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Observation of asymmetric fission in >’*Pb at low excitation energies
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The fragment mass and total kinetic energy distributions were measured in fission of 2**Pb, populated in
the "Li+ '°7Au reaction at excitation energies down to 15.3 MeV above the fission barrier. Fits considering
admixture of symmetric and asymmetric fission indicate the presence of substantial asymmetric fission at all
measured energies. The measured mass distributions are in good agreement with the model predictions. The
observed excitation energy dependence of asymmetric fission fractions for the present system is compared with
those for near—by nuclei and predictions of theoretical models to understand the damping of shell correction at

large deformation.
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I. INTRODUCTION

Nuclear fission, discovered in 1938 [1], represents one
of the most substantial cases of nuclear transformation. In
this process a heavy nucleus splits into two fragments, re-
leasing a large amount of energy. The gross features of the
fission process could be described within the simplistic liquid-
drop (LD) model [2,3]. In this macroscopic approach, the
shape-dependent surface and Coulomb energy terms define a
smoothly varying potential-energy landscape through which
fission occurs. However, it predicts symmetric fragment mass
distributions and could not explain the observed asymmetric
mass splits of actinides. Incorporation of shell corrections
to the liquid drop potential energy was necessary to under-
stand the asymmetric nature of the mass split [4]. The fission
fragment mass distribution is one of the best observables to
understand fission mechanisms as it is sensitive to the vari-
ation in the nuclear potential energy surface, particularly at
lower excitation energies. Even though much progress has
taken place, a comprehensive understanding of this complex
process is yet to be achieved, and it continues to be a subject
of active debate [5-7].

Particularly, fission of preactinide nuclei is sparsely inves-
tigated owing to very low fission probability. Signature of
asymmetry in light-ion induced fission of preactinides near
the S-stability line was first reported in the 1980s [8]. Recent
observation of dominantly asymmetric mass distribution in
B-delayed fission of the neutron-deficient '’Hg isotope at
excitation energy just above the fission barrier [9] prompted
a renewed theoretical and experimental interest in the fis-
sion of nuclei in this region. The number of systems that
can be studied in B-delayed fission are limited. Though the
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structure effects are significantly diminished at moderately
higher excitation energies populated in heavy-ion reactions,
they have been found to be suitable to extend the investigation
of asymmetric fission over a broader region. In most of the
cases, heavier projectiles (A > 35) have been used as they
allow access to the more neutron deficient region [10-17].
All these studies have firmly demonstrated the presence of
asymmetric fission in the preactinide region.

In a systematic study [18], it was revealed that the mean
value of Z of the light fragment, evaluated assuming un-
changed charge density (UCD) [19], varies less as compared
to that of the heavy fragment with Z the fissioning nuclei.
No preferential population of neutron number was observed.
Thus, it was concluded that the light fragment proton shells
with Z & 36 provide the stabilization in asymmetric fission
of preactinide nuclei. In a recent study of the mass and to-
tal kinetic energy (TKE) distributions, an independent mode
of stabilization in the heavy fragment was conjectured [10].
However, the simultaneous mass-TKE fit has ruled-out the
necessity of additional stabilization in the heavy fragment
[12].

The attempts to explain the new type of asymmetric fission
include shell effects in the pre-scission configurations associ-
ated with dinuclear structures or octupole deformed shells in
the nascent fragments and fissioning nucleus [18,20-23]. The
predictions of the Brownian shape motion (BSM) on a five-
dimensional potential-energy surface are available for a large
number of nuclei [24]. The asymmetric saddle point, man-
ifested in the calculated five-dimensional potential-energy
surface, was associated to the neutron shell configurations
of the fissioning nuclei, and was identified to drive the
asymmetric mass distribution in this region. The GEF (gen-
eral description of fission observables) [25], a semiempirical
framework, was also found to provide good description of
the available experimental data in this mass region [18]. This
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FIG. 1. Correlation between the (a) time of flights (77 and 73), (b) folding angle (6; + 6,) and total azimuthal angle (¢; + ¢,), (c) parallel
(vy) and perpendicular (v;) components of velocity, and (d) mass ratio and emission angle in the center of mass frame (6.,.) of fission

fragments for 'Li 4 '’ Au reaction at Egp =18.4 MeV.

model includes a asymmetric fission mode with Z ~ 36. In a
recent study [26], the experimental mass distributions for '"Ir
were found to differ from the predictions of the above models,
emphasizing the need for further studies.

Investigations have also shown that there is a substantial
presence of quasifission, an entrance channel dependent phe-
nomena, in reactions involving projectiles with mass A > 35
in this mass region [27]. The fission fragment mass distri-
butions in reactions involving projectiles with mass A > 35
were found to be broader than those corresponding to more
asymmetric entrance channels. As quasifission occurs be-
fore complete equilibration of mass, it can lead to enhanced
population of the asymmetric fission fragments. Thus more
rigorous treatment involving dynamics is required to interpret
the data for the more symmetric entrance channels. On the
other hand, the asymmetric entrance channels can be used
to investigate the role of shell structure. At present, asym-
metric fission studies at moderate excitation energies in this
mass region utilizing more asymmetric entrance channels are
limited [26-29] and more studies can help to understand the
mechanism of asymmetric fission in the preactinide region.

The present paper reports the study of fission fragment
mass and TKE distributions to investigate the presence of
asymmetric fission mode(s) at moderate excitation energy for
204pp, populated in the 'Li+ '"’Au reaction. The paper is
structured as follows. Experimental details and data analysis
procedures are presented in Sec. II. The characteristics of the

experimental fission fragment mass and TKE distributions are
discussed in Sec. III along with the comparisons to model
calculations. The summary and conclusions are then presented
in Sec. IV.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

The experiment was carried out at the BARC-TIFR
Pelletron-LINAC facility Mumbai, India. A 280 ug/cm? thick
self-supporting target of '’ Au was bombarded with pulsed
7Li beams of energies 30, 35, and 42 MeV. Two large area
(12.5 x 7.5 cm?) multiwire proportional counters (MWPCs)

TABLE I. The excitation energies of the compound nucleus (E£*)
along with the statistical model [35,36] estimates for the mean angu-
lar momentum of the fissioning nucleus ({{s)), prefission neutron
multiplicity (vp.), average energy removed by neutron emission
(Epre), and the excitation energies above the saddle point (Ep)
are listed. Total fission events collected at each energies are also
mentioned.

E* (Lhiss) Epe E% Total
(MeV) (h) Vpre MeV) MeV) counts
494 16.1 0.5 4.8 22.3 57180
42.7 11.1 0.2 2.2 18.4 11488
37.9 7.1 0.1 0.6 15.3 2166
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FIG. 2. The measured fission fragment mass distributions of
204pp in the "Li + " Au reaction. The results of the multi-Gaussian
fit to extract symmetric and asymmetric fission fractions are also
shown.

[30] were placed at a distance of 24 cm from the target in
a scattering chamber of diameter 1.5 m at —50° and 121.5°
for the coincident detection of the fission fragments. From
each detector, one timing and four position signals (two
each of X and Y coordinates) were fed into time to digital
converter (TDC) after incorporating appropriate delays. The
trigger or start signal was generated by making an “AND”
gate of radiofrequency (RF) signal, associated with the beam
pulse from the accelerator, with the output of the “OR” gate
of timing signals from MWPCs. Two silicon surface bar-
rier detectors were placed at = 20° to monitor the beam
quality by detecting the elastically scattered beam particles.
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FIG. 3. The measured fission fragment mass distributions for
204pPb in the "Li 4+ '°7 Au reaction are compared with the predictions
of the semiempirical GEF model [25]. The GEF predictions are
smeared with the experimental mass resolution (o ~ 3u) for direct
comparisons with the measured data

The data were acquired in an event by event mode using
a VERSA-Module Euro card (VME) based multiparameter
data-acquisition system [31]. The setup gave access to the
position of detection (x|, y, X2, y2,) and energy loss (AE},
AE) of the fragments in the detectors, as well as their time
of flight (77, T>) with respect to the beam pulse. At the lowest
energy, the beam pulsing was switched off to maximize the
current, and thus only the time difference AT = (T} — Tp),
instead of individual time of flights, was recorded.

The time of flight and position information were used
to determine the fragment velocities. The emission angles,
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FIG. 4. The measured asymmetric fission fractions for 2**Pb are
compared with the predictions of the GEF [25] and BSM models
[24] as a function of excitation energy at the saddle point. The
experimental asymmetric fission fractions are also compared with
results for nearby nuclei (**Pb [10], 2°'T1 [28], and 2°5-207-299Bj [29])
are also shown for comparison. The blue dashed line corresponds
to a fit considering all the data points with an exponentially falling
function [exp(—Egp/Ep)] with Ep = 12MeV.

calculated from the position information, were used to obtain
the linear momenta [32]. The correlations between the folding

As shown in Fig. 1(a), the correlation in the TOFs (7} vs.
T») allowed clear separation of the fission events from other
reaction channels (not seen in the plot). The folding angle
(61 + 6,) and total azimuthal angle (¢; + ¢,) distributions
[Fig. 1(b)] are observed to peak at the estimated angle accord-
ing to the Viola systematics [34] and 180°, respectively. The
correlation between parallel and perpendicular components of
the velocities onto the beam axis, shown in Fig. 1(c), confirms
the binary nature of the reaction. Further, the absence of any
correlation between the fragment mass (A) and the emission
angle (6..m.) [Fig. 1(d)] rules out any significant presence of
noncompound fission process in the present case. The events
inside the graphical cut, shown in Fig. 1(d), are used for the
further analysis to remove the detector edge effects.
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FIG. 5. The measured fragment mass-TKE correlations along with TKE profiles (white filled circles) for 2**Pb. The magenta dashed line
is the LD-predicted mass dependence of TKE [34]. (c) and (d) show the measured TKE distributions along with the Gaussian fits.
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III. RESULTS AND DISCUSSION

The excitation energies (E*) of the compound nucleus
along with the statistical model estimates for the mean an-
gular momentum of the fissioning nuclei ({(¢5ss)), pre-fission
neutron multiplicity (vp), the average energy removed by the
prefission neutrons (E,), and the excitation energies of the
formed CN at the saddle point (Egp) are listed in Table. 1.
The statistical model estimates were obtained using the Monte
Carlo code PACE [35] with a consistent prescription for the
fission barrier and level density [36].

The measured fission fragment mass distributions are pre-
sented in Fig. 2. The experimental fission fragment mass
distributions could be fitted well with the sum of symmetric
and asymmetric components. The yields and widths of sym-
metric and asymmetric components were the free parameters
for the fitting procedure. The peak position for the symmetric
component was kept fixed at Acn/2 as expected from the
liquid drop (LD) model. From the systematics, the position for
light fragment peak is expected at Z = 38 [18] as the corre-
sponding neutron number is larger than 50. The mass number
of the light fragment peak was evaluated under the UCD as-
sumption. As the counts of the complementary fragments are
completely correlated, the fitting range was restricted below
Acn/2. The symmetric and asymmetric components along
with the total fit function are shown in Fig. 2. From the fits,
substantial presence of asymmetric fission could be found at
all the measured energies. As expected, the shell correction
driven asymmetric component was observed to diminish with
increase in excitation energy.

The predictions of the GEF model [25], folded with the
experimental mass resolution (0 = 3u), are compared with
the measured fission fragment mass distributions in Fig. 3.
The GEF model gives a good description of the measured
data. It also predicts substantial asymmetric contribution at
all three energies and a gradual reduction of the asymmetric
component. The predictions of the BSM model [24] are not
available in the same E* range. Thus the measured mass dis-
tributions could not be compared quantitatively. However, the
observed peak position of the light fragment (A; = 95) agrees
well with the prediction of the BSM model. It is important
to note here that the experimental mass distributions for '*Ir
[26] were found to differ significantly from the predictions of
different models, particularly the BSM model.

Asymmetric fission fractions (the ratios of the asymmetric
yield/total yield) obtained from the fits to the experimental
mass distributions for 2**Pb are plotted as a function of ex-
citation energy at the saddle point in Fig. 4. This fraction is
directly related to the surviving shell correction at a given
excitation energy. The measured asymmetric fission fractions
are in good agreement with the predicted trend of the GEF
model [25]. Moreover, the predicted asymmetric fraction from
the BSM model [24], available at slightly lower energy, was
found to agree with the observed trend in the experimental
data and GEF prediction. The contributions of asymmetric
fission for 2™Pb are also compared with those for nearby
systems, namely 2°°Pb [10], 2°I'T1 [28], and 2%5-207-29Bj [29].
As anticipated, the fraction of asymmetric fission decreases as
the excitation energy at the saddle point increases for all the
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FIG. 6. The TKE profiles for ***Pb from the present measure-
ment are compared with those for 202pp [41] measured in the '°Q
and **Ca induced reactions at EZ, = 23 and 24 MeV, respectively.
The blue and red vertical lines show the position of fragments with
mass corresponding to Z = 52 and Z = 55 assuming an unchanged
charge distribution from compound nucleus to fragments.

systems considered. The excitation energy dependence could
be described well using an exponentially falling function,
exp(—Egp/Ep) with a damping parameter, Ep = 12 MeV. Itis
interesting to note that a similar damping parameter provides
good description of the asymmetric fraction data available
for an actinide nuclei, ?*°U at a similar excitation energy
range [37]. Further, the present damping factor is found to
be faster then that obtained from level density studies for the
equilibrium deformation [38,39].

014613-5



VINEET KUMAR et al.

PHYSICAL REVIEW C 109, 014613 (2024)

The measured correlations between fragment mass and
total kinetic energy (TKE) for 2**Pb at E$, = 22.3 MeV and
Egp = 18.4 MeV are presented in Fig. 5, along with the TKE
profiles (white filled circles). The magenta dashed lines rep-
resent the mass dependence of TKE as predicted by the liquid
drop model [34]. The measured TKE profiles agree well with
the LD-predicted mass dependence of TKE. In panels (c) and
(d) of Fig. 5, the measured distributions of TKE for 204pp gt
E$p =223 MeV and E§, = 18.4 MeV are depicted. These dis-
tributions could be fitted well with a single Gaussian function.
The observed widths of the TKE distributions, 11.7 £ 0.05
MeV and 10.8 £ 0.11 MeV for E§, = 22.3 MeV and 18.4
MeV, respectively, are in good agreement with systematics
[11,40] based on liquid drop behavior. Thus, the measured
TKE distributions do not reveal much about the mechanism
of fission in the present case. In Ref. [11], the measured TKE
distributions were found to be sensitive to fission modes and
their widths were observed to be larger than the expectations
from the systematics based on LD behavior for the neutron
deficient nuclei studied.

The TKE profiles from the present measurement are com-
pared with those for *?Pb populated at E&, = 23 and 24
MeV in '°0 + 86w and “®Ca + '>*Sm reactions [41], respec-
tively, in Fig. 6. The widths of the mass distributions for
160 4 186yy and those of the central part of mass distributions
for ¥Ca + '3*Sm systems could be explained simultaneously
using the statistical relation, an indication of fully equilibrated
compound nuclear decay. However, asymmetric shoulders
peaked around masses 65 and 140 were observed in the
mass distributions for the *Ca + '>*Sm system, particularly at
lower excitation energies. The TKE profile also showed a de-
viation from the parabolic behavior in that region. The present
system also shows deviation from the parabolic dependence
at the same place, though no significantly enhanced popula-
tion could be observed in the measured mass distributions as
shown in Fig. 2. As it appears around Z = 52-55 (shown as

blue and red vertical lines), this deviation could be attributed
to standard fission modes prominently observed in the actinide
region.

IV. SUMMARY

To summarize, this study focused on the measurement of
fission fragment mass and total kinetic energy distributions for
204pb, which was populated through the "Li + ' Au reaction.
The measured mass distributions of 2>*Pb could be reproduced
well using a combination of symmetric and asymmetric com-
ponents. The symmetric and asymmetric contributions were
extracted for all excitation energies of the compound nucleus.

The analysis revealed that the fission fragment mass dis-
tributions have significant contribution from the asymmetric
fission mode at all three measured excitation energies. The
GEF model reproduced the measured mass distributions and
the corresponding asymmetric fractions well. The extracted
values of the asymmetric fission fraction vary from 20% to
27% in the measured energy range. Furthermore, the observed
decrease in the shell effect driven asymmetric fission fraction
with increasing excitation energy is found to be similar to
those for the nearby fissioning nuclei. The predictions of both
the GEF and BSM models are also in good agreement with the
observed experimental trend. Unlike the behavior observed in
lighter preactinides [26,42], the experimental observations for
the heavier preactinides could be effectively reproduced by
the existing models.

The TKE profiles show deviations from the LD behavior
around the standard fission modes (Z = 52-55) as observed
in heavier preactinides earlier [8,41]. Unlike the observed
peculiarities in some of the neutron deficient light preactinides
[10,11], the measured distributions of total kinetic energy and
their profile do not show any departure from LD expectations
corresponding to the new asymmetric mode(s).
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