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Background: A new type of asymmetric fission was observed in S-delayed fission of Tl [Phys. Rev. Lett.
105, 252502 (2010)] as symmetric mass distribution would be expected based on conventional shell effects
leading to the formation of N = 50 fragments. Following this observation, theoretical calculations were carried
out which predict asymmetric mass distribution for several mercury isotopes around mass region of ~180 at
low and moderate excitation energies [Moller, Randrup, and Sierk, Phys. Rev. C 85, 024306 (2012); Andreev,
Adamian, and Antonenko, ibid. 86, 044315 (2012)]. Studies on fission fragment mass distribution are required
in this mass region to investigate this newly observed phenomenon.

Purpose: The fission fragment mass distributions have been measured in *Cl+ '*+13Sm reactions at Ejy, =
152.5, 156.1, and 163.7 MeV populating compound nuclei in the mass region of ~180 with variable excitation
energy and neutron number to investigate the nature of mass distribution.

Method: The fission fragment mass distribution has been obtained by measuring the “time of flight (TOF)” of
fragments with respect to the beam pulse using two multiwire proportional counters placed at 6,,, = £65.5° with
respect to the beam direction. From the TOF of fragments, their velocities were determined, which were used to
obtain mass distribution taking the compound nucleus as the fissioning system.

Results: For both systems, mass distributions, although, appear to be symmetric, could not be fitted well by a
single Gaussian. The deviation from a single Gaussian fit is more pronounced for the *Cl + **Sm reaction.
A clear flat top mass distribution has been observed for the *Cl+ **Sm reaction at the lowest beam energy.
The mass distribution is very similar to that observed in the *°Ca 4 '**Nd reaction, which populated a similar
compound nucleus, but for the pronounced dip in the symmetric region [Phys. Rev. C 91, 064605 (2015)].
Conclusions: The present study shows that the mass distribution deviates from that expected on the basis of
a pure liquid drop model in the mass region of ~180, indicating a contribution from asymmetric fission. The
contribution from asymmetric fission is more pronounced for the **Cl+ “*Sm reaction as evident from the
large deviation of the fission fragment mass distribution from the single Gaussian fit. This is consistent with
the observation of an asymmetric component in the “’Ca + '*>Nd reaction in a recent study [Phys. Rev. C 91,
064605 (2015)]. The contribution from asymmetric component is also consistent with the theoretical predictions
by Moller et al. [Phys. Rev. C 85, 024306 (2012)], although the magnitude of the effect appears to be smaller.
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I. INTRODUCTION

The fragment mass distribution has been an important
fission observable which provided information about the
potential-energy landscape of the fissioning nucleus. The
potential energy of the fissioning nucleus starting from
the equilibrium configuration to the scission point is described
by a liquid drop model (LDM) [1], which can explain the
origin of the fission barrier arising from the opposite trends
of Coulomb and surface energies during deformation. In the
liquid drop model, the saddle and the scission points are
identified as key stages in the fission process. Both saddle-
point [2] and scission-point models [3] have been proposed
to explain the mass distribution in terms of the potential
energy of the fissioning system at saddle and scission points,
respectively. Although the LDM qualitatively explained the
fission process, it failed to explain the asymmetric nature
of fission fragment mass distribution in low-energy fission
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of actinides, which could be explained after incorporation of
shell and pairing corrections to the LDM potential energy [4].
Thus, the LDM combined with single-particle effects could
explain fission fragment mass distribution over a wide range
of excitation energy and fissioning systems. Shell effects have
also been reported to result in asymmetric components in
mass distribution in heavy-ion-induced fission, owing to the
entrance channel dynamics [5-8].

Recently, in a study of B-delayed fission of 'S°TI at
ISOLDE, CERN, a new type of asymmetric fission was
observed [9], resulting in the peaking of mass distribution
at A ~ 80 and Ay ~ 100, where A and Ay are light and
heavy fragment masses, respectively [9]. This observation
was different from that expected on the basis of conventional
shell effects, which would predict symmetric fission due to
the N = 50 shell closure in the fragments. Observation of
asymmetric mass distribution was attributed to the localized
single-particle effects in the vicinity of the saddle point [9,10].
Moller et al. [10] carried out a detailed calculation for various
mercury isotopes in the mass region around ~180. Based on
these calculations, asymmetric mass distribution is predicted

©2015 American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.105.252502
http://dx.doi.org/10.1103/PhysRevLett.105.252502
http://dx.doi.org/10.1103/PhysRevLett.105.252502
http://dx.doi.org/10.1103/PhysRevLett.105.252502
http://dx.doi.org/10.1103/PhysRevC.85.024306
http://dx.doi.org/10.1103/PhysRevC.85.024306
http://dx.doi.org/10.1103/PhysRevC.85.024306
http://dx.doi.org/10.1103/PhysRevC.85.024306
http://dx.doi.org/10.1103/PhysRevC.86.044315
http://dx.doi.org/10.1103/PhysRevC.86.044315
http://dx.doi.org/10.1103/PhysRevC.86.044315
http://dx.doi.org/10.1103/PhysRevC.86.044315
http://dx.doi.org/10.1103/PhysRevC.91.064605
http://dx.doi.org/10.1103/PhysRevC.91.064605
http://dx.doi.org/10.1103/PhysRevC.91.064605
http://dx.doi.org/10.1103/PhysRevC.91.064605
http://dx.doi.org/10.1103/PhysRevC.91.064605
http://dx.doi.org/10.1103/PhysRevC.91.064605
http://dx.doi.org/10.1103/PhysRevC.91.064605
http://dx.doi.org/10.1103/PhysRevC.91.064605
http://dx.doi.org/10.1103/PhysRevC.85.024306
http://dx.doi.org/10.1103/PhysRevC.85.024306
http://dx.doi.org/10.1103/PhysRevC.85.024306
http://dx.doi.org/10.1103/PhysRevC.85.024306
http://dx.doi.org/10.1103/PhysRevC.92.024610

R. TRIPATHI et al.

TABLE 1. Details of beam energy (E\y,), excitation energy (E&y)
of the compound nucleus, average excitation energy of the fissioning
nucleus (ET)), and prefission neutrons (vp) for BCL4 441548 m
reactions. (Ej) and v, values were calculated using the code
PACE2 [15].

Epn(MeV) BCl+ '*Sm BCl+ *Sm
EENWET) MeV)  vpe  EGNHET)) (MeV)  vpe
152.5 36.7 (29.0) 0.66 56.4 (44.4) 1.18
156.1 39.6 (30.6) 0.77 59.3 (44.2) 1.37
163.7 45.7 (35.3) 0.82 65.5(38.2) 2.52

for many mercury isotopes up to excitation energy as high as
40 MeV. In another calculation, Andreev et al. [11] showed that
the observed asymmetric mass distribution can be understood
in terms of conventional fragment shell effects at the scission
point. In these calculations, observation of most probable mass
split away from symmetry has been attributed to the deformed
scission-point configuration. These calculations predict asym-
metric mass distribution even at much higher excitation ener-
gies. These recent experimental and theoretical observations
warrant more experimental measurements on fission fragment
mass distribution in the mass region of ~180 with variable ex-
citation energy of the fissioning nucleus. The heavy-ion fusion-
fission process is suitable for this purpose where it is possible to
populate different fissioning systems with variable excitation
energies. In arecent study of fission fragment mass distribution
in >C+ "W and “°Ca+ "*Nd reactions, an asymmetric
component was observed in the latter reaction [12].

In the present paper, mass distributions have been
measured in the PCl+'*1*Sm reaction at Epp =
152.5, 156.1, and 163.7MeV. The two reactions populate
fissioning systems with widely different neutron numbers. Due
to the magic neutron number for '**Sm, the Q,, value for
compound nucleus formation is highly negative leading to
low excitation energy of the compound nucleus. Compound
nucleus excitation energies for the two reactions are given
in Table I. Data from the present measurement have been
compared with that from Ref. [12].

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

Experiments were carried out at BARC-TIFR Pelletron
LINAC facility, Mumbai. Targets of '**Sm (93.8%) and
154Sm (>99%) with thicknesses of ~120 ug/cm?, electrode-
posited on Al backing of thicknesses of 550 pg/cm?, were
bombarded with a *>Cl beam with the Al layer facing the beam.
Beam energies given in the Table I are the energies in the target
after energy degradation in the backing foil. Two multiwire
proportional counters (MWPCs) were placed around the
folding angle (6., = £65.5°) for a coincidence measurement
of the fission fragments recoiling out of the target. The size
of each MWPC was 12.6 x 7.6 cm?. Signals of MWPCs were
recorded in a time-to-digital converter triggered with the rf
signal corresponding to the beam pulse (width ~1 ns).

A plot of timing spectrum (7} vs T5; subscripts 1 and 2
refer to the fragments detected in detector 1; ¢ = 87.5° and
2; ¢ = 272.5°, respectively) for the 3CI + *4Sm reaction at
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FIG. 1. (Color online) (a) Plot of timing spectrum for the
3Cl+ "“Sm reaction at Eyy = 156.1 MeV (gated with 6., =
82°—99°). Fission fragments and elastically scattered particles are
marked in the figure. (b) Plot of 6., vs mass ratio (Mg = ﬁ,
where M, and M, are the mass numbers of coincident fission
fragments). (c) Plot of “¢»-¢1” vs “Ocm.1 + Ocm.2,” subscripts 1 and

2 refer to the fragments detected in detectors 1 and 2, respectively.

Ep = 156.1 MeV is shown in Fig. 1(a). Due to the limited
angular coverage of the detector, events were selected within
a narrow range of center-of-mass (c.m.) angle (6.,) from 82°
to 99° for *Cl+ '**Sm and 83° to 100° for **Cl+ "**Sm,
respectively. The time of flight (TOF) of a fission fragment was
determined from the time “7”" obtained from timing spectrum
using the equation,

TOF = T — Tyetay — Ty (1

The total delay time Tyelay for a given detector, with respect
to the beam pulse, was obtained by subtracting the calculated
TOF of 3CI from the its peak in the timing spectrum. The
TOF of fragments obtained after subtracting the delay gave
a value of V| /Vcy slightly lower than unity, where V) is the
velocity of the fissioning nucleus along the beam direction
as obtained from the velocities of fission fragments [13] and
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Ven is the compound nucleus velocity calculated using beam
energy. An additional parameter 7} (<0.6ns) was introduced
to make V| /Vcn unity. In the timing (77 vs 1>) spectrum, a
gate was applied to select the fission fragments and reject the
elastically scattered particles.

TOF values, obtained using Eq. (1), were used to calculate
the laboratory velocities of the fission fragments. The effect of
energy loss of the fragments in the target was negligible. For
example, for the mass number 130, the effect of energy loss
on the velocity was calculated to be about 1.3%. Hence, no
correction was applied to the fragment velocities for energy
loss in the target. Position calibration of the detector was
carried out using the detector edges in the position spectrum.
The (X,Y) coordinates of the fragments were transformed
into (6,¢). The laboratory values of (0,¢) and fragment
velocities were transformed into the c.m. frame of reference
using standard kinematic equations assuming full momentum
transfer. c.m. velocities of fragments were used to calculate
mass ratio (My) using equation,

V2,c.m. M 1

= = , 2)
Vl,c.m. + V2,c.m. MCN

where subscripts 1 and 2 refer to fragments registered

in detector 1 and 2, respectively and “CN” refers to the
compound nucleus.

Mg

III. RESULTS AND DISCUSSIONS

A plot of 6., vs Mg is shown in Fig. 1(b) for the
3Cl+ "“Sm reaction at Eyp = 156.1 MeV. Selection of
the 6., range ensured the peaking of the My distribution
at ~0.5. However, for the Cl+ ’*Sm reaction at the
lowest beam energy, the My value was slightly lower (0.490)
compared to 0.5. A plot of 0.1 4+ Gem.2 VS ¢2-¢; for the
33C1 4 '"**Sm reaction is shown in Fig. 1(c), which is centered
around (Bcm.1 + Gem.2) ~ 180°. The average values of the
kinetic energies were in the range of 138 & 5MeV for both
reaction systems, which is close to those calculated using
Viola systematics [14], which was 138.9 and 136.6 MeV for
the '’ Au(*Cl+ *Sm) and '®Au (¥*C1+ 5*Sm) systems,
respectively. It should be mentioned here that the variation in
total kinetic energy vs fragment mass did not show a perfect
Gaussian behavior. However, its effect on the mass distribution
is expected to be small (due to the linear dependence of
fragment mass on velocity) and would be included in the
mass resolution. An estimation of the mass resolution from
the elastic peak was obtained to be around ~8.5 mass units.

Fission fragment mass distributions for the 3°Cl+ *Sm
and PCl1+ *Sm reactions are shown in Figs. 2 and 3,
respectively. The bin size in My is 0.02, which correspond to
3.6 and 3.8 mass units for the *Cl+ **Sm and Cl1+ '%*Sm
reactions, respectively. It can be seen from Figs. 2 and 3 that the
gross behavior of the mass distribution appears to be symmetric
for both 3Cl+ '**Sm and 3Cl+ >*Sm reactions. However,
a single Gaussian is not sufficient to fit the experimental data,
particularly for 3°Cl+ '"Sm reactions as seen from the x>
values which are also given in the figure. Deviations from
the single Gaussian fit are also shown in Figs. 2 and 3,
below respective mass distributions. In order to ascertain
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FIG. 2. Fission fragment mass distribution in the **Cl+ '*Sm
reaction at (a) Ejy, = 152.5MeV, (b) 156.1 MeV, and (c) 163.7 MeV.
The filled symbols are experimental data, and the solid lines are fit
to the data. The deviation of the experimental data from the fit is
shown in the panel below the respective mass distribution (see text
for details).

whether this deviation is related to multichance fission, the
number of prefission neutrons (vpe) and average excitation
energies of the fissioning nucleus (E%) were calculated using
the code PACE2 [15]. Fusion [/ distribution was calculated
using the code CCFUS [16] and supplied as input for PACE2
calculations. For the coupled-channel CCFUS calculations,
deformation data of the targets were taken from Refs. [17,18].
In PACE2 calculations, level density parameter was taken as
A/9MeV~!, A being the compound nucleus mass number.
Other parameters were kept as the default. Results of the
calculations are given in Table I. As seen from this table,
at a given beam energy, emission of prefission neutrons is
more in the case of the **Cl+ '3*Sm reaction compared to
that in the 3°Cl+ "**Sm reaction due to the higher excitation
energy and the N /Z value of the compound nucleus, whereas
deviation from a single Gaussian fit is more pronounced for
the 3Cl + **Sm reaction which has a lower excitation energy
of the compound nucleus. Thus, deviations from the single
Gaussian fit observed in the present study for the °CI 4 '**Sm
reaction are most likely due to a contribution from an asym-
metric component as predicted in calculations of Ref. [10]
(ignoring the difference of one proton between '”Au and
180Hg) due to the modification of the LDM potential-energy
surface of the fissioning nucleus by single-particle effects. This
is also consistent with the observation of a contribution from
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FIG. 3. Same as Fig. 2 but for the ¥*C1+ '*Sm reaction.

the asymmetric component in a recent measurement of mass
distribution in the *°Ca+ "“*Nd reaction [12]. In calculations
of Ref. [10], the asymmetric mass distribution has also been
predicted for '®8Hg, which is close to the compound nucleus
for the ¥Cl+ *Sm reaction. However, due to the larger
excitation energy of the compound nucleus, the signature of
asymmetric fission is weaker in the case of the **Cl+ '*Sm
reaction. This leads to relatively smaller deviations from the
single Gaussian fit for the **CI 4 '3*Sm reaction arising from
the higher chance fission for which the excitation energy of
the fissioning nucleus would be lower. Although the deviations
are observed at all the beam energies and for both reaction
systems, a clear and systematic deviation as a function of
mass was observed for the *>Cl 4 '*4Sm reaction at the lowest
beam energy, which can be used to obtain an estimate of the
light and heavy fragment peaks of the asymmetric component.
Maximum deviation occurs around Mg ~ 0.41 and ~0.59
which correspond to fragment masses of about ~73 and ~176.
Thus mass asymmetry observed in the present study is slightly
on the lower side compared to that observed in the S-delayed
fission of '"°T1[9]. However, the value observed in the present
study is closer to that predicted in the calculations of Ref. [10].

The o values for the single Gaussian fits from the present
study (given in Figs. 2 and 3) are comparable to those observed
for the “°Ca 4 '*2Nd reaction at similar excitation energies and
much larger for those observed for the >C + '82W reaction
in Ref. [12]. Similar widths of the mass distribution in the
3C1 4 *154sm and *°Ca+ '"°Nd reactions suggest similar
entrance channel dynamics, although not exactly the same.
For example, an increase in the mass yield has been observed
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for °Ca+ '*>Nd at larger mass asymmetry values. However,
such an increase is not observed in the present study. In the
study of fission fragment mass distribution in **Ca+ '“*Sm
reactions [8], an enhancement in fission fragment yield
was observed corresponding to fragment neutron number
N = 50, which corresponds to the symmetric fission for the
35C1 + “*Sm reaction. However, the presence of an asymmet-
ric component in the mass distribution for the ¥Cl+ #*Sm
reaction suggests that the potential-energy surface for the
neutron deficient nuclei in the mass region around ~180
is different from those for comparatively heavier fissioning
nuclei. The effect of the potential-energy surface manifests in
the fission fragment mass distribution as observed in §-delayed
fission of 89Tl and the **Ca + '**Nd reaction. A similar effect
has also been observed in the reaction systems studied in the
present paper. However, as discussed earlier a contribution
from the asymmetric fission is more pronounced for the
35C1+ Sm reaction compared to that in the *>Cl+ **Sm
reaction, possibly due to the lower excitation energy of the
compound nucleus in the case of the *>Cl + **Sm reaction. A
comparison of the mass distribution at the lowest beam energy
for the 3Cl + '"“*Sm reaction (E¢y = 36.7MeV) with that for
the *°Ca + "“’Nd reaction (E¢&y = 33.6 MeV) from Ref. [12]
is shown in Fig. 4. Data from Ref. [12] have been normalized to
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FIG. 4. (a) Comparison of fission fragment mass distribution in
the ¥C1+ “*Sm reaction with that in the *°Ca + '**Nd reaction from
Prasad et al. [12]. Data from Ref. [12] have been normalized to the
present data using the area in the M range of 0.33—0.65. (b) is the
same as (a) but for the logarithmic scale.
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the present data using the area in the My range of 0.33—0.65.
The width of the mass distribution for ¥Cl+ '3*Sm at the
lowest beam energy is also similar, however it is not shown
in the figure for the sake of clarity in the symmetric region.
It can be seen from this figure that the mass distribution from
the present paper and that from Ref. [12] are very similar but
for the pronounced dip in the symmetric region observed for
the “°Ca+ '*’Nd reaction. This suggests that the excitation
energy in the present study is not low enough for the overall
mass distribution to become asymmetric.

IV. CONCLUSIONS

The measurement of mass distributions in 3C1 4 4+154§m
reactions was carried out at near-barrier energies. Although
the mass distributions appear to be symmetric, they could not
be fitted well with the single Gaussian function. The deviation
from the single Gaussian fit was more pronounced for the
3Cl + '*Sm reaction as reflected in the large x? values. The

PHYSICAL REVIEW C 92, 024610 (2015)

deviation from a single Gaussian fit indicates the presence of an
asymmetric component as observed in a recent measurement
of fission fragment mass distribution in the *’Ca + '%*Nd
reaction [12]. The present result is also consistent with the
theoretical prediction of Ref. [10], although the magnitude
of the effect appears to be smaller. The flatness of the mass
distribution in the symmetric region becomes clearly evident
for 3Cl 4 '**Sm at the lowest beam energy. Also the mass
distribution is very similar to that observed in the “°Ca + **Nd
reaction [12], although a clear dip in the symmetric region has
not been observed, possibly due to the larger excitation energy
in the present study.
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