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Fission fragment mass distribution has been studied for the system19F+232Th over an energy range of
105.4 MeV to 84.2 MeV in laboratory frame. For energies, above the Coulomb barrier, the variance of the
mass distributionssm

2 varies linearly with temperature of the fused system, signifying statistical fusion-fission
reaction. However, as energy decreases through the Coulomb barrier, a rapid increase insm

2 is observed for the
first time which may be a signal of onset of orientation dependent quasifission reaction.
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In heavy ion induced fission reactions on heavy targets,
anomalous enhancements of the fragment angular anisotropy
with respect to the predictions of the statistical saddle point
model (SSPM) [1] have been observed near and below the
Coulomb barrier[2–4]. To explain enhancement in fragment
anisotropy in near and sub barrier energies Hindeet al. [3]
assumed an nuclear orientation dependent quasifission reac-
tion wherein the dinuclear system before statistical equilibra-
tion moves over a mass asymmetric conditional saddle point,
leading to a narrowerK distribution compared to that ex-
pected from SSPM. Probable effects of the assumed quasifis-
sion process, apart from enhancement of fragment angular
anisotropy, would be a asymmetry or increase in width of
fission fragment mass distribution[5] and a suppression of
the production cross section for evaporation residues in fu-
sion reactions[6]. However, no strong dependence of the
width of the fragment mass distribution or asymmetry in
mass distribution was observed in16O+238U [7]. The pro-
duction of evaporation residues were found to be hindered by
Berriman et al. [8] but this effect was not observed by
Sonzogniet al. [9]. Vorkapic and Ivanisevic[10] suggested
an alternate explanation of the observed anomalous angular
distributions. They contended that, in subbarrier energies, fu-
sion of projectile occurs only when the prolate deformed
target is oriented in the beam direction, producing a narrow
initial K distribution peaked aroundK=0. In their model, the
K equilibration time was also assumed to be not too short
compared to fission time. Using time dependentK distribu-
tion, a narrowerK distribution compared to SSPM predic-
tions could be envisaged and fragment angular anisotropy
could be explained. However, in the above scenario, no ab-
normal behaviour in fission fragments mass distribution or
yield of fusion evaporation residues was predicted.

In 19F+232Th, a pronounced increase in angular aniso-
tropy was observed[4] in near and subbarrier energies. In
this communication, we report precise measurements of frag-
ment mass distributions in19F+232Th reaction from above to
below Coulomb barrier energies, in the energy range
105.4–84.2 MeV. Fission fragment mass distribution from

the fully equilibrated compound nucleus of19F+232Th is ex-
pected to be decided at the scission point due to a long de-
scent from saddle to scission[11]. Since shell effects are
expected to be washed out at these excitations, the mass
distributions should be symmetric with a smooth increase in
width of the distribution with temperature. Any sudden
change in the width of the mass distribution would indicate
departure from full equilibration, while onset of mass asym-
metry or a sudden increase in width of mass distribution
would be a strong signal of quasifission.

The experiment was carried out using pulsed19F beam
from the 15UD Pelletron at the Nuclear Science Centre
(NSC), New Delhi. The pulse width was about 1.5 ns with a
pulse separation of 250 ns. The target was a self-supporting
1.8 mg/cm2 foil of 232Th. The average center of mass ener-
gies cited include correction for energy loss in the target. The
target was placed at an angle 30° to the beam. Fission frag-
ments were detected with two large areaX-Y position sensi-
tive multiwire proportional counters(MWPCs) [12,13].
These detectors provide good timing and position resolution
and can discriminate the fission fragments from beamlike
particles. The active area of the detectors were 24 cm
310 cm and were positioned at 65° and 95° to the beam
respectively. The detectors were placed at 52.6 and 33.2 cm
from the target, subtending polar(azimuthal) angles of
25°s±5°d and 39°s±8.5°d, respectively. The operating pres-
sure was maintained at about 3.0 torr of isobutane gas. The
polar angle of emitted fission fragments could be determined
with accuracy better than 0.2° while the accuracy in azi-
muthal angle was about 0.8°. Two solid state detectors were
placed at ±10° with respect to the beam to detect elastically
scattered19F particles to monitor beam intensity and posi-
tioning of beam on target. One of the solid-state detectors
was also used for monitoring of the time structure of the
beam. Time structure of the beam was also monitored inter-
mittently by measuring the width of pulse with a fast plastic
scintillator.

For each fission event, the time difference of the fast an-
ode pulses of the detectors with respect to the pulsed beam,
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the X and Y positions and the energy loss of fission frag-
ments were measured. The trigger signal for the data acqui-
sition system was generated by taking coincidence between
any of the anode signals and the master oscillator of the
pulsing system. The detection efficiency of fission fragments
was better than 95% and the estimated mass resolution for
fission fragments was about 3 a.m.u.

The masses of the fission fragments were determined
event by event from precise measurements of flight paths and
flight time differences of the complimentary fission frag-
ments using the following set of equations[14]:

m1 =
st1 − t2d + dt0 + mCNd2/p2

d1/p1 + d2/p2
, s1d

m2 = mCN − m1, s2d

p1 =
mCNVCN

cosu1 + sin u1cot u2
, s3d

p2 =
p1sin u1

sin u2
, s4d

wherem1, m2 are the fragment masses;t1 andt2 are the flight
times of the fragments for the flight pathsd1 andd2; p1 and
p2 are the linear momenta of the fragments in laboratory
frame;mCN andVCN are the mass and velocity of the com-
pound nucleus. The difference in machine time for the two
time of flight spectradt0 was determined precisely for
each beam energy from the required identity of the mea-
sured mass distributions in two detectors.

The fission fragments were well separated from elastic
and quasielastic channels, both in time and energy loss spec-
tra. The time and energy loss correlations of the fission frag-
ments which were detected simultaneously in the two detec-

tors are shown in Fig. 1. The contributions of elastic and
quasielastic channels were estimated to be less than 0.1% in
these spectra.

The fission fragments from compound nuclear fission
events were exclusively determined from the distributions of
polar sud and azimuthalsfd angles. The observed distribu-
tions of the complimentary fission events insu ,fd plane are
shown in Fig. 2. The events enclosed by the rectangle ABCD
in the figure are the fragments from fusion fission reaction.
The projections onu andf planes are shown in the insets. At
different energies, the window on the folding angles of fis-
sion fragments was varied to estimate the effect of any ad-
mixture of non compound fission channels. In Fig. 3 the
measured variances of the fission mass distributions are
shown as a function of the admixture of transfer followed by

FIG. 1. The(a) time and(b) energy loss correlations of simul-
taneously detected fission fragments atEcm=85.3 MeV.

FIG. 2. Distributions of complimentary fission fragments in
su ,fd at Ecm=85.3 MeV. Rectangle ABCD indicates the gate used
to select the fusion-fission events for mass determination. Rect-
angles ABEF and ABGH indicate the gate used to add 50% and
100 % of TF events, respectively.

FIG. 3. Variance of mass distributions at different projectile en-
ergies (c.m.) as a function of admixture of transfer fission(TF)
events. The dotted lines are guide to the eye.
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fission (TF) events at different center-of-mass(c.m.) ener-
gies. The width of the distribution for any energy shows a
slow increase(less than 10%) with admixture of TF events.
Even at lower energies the contribution of TF events does
not affect the mass distributions significantly.

A systematic study of the effects of different geometrical
factors eliminated the systematic errors in determination of
the polar and azimuthal angles for a precise measurement of
the velocities of the fragments. The mass distributions at six
representative c.m. energies, namely, 97.5, 93.8, 90, 85.3,
83.4, and 77.8 MeV are shown in Fig. 4. The mass distribu-
tions at all energies can be fitted with a single Gaussian(as
shown by solid line), with peak close to the half of the com-
bined target-projectile mass. We have not observed any sig-
nificant admixture of an asymmetric mass distribution in the
measured mass distributions.

The variation of the variances of the fitted Gaussianssm
2

to the experimental masses, as a function of the c.m. energies
are shown in Fig. 5(filled circles). Above the fusion barrier,
sm

2 decreases with decrease in energy and the smooth linear
variation with temperature shows that the fission is from a
fully equilibrated compound nucleus. However, as the energy
is decreased below the barrier, a sudden, almost 50% in-
crease in the value ofsm

2 is observed. With further decrease
to subbarrier energies,sm

2 remains nearly constant with a
small decreasing trend. However, these values are substan-
tially larger than the value at the barrier. The slow and linear
increase insm

2 values with increasing admixture of TF events

as shown in Fig. 3 clearly indicates that the observed varia-
tion in sm

2 with energy cannot be due to the admixture of TF
events. It is to be noted that this variation ofsm

2 is very
similar to that observed trend of the angular anisotropy of the
fission fragmentssAd, with energy. The variation ofA with
energy as observed by Majumdaret al. [13] and Zhanget al.
[15] is shown in the lower panel of Fig. 5.

The sudden and large increase in the width of the mass
distribution near the barrier signifies the onset of a com-
pletely different reaction mechanism other than statistical
fusion-fission. This different reaction mechanism dominates
the fission events at subbarrier energies. The definite corre-
spondence of the change of the mass distribution widths with
that of the average value of A at subbarrier energies, strongly
support the assumption of quasifission reaction[3], where
the dinuclear system passes over a conditional saddle point
without equilibration in all degrees of freedom.

It is to be noted that this is the first observation of a rapid
change of the width of fragment mass distribution with pro-
jectile energy and in fact, is a much stronger signal of onset
of nonstatistical effects in19F+232Th fusion fission reaction
near barrier than the anomalous fission fragment angular an-
isotropy. It will be interesting to study this signal, i.e, the
width of the mass distribution, on either side of Businaro-
Gallone ridge of entrance channel mass asymmetry.

We are thankful to P. Barua and Professor S. Mukho-
padhyay for their help during the experiment and the staff of
NSC Pelletron for providing the good quality of beam re-
quired for the experiment.

FIG. 4. Mass distributions at different projectile energies(c.m.).
The Gaussian fits are shown by solid lines.

FIG. 5. (a) Mass variancesm
2 and(b) anisotropyA, as a function

of Ecm. In (b) the solid line represent the SSPM calculation with
correction for prescission neutron correction[13]. Coulomb barrier
is indicated by an arrow.
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