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Abstract. Light particles in coincidence with evaporation residues and heavy fragments have been mea-
sured by a 4π charged-particle detector at the INFN Laboratori Nazionali di Legnaro (Padua) for the
240 MeV 32S+ 100Mo reaction leading to the 132Ce composite system at 152 MeV of excitation energy.
Energy spectra of the alpha-particles in coincidence with fission fragments were extracted for many corre-
lation angles both in plane and out of plane. A prominent out-of-plane emission was observed, consistent
with the pattern for the near-scission emission. From the fit to the spectra, the pre-scission alpha-particle
multiplicity of 0.040 ± 0.006 was obtained. This value is reproduced by the code PACE2 without the in-
clusion of a delay time for fission. The presence of fast fission, which could be responsible for this result,
is discussed.

PACS. 25.70.Jj Fusion and fusion-fission reactions

1 Introduction

The study of the nature and magnitude of nuclear dissi-
pation and its effects on the fission process occurring in
reactions between heavy ions at low energies (≤ 10 AMeV)
has been the subject of a large variety of experimental and
theoretical works [1–15]. Since the time scale of fission is
thought to be affected by nuclear dissipation [16], the main
goal of these studies is the use of γ-rays and light-particle
emissions as probes for the dynamical evolution of the
composite nuclear system in its journey from the equi-
librium to the scission point. The common experimental
procedure is to measure energy spectra and angular dis-
tributions of a probe of a given type in coincidence with
fission fragments from which multiplicities are extracted.

The presence of dynamical effects in the fission
decay is inferred on the basis of the standard statistical
model [2]. There exists an energy domain [1–15] above
which multiplicities of neutrons, protons, alpha-particles
and GDR γ-rays yields associated to the pre-scission are
under-predicted by the statistical model, and the extent
of the gap usually grows with increasing excitation energy.
Along with this result, it is also found that the fission
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fragments are usually very cold and that the emissions
of GDR γ-rays and alpha-particles show signatures of a
deformed emitting source.

The overall picture, suggested at first in studies involv-
ing only neutron emission [2], is that because of the nuclear
viscosity the collective flow of mass from equilibrium to
scission is slowed down. As an immediate consequence,
particles and γ-ray emission can occur more favourably
because fission cannot compete effectively in the early
stages of the decay. On a time scale ground, particle/γ-ray
emissions proceed with a time scale much shorter than
fission time scale, differently from what is supposed in
the statistical model and found at lower energies.

Several interesting modifications of the statistical
model have been proposed in the literature to take explic-
itly into account time scales as well as viscosity [4,5,9,12,
17,18]. Following the initial idea of the “neutron clock”,
the common trend is to split the path from equilibrium
to the scission point into two regions, the pre- and the
post-saddle. The total fission time is defined as τf = τd

+ τssc, where τd is the pre-saddle delay, namely the char-
acteristic time necessary for the build up of the collective
motion toward the saddle point, and τssc is the time of the
path from saddle to scission. The relevant observables are
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computed using τd and τssc as free parameters, along with
the other input parameters relative to the specific ingre-
dients of the model (i.e., level density, shell corrections,
fission barriers...), and fitted to the experimental data.

In spite of the extensive theoretical effort, estimates of
the fission time scales are quite controversial, not easily
comparable on a common physical ground, and weakened
by the fact that different sets of input parameters can
result in equally good fits within the same model. Other
important open questions remain the delicate and blurred
separation between pre- and post-saddle emissions, the
change in the strength of the viscosity in the pre- and post-
saddle motion, and its dependence on the temperature and
deformation [12,13].

The failure of the standard statistical model approach
to the study of the fission decay has also triggered an enor-
mous activity toward dynamical models [19]. Although
these models are basically expected to be more realistic,
much work still need to be done to reach a more compre-
hensive picture of the dynamical effects.

Most of the data gathered so far have been involving
compound nuclei with A ≈ 200–250. In this paper we pro-
pose to extend the study of fission dynamics to systems
of intermediate fissility (χ = 0.5–0.6) which carry several
advantages. These systems are characterized by an evapo-
ration residue cross-section comparable or larger than the
fission cross-section, and by a shorter path in the defor-
mation space from the saddle to scission point [20]. Con-
sequently, in a theoretical framework in which time scale
estimates rely on the model calulations, the input param-
eters can be further constraint through additional observ-
ables in the evaporation residue channel, and the role of
the pre-saddle dynamics relative to the saddle-to-scission
one is enhanced, so reducing some of the ambiguities on
the not well-identified separation and interplay between
pre- and post-saddle regions. Furthermore, light charged
particles are expected to be emitted with much higher
multiplicity in the pre-scission region and, especially
alpha-particles are sensitive to the emitter deformation as
well as to the yrast line at high angular momentum. There-
fore, clues on the system deformation can be conveniently
cumulated with the ones extracted by γ-rays studies.

Recently, the charged-particle emission in both evap-
oration residue and pre-scission channels has been used
to get the fission delay [21] for the systems 180 MeV
32S+ 109Ag [14], 905 MeV 121Sb+ 27Al [6] and 247,
337 MeV 40Ar+ natAg [1]. A fission delay τd has been
introduced in the statistical code PACE2, to fit the pre-
scission multiplicity. A wide interval of time delays was
obtained with values in the range 4–27× 10−21 s.

On these grounds, we have started a research pro-
gram aimed at studying the fission dynamics in systems
of intermediate fissility. In this paper, we describe results
of the measurement performed on the system 240 MeV
32S+ 100Mo leading to the composite system 132Ce at the
excitation energy of 152 MeV. We took full advantage
of the performances of the 8πLP apparatus under oper-
ation at Laboratori Nazionali di Legnaro. Energy spectra
of light charged particles, in coincidence with evaporation

residues and fission fragments, were measured with low
energy thresholds and with an almost 4π geometry.

2 Experimental setup

The experiment was performed at the XTU Tandem-ALPI
Superconducting LINAC accelerator complex of the Lab-
oratori Nazionali di Legnaro. A 240 MeV pulsed beam of
32S of about 1 pnA intensity was used to bombard a self-
supporting 100Mo target, 300 µg/cm2 thick. A beam burst
with frequency of about 1.25 MHz and duration of about
2 ns was used.

We used the 8πLP apparatus [22], which is a light
charged-particle detector assembly which fulfils the fol-
lowing requirements:

a) angular coverage close to 4π,
b) compact and flexible arrangement to accommodate dif-

ferent trigger detectors,
c) low identification energy thresholds,
d) high granularity,
e) measurement of energy of light charged particles from
heavy-ion reactions up to ∼ 10 AMeV of incident en-
ergy.

It consists of two detector subsystems: the WALL and
the BALL. The WALL made of 116 telescopes is placed
at 60 cm from the target covering an angular range from
2◦ to 24◦. The BALL of 30 cm in diameter consists of 7
rings placed coaxially around the beam axis, each with 18
telescopes for a total number of 126 telescopes covering
an angular range from 34◦ to 165◦. The rings are labelled
from A to G going from backward to forward angles each
covering an angular opening of about 17◦.

Particle identification is carried out by the ∆E-E
method and, for particles stopping in the first stage of the
telescope, by the TOF method for the particle detected
in the WALL, and by the Pulse Shape Discrimination
(PSD) technique for the particle detected in the BALL.
The BALL silicon detectors are mounted with the rear side
facing the target, in the so-called flipped configuration.

In this configuration we are able to measure energies
up to 64 AMeV in the WALL and 34 AMeV in the BALL
with energy thresholds of 0.5 MeV for protons and 2 MeV
for alpha-particles.

To detect evaporation residues, the WALL detectors
between 2.5◦ and 7.5◦ around the beam axis were replaced
by 4 Parallel Plate Avalanche Counter modules, each one
subtending a solid angle of about 0.3 msr. Each module
consists of two coaxial PPACs mounted and operating in
the same gas volume at a distance of 15 cm from each
other. By adjusting the gas pressure, it is possible to stop
the ER between the two PPACs, and let the fission frag-
ments and elastic scattered ions to impinge on the sec-
ond PPAC. Consequently, evaporation residue (ER) sig-
nals were sorted out by the first PPAC using the signal
from the second PPAC as a veto.

Heavy fragments were detected in the telescopes of the
ring F and G of the BALL. The PSD technique allowed
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the separation between heavy fragments and light parti-
cles stopping in the same detector. Selection between sym-
metric and asymmetric mass splitting has been achieved
in this reaction on a kinematics ground as explained later.

The acquisition system is based on a newly designed
readout FAIR bus [23] and is capable of handling about
1000 input signals between energy and time. The on-line
analysis of all the default 1D histograms and of about 800
2D matrices is handled by commercial VME CPUs. The
whole acquisition system is accessible via Ethernet since
is designed on a client/server architecture.

Data were collected requiring the OR mode between
the following conditions: a) coincidence between PPAC
and any particle detector to select events corresponding
to light particles emitted in the evaporation residue chan-
nel, b) two-fold event in the F and G ring detectors to se-
lect events with two fission fragments, and c) coincidence
between one detector of the F or G ring and all other
particle detectors. During the data taking the acquisition
rate was about 1.5 k events per second with dead time of
∼ 15% mainly due to the conversion time and the storage
of events on tape. The replay of data tape, the data sort-
ing and analysis has been handled by the software package
VISM [24].

3 Data analysis and results

The main goal of the data analysis presented is the extrac-
tion of the pre-scission multiplicity of the alpha-particles
from which we estimate the fission time scale. Data on
protons and alpha-particles in the ER channel have been
also obtained in order to further constraint the statisti-
cal model parameters. Results reported in this paper refer
to the data collected by the BALL section of the 8πLP
apparatus.

3.1 Selection of the fission fragments

In order to select fission fragments out of the possible
binary reaction products, we have analysed fragment-
fragment coincidences. In fig. 1a and b, we show the
fragment-fragment energy correlation with correlation an-
gles in the range 68◦–104◦ and 87◦–123◦ corresponding to
two fragments detected by two different telescopes in the
same ring G and in the rings F-G, respectively. The data
have been summed over all the combinations of detectors
belonging to the ring F and G . In fig. 1a the energy distri-
bution is compatible with the presence of Deep Inelastic
Collisions (DIC) which produces target-like and projectile-
like fragments. A simulation of the DIC, performed by the
code GANES, gives for the folding-angle distribution a
bell shape centered around 88◦, ranging from 75◦ to 100◦.
As regards the fission process, the code predicts a bell-
shaped distribution centered around 100◦, ranging from
90◦ to 110◦. Taking the events of fig. 1b, which correspond
to an angular range centered around the most probable
folding angle for fission, one can be confident that most
of the events are associated with fission fragments. This
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Fig. 1. Energy correlation between fragments in two different
windows of the correlation angle.

conclusion is supported by the fact that the multiplicity
of pre- and post-scission alpha-particles, extracted by the
procedure described in the following, do not change sig-
nificantly when the event selection is restricted to regions
with nearly the same energy for the two fragments.

3.2 Alpha-particle emission in the fission channel

Laboratory energy spectra of the alpha-particles in triple
coincidence (fragment-fragment-particle) were extracted
for all the correlation angles allowed by the geometry (12
in plane and 56 out of plane). Some of the multiplicity
spectra are shown as histograms in figs. 2, 3, 4 and 5.

Figure 2 refers to the 12 in-plane angle correlations,
while figs. 3, 4 and 5 refer to the out-of-plane multiplicity
distributions.

Each alpha-particle spectrum has been obtained as the
sum of alpha-particle spectra corresponding to the same
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Fig. 2. In-plane (β = 0) multiplicity spectra of alpha-particles in the fission channel.
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Fig. 3. Out-of-plane multiplicity spectra of alpha-particles in the fission channel (ring D).
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Fig. 5. Out-of-plane multiplicity spectra of alpha-particles in the fission channel (ring G).

in-plane and out-of-plane angles, and normalized to the
number of its corresponding trigger fragment-fragment
events.

The particle detector position has been identified with
respect to a trigger plane, defined by the position of the
two fired fragment detectors, using in-plane (α) and out-
of-plane (β) angles. The values of these, ranging from 0◦
to 360◦ and from 0◦ to 90◦, respectively, are shown in
figs. 2, 3, 4 and 5. Rings D and E cover the same out-of-
plane angular range, which is the largest with respect to

the other rings, and ring G is positioned at most forward
in-plane angles.

In order to extract the pre- and post-scission in-
tegrated multiplicities, alpha-particle spectra have been
analysed considering three evaporative sources: the com-
posite nucleus prior to scission (CE) and the two fully
accelerated fission fragments (F1 and F2). We have used
a well-established procedure which employs the Monte
Carlo Statistical code GANES [25,26,6,1]. Alpha-particle
evaporative spectra are computed separately for each
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Fig. 6. In-plane velocity vector diagram for the reaction
240 MeV 32S+ 100Mo.

source of emission in the trigger configuration defined in
the experiment, taking into account the detection geome-
try. Afterwords, the calculated spectra are normalised to
the experimental ones, and the integrated multiplicities
are calculated for each emitting source. Since the compo-
nents overlap in the experimental data, the normalization
procedure starts by establishing upper limits for the con-
tribution of each component from the region of the spec-
tra where one component is prominent with respect to the
other ones.

An important guide for this procedure is the velocity
vector diagram as shown in fig. 6 for the in-plane measure-
ments. In the figure the arrows indicate the compound-
nucleus velocity and the fragment velocities detected in
the F-G rings. The radius of each of the three circles, which
are centred at the tip of the vector velocities, represents
the average velocity of the alpha-particles in the emitter
reference frame, namely the composite system (dot-dashed
line) and the fission fragments (solid and dashed lines).
The position of the detectors are superimposed on the
diagram and the energy thresholds are indicated by short
bars normal to the angle lines. An upper limit for the CE
was assigned in the normalization procedure by reference
to the spectra at in-plane correlation angles of 204◦, 223◦
and 241◦. Similarly, an upper limit for the F1 and F2 emis-
sion was set by the spectra at 78 ◦ and 299◦, respectively.
The curves superimposed on the histograms in figs. 2, 3,
4 and 5 represent calculated multiplicity spectra for CE
(dot-dashed curves), F1 (light solid line) and F2 (dashed
line) components, along with their sum (dark solid line).

The code GANES simulates the single-step par-
ticle emission from deformed nuclei whose shape is
parametrized in terms of Cassini ovals and the evapora-
tion barriers are determined by the extent of the deforma-

Fig. 7. Center-of-mass alpha-particle angular distributions
calculated by the code GANES for the emission from a com-
pound nucleus with J = 85h̄, in the spherical and deformed
(b/a = 3) case. Θspin is the angle with respect to the spin.

tion. The single-step approximation can be considered rea-
sonable in the case of alpha-particle pre-scission emission
characterized by low multiplicity and high first-chance
emission probability. In our calculation, deformation is
introduced only for the CE emission, whereas fragment
evaporation is assumed from spherical nuclei. GANES
simulations were made with two free parameters: the de-
formation parameter 0 < ε < 1, and the fractional en-
ergy loss (FEL) prior to charged-particle evaporation. The
compound-nucleus angular momentum has been fixed to
the average value of 85h̄ predicted by the multistep Monte
Carlo code PACE2 which takes into account the competi-
tion between fission and evaporation channels. The defor-
mation of the emitter affects both the mean energy of the
evaporated charged particle, because of the change in the
evaporation barriers, and the out-of-plane angular distri-
bution, because of the increase in the moment of inertia.
In our data the best fit of the energy spectra provides
for the CE component ε = 0.8 (b/a = 3) and FEL = 0.15.
This emitter deformation results into mean energies of the
alpha-particles which are ≈ 2 MeV lower than those ex-
pected in the case of a spherical emitter.

It is important to stress that to reproduce both the
energy spectra and the out-of-plane angular distributions
imposes very strong constraints on the model parameters.
In this respect, the alpha-particle angular distribution is
very sensitive to the nuclear deformation, setting a lower
limit for ε = 0.7.

The effects of the deformation can be very effectively
seen in the center-of-mass angular distribution with re-
spect to the spin. In fig. 7 we show, as dashed line, the
angular distribution calculated with respect to the spin
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of the alpha-particles emitted from the spherical nucleus.
The same angular distribution but calculated for the de-
formed nucleus is shown as solid line. The anisotropy for
the spherical emitter is about 30 times larger than that
expected for the deformed emitter because of the different
moment of inertia.

Assuming the evaporation from the three emitting
sources, the bulk of the experimental spectra is very well
reproduced, also considering the wide angular coverage of
the detecting array. Nevertheless, a detailed inspection re-
veals contributions not accounted for by the CE and FE
which are mainly of two kinds: an excess of high-energy
alpha-particles at most forward angles, and a surplus of
particles with energies intermediate between those corre-
sponding to CE and FE. These two types of contributions
have already been observed in other experiments of the
same kind as presented here [1,6,14] and have been as-
cribed to pre-equilibrium and near-scission emission [27–
29], respectively.

The in-plane angular distribution in fig. 2 and the out-
of-plane one in ring G (fig. 5) are most suited to clarify
the pattern of the excess at higher energies. In fig. 2, this
excess disappears when going from forward to backward
angles; in fig. 5, the top and bottom rows show clearly
the gradual disappearance of the higher-energy compo-
nent when the detection position moves to larger out-of-
plane angles. The angular pattern observed in plane, and,
more noticeably, in the out of plane, are compatible with
a pre-equilibrium mechanism of emission strongly related
to the entrance channel.

In some of the spectra of ring G (fig. 5) is also quite
evident an excess of particles of intermediate energy. A
similar excess is also found in the spectra of ring C (not
shown) but not in rings D and E (figs. 3 and 4), and
is partially visible at some angles in the in-plane spec-
tra (fig. 2). The angular and energy dependence of such
a component is consistent with the well-established pat-
tern for the near-scission emission: enhanced emission at
angles perpendicular to the scission axis [27] with energies
characteristic of emission barriers lower than those mea-
sured in the CE component. This correlation with scission
axis, which is a sort of focusing effect, is remarkably evi-
dent when we compare the spectrum of ring D (fig. 3) at
α = 105.5◦ and β = 39◦ with the spectrum in the ring
G (fig. 5) at α = 9.2◦ and β = 42◦. The first detection
position favours the detection of particles emitted out of
plane along the direction of the scission axis; the second
one favours the detection of particles emitted perpendic-
ularly to the scission axis. In spite of the almost equal
out-of-plane angles, we notice a dramatic difference in the
intermediate-energy component.

From the fit to experimental spectra, alpha-particle
multiplicities of 0.040 ± 0.006 and 0.014 ± 0.002, for pre-
scission and post-scission emissions, respectively, have
been deduced.

3.3 Evaporation residue channel

Evaporation residues were detected by four PPAC mod-
ules of the type described in sect. 2. In figs. 8 and 9 we

Fig. 8. Intensity distribution of protons in coincidence with
the evaporation residues as a function of the BALL detectors
grouped by rings.

Fig. 9. Intensity distribution of alpha-particles in coincidence
with the evaporation residues as a function of the BALL de-
tectors grouped by rings.

show, as solid points, the number of protons and alpha-
particles, respectively, detected in coincidence with one of
the PPAC versus the identification number of the BALL
detectors. Superimposed to the data is the result of the
simulation performed with the code PACE2 (solid lines),
in which the detailed geometry of the detecting system has
been properly included. For each ring, we observe a strong
dependence of the intensity on the detector position result-
ing from the different correlation angles with respect to the
trigger detector, both for protons and alpha-particles. The
same pattern of figs. 8 and 9 is observed for the case of
the other trigger positions. The code PACE2 reproduces
very well the observed pattern, independently of the ratio
af/aν parameter, where af and aν are the level density
parameters governing fission and particle evaporation, re-
spectively. In the statistical model, this ratio is an input
parameter which affects the competition between fusion-
fission and fusion-evaporation, and hence, it is expected
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Table 1. Calculated alpha-particle pre-scission multiplicities
for different values of the af/aν parameter and delay time for
the 32S+ 100Mo system.

τd af/aν af/aν af/aν af/aν af/aν af/aν

(10−21 s) 1.00 1.02 1.04 1.06 1.08 1.10

0 0.049 0.035 0.026 0.019 0.015 0.010
2 0.049 0.043 0.035 0.030 0.030 0.031
4 0.088 0.090 0.096 0.100 0.100 0.110

to have also an influence on the particle multiplicities in
the ER channel.

Concerning the ER channel, we have extracted an es-
timate of the proton to alpha-particle multiplicity ratio,
with the help of statistical model calculations. This also
allowed us to optimize the ratio af/aν needed to analyse
the pre-scission multiplicity. Since the calculations repro-
duce very well the shape of the angular distributions in
figs. 8 and 9, independently upon the ratio af/aν , an es-
timate of the multiplicity ratio can be obtained by the
code PACE2, provided that the model is also able to re-
produce the measured angular distribution of the two par-
ticles, with a unique normalizing factor. Such a condition
strongly depends upon the ratio af/aν and is not far from
being fulfilled using the value af/aν = 1.08 which provides
the same normalizing factor within 30%, leading to a mul-
tiplicity ratio equal to 1.48. The implications of the use
of such a value of af/aν in the model are discussed in the
next section.

4 Results and conclusions

We have analyzed the pre-scission alpha-particle multi-
plicity MPRE

α on the basis of the statistical model as im-
plemented in the code PACE2. A fission time parameter τd

has been included into the code so that the fission prob-
ability is zero up to the time τd and has full statistical
value subsequently. Since we expect that the particle mul-
tiplicities are sensitive to the value of the ratio af/aν and
to the delay time τd we performed a grid of calculations
for 1.00 ≤ af/aν ≤ 1.10 and 0 ≤ τd ≤ 4 × 10−21 s. The
results for MPRE

α are given in table 1. The calculations
show that the experimental value of 0.04 can be repro-
duced with τd = 0 and af/aν = 1.0. If we consider the
result of the analysis in the evaporation residue channel,
we should consider af/aν = 1.08 and τd ≈ 2 × 10−21 s
as our optimal delay time. A further increase in τd is not
compatible with our data because it would produce a rapid
increase of MPRE

α . We also notice that such an increase in
τd would completely wash out the dependence of MPRE

α

on af/aν shown for τd = 0.
Therefore, on the basis of our simple static calculation,

we can conclude that no significant dynamical effects have
been evidenced in the alpha-particle pre-scission emission
in the 240 MeV 32S+ 100Mo system. From the systemat-
ics on the threshold excitation energy for the appearance
of a non-statistical behavior of the fission process [15], we

Table 2. Calculated cross-sections in mb for the 32S+ 100Mo
system.

Lab energy (MeV) 160 170 200 240

Evaporation 994 1010 904 779
Fission 32 130 353 268

Fast fission 47 410

would have expected a sizable deviation from the statis-
tical description in the pre-scission particle multiplicities.
In fact, a reliable extrapolation of the data of ref. [15] to
lower masses of the compound nucleus would give a value
of 80 MeV as threshold energy for our system, to be com-
pared to the excitation energy of 152 MeV in the present
experiment.

Results in agreement to our present findings have been
reported in the system of similar fissility Ar + Ag [21]
which was measured at two excitation energies, Ex = 128,
194 MeV [1]. Although these energies are well above
the threshold expected on the basis of the predictions
in ref. [15], short delay times have been found: τd = 4
and 5 × 10−21 s for the two excitation energies, respec-
tively [21]. On the other hand, for this system Britt et
al. [30] obtained a critical angular momentum for fusion
of 105h̄, larger than the value of the angular momentum
for which the fission barrier vanishes, lBf = 91h̄, obtained
by the rotating-liquid-drop model. This finding supports
the presence of the fast-fission process which would re-
sult in an overall lowering of the measured fission time.
Fast fission is considered to be a mechanism intermediate
between compound-nucleus formation and deep-inelastic
reactions which occurs as soon as the angular momentum
gets larger than lBf [31], even though there are recent in-
dications that this process can take place even at angular
momenta lower than lBf [32].

In order to investigate if our results could reflect the
contribution from other mechanisms producing fragments
similar to the fission fragments, but with faster time scale,
we performed calculations of the cross-sections for the pro-
duction of evaporation residues, for the fission and fast-
fission processes, at different incident energies, using the
code PACE2. We used the critical angular momentum for
fusion deduced by the Bass model [33] and the value of lBf

from the FRLD model [34]. Results are reported in table 2.

Although these values may only be taken as an indi-
cation, it appears that at 240 MeV fast fission may play a
significant role. In fact, the calculated critical angular mo-
mentum for fusion is 90h̄ which is greater than the angu-
lar momentum at which the fission barrier vanishes (83h̄).
The overall picture at 200 MeV appears different, as fast
fission cross-section is greatly reduced while fission and
evaporation cross-sections increase. Moreover, deep inelas-
tic at 200 MeV will be lower than at 240 MeV and also
contamination, if present, will be lower. On these grounds,
a measure at 200 MeV can be very useful to understand
the reaction mechanisms involved.
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