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Fission fragment mass and folding angle distributions in the reaction 9Be + 238U
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Background: The excitation energy dependence of the fission fragment mass and folding angle distributions
for reactions with loosely bound projectiles are reported to be significantly different compared to the reactions
with tightly bound nuclei. Extensive study to understand the reaction mechanism of weakly bound projectiles is
required as it can simulate the mechanism of fission induced with radioactive ion beams.
Purpose: The effect of loosely bound nuclei on fission fragment folding angle and mass distributions in the
9Be + 238U reaction near the Coulomb barrier energies is investigated and the contributions of incomplete fusion
fission in the total fission cross section are studied.
Methods: Mass and folding angle distributions of the fission fragments have been measured near the Coulomb
barrier energies using two large area multiwire proportional counters. Fragment masses were determined from
the time-of-flight difference method. To understand the effect of breakup of loosely bound nuclei, the results are
compared with tightly bound proton-, α-particle-, and carbon-induced reactions, as well as with the predictions
from semiempirical calculations.
Results: The width of folding angle distributions is found to increase with lowering excitation energy in the
9Be + 238U reaction. This is in contrast to the reaction 12C + 232Th involving tightly bound projectiles, populating
similar compound nuclei. The peak-to-valley ratios of the fission fragment mass distributions for all events are
found to sharply increase with lowering excitation energy in the 9Be + 238U reaction. The possible contribution
of incomplete fusion into the total fission cross section could be extracted. The measured mass distributions were
found to be consistent with the semiempirical calculation GEF and macro-microscopic two-center shell model
calculations considering the admixture of incomplete fusion fission.
Conclusion: For actinide targets, mass distributions of inclusive fission are influenced by the breakup/transfer
channels of the weakly bound projectiles. At the above-barrier energies, the contribution of incomplete fusion
is found to be ≈25 ± 4% which is similar to the reported value of the complete fusion suppression factor in
reactions involving nuclei with low binding energies. The increase in the peak-to-valley ratio with lowering
excitation energy in the fission fragment mass distribution could be explained by the combined analysis of
folding angle and mass distributions.

DOI: 10.1103/PhysRevC.104.024604

I. INTRODUCTION

Recent experiments carried out worldwide with loosely
bound projectiles mostly concentrate on the effect of their
unique structural features such as weak binding, extended spa-
tial distribution, clustering, etc., on the fusion process [1–5].
Intuitively, the extended spatial distribution of the neutrons
of weakly bound neutron-rich nuclei should cause nuclear
overlap at a relatively larger distance, and thereby lower the
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Coulomb barrier during the fusion process. Therefore, the
subbarrier fusion cross section is expected to be enhanced [6].
On the contrary, the breakup of loosely bound nuclei in the
Coulomb field of the target nucleus could prevent the capture
of the whole projectile, thereby inhibiting the complete fusion
process [7]. No enhancement of cross section has also been
reported at energies below the Coulomb barrier in fusion with
light unstable nuclei, making the picture more contradictory
[8,9].

However, several studies near and above the barrier with
stable loosely bound nuclei [10–13] conclusively indicated
that the incomplete fusion-fission (ICF) mechanism strongly
modifies the complete fusion-fission (CF) yield, causing
a reduction of ≈30% of the calculated CF cross section.
For loosely bound light projectiles with prominent cluster
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structures, breakup capture, direct breakup, and direct transfer
(cluster and nucleon) are considered to be the most sig-
nificant processes contributing to incomplete fusion yield
[14,15]. Several experiments have been performed in recent
years using various probes [e.g., fission fragment (FF) mass
and folding angle distributions [10,11], correlation of light
projectile-like particles emitted in coincidence with a light
particle/fission fragment [12], etc.) to investigate the relative
contribution of each of the processes mentioned above in the
ICF yield.

The presence of incomplete fusion can be studied from
the fission fragment folding angle and mass distributions
[16,17]. Here, the shift in folding angle distribution and the
change in peak-to-valley ratio of the fission fragment mass
distribution with respect to those predicted for CF are usu-
ally used to extract the ICF yield. From the measurement of
fission fragment folding angle distributions in the reaction
6Li + 232Th, Itkis et al. [10] showed that the ICF originates
from transfer and breakup reactions, and the contribution of
complete fusion into the total fusion fission cross section is
about 27% at 2 MeV below the Coulomb barrier. The study
of fission fragment folding angle distributions and peak-to-
valley ratio of the fission fragment mass distributions for
6,7Li + 238U reactions [18] indicated a different behavior com-
pared to those for the reactions with tightly bound projectiles.
This was understood by assuming additional contributions
of breakup/transfer-induced fission in reactions with loosely
bound projectiles at near-barrier energies. Coincident mea-
surements of light charged particle fission fragments for
several systems involving loosely bound projectiles (6,7Li,
7,9Be) and heavy targets (209Bi, 232Th, 238U) have also indi-
cated large (≈20–30%) suppression of complete fusion yield
at above-barrier energies in all cases, and attributed the sup-
pression to an incomplete fusion process resulting primarily
from direct cluster transfer processes [1,2,11,12].

From the above studies, it is clear that the intricacies of
the fusion process should be thoroughly understood through
detailed systematic studies, as they may provide important
hints that could be extremely helpful in the endeavor to reach
the super heavy island using fusion reactions with loosely
bound radioactive beams. Here, we report the fission fragment
folding angle and mass distributions in a reaction with loosely
bound nucleus 9Be on the actinide target 238U at energies near
the Coulomb barrier. To understand the effect of breakup,
we compare the present results in reactions with those ob-
tained using tightly bound projectiles to populate a similar
compound nucleus 244Cm. The data were also compared with
proton- and α-particle-induced fission of 238U, where no con-
tribution of ICF is expected. From the combined analysis of
these distributions, the contribution of ICF in total fission
cross sections of the 9Be + 238U system was estimated. The
measured mass distributions were compared to the predictions
of the semiempirical calculation in GEF [19], as well as macro-
microscopic two-center shell model calculations [20].

II. EXPERIMENTAL DETAILS

The experiment was performed using the 9Be pulsed beam
from the BARC-TIFR Pelletron facility in Mumbai, India.

A 238U target of thickness 200 μg/cm2 on natC backing of
thickness 20 μg/cm2 was used. Two position-sensitive mul-
tiwire proportional counter (MWPC) detectors [21] were
mounted 25.8 cm and 15.7 cm away from the target posi-
tion. Each of the detectors had an active area of 17.5 × 7
cm2. Angular positions of the forward and backward detectors
were 54◦ and 120◦, respectively, with respect to the beam
axis. These angles were selected from Viola systematics [22]
corresponding to full momentum transfer of the projectile to
the compound nucleus. The forward detector had an angular
coverage of 44◦ and the backward detector had an angular
coverage of 72◦. The target plane was kept in the orientation
of 45◦ with respect to the beam axis, to avoid the shadowing
of the detectors.

The detectors were operated at 3 Torr pressure of isobutane
gas so that elastic and quasielastic particles pass through the
detectors. The position information (X,Y ), energy loss in the
detectors, and time of flight of the fission fragments with
respect to the pulsed beam were recorded event by event by
using a VME-based data acquisition system. The counts from
the Faraday cup were used to normalize the data and moni-
tor the beam flux. Using the time-of-flight (TOF) difference
method, the masses of the complementary fragments were
determined. The mass resolution of the experimental setup
was ≈5 u. The method of calculation of the fission fragment
masses is described in detail in Refs. [23,24].

III. RESULTS AND DISCUSSION

The fission fragment folding angle and mass distributions
in the reaction 9Be + 238U were measured at energies Elab =
37.5, 39, 42, and 47 MeV near the Coulomb barrier (VB =
44.7 MeV). Complete and incomplete fusion cross sections
were separated from the combined analysis of the mass and
folding angle distributions.

A. Folding angle distributions

In Figs. 1(a)–1(d), we show the typical fission fragment
folding angle distributions in the reaction plane (θ ) versus out
of the plane (φ) at below-, near-, and above-barrier energies.
The projections of the folding angles on the reaction plane are
shown in Figs. 1(e)–1(h). The peaks of the folding angle distri-
butions were found to be consistent with the calculated values
(as shown by the red arrow in Fig. 1) for the full momentum
transfer of the projectile. However, it can be observed that the
shape of the fission fragment folding angle at the subbarrier
energy is different compared to that at above-barrier energies.
At Elab = 37.5 MeV, the prominent “shoulder” at the right
side of the folding angle distribution (shown by the dashed
blue arrow) is due to the relatively higher contribution of the
incomplete fusion process, in which a part of the projectile,
namely, a neutron, is captured by the target nucleus after
breakup of 9Be into two 4He atoms and a neutron. In this
case, the neutron-induced fission fragment folding angle is
peaked around 180◦ and is larger than that from the CF fission
process.

The folding angle distribution of the fission fragments is
sensitive to the transfer of momentum from the projectile to
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FIG. 1. Folding angle distributions for the reaction 9Be + 238U at measured beam energies of Elab = 37.5, 39, 42, and 47 MeV.

the target. Hence, an analysis of the folding angle distribution
of reactions induced by weakly bound projectiles of 9Be is
indicative of the presence of ICF in the reaction [10,25].
The measured width of the folding angle distribution in the
case of complete fusion fission is influenced by the detector
opening angle, the shape of the mass distribution of the fission
fragments (e.g., whether symmetric or asymmetric), and the
angular resolution of the detector. The width of the folding
angle distribution for complete momentum transfer events can
be estimated using the kinematics following the Viola system-
atics [22] for symmetric fission fragments; for the asymmetric
fragments the same is done by incorporating the modification
of the kinetic energy [26]. Following this idea [27], the widths
of the fission fragment folding angle distributions for com-
plete momentum transfer events were calculated. To validate
the calculation, the widths of the folding angle distributions
were calculated for reactions p + 238U and 4He + 238U, where
the ICF component is absent. The folding angle distributions
for p + 238U and 4He + 238U reactions were measured in an
experimental campaign at the Variable Energy Cyclotron Cen-
tre, Kolkata, and the results will be published elsewhere [28].

In Fig. 2, we show the variation of the ratio of the rms width
of the measured and calculated folding angle distributions
(σexpt/σcal) with energy (Ec.m./VB). It can be seen that at the
entire measured energy range the ratio is close to 1 for proton-
and α-particle-induced reactions as there is no ICF. However,
in the 9Be + 238U reaction with loosely bound projectiles, it is
found that for the inclusive (“ungated”) data, the ratio deviates
from unity. It signifies that the measured widths of the fission
fragment folding angle distributions are much larger than the
calculated values for the complete momentum transfer events.
It is also observed that the ratio (σexpt/σcal) increases with
decrease in beam energy. This is in sharp contrast to the
12C + 232Th reaction in which a similar compound nucleus
(244Cm) was populated [29,30], where the experimental fold-
ing angle distribution was found to match with the calculated
width for complete fusion fission. In the reaction 12C + 232Th

with the tightly bound projectile, there is a minor admixture
(≈5%) of ICF in the measured energy range [30].

However, the increase in width of the folding angle dis-
tributions with decrease in energy as observed in the present
measurement in the 9Be + 238U reaction at below barrier was
also earlier reported in 6Li + 232Th [10] and 6,7Li + 238U [18]
reactions. It was indicated that, since 6,7Li are loosely bound
nuclei, the total fission events had contributions from both CF
and ICF processes. The increase in width at lower energies
may have contributions from ICF, i.e., breakup fusion and/or
transfer-induced fission. Thus, the behavior of the energy
dependence of the width of the folding angle distributions
for inclusive events in the present measurement is consistent
with the data for the loosely bound 6,7Li induced reactions
[10,11,18].

FIG. 2. Variation of the ratio of the rms value of the width of
measured and calculated folding angle distributions with energy.
Ec.m. is the center of mass energy and VB is the Coulomb barrier.
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FIG. 3. (a) Measured folding angle distributions of complemen-
tary fission fragments and (b) experimentally determined velocity
components of the fissioning nuclei for the 9Be + 238U reaction at an
energy Elab = 39 MeV. Complete momentum transfer fusion-fission
(CF) events lie in the center of the plot, as expected. The black circles
indicate the cut used to select the CF events for the determination of
mass distribution (see text).

B. Separation of complete and incomplete fusion-fission
cross sections

The fission fragments for complete fusion-fission events
are usually determined from inclusive experimental data (ad-
mixture of CF and ICF) by two methods: (a) from the
distributions of polar (θ ) and azimuthal (φ) angles of the de-
tected fragments, and (b) from the correlation of the velocity
of the fissioning system in the beam direction relative to the
recoil of the fused system (Vpara) and the velocity perpendicu-
lar to the reaction plane (Vperp) [17]. In reactions with tightly
bound projectiles, CF and ICF events have been differentiated
using these velocity distributions. However, a clear separation
was not possible in the present measurement involving loosely
bound nuclei as can be seen in Fig. 3. We show in Fig. 3(a)
the typical angular correlations of the fragments in θ and φ

and in Fig. 3(b), the measured distribution of velocity correla-
tion (Vpara vs Vperp) of the fissioning nuclei for the reaction
9Be + 238U at Elab = 39 MeV. Although clear distinction is
not possible, the intense peak at the center should correspond

FIG. 4. Folding angle distributions for the reaction 9Be + 238U at
measured beam energies of Elab = 37.5, 39, 42, and 47 MeV and
decomposition of the folding angle distributions by three Gaussians
(see text).

to the CF events. We used a narrow gate, as shown by black
contours, to select the possible CF events (a more narrow gate
only reduces the statistics). The extracted rms width of the
folding angle distributions corresponding to the selected CF
events for the 9Be + 238U reaction is shown by open symbols
(“gated”) in Fig. 2. It can be seen that the values are smaller
compared to the inclusive events; however, they show a minor
deviation from unity. This indicates that the admixture of
ICF is still there even after using the gate and a complete
separation of the CF events may not be possible to achieve.

Itkis et al. suggested [10] that the contribution of ICF to the
total fission cross section can be estimated from the decom-
position of the fission fragment folding angle distributions.
In 9Be + 238U reactions the fission events may be produced
in the processes in which a fissioning nucleus is formed in
an excitation energy above the fission barrier. Such processes
can be (i) complete fusion of 9Be with 238U, (ii) incomplete
fusion, i.e., breakup of 9Be into two 4He atoms and a neutron
followed by fusion of one of the fragments, or (iii) direct
processes like transfer of a neutron or α particle to the target
nucleus.

The measured folding angle distributions for all the events
are shown in Fig. 4. The total folding angle distribution
comprises both complete fusion fission as well as incom-
plete fusion fission events. For the complete fusion the entire
projectile momentum is transferred to the target and the com-
pound nucleus recoils in the direction of the beam with a
momentum equal to that of the incident beam momentum. In
the center of mass frame, the fissioning nucleus splits into
two fragments moving apart at an angle of 180◦. Due to
the forward momentum of the recoiling nucleus, the folding
angle is less than 180◦ in the laboratory frame as can be
seen in Fig. 4. The peak of the folding angle distribution for
symmetric fragments can be estimated kinematically for
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complete fusion fission [16,27]. However, for the incomplete
fusion, the momentum transferred to the target and the recoil
momentum of the composite thus formed differs from the
incident beam momentum. This is the primary idea behind
using the folding angle as a tool for detection of the presence
of ICF in the reaction.

To extract the ICF contribution in total fission cross sec-
tions, the folding angle distributions as shown in Fig. 4 were
thus fitted with three Gaussians, each corresponding to the
fission from three different sources: (i) CF, which is complete
fusion of 9Be with 238U; (ii) transfer-induced fission, which
is incomplete fusion of a neutron or α particle with 238U,
whereby the ejectiles go in the backward angles, making
the fission fragment folding angle lower than CF; and (iii)
breakup capture fission, incomplete fusion of a neutron or
α particle with 238U. Because breakup capture is a two-step
process, the ejectiles take away the major part of the beam
energy [14], making the folding angle higher than CF. The
peak and width of the CF events were estimated using Viola
et al.’s systematics [22]. The peak and width of the folding
angle distribution for the transfer-induced fission would be
influenced by the angular distribution of the ejectiles which
was presented in Ref. [12], and was constrained while fitting
the distributions. At the below-barrier energies, the breakup
capture fission is dominated by neutron capture. This is due
to the higher cross sections (almost five orders of magnitude)
of neutron-induced fission compared to the α-particle-induced
fission on 238U [31,32]. Neutrons arising from breakup carry
only a small part of the incident energy and hence the folding
angle peak for breakup fission was found near 180◦ in the lab-
oratory frame, and the width was treated as a free parameter
while fitting. It is observed that for transfer-induced fission,
the folding angle peak shifts to higher angles as the beam
energy increases.

It is to be mentioned here that fitting of the folding angle
distributions at below-barrier energies is not robust as the
ejectiles were not detected in this experiment, but simulated
from the kinematics. Nevertheless, the available data at the
above-barrier energies [12] and additional measurements of
fission fragment mass distributions by us at all the energies, as
discussed in the later sections, allow us to reliably determine
the contribution of incomplete fusion in the total fission cross
section.

The contribution of incomplete fusion fission in total fis-
sion cross-section was extracted from decompositions of the
folding angle distributions and is shown in Fig. 5. For the
highest energy at Elab = 47 MeV the contribution of ICF is
≈25 ± 4%. However, below the Coulomb barrier the con-
tributions of the ICF process increase due to the breakup
of 9Be and at the lowest energy, Elab = 37.5 MeV, the con-
tribution of the ICF process is found to be ≈45%. From
the systematic study of fusion involving nuclides with low
binding energy it is reported that the suppression of complete
fusion at above-barrier energies is typically by 30% [1,33].
Therefore, it is interesting to note that the observed ICF frac-
tion (≈25 ± 4%) at above-barrier energies is nearly equal to
the complete fusion suppression factors for the 9Be + 238U
reaction. The contribution of ICF in the total fission cross
section observed in the present reaction is similar to that

FIG. 5. Calculated incomplete fusion fission (ICF) cross section
for the reaction 9Be + 238U near the barrier in comparison with the
experimental values extracted from the folding angle distributions.
The results from the measurements for similar systems [12] are also
shown.

of 7Li + 238U and 9Be + 238U [12] reactions at above-barrier
energies.

It is to be mentioned that this experimental study indicates
the lower limits of possible admixture of ICF in the total
cross section obtained from the decomposition of the fission
fragment folding angle distributions. As mentioned earlier,
the possible origins of these incomplete fusion channels are
breakup of 9Be into a neutron and 8Be (which subsequently
decays into two alpha particles) or transfer of a neutron or α

particle from the projectile to the target. A theoretical estima-
tion of the possible contribution of the breakup and transfer
to the experimental values determined from the folding angle
distributions is given in the next section.

The distorted wave Born approximation based theoretical
code DWUCK4 [34] was used to estimate the contribution
of α-particle transfer reactions, while the coupled reaction
channel code FRESCO [35] was used to estimate the breakup
contributions and neutron transfer channels. It can be ob-
served from Fig. 5 that the extracted ICF contribution in the
total fission cross sections, obtained from the decomposition
of fission fragment folding angle distributions, is lower than
that predicted by the theoretical calculations (DWUCK4 and
FRESCO) as shown by hatch lines. This is because there are
some noncapture breakup/transfer events, as well as any non-
fission events; thus the result obtained from the folding angle
distributions provides the lower limits of the ICF fraction.
A complete kinematic measurement of the fission fragments
along with any ejectiles may be necessary to understand the
detailed reaction mechanisms.

C. Mass distributions

Since separation of CF events could not be completely
achieved from the folding angle and velocity distributions
(as discussed and shown in Fig. 3), in the first step of the
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FIG. 6. Fission fragment mass distributions in the reaction
9Be + 238U. The left panel shows the mass distributions for all events
and the right panel is for the gated (as shown by black circles in
Fig. 3) events.

calculation of mass distribution, it was assumed that all the
events originated from complete fusion of 9Be and 238U. In
the next step, the gated events (possible CF events) as shown
in Fig. 3 were analyzed and the mass distributions of the
gated events were compared with the mass distributions of
all events. The calculated mass distributions assuming all the
events originated from CF events are shown in Figs. 6(a)–6(d)
at energies Elab = 47, 42, 39, and 37.5 MeV, respectively. The
mass distributions were found to be double humped at the
lowest beam energy and gradually become near symmetric
with increasing beam energy. In Figs. 6(e)–6(h) the extracted
mass distributions for the possible CF events (selected events
with gate as shown in Fig. 3) are shown, which also follow
similar behavior. However, it is observed that for a particular
beam energy, there are more symmetric components in the
mass distribution in the gated events compared to those for
inclusive events.

The peak-to-valley ratios of the fission fragment mass dis-
tributions are extracted at all the energies mentioned above
and plotted in Fig. 7 as (black) squares for the inclusive
events and (red) triangles for the gated events. With increase in
excitation energy, the peak-to-valley ratio decreases both for
inclusive and CF events. The value of the peak-to-valley ratio
(P/V) is a measure of the degree of nuclear heating. Thus it is
clear that with an increase in the beam energy the fissioning
nuclei are heated very fast. The measured P/V values are com-
pared with the values calculated using the GEneral description
of Fission observables (GEF) code [19,36]. The GEF code is
a semiempirical calculation framework that uses parameters

FIG. 7. Variation of the peak-to-valley ratio (P/V) of the mea-
sured mass distributions with the beam energy. The blue dashed line
denotes the theoretical calculation following GEF [19] considering
that the mass distributions have admixture from CF and ICF. The
fractions of CF and ICF were extracted from the folding angle
analysis as described in this work. The shaded region depicts the
uncertainty in the calculation.

which were calculated from the benchmark data. The peak-to-
valley ratio was estimated from GEF using the known fraction
of the CF and ICF events from the folding angle distribution
analysis as described in this work. The energy dependence of
the measured P/V value for the inclusive events (“ungated”)
could be well reproduced by GEF prediction as shown in Fig. 7.

D. Understanding the mass distributions with two-center shell
model calculation

A two-center shell model (TCSM) calculation [20,37,38]
was used to explore the impact of ICF events on the fis-
sion mass distributions at Elab = 47 MeV. To account for the
mass distribution, the driving (adiabatic) potential at the point
of contact of the nascent fragments was calculated in the
framework of a macro-microscopic TCSM for the reaction
9Be + 238U assuming that the reaction only produces the com-
pound nucleus 247Cm. The temperature dependence of the
driving potential was estimated by calculating the ground state
shell correction with respect to the liquid drop model [39],
and incorporating a temperature dependence in the form of
(exp-γ U) [40], where γ is the shell damping factor and U
is the energy available at the saddle point [41]. The Strutin-
sky hybrid model [32,42] was used to qualitatively estimate
the shape of the driving potential at finite temperature. The
calculated driving potential at the highest beam energy of 47
MeV is shown as a red line in the lower panel of Fig. 8. As
there is no indication of any pocket (or shell effects) at the
asymmetric mass in the driving potential, the fission fragment
mass distribution is expected to be symmetric and could be
described by a single Gaussian [41]. However, the observed
mass distribution is clearly asymmetric. This signifies that the
asymmetry in the observed mass distribution originates from
incomplete fusion. The measured mass distribution could be
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FIG. 8. Top: Half-mass distribution in the fission of 247Cm at
47 MeV. The dashed Gaussian accounts for the symmetric distri-
bution which can be described by the liquid drop model, and the
dotted Gaussian could account for incomplete fusion fission events.
Together they fit the experimental mass distribution (black line).
Bottom: The red line represents the driving potential at the touching
configuration calculated using the two-center shell model.

well explained by a symmetric Gaussian following a liquid
drop model and an asymmetric Gaussian function arising due
to the transfer/breakup-induced ICF. While the fitting param-
eters for the symmetric Gaussian were entirely determined
from the systematics of experimental data [41], only the peak
of the asymmetric Gaussian was constrained [30]. The two
Gaussians together lead to a best fit of the experimental mass
distribution, as shown by the black line in the upper panel of
Fig. 8. It is interesting to note that the area of the symmetric
Gaussian is ≈75% of the total, as also obtained from the
folding angle distribution analysis at 47 MeV beam energy.
This confirms that the decomposition of the folding angle
distributions provides a reliable estimate of ICF fraction.

IV. SUMMARY

The fission fragment folding angle and mass distributions
in reaction 9Be + 238U are measured near the Coulomb barrier
energies. The observed energy dependence of the width of the

folding angle distributions for the present systems was found
to be different as compared to the reaction 12C + 232Th in-
volving tightly bound projectiles producing similar compound
nuclei. The results of the present study are consistent with
those observed for 6,7Li-induced reactions on actinide targets
in which the increase in width of the folding angle distribu-
tions was due to the contributions from projectile-breakup-
and/or transfer-induced fission.

The variation of the peak-to-valley ratio of the mass dis-
tributions of inclusive events was found to sharply increase
with decreasing beam energy. As the peak-to-valley ratio is
a measure of nuclear heating of the composite system, the
sharp increase of the measured peak-to-valley ratio with de-
creasing beam energy indicates the population of composite
nuclei with relatively lower excitation energy than expected.
This signifies the possible contribution of incomplete fusion
fission (transfer- or breakup-induced fission) where part of
the projectile fuses and the composite nuclei are formed with
less excitation energy. Selecting the events in the distribu-
tions of the velocity components of the composite nuclei,
the probable complete fusion-fission events were derived.
The contributions of the incomplete fusion were extracted
from the analysis of the folding angle distributions. At the
above-barrier energies, the incomplete fusion was found to
be ≈25% of the total fusion cross section, which is similar
to the complete fusion suppression factor for reactions with
loosely bound projectiles. The variation of the peak-to-valley
ratio of the mass distributions with energy could be explained
by semiempirical calculation using GEF, considering the ad-
mixture of CF and ICF events. Coincidence measurements of
the fission fragments with the reaction products will provide a
better understanding of the reaction dynamics.
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