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Background: Detailed studies on the effect of the breakup of weakly bound projectile on fission are scarce.
Distinguishing the events of compound nuclear (CN) fission from the breakup or transfer induced fission to
understand the properties of measured fission fragments is difficult but desirable.

Purpose: To investigate the effect of projectile breakup and its breakup threshold energy on fission-fragment
(FF) mass distributions and folding angle distributions for %7Li + 23¥U reactions and find out the differences in
the properties of the fission events produced by complete fusion (CF) from the total fusion (TF).

Methods: The FF mass and folding angle distributions have been measured at energies around the Coulomb
barrier using gas detectors by time-of-flight technique. The results are compared with the ones involving tightly
bound projectiles as well as predictions from systematics to bring out the effect of the breakup.

Results: A sharp increase in the peak to valley (P:V) ratio of FF mass distribution with the decrease in bombarding
energy for ®7Li + 238U reactions is observed when all events are assumed to be CN fission. As the beam energy
falls through the fusion barrier, the full width half maximum (FWHM) of the FF folding angle distribution is
found to increase at sub-barrier energies, unlike the reactions involving tightly bound projectiles where a linear
decrease in FWHM is expected. By selecting pure CN events from the scatter plot of the velocity components
of the composite nuclei, the energy dependence of the deduced FWHM is found to be consistent with the ones
involving tightly bound projectiles. Similarly, the P:V ratio obtained for the selected CN events is consistent with
the theoretical calculations as well as the experimental data for the proton induced reaction forming similar CN.
Conclusions: The presence of projectile breakup induced fission and a relatively low breakup threshold for ®Li
compared to "Li explains the observed differences in the energy dependence of the P:V ratio and the FWHM of

FF folding angle distributions for CF and TF fission in the present reactions.

DOI: 10.1103/PhysRevC.90.064620

I. INTRODUCTION

The shape and width of fission-fragment (FF) mass distribu-
tion provides a lot of information on the fission reaction mech-
anism and the structure of the compound nucleus (CN), the
fragments [1] as well as the interacting nuclei [2]. For example,
at low excitation energy of the CN, the FF mass distribution of
actinide nuclei prefers to have a double humped shape because
of the properties of fragment masses that are governed by
spherical shell closure of neutrons or protons [1,3]. Similarly,
a large mass width of the mass distribution and the mass-angle
correlations in the mass-angle distribution of fragments are two
important signatures of the quasifission process in which the
composite nucleus fissions before it acquires full equilibrium
in mass degrees of freedom [4,5].

The shape of the mass distribution of the fission fragments
from the actinides induced by the proton or neutron is known
to change with the incident energy [6,7]. At low energies, it
shows a double humped distribution which changes slowly to
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a single humped distribution as energy increases. However,
for a reaction involving a weakly bound projectile (i.e.,
®Li + 232Th), a sharp change in the shape of the mass
distribution with energy was observed [8]. The ratio of the
fission yield at the peak (M ~ 137-140) to the yield at its
valley (M ~ A/2) is a measure of nuclear heating. The more
is the value of P:V; the less is the nuclear excitation. The
sharp increase in the P:V value in the fission-fragment mass
distribution in the ®Li + 23?Th reaction by Itkis et al. [8] was
concluded to be from reduced energy transfer to the composite
system caused by incomplete fusion (ICF) of alpha or deuteron
followed by fissions. A large probability of breakup of ®Li into
o and d made a substantial contribution to the breakup induced
fission and thus the average excitation energy was much lower
than the case of complete fusion (CF) followed by fission.

To investigate the above observation further, fission-
fragment mass distribution measurements were made for two
more reactions involving a different target (>**U) and two
weakly bound projectiles ®Li and "Li with different breakup
probabilities. Because ’Li has a higher breakup threshold
(hence lower breakup probability), one can expect that the
P:V ratio for the "Li induced reaction should be smaller than
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that of °Li, especially at lower energies, reassuring the role of
projectile breakup.

The full width half maximum (FWHM) of the folding angle
distribution is another important parameter which is obtained
from the measured data and provides information on possible
reaction mechanisms of FF productions. The difference in
the energy dependence of the FWHM of folding angles for
the present reactions compared to reactions involving tightly
bound projectiles would single out the effect of projectile
breakup.

In the present work, we measure the FF mass and folding
angle distributions for 7Li 4 23U systems at energies around
the Coulomb barrier to study the effect of projectile breakup
on various observables (e.g., the P:V ratio of the FF mass
distributions and FWHM of FF folding angle distributions)
and their dependence on the projectile breakup threshold. An
attempt was made to extract the contributions from only the
CF (compared to TF) in the above observables.

The paper is organized as follows. Experimental details of
the measurements for the FF mass and angular distributions
for 7Li + 238U reactions are given in Sec. II. The results
for fission-fragment folding angle distributions and FF mass
distributions are discussed in Secs. III and IV, respectively.
Finally the results are summarized in Sec. V.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

The experiment was performed using the ®’Li beam
from the 15-UD pelletron facility in Inter University Ac-
celerator Centre, New Delhi. The 233U target of thickness
~100 pg/cm? sandwiched between two layers of '°C of
thickness ~15 pg/cm? was used. Two multiwire proportional
counter (MWPC) detectors [9] were used to detect fission
fragments. These detectors are placed on two rotatable arms
inside a 1.5-m diameter scattering chamber and kept on either
side of the beam at a folding angle of 6z, ~ 170°. A schematic
diagram of the detector setup inside the scattering chamber is
shown in Fig. 1. The MWPCI is kept fixed on the left side of
the beam with its center at & = 85° and ¢ = 90°. The center
of the second detector (MWPC2) was adjusted within a very
small angular range of 8 = 84.5°-87° depending on the beam
energy, keeping its azimuthal angle ¢ fixed at 270°. The target
plane was oriented at an angle of 45° with respect to the
beam axis to avoid shadowing of the MWPC detectors. The
distances of MWPC1 and MWPC2 from the target center
are 55 cm and 40.5 cm, respectively. Each MWPC has an
active area of 20 x 10 cm? and provides position signals in
horizontal (X) and vertical (Y) planes, a timing signal for
time-of-flight measurements, and an energy signal equivalent
to the differential energy loss in the active volume. The start
of the timing was taken from a small area (3.7 x 3.7 cm?)
transmission-type fast timing multiwire proportional counter
(MWPC3) which is placed on the left arm at a distance of
9.2 cm from the target center and the stop was taken from
the large area MWPCs. The combination of small MWPC
and any one of the large MWPCs provide absolute timing of
the fission fragments. The time-of-flight signal in combination
with the differential energy loss signal gives a clean separation
of fission fragments from projectile and targetlike particles.

PHYSICAL REVIEW C 90, 064620 (2014)

FIG. 1. A schematic diagram of the detector setup inside the
scattering chamber showing the positions of three MWPC detectors
with respect to the target center.

For analyzing the data of the gas detectors, the time and
position signals are calibrated using standard sources. For
position calibrations, a thin G-10 mask with holes of 1-mm
diameter interspersed at 5 mm was put in front of each of the
large MWPCs and the position signals using alpha source
are acquired. For time calibration, the constant electronic
delay between two detectors, which is independent of beam
energy, was measured by allowing alpha particles from a
source to pass through the small MWPC (MWPC3) followed
by a large MWPC(1 or 2) from which start and stop of the
time signal was derived, respectively. The position and time
resolution of the MWPC detectors are found to be ~1.3 mm
and ~1.6 ns, respectively. Using the above calibration and
the measured channel numbers corresponding to the position
(x,y) and time-of-flight “¢” signals for every event detected
by the detector the values of scattering angle 6, azimuthal
angle ¢, and the velocity “v” in the laboratory frame were
calculated. Assuming the CN mass mcn to be equal to the
sum of two FF masses “m; + m,” and applying standard
kinematic transformations, different parameters in center of
mass as well as the laboratory frame were calculated. Mass
ratio was calculated as

my Vlem.
mg = = . (1)
my + mp Vlem. + V2em.

From the density plot of m g versus “6. , ,” the distribution for
mass ratio was found to be symmetric about mz = 0.5. This
ensures that the proper value of the constant electronic time
delay was used in the time-of-flight calculation.

III. FOLDING ANGLE DISTRIBUTIONS

Typical fission-fragment folding angle (01c.m. + 62c.m.) dis-
tributions (FFFAD) in the reaction plane (6., ) versus out of
the plane (¢, ) for 7Li are shown in Fig. 2 at three energies
(a) 31.4, (b) 41.4, and (c) 51.4 MeV and their respective
projections on the reaction plane are given in Figs. 2(d)-2(f).
It can be observed that the shape and FWHM of the FF folding
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FIG. 2. (Color online) Fission-fragment folding angle distribu-
tions (FFFAD) in the reaction plane (6., ) versus out of the plane
(¢em.) for 7Li beam energies of (a) 31.4 MeV, (b) 41.4 MeV, and
(c) 51.4 MeV. Respective projections on the reaction plane are shown
in (d)—(f) showing the difference in the shape, FWHM, and mean
folding angle “6,,” (dash-dot-dot line) of the FFFAD.

angle distributions are energy dependent. Similar observations
have also been made for the second system, i.e., the °Li + 238U
reaction. The average FF folding angle at 31.4 MeV (<Vp) is
found to be less than 180° and at 51.4 MeV (> Vj) it is more
than 180°, similar to the ones observed for the °Li + 232Th
reaction [8]. This difference is understood in terms of the
difference in linear momentum transfer by breakup or transfer
induced fissions at different energies. At sub-barrier energies,
the grazing angle is at backward angles where the breakup
or transfer cross section is maximum. Here the momentum
transferred to the compound nucleus (CN) by the captured d or
« are higher than the complete fusion process and it makes the
folding angle smaller than 180°. For above barrier energies,
the grazing angle is at forward angles and hence the linear
momentum transferred by a fragment to the composite nucleus
is smaller than the CF process. Because part of the linear
momentum is carried away by the complementary noncaptured
fragment in the same direction as the beam. Hence the folding
angle becomes larger than 180°. For intermediate energies,
where grazing angles are around 90°, the folding angles for
the CF and ICF processes are similar.

The full width at half maximum of FFFADs in %7Li + 23U
reactions was obtained at different energies and is shown in
Fig. 3 as solid circles and squares, respectively. It is observed
that, as one goes down in energy starting from the highest to
the lowest, the FWHM of FFFAD for both the systems first
decreases and then increases as the beam energy nears and falls
through the fusion barrier. An increase in the FWHM with
excitation energy can be understood as the spread in linear
momentum of the residual CN increases with the number
of evaporated neutrons. But an increase in FWHM at lower
energies is something unexpected especially for reactions
involving tightly bound projectiles. For example, the FHWM
obtained from the experimental FF angular distribution data
available for '°0 + 232Th [10] and '*N + 232Th [11], as shown
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FIG. 3. (Color online) Full width at half maximum (FWHM) of
FFFAD as a function of center-of-mass energy normalized to the
Coulomb barrier (E.,./Vy). Solid circles (squares) correspond to
total fusion and hollow circles (squares) correspond to complete
fusion events for the presently measured °Li(’Li) + 23¥U reaction.
Literature data for the °Li + 2Th system (Itkis 2006 [8]) are
shown as solid and hollow triangles corresponding to TF and
CF events, respectively. Similarly, the data for 'O + 232Th [10]
and "N + 2%Th [11] are represented by diamonds and stars,
respectively.

in Fig. 3 as diamonds and stars, respectively, can be observed
to systematically increase with the beam energy. However, the
energy dependence behavior of the FWHM for the present
systems is consistent with the data for the ®Li + 23>Th system
with respect to total fusion (TF, solid triangles up) by Itkis
et al. [8]. In that work, the CF and ICF contributions were sep-
arated by fitting the experimental folding angle distributions
by three Gaussian peaks and the FWHM corresponding to only
CF events was obtained (as shown in Fig. 3 as hollow triangles
down) which shows a linear increase in FWHM with beam
energy. Thus, the increase in the FWHM at lower energies
is from the large contribution of ICF or breakup and transfer
induced fission compared to compound nuclear fission for all
the above reactions that are induced by ®’Li.

To distinguish the properties of CF events from those
of inclusive TF events for the present reactions, a different
approach based on the velocity components of the fission
fragments was adopted. For the CF, i.e., full momentum
transfer events, the parallel component of the velocity (v)) of
the fission fragments is expected to be the same as the velocity
of the CN (v.,) in the center of mass, and the perpendicular
component of the velocity (v, ) should be zero. So, by selecting
the events with the above conditions on v and v, with small
tolerances one should be able to identify only the CF events and
study the corresponding mass and folding angle distributions.
Following the formulation given in Ref. [12], the parallel and
perpendicular components of the velocity (v and v, ) are
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FIG. 4. (Color online) Typical scatter plot of the parallel velocity
component (v)) versus perpendicular velocity component (v, ) of the
fissioning nuclei normalized to its center-of-mass velocity (v.,) for
the "Li 4+ 238U reaction at Ej,, = 31.4 MeV. A circular cut with radius
[(v) — 1)* + v2 1Y% < 0.2v,, corresponds to pure CF events.

calculated as

ujwy + urw
V=, (2)
up+up
uluzsin 12
v = 9 . 3)
\/M% + u% — 2uurcosgin

Here, u; = v;sinf; and w; = v;cosf; with v; and 6; being
the laboratory velocity and polar angle of one (i = 1 or 2) of
the fission fragments respectively. The azimuthal folding angle
in the laboratory is given as ¢,. Figure 4 shows the plot of the
above velocity components normalized to the center-of-mass
velocity of the CN, i.e., v /vcn VErsus v, /ve,. Although there
are several measurements involving heavier projectiles where
one can differentiate the CN fissions from transfer induced
fissions using such velocity plots, it was not possible for the
present reactions to make a clear distinction between ICF and
CF events. This may be because of a very small difference in
mass units of the projectile and breakup fragments compared
to the fission fragments leading to a negligible change in their
velocity components. So, from the above exercise it is difficult
to disentangle the contribution of CF and ICF completely.
However, the intense peak at the center around coordinate
(0,1) must correspond to the CF events.

By selecting a small circular region with a radius of
[(v) — 1)* + v3]"? < 0.2v, the present data have been re-
analyzed to obtain the properties of CF events only and
compare with those for TF events. A tighter cut with an even
smaller tolerance (<0.2v.,) could also be used to enhance
the purity of the CF events but at the expense of good
statistics. The results for the FWHM of the FF folding angle
distributions corresponding to the selected CF events for the
°Li("Li) + >**U reaction are shown as open circles (squares)
in Fig. 3. These values are much smaller compared to the
TF events (solid circles and squares) and show a systematic
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increase in FWHM as energy increases from below barrier to
above barrier energies.

IV. MASS DISTRIBUTION

In the present measurements, the events for breakup or
transfer induced fissions could not be separated completely
from the CN fissions. So, first the data were analyzed assuming
all the events are from CN fission. Later, only the central events
with v ~ ve, and v, ~ 0, supposed to be pure CN events, are
analyzed and compared with the inclusive events to find the
difference. Results for mass distribution assuming all to be
CN fission are given in Fig. 5. It shows the yield of fission
fragments of different masses detected in the °Li + 233U
reaction (upper panel) at beam energies of 30, 34, 39, 45,
and 50 MeV and in the "Li + 2*U reaction (lower panel) at
beam energies of 31.4, 35.4, 40.4, 41.4, 45, and 51.4 MeV.
The double humped structure in the mass distribution is
found to be most prominent at the lowest energy for both
the reactions, as expected. As the beam energy increases, the
two humps gradually come closer to become a single hump
with symmetric mass distribution.

The ratio of the peak to valley of the above fission-fragment
mass distributions are obtained for ®7Li + 23%U reactions
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FIG. 5. (Color online) Yield of fission fragments as a function of
fragment mass obtained from (a) °Li + 2**U reaction (upper panel)
and (b) "Li + 233U reaction (lower panel) at several beam energies,
showing the change in the shape of mass distribution with energy.
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FIG. 6. (Color online) Ratio of peak to valley (P:V) of the
measured fission-fragment mass distribution for (a) °Li + 2¥U and
(b) "Li + 28U are shown as solid squares (upper panel) and solid
circles (lower panel), respectively. Corresponding P:V ratio derived
only for CF events are shown as open squares and open circles,
respectively. Literature data for p + 2324224Ppy (Ohtsuki 1991 [13])
and p + U (Ferguson 1973 [7]) along with results of the GEF code
(dotted line) are also compared. See text for details.

at different energies and plotted in Fig. 6 as solid squares
(upper panel) and solid circles (lower panel), respectively.
The P/V values obtained from the literature [7,13] for proton
induced reactions forming similar compound nuclei, e.g.,
for 2#Pu(p, f) (diamonds), >**Pu(p, f) (stars), >>’Pu(p, f)
(triangles down), and 233U( p, f) (triangles up) fission reactions
along with the theoretical results obtained from the GEF code,
version 2014/2.1 [14] (dotted line), are also shown in the above
figure to compare the present results. The theoretical results
for P:V values are found to be consistent with the literature
data for the p 4+ 2**Pu reaction (that forms the same CN
as in the "Li + 2¥U reaction) and they are slightly higher
than p + 23%242U systems at the available excitation energy
range. It is interesting to observe that the peak to valley
ratio for °Li + 23%U (solid squares) and "Li + 2*¥U (solid
circles) are systematically higher than the GEF predictions
(dotted line) over the measured excitation energy range. The
increase in the P:V ratio for SLi + 23U is sharper than
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that of "Li + 28U. In case of °Li + 28U, the P:V ratio
measured at the lowest excitation energy (E, = 30.8 MeV
assuming CF) can be obtained from the GEF prediction at
much lower excitation energy (E, ~ 24.2 MeV). This implies
that the average excitation energy of the compound nuclei
formed in the above reactions must be smaller, because of
the contributions of ICF, than the one we have calculated
assuming CF only. However, for TLi + 238U, the difference
between the measured P:V ratio and the prediction is smaller.
It implies that the ICF contribution is smaller for the latter
system compared to the case of °Li + >33U. This observation
is consistent with the fission cross-section data of Ref. [15] as
well as Ref. [16] where it was observed that the fission cross
sections at sub-barrier energies for °Li + 232Th,?>23U are
much larger than "Li 4 232Th,?3>:238,

The P:V ratio of the mass distributions obtained above
contains the contribution of both CF and ICF. To isolate
the properties associated with CF from TF, next we analyze
only the events lying inside the circle of radius [(vj — 1)* +
vi]l/2 < 0.2, in Fig. 4. The P:V ratio, thus obtained, are
shown as open squares (upper panel) and open circles (lower
panel) in Fig. 6 for °Li + 23%U and "Li + *U reactions,
respectively. Interestingly these values are very close to
the theoretical predictions made by GEF. So, the additional
contributions towards P:V values obtained earlier are certainly
due to the ICF channels. If the P:V ratios of individual
ICF channels (e.g., o + 28y, d + 28U, etc.) and their
contributions towards the total fusion of the present systems
are known then one can calculate the effective excitation
energy of the composite nuclei formed at a particular beam
energy.

To investigate further the effect of projectile breakup on FF
folding angles and mass distribution, the events corresponding
to different folding angles are selected and the P:V values of the
corresponding mass distributions are derived. As mentioned
earlier, at low bombarding energies, the events with folding
angles less than 180° in center of mass, as observed in
Fig. 2(a), correspond to the fissions induced by projectile
breakup fragments. To demonstrate this, the fission events
only with folding angles less than 175° are selected and
their mass distributions for 7Li + 2*U are obtained and are
shown in Fig. 7(a) as open and solid circles, respectively. Sim-
ilarly, the fission events with folding angles 179° < 6 < 181°
corresponding to complete fusion are selected and their mass
distributions are shown in Fig. 7(b). It can be observed that the
P:V ratios for the mass distributions in Fig. 7(a) are much larger
than the ones in Fig. 7(b) implying that the excitation energy
of the compound nucleus corresponding to the former must be
much lower than the latter. And, this reduction in CN excitation
energy must be due to incomplete fusion of the projectile
with the target. Similar results have also been obtained at the
highest bombarding energy with E, = 50.3 MeV as shown in
Figs. 7(c) and 7(d). Here, the fission events with folding angles
more than 185° have been chosen to represent the incomplete
fusion.

The folding angle dependence of P:V ratio of the FF
mass distributions in the ®7Li + 2*¥U reaction over a large
range and in small steps of folding angle is shown in Fig. 8.
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(b) 179° < Ogq < 181°. At E, = 50.3 MeV, the mass distributions
are for the fission events with folding angles (c) 179° < 6gq < 181°
and (d) more than 185°.

Here, the P:V ratio of the mass distributions of the events
corresponding to small folding angle bins (A6gq ~ 2.5°
or more), are obtained for two (measured minimum and max-
imum) excitation energies: (a) 30.8 MeV and (b) 50.3 MeV.
For lower CN excitation energy, the P:V ratio is found to
increase with the decrease of 6q;q below 180°. And, for
higher CN excitation energy the effect is reversed, where
the P:V ratio increases with the increase of 6¢,q above 180°.
The above figure shows the region of folding angles over which

12 [ T T T T T T T T T T rJjfprrrrrrorr T T T ] 3-0
g (2) E=30.8 MeV 7 | (b) E,=50.3 MeV 1
10; o ° ju*;;. oL 125
B A 7 1
' @ 0o E| % 120

=6 ] :
8 e SR
N e | ¥ O 2 © 10
0 t Lo b b E L L L L T NI \: 0.5
171 174 177 180 183 174 177 180 183 186 189
el‘old (deg) efold (deg)

FIG. 8. P:V ratio of the fission-fragment mass distribution for the
6.7Li 4 238U reaction as a function of FF folding angle “6f.4” in steps
of Ab,q ~ 2.5° or more, at two excitation energies: (a) 30.8 MeV

and (b) 50.3 MeV.
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the CF and ICF dominate for both the reactions at two extreme
excitation energies.

V. SUMMARY

Fission-fragment mass and folding angle distributions for
67Li 4 238U reactions are measured at energies close to and
above the Coulomb barrier. First, the data were analyzed
assuming all fission events are via CN. The energy dependence
of the FWHM of FF folding angle distributions for the
present systems shows different behavior compared to the
one for reactions involving tightly bound projectiles (e.g.,
“N,'60 4 232Th). The FWHM for the present systems first
decreases and then starts increasing as the beam energy
increases past the Coulomb barrier, unlike the latter systems
where it increases monotonically with energy from the sub-
barrier to above barrier region. Behavior of the present
systems is consistent with that of the °Li + *?Th system
for which it is established that the increase in FWHM
is mainly from additional contribution of breakup induced
fission.

The energy dependence of the peak to valley (P:V) ratio of
the mass distributions for the two reactions was also found
to be different. The values of the P:V ratio are found to
be higher compared to the proton induced reactions with
actinide targets forming similar compound nuclei as well as the
predictions from a systematics at the same excitation energies.
A sharp increase in the P:V ratio as energy decreases below the
Coulomb barrier indicates the population of composite nuclei
with relatively less excitation energy than expected. This is
possible when there is a significant contribution of breakup or
transfer induced fission where the fragments transferred to the
composite nuclei carried less excitation energy. The folding
angle dependence of the P:V ratio of the mass distribution was
obtained at two different excitation energies of the composite
system. It differentiates the region of dominance of CF and
ICF on folding angles. It also confirms that the large P:V
values are mainly contributed by incomplete fusion in which
the folding angle is less (more) than 180° in center of mass for
bombarding energies less (more) than the Coulomb barrier of
target+projectile.

By putting a gate on the scatter plot of the velocity
components of the composite nuclei, with v, ~ ve, and
vy ~ 0, the above values for pure CF events are derived.
The energy dependence of the FWHM of the folding angle
distributions and the P/V ratio of the mass distributions for CF
events are found to be different from the TF events but similar
to the ones for reactions involving tightly bound projectiles as
well as the predictions from the systematics.
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