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How signatures of quasiﬁssion evolve in reactions forming Curium
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Abstract. Quasiﬁssion, a ﬁssion-like reaction outcome in which no compound nucleus forms, is an important
competitor to fusion in reactions used for super-heavy element formation. The precise mechanisms driving the
competition between quasiﬁssion and fusion are poorly understood. To explore the inﬂuence reaction parameters have on quasiﬁssion probabilities, an investigation into the evolution of quasiﬁssion signatures as a function
of entrance channel parameters is required. Using the Australian National University’s 14UD tandem accelerator and CUBE detector for two-body ﬁssion studies, measurements were made for a diverse range of reactions
forming isotopes of Curium. Observables known to reveal signs of quasiﬁssion—namely mass ratio spectra,
mass-angle distributions, and angular anisotropies—were extracted. Evidence of quasiﬁssion was observed in
all reactions, but the observables showing evidence of quasiﬁssion were not the same for all reactions. A link
between this evolution and reaction timescales will be discussed.

1 Introduction
A reaction outcome known as quasiﬁssion is one of the
most important inhibitors of fusion in reactions leading
to heavy and superheavy element formation. In quasiﬁssion, the di-nuclear system formed following capture begins the equilibration process, but splits apart again before forming the compact equilibrium shape required in
fusion. For reactions leading to quasiﬁssion, no compound
nucleus forms; as such, quasiﬁssion is a direct competitor
to fusion. Because of this competition between fusion and
quasiﬁssion, the latter has long been the subject of intense
study (see, e.g., Refs. [1–19]).
The role quasiﬁssion plays in suppressing compound
nucleus formation has several consequences. In reactions
dominated by quasiﬁssion, reaction times are faster than
those dominated by fusion ﬁssion by as much as four orders of magnitude [4, 16]. Such reactions have been shown
to be strongly inﬂuenced by entrance channel variables
[4, 17, 20, 21], and have been associated with a reduction
in evaporation residue cross sections [11]. To date, an understanding of how signatures of quasiﬁssion evolve with
reaction timescales has not been achieved.
Quasiﬁssion presents a considerable experimental
challenge because individual ﬁssion events resulting from
this process have identical characteristics to those observed in fusion-ﬁssion. But in quasiﬁssion, the elongated
projectile-target system never reaches equilibrium in the
case of quasiﬁssion. Instead, it sticks together just long
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enough for some mass-equilibration to occur. In reactions
dominated by quasiﬁssion, the distributions of ﬁssion fragment characteristics should bear some signatures of this
dynamic collision process.
Following Ref. [18], we will focus on three signatures
of quasiﬁssion: mass distributions, angular anisotropies,
and mass-angle distributions. Mass distributions have
been shown to exhibit enhanced widths in reactions dominated by quasiﬁssion in comparison to equivalent reactions
dominated by fusion-ﬁssion [13, 22]. Angular anisotropies
that show enhancement relative to transition state model
predictions have also been used to identify reactions in
which quasiﬁssion is a possible outcome [2, 6, 23]. Finally, mass-angle distributions (MADs) [4, 16, 19] have
been shown to provide a clear signature of quasiﬁssion in reactions occurring primarily over relatively short
timescales. While all these observables are related, each
is sensitive to diﬀerent aspects of the quasiﬁssion process.
As such, a careful study of these observables in reactions
leading to Curium will allow us to examine the evolution
of quasiﬁssion as a function of entrance channel parameters. In particular, a relationship between these signatures
and quasiﬁssion timescales will be explored.

2 Methods
2.1 Experiment

To observe how entrance channel parameters inﬂuence
quasiﬁssion signatures, several experiments were performed using the Australian National University’s 14UD
tandem accelerator, and, where necessary, the ANU superconducting linear accelerator. Pulsed beams ranging from
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Figure 1. (a-e) MADs for all ﬁve reactions studied in this work. (f-j) Mass ratios for each studied reaction, compared with a single
(red) or, where applicable, a dual (blue) Gaussian ﬁt, as described in Ref. [18]. For all results in this ﬁgure, only one energy for each
reaction is shown for brevity; similar results were obtained for other excitation energies.

C to 64 Ni, of width ∼1 ns and separation ∼106 ns, bombarded targets ranging from 232 Th to 170 Er. All reactions
formed isotopes of Curium. A summary of the reactions
chosen and any relevant reaction parameters is provided in
Table I of Ref. [18].
The ANU CUBE detector system [8] was used to observe ﬁssion fragments originating from each reaction.
The CUBE detector consists of two position-sensitive
Multi-Wire Proportional Counters (MWPCs) oﬀering a
large solid angle coverage. To make absolute cross section measurements possible, Si monitor detectors were
placed at forward angles in symmetric locations about the
beam axis. Depending on the reaction kinematics and required angular coverage, two diﬀerent CUBE conﬁgurations (shown in Fig. 1 of Ref. [18]), were used.
For each experiment, mass ratios (MR ≡ M1/(M1 +
M2)), MADs, and, where necessary, angular anisotropies,
were obtained. For a full explanation of the kinematic reconstruction, event classiﬁcation, and cross section normalization methods used in this work, see Ref. [18].
12

Figure 2. (a) Mass widths extracted for reactions using the lightest four projectiles, plotted with respect to excitation energy E ∗
in units of MeV. (b) 2  values calculated using CCFULL for a
diﬀuseness a = 0.65 for the four reactions shown in (a).

variant of the coupled-channels model CCFULL [27, 28].
A detailed discussion of the theoretical calculations used
in this work can be found in Ref. [18].

2.2 Theory

3 Results

Because quasiﬁssion and fusion-ﬁssion outcomes are typically possible in the same reactions and cannot be separated by experimental means, all three of the observables
used in this work necessarily represent the sum of both
quasiﬁssion and fusion-ﬁssion distributions. In the case
of angular anisotropies, in particular, this means there is
no clear and model-independent signature of the presence
of quasiﬁssion. Instead, transition state model calculations that assume that compound nucleus formation precedes ﬁssion serve to benchmark fusion-ﬁssion angular
anisotropies; signiﬁcant deviations from these predictions
are taken as evidence of the presence of quasiﬁssion.
In the current work, angular anisotropy calculations
were based on the code JOANNE2 [24]. For these calculations, we used the transition state model (TSM) [25]
as described in Ref. [26], as well as partial wave distributions (-distributions) following fusion obtained using a

Mass ratios and MADs were measured for all reactions
studied in this work. Angular anisotropies were only studied for those reactions in which no clear evidence of quasiﬁssion was found in these ﬁrst two observables.
3.1 Mass ratios

Mass ratios for all full momentum transfer events in each
reaction were extracted; a sample mass ratio for each reaction is shown the bottom row of in Fig. 1. With the exception of results from 64 Ni+170 Er, in which the the mass ratios exhibited a minimum at MR =0.5, each obtained mass
ratio was ﬁt with a single Gaussian function. The width
obtained from this ﬁt is shown as a function of excitation
energy E ∗ in Fig. 2 (a). The average width for the reaction 12 C+232 Th, in which quasiﬁssion is not a likely outcome, is used as a reference width (σ MR (ref)). As one can
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Figure 3. Angular anisotropies extracted for reactions using the lightest four projectiles, plotted with respect to excitation energy E ∗
in units of MeV. The angular anisotropy data for 12 C + 232 Th are from Ref. [29]; data for 28 Si+208 Pb are from Refs. [30] and [7]. All
other data are from this work.

see from this plot, all reactions using projectiles higher
than 12 C exhibited wider mass distributions than σ MR (ref)
for most or all excitation energies. The standout case of
48
Ti+186 W will be discussed below.
These diﬀerences alone are not suﬃcient to conclude
that quasiﬁssion is an important reaction outcome for all
these reactions; angular momentum does play a role in
determining mass distributions. However, a sample CCFULL calculation of 2 , where L2  ≡ 2 2 , is shown
in Fig. 2 (b). From this, one can see that 2  values for
32
S+202 Hg are very similar to those for 12 C+232 Th below
∗
E ∼ 40 MeV; nevertheless, mass widths for the former
are measurably larger than the reference width. This suggests that quasiﬁssion may be important for 32 S+202 Hg.

The results of these comparisons are shown in Fig. 3,
plotted as functions of Ec.m. /VB . To account for the uncertainty in the Woods-Saxon potential diﬀuseness parameter
(a) used in the -distribution calculations provided as inputs to the model, three diﬀerent transition state model calculations are shown for each reaction. Even large changes
in the diﬀuseness parameter have only a small inﬂuence on
the calculated angular anisotropies. In Fig. 3, transition
state model calculations are plotted as solid lines, while
data points are distinct symbols with error bars. For any
of the three reactions shown in Fig. 3, measurements do
not agree with the model calculations. For all three cases,
then, angular anisotropies oﬀer evidence that quasiﬁssion
is a possible outcome.

3.2 Mass-angle distributions

4 Discussion and Conclusions

MADs for all reactions are shown for one excitation energy in Fig. 1 (a-e). For reactions with the lightest three
projectiles, Fig. 1 (a-c), no correlation between mass and
angle is evident in the MADs. For reactions with the heaviest two projectiles, Fig. 1 (d-e), however, a mass-angle
correlation is evident, and is most extreme for 64 Ni+170 Er.
The correlation is thought to come about due to the short
reaction timescales present in relatively fast quasiﬁssion
processes, as described in Refs. [4, 16]. It is this correlation that primarily leads to the dramatically diﬀerent mass
ratios observed in 48 Ti+186 W and 64 Ni+170 Er, Fig. 1 (i-j).

The above results have shown that all ﬁve reactions studied
indicated some evidence of quasiﬁssion in at least one of
the ﬁssion fragment observables. While we cannot separate out fusion-ﬁssion and quasiﬁssion event-by-event, nor
can we robustly determine how signiﬁcant each process is
in each reaction, we can say this: quasiﬁssion is clearly an
important reaction outcome for all reactions studied here,
including those with the lightest projectile.
The clearest (and most model-independent) indicator
of quasiﬁssion was found in the MADs. In the reactions involving the heaviest projectiles, quasiﬁssion occurring on
short time scales (less than a single rotation after capture)
can be identiﬁed from the presence of a mass-angle correlation in the MAD. This correlation will only be observed
in instances where relatively fast quasiﬁssion is a highly
probable reaction outcome. In these cases, the MAD provides information on reaction time scales [16, 18].
In reactions where a mass-angle correlation is not observed, quasiﬁssion may still be an important reaction outcome. In these cases, angular anisotropies oﬀer the clearest means of identifying reactions for which quasiﬁssion
is important. This was seen in reactions involving the
lightest three projectiles studied here. While none of these
three reactions exhibited a mass-angle correlation, indicating a reaction timescale longer than a single rotation postcapture, all three exhibited enhanced angular anisotropies

3.3 Angular anisotropies

For the three reactions involving the lightest projectiles,
mass widths and MADs did not oﬀer conclusive evidence
of the presence of quasiﬁssion. This does not mean that
quasiﬁssion is not a possible outcome; MADs in particular will only oﬀer evidence of quasiﬁssion in the form
of a mass-angle correlation for suﬃciently short (< 10−20
s) reaction timescales, corresponding to relatively fast
quasiﬁssion processes. To determine how well each reaction conformed with traditional fusion-ﬁssion, angular
anisotropies were observed and compared to transition
state model calculations.
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relative to transition state model calculations. The pattern
of disagreement is likely to be due to nuclear structure effects, as discussed in Ref. [18]. In future work, improvements in the CCFULL inputs to these calculations along
the lines of Ref. [31] may be useful for better identifying
the appropriate Woods-Saxon potential parameters.
For all reactions, the widths of the mass ratio distributions only oﬀered a clear signature of quasiﬁssion in
cases where a mass-angle correlation was observed. In
all other cases, mass distributions may provide some evidence of quasiﬁssion, but interpretation of this evidence
requires model input.
To conclude, none of the signatures of quasiﬁssion presented here are capable of providing quantitative information on the importance of quasiﬁssion outcomes for a given
reaction. However, the work presented here highlights the
potential use of experimental MADs for the development
of a dynamical model of fusion and ﬁssion. More importantly, it demonstrates that MADs are a sensitive probe of
the type of reactions used in superheavy element studies;
as such, such measurements oﬀer a powerful tool for improving our understanding of the island of stability.
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