based
on the TSM:

A = W (180◦)/W (90◦) ≈ 1 +
〈J2〉
4K2

0

= 1 +
〈J2〉�2

4TJeff
. (1)

Thus A is sensitive to the mean square angular momen-
tum leading to fission 〈J2〉, as well as to the variance K2

0 of
the distribution of K (the projection of J onto the fission
axis) centred at K = 0. Within the TSM, K2

0 is deter-
mined by the product of the temperature T at the fission
saddle-point, and the effective moment of inertia Jeff asso-
ciated with the saddle-point shape. Fusion models fitting
experimental data are used to determine 〈J2〉 [10], whilst
T and Jeff are determined from the statistical model and
the rotating finite range model [11] (RFRM), respectively.
One characteristic of quasi-fission is the small values of K2

0

(large A), which in general terms can be related to failure
to form a compact compound nucleus.
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Fig. 2. The fusion excitation function (a), barrier distribution D(E) (b), and fission anisotropies (c), for the reaction 19F +208 Pb,
together with calculations of all three quantities based on the assumption of a single fusion barrier (dashed lines) and for a
coupled-channels fusion calculation which reproduces the fusion data (full lines). The same quantities are shown for 34S with
168Er in panels (d), (e) and (f). The arrows indicate the lowest energies for each reaction at which a significant fraction of
fission events result from systems where the fission barrier is less than the temperature. As the energies increase, this fraction
increases.

To investigate experimentally the effect of static de-
formation, the two reactions 32S + 208Pb (spherical) and
32S + 232Th (deformed) are compared. It was known that
there is a substantial quasi-fission yield for both reac-
tions from anisotropies for the same [12] or similar reac-
tions [13]. Recent measurements at the ANU have mapped
out the detailed behaviour of the fission properties across
the fusion barrier energy region. Figures 1(a),(d) show the
barrier distributions, (b),(e) the centroids of the fission
mass distributions measured at a backward angle, and
(c),(f) the anisotropies as a function of beam energy for
each reaction. In both cases, the calculated anisotropies
labelled TSM are small, whether the width of the barrier
distribution is included (full lines) or not (dashed line),
because the RFRM saddle-point shapes are very compact
for such fissile compound nuclei.

For both reactions, the measured A lie well above the
calculations, indicating that the K-distributions are nar-
row. This implies that compact shapes are not generally
reached in these reactions, consistent with previous con-
clusions [12,13] that quasi-fission predominates. The en-
ergy dependence of A for the two reactions is, however,
very different. For 32S + 232Th, A rises as the energy falls
below the average fusion barrier energy. This feature has
also been observed for lighter projectiles incident on de-
formed heavy targets, for example 16O + 238U [8]. There,
it was proposed that fusion at the lowest beam energies,
which results exclusively from the projectile approaching
the tips of prolate deformed target nuclei, leads prefer-
entially to quasi-fission. This hypothesis is supported by

the energy dependence of the fission mass distributions
for 32S + 232Th, which show a marked change in shape
and centroid, as indicated in fig. 1(e). For 32S + 208Pb,
however, the anisotropy falls monotonically with energy,
and the mass distributions show no dramatic change in
shape or centroid, unlike those for the 232Th target. Thus
there is no indication in the data of a change in the char-
acter or probability of quasi-fission which is dependent on
the energy of the barrier encountered, for this reaction.
This is most likely correlated with the high frequency of
the vibrational excitations of 208Pb, as opposed to the low
frequency associated with collective rotational excitations
of 232Th. In reactions involving heavy deformed nuclei, the
configuration found at the fusion barrier is thus likely to
remain essentially unchanged up to the time the two nu-
clei start to merge together (closer than the fusion barrier
configuration) and so can influence the subsequent fission
dynamics. For vibrational nuclei, a configuration resulting
in a low-energy fusion barrier will not necessarily trans-
late into an elongated composite nucleus, due to the high
frequency of the relevant collective modes.

The energy dependence of the fission behaviour in
these two reactions, as well as for reactions of lighter pro-
jectiles with deformed actinides (such as 16O + 238U [8])
thus points to the unique influence of static deformation
of the heavy nucleus on the subsequent reaction dynam-
ics, as opposed to an effect simply due to elongation at
the fusion barrier configuration. Recent data on evapora-
tion residue formation probabilities for reactions of heavy
projectiles with statically deformed target nuclei [14,15],
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show a dramatic suppression of residues at sub-barrier en-
ergies, consistent with competition between fusion-fission
and quasi-fission depending on the fusion barrier configu-
ration, as suggested in refs. [7,8].

3 Effect of static deformation on fission at
high angular momentum

At high angular momentum, the TSM is expected to lose
its validity [16,17]. This occurs because as J increases,
the fission barrier height Ef(J) is reduced, ultimately to
zero, and here the symmetric fission saddle-point shape
can no longer be defined. Fission from such high angular
momenta where the fission barrier is no longer significant
is called fast fission [18,19].

Without the controlling influence of the saddle-point,
can fast fission be modelled in a simple way, and is it
influenced by static deformation, as is quasi-fission? An
obvious problem in studying the latter question is that
beam energies above the fusion barrier region are required
in order to introduce high angular momentum, and thus
the full range of fusion barriers will always be encountered.

To investigate these questions, firstly the reaction
19F + 208Pb (spherical) was studied in detail, from below
to 1.7 times the fusion barrier energy [20]. TSM calcula-
tions which describe well the A values at low energies (see
fig. 2(c)), fail at higher energies, the calculated A values
ultimately decreasing with increasing energy to lie well
below the measured values. This fall is due to the RFRM
predicting increasingly compact saddle-point shapes for
higher J , as the fission barrier height approaches zero. It
has been shown [20] that the monotonic rise of the data
can be explained by eliminating the controlling influence
of the saddle-point shape (which is used in the TSM de-
scription) at angular momenta where Ef(J) ≤ T , rather
than where Ef(J) = 0, consistent with simple expecta-
tions and dynamical calculations [21]. The beam energy
above which a significant fraction of fission events have
Ef(J) ≤ T , is indicated by the arrow in fig. 2(c).

The high-energy (angular momentum) data require
a smaller value of K2

0 than predicted using the RFRM
saddle-point shapes. This could be explained by postulat-
ing an equilibrium distribution of K associated with the
most compact shape attained during the reaction, which
must be more elongated than the saddle-point shape. Al-
ternatively, the small K2

0 can be thought of as resulting
from the failure to reach an equilibrium K-distribution,
implying a memory is retained of the K-distribution in
the entrance channel [22]. The principal axis of the en-
trance channel configuration in this reaction is along the
line joining the mass centres, which in turn is normal to
the angular momentum vector, as illustrated in fig. 3(a).
Ignoring the ground-state spin (1/2) of 19F, the entrance
channel K is thus zero. A memory of the entrance channel
K-distribution would lead to a smaller K2

0 than predicted
by the TSM.

To distinguish between these two explanations, a mea-
surement of fast fission was carried out for the reaction
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Fig. 3. (a) Fusion of a spherical projectile with a spherical
target nucleus produces a K-distribution in the entrance chan-
nel that is a delta function at K = 0, since the principal axis
of the combined system is always perpendicular to the plane
containing the angular momentum vector J. (b) Fusion with
a deformed target nucleus, at an angle Φ to its nuclear sym-
metry axis (dashed line), forms a principal axis (thick solid
line), which gives rise to a non-zero K-distribution in the en-
trance channel. If the system fission along the “pre-formed”
elongation axis, then a K-distribution wider than that for the
spherical system can result.

34S + 168Er [23], where 168Er has a large static quadrupole
deformation of β2 = 0.34. The experimental results are
shown in fig. 2, (d)-(f), compared with TSM calculations
as for 19F + 208Pb. At energies below the average barrier,
the calculated and measured A’s are not in extremely good
agreement. This could be a dynamical effect, or may be
due to the high sensitivity of the calculations at these en-
ergies to the fusion angular momentum distribution, as il-
lustrated in fig. 2(f) by the difference between the full and
dashed lines. At higher energies, this sensitivity is clearly
much reduced. In contrast with the 19F + 208Pb reaction,
at high energies (angular momenta) the measured A val-
ues are smaller than those calculated, implying a wider
K-distribution than predicted by the TSM. This cannot
be explained in terms of equilibrium at a more elongated
shape than the RFRM saddle-point, but can be qualita-
tively related to a memory of the entrance channel config-
urations [24] as described below.

Suppose the projectile at contact makes an angle Φ to
the symmetry axis of the deformed target nucleus, as il-
lustrated in fig. 3(b) (at these high bombarding energies,
all angles will lead to fission). The angular momentum
brought in by the projectile is perpendicular to the line
joining the mass centres, whilst the principal axis of the
system lies at an angle between the symmetry axis of the
deformed target nucleus and the line joining the mass cen-
tres. This can be thought of as an elongation axis “pre-
formed” in the fusion process, and the K-value on this
axis can be large. Fission, which is a diffusive process,
may occur more readily along this axis, or along the sym-
metry axis of the target nucleus [25,26]. In either case,
a broader K-distribution will be found than for a spheri-
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cal target nucleus. These high-J trajectories, which should
never reach the compact equilibrium shape according to
the 19F + 208Pb data, can thus have a K-distribution
whose variance is greater than the TSM value, resulting in
a smaller anisotropy, explaining the experimental results
for 34S + 168Er shown in fig. 2(f).

Evidence has been presented that fast fission favours
the elongation axis pre-formed in the fusion process. Thus
in fast fission as well as in quasi-fission, static deformation
in the entrance channel appears to influence the dynamics
of the subsequent evolution of the system over the poten-
tial energy surface.

4 Breakup of weakly bound nuclei

Unambiguous determination of the mean fusion barrier
allows the prediction of the fusion cross-sections at above-
barrier energies, which, as shown in fig. 2, (a) and (d),
agree well with experimental data in the case of strongly
bound projectiles. Our concept, first presented in refs. [2,
27], was to apply this prodedure to reactions with weakly
bound nuclei, the ratio between the measured and calcu-
lated cross-sections then giving a direct measure of the
suppression of fusion due to breakup.

Measurement of the yields of heavy residues was ac-
complished by detecting their ground-state or isomeric
decay α-particles, firstly for the 9Be + 208Pb reaction [2,
27], and more recently for the 7Li + 209Bi reaction [28].
Alpha-particles from nuclei with Z = 86, 85, 84 were ob-
served, and cross-sections determined. By making mea-
surements for two calibration reactions, 13C + 204Hg and
18O + 198Pt, forming the same compound nuclei as in
the above reactions, it was found that only residues with
Z = 86 (Rn) were produced, together with a small fission
yield. This indicated that the Z = 85, 84 nuclei must re-
sult from the breakup of the projectiles, followed by fusion
of one of the fragments with the target nucleus.

The complete fusion cross-sections for the 7Li + 209Bi
and 9Be + 208Pb reactions were thus defined as the sum of
the Rn xn evaporation residue cross-sections and the fis-
sion cross-section at each beam energy, and are shown in
fig. 4, (a) and (b), whilst the experimental barrier distri-
butions, d2(Eσfus)/dE2, determined from the fusion ex-
citation functions using a point difference formula, are
shown in fig. 4, (c) and (d). The average barrier positions
obtained from the experimental barrier distributions for
7Li + 209Bi and 9Be + 208Pb are 29.6 ± 0.4 MeV and
38.3 ± 0.6 MeV, respectively.

Realistic coupled-channels calculations [28] were made
choosing a nuclear potential which reproduced the mea-
sured average fusion barrier energy. Couplings to states
in projectile and target were included. The cross-sections
and barrier distributions are shown in fig. 4 by the dashed
lines. They give significantly higher cross-sections than are
observed. Agreement between the measured and calcu-
lated quantities can be achieved if the calculated fusion
cross-sections are scaled by 0.73 and 0.68 for the 7Li and
9Be induced reactions, respectively. The result of such a
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Fig. 4. The measured complete fusion cross-sections (top pan-
els) and the experimental barrier distribution (bottom panels)
for the reactions indicated. The dashed line is the result of
a coupled-channels calculation which includes expected cou-
plings to states in the target and projectile. The calculations
do not include breakup effects. The full line is the same calcu-
lation scaled by factors as indicated, and gives a good repre-
sentation of the complete fusion data.

scaling is shown by the full lines in fig. 4. This scaling fac-
tor will be model dependent at the lowest energies, as the
calculations are sensitive to the types of coupling and their
strength. However, at energies around and above the av-
erage barrier, the scaling factor is more robust to changes
in the couplings or potential shape within the constraints
of the measured barrier distribution.

The suppression of complete fusion at energies above
the barrier, observed in both the reactions, is attributed to
the reduction in the incident flux due to the large probabil-
ity of 7Li and 9Be breaking up before they reach the fusion
barrier. This picture is supported by the large incomplete
fusion cross-sections which were observed in these exper-
iments. It should be noted that complete fusion is here
identified as the capture of all the charge of the projec-
tile, and it includes breakup events where the breakup
fragments are all captured by the target. In addition, in
the case of the 9Be induced reaction, the complete fusion
cross-sections include events where 9Be breaks up into two
alpha-particles (or 8Be) and a neutron, with the neutron
escaping capture. Thus the experimental complete fusion
yields underestimate the actual breakup probability.

The determination of the average barrier position has
been crucial in obtaining a quantitative measure of the
fusion suppression at above-barrier energies. Theoretical
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models, which aim to describe the effect on fusion of the
breakup of very weakly bound radioactive nuclei, should
be able to explain these fusion data obtained for weakly
bound stable nuclei, where halos are absent.

5 Conclusions

The insights into reaction dynamics which have occurred
in recent years have in large part been due to the repre-
sentation of fusion data in terms of a barrier distribution,
and the increase in data quality which that requires. Fur-
ther unexpected features of nuclear fusion are surely just
waiting to be uncovered!
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