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Mass distributions of fission fragments produced from the ***Bk compound nucleus (CN), populated by
complete fusion of "B with 28U, were measured for the excitation energies in the range of EX ~ 36.7-
69.7 MeV. Nearly flat tops observed for these distributions indicate the presence of asymmetric fission, contrary
to the pure Gaussian mass distributions expected at such high excitation energies. A fit to the mass distribution
using three Gaussian functions provides an estimate of individual contributions from symmetric and asymmetric
modes of fission. A significant contribution of the asymmetric component observed at CN excitation energies
above 40 MeV can be understood only by invoking “multichance fission” in the calculations using the semiem-
pirical model code GEF. A systematic analysis of the mass distributions for several heavy transuranic nuclei
reveals that the manifestation of the fragment shell effect in the integral mass distributions are visible even up

to an initial compound nucleus excitation of E} =~ 70 MeV due to their influence on the distributions of higher

cn
chance fissions.
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The dynamics of nuclear fission can be explained on the
basis of the potential energy surface which is built using a
macroscopic-microscopic model [1]. The macroscopic poten-
tial energy is obtained from the liquid drop (LD) model [2]
and the microscopic shell and pairing correction energy is
obtained using Strutinksky’s prescription [3]. Though the LD
model has been very successful in explaining nuclear fission
[2], it fails to predict the asymmetric mass distribution of
fission fragments (FFs). The addition of the shell effect [4]
to the LD model is not only able to explain the asymmetric
nature of fission but also explains several other phenom-
ena, such as the stability of many transuranium nuclei and
long-lived superheavy elements (SHE) with Z beyond 104
for which the fission barrier vanishes [5,6], fission isomers
[7], superdeformed nuclei [8], new magic numbers [9], etc.
However, the shell effect on the fission mechanism is expected
to wash out at higher compound nucleus excitation energies
(E}) [10], where the probabilities of formation and survival of
the transuranium and superheavy elements are very different
from low excitation energies. Understanding of fission at high
excitation energies is also important for nuclear-data evalua-
tions related to the incineration and/or transmutation of the
long-lived minor actinides into shorter-lived fission products
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using high energy spallation neutrons. Thus, it is important
to understand the fission process both at low as well as high
excitation energies and particularly the upper limit of the
initial compound nucleus (CN) excitation energy where the
shell effect starts disappearing.

A few measurements on the CN excitation energy depen-
dence of the shell effect on fission fragment mass distributions
involving actinide targets exist in the literature, providing
different values on the limit of E . For instance, the study
by Chaudhuri et al. [11] on a-induced reactions on a 2**Th
target shows that the asymmetric nature of mass distribution
vanishes at the excitation energy of &~ 43 MeV, whereas in a
recent study by Hirose et al. [12] the signature of asymmetric
fission was observed up to E}, = 60 MeV. However, the data
of the second study suffer from poor statistics and large bin
size (10 MeV) of excitation energy as the composite nuclei
were populated by multinucleon transfer reactions with cross
sections much smaller than complete fusion. On the other
hand, due to the use of a very thick (1.1 mg/cm?) target in
Ref. [11] the uncertainties in the measurement of fragment
velocities increase, which in turn lead to larger uncertainties
in the mass distributions. In one of the measurements of
fission of 3°Cf, populated by the 2*U + '2C reaction [13],
the signatures of shell effect on fragments at scission were
observed at £}, = 45 MeV. In another measurement on fission
fragment mass distribution for the compound nucleus >*?Pu by
Back et al. [14], it was observed that the shell effect persists
certainly beyond 50 MeV of initial CN excitation energy,

©2023 American Physical Society
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although the exact value of the maximum limit on Ej, could
not be obtained due to the lack of experimental data at higher
excitation energies. Therefore, systematic measurements over
a broad range of excitation energies are very important for the
study of the excitation energy dependence of the shell effect.
Second, to obtain precision experimental data on FF mass
distribution with good statistics and well defined excitation
energies with minimal target effect, one should populate the
compound nucleus using a complete fusion reaction and a thin
target, respectively.

The fission fragment mass distribution for actinides, at low
excitation energies, is found to be predominantly asymmetric
due to the strong shell effect in the formation of fragment
nuclei. With increasing excitation energy, the gradual disap-
pearance of the shell effect leads to an enhancement of the
symmetric component and a reduction of the peak-to-valley
(P:V) ratio in FF mass distributions [12,15-19]. Interestingly,
with increasing excitation energy, the probability of consecu-
tive neutron evaporation followed by fission of the residual
composite nuclei, commonly known as multichance fission
(MCF), becomes significant. The presence of MCF reduces
the excitation energy of the residual composite nuclei at ev-
ery step of chance fissions, leading to the reappearance of a
stronger shell effect even though the excitation energy of the
populated compound nucleus is much higher. In one of the
early works, strong evidence of MCF was observed by Jensen
et al. [20] and Perry et al. [21] in the fission fragment mass
distribution measured in proton and deuteron induced reac-
tions with 2>Ra. The concept of MCF is also well known from
the studies of the fission probability in high-energy neutron-
induced reactions. Recently, the role of multichance fission in
the description of FF mass distributions [12,22] from actinide
nuclei was explored. A few theoretical studies incorporating
the effect of MCF on FF mass distributions are also available
in the literature [23-28]. However, the lack of experimental
data on the FF mass distribution for different compound nuclei
at high excitation energies makes it difficult to validate the
above theoretical models.

In this Letter, the results of FF mass distributions for heavy
actinide nuclei >*Bk populated by the ''B + 2**U reaction at
higher excitation energies are discussed. The role of MCFs
is explored in the measured mass distributions by comparing
them with the predictions from the widely used semiempiri-
cal code GEF [25,29]. We make a systematic analysis of the
relative contributions of symmetric and asymmetric fission
modes [11] for several heavy transuranic nuclei available in
the literature along with the present experimental data to find
the maximum CN excitation energies up to which the shell
effect on mass distribution may persist.

Two sets of experiments were carried out on the
1B 4238y reaction at the 14-UD BARC-TIFR Pelletron-
Linac facility, Mumbai, using pulsed beam with energies
Epeam = 53.0-65.0 MeV (from Pelletron) and then with
Epeam = 69.1-87.4 MeV (from Pelletron+LINAC). A 28y
target of thickness ~2100 ug/cm?, sandwiched between two
layers of '2C of thickness ~15 ug/cm? each, was used. Two
position sensitive multiwire proportional counters (MWPCs)
[30] were placed symmetrically on either side of the beam
at the folding angles, each at a distance of about 40 cm
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FIG. 1. (a) Typical correlation of time of flight of both the fission
fragments, cleanly identifying the binary events. Two banana-shaped
spectra correspond to two different beam bunches. (b) Typical v, —
Ve, versus vy plot and the red contour corresponding to the binary
events following the complete fusion process forming the nucleus
249Bk at 58 MeV projectile energy.

from the target center to detect the coincident fission frag-
ments. The timing correlation spectrum of the two particles
detected in coincidence, as shown in Fig. 1(a), provides a
clean separation of the fission fragments from elastic or
quasielastic events. The position and timing of the spectra
were calibrated following the procedure given in Ref. [30].
The time zero was obtained by fulfilling the criteria [31,32]
that (i) the parallel component of the velocity vector of the
fissioning nucleus should be peaking at the velocity equal
to the velocity of the compound nucleus, (ii) the perpen-
dicular component of the velocity vector of the fissioning
nucleus should be peaking at zero, and (iii) the mass distri-
bution which is obtained by taking the ratio of FF velocities
(Viem» V2em) in the center of mass frame should be sym-
metric around half of the mass of the compound nucleus
2499Bk (though a slight shift towards the left is expected due
to MCF contributions, but is invisible due to limited mass
resolution and would not affect present conclusions). En-
ergy loss in the target and backing medium was calculated
using SRIM [33] and was taken into account in the above
analysis.

A correlation plot of parallel versus perpendicular com-
ponents of velocity vectors (v vs v ), helpful to reject the
contribution of transfer fission [34] and obtain the FF mass
and TKE distribution corresponding to pure complete fusion
process, was generated. In the case of complete fusion, v
of the fissioning nucleus should be equal to the velocity of
the compound nucleus v., and v, should be equal to zero.
A typical v versus v — v, plot is shown in Fig. 1(b) for
58 MeV beam energy, where an intense peak corresponding to
complete fusion events is observed around the (0,0) coordinate
as expected, indicating the accuracy of the timing calibra-
tion obtained in the present measurement. Note that only the
intense events within the red circle of radius ~0.02 cm/ns,
assumed to be due to the binary fission of the compound nuclei
of 2Bk, were analyzed to derive the mass and total kinetic
energy (TKE) distributions. The scattered events surrounding
the red circle are dominated by the transfer induced fission
events.

The measured velocities of the fission fragments were used
in a two-body kinematics to determine the masses and kinetic
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FIG. 2. (a)-(e), (f)—(j) Mass-TKE correlations at different beam energies. (a’)—(e’), (f')-(j') Projections of respective two-dimensional plots
onto the mass axis and their fits using multiple Gaussian functions (grey and cyan filled areas).

energies of the fragments on event-by-event basis, assuming
the sum of the projectile and target masses to be equal to
the compound nuclear mass. The mass-TKE correlation plots
obtained for different beam energies are shown in Figs. 2(a)—
2(j). Due to strong competition between the asymmetric and
symmetric superlong modes [35] it is difficult to cleanly
identify these two modes from the above plots. The TKE
distributions obtained from the projections of Figs. 2(a)-2(j)
on the y axis for all the measured energies (not shown here) are
found to be Gaussians peaking around 178 MeV, consistent
with the Viola systematics [36]. However, the corresponding
mass distributions, i.e., projections of Figs. 2(a)-2(j) on x axis,
shown as open circles in 2(a’)-2(j’), are not perfect Gaussians.
At low beam energies, the distributions are either double
peaked or have flat tops. One of the peaks observed around
A ~ 140 confirms the presence of asymmetric fission which
is in strong competition with the symmetric mode described
by the LD model. In order to find out the contribution from
each modes, the measured distributions were fitted using three
Gaussian functions corresponding to one symmetric compo-
nent (grey filled area) and two asymmetric components (cyan
filled areas) as shown in Figs. 2(a’)-2(j’). The extracted ratio
of asymmetric to symmetric contributions, as shown in Fig. 3,

is found to decrease with the increase in Ef, as expected.
However, it is interesting to see that the value of the ratio is
significant even up to an E}, of 70 MeV.
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FIG. 3. Ratio of asymmetric to symmetric contributions (stars)
obtained from experimental mass distributions in the fission of 2Bk
compared with the GEF predictions using different angular momenta
(lines). The hatched area near the x axis represents region of insensi-
tivity of present measurement.
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FIG. 4. Comparison of typical experimental FF mass distribu-
tions at CN (**’Bk) excitation energies of (a) 36.7, (b) 48.2 and
() 69.7 MeV with the GEF calculations (solid lines) including contri-
butions from individual chance fissions (broken lines). Short-dashed
dark cyan lines represent GEF calculations broadened by experimen-
tal mass resolution with o = 6 u.

From different theoretical model calculations, the shell ef-
fect is predicted to wash out at an excitation energy ~40 MeV
[37,38]. Thus the presence of a asymmetric mode observed at
such high energies may actually be due to the reduced effec-
tive excitation energies (EJ;) of the fissioning nuclei. This can
be understood in terms of multichance fission (MCF) where
neutrons successively get evaporated from the compound nu-
cleus, thereby reducing EJj; of the residual composite nuclei.
There is a finite probability of neutron evaporation from
the compound nucleus at each step of the MCF process
which depends on its initial excitation energy. In each step,
the mass distribution is different due to a change in exci-
tation energy. Therefore, model calculations must combine
the mass distributions calculated for every steps of MCF
(first chance, second chance, third chance, etc.) weighted with
respective chance probabilities to explain the experimental
data.

The semiempirical model code GEF [25,29] was used to
calculate the mass distributions for different chance fission
as shown by different lines in Figs. 4(a)-4(c). The average
angular momenta (£) required for the above calculations were
obtained from the coupled channels calculations using CCDEF
[39]. It can be observed that for all energies the calculated
mass distributions corresponding to the first chance-fission
are symmetric and cannot explain the experimental mass
distributions. However, the presence of MCF up to seventh
chance with varying probabilities with E, has introduced the
asymmetric components. The sum total of mass distributions
weighted over different chance fission, shown by the black
solid lines in Figs. 4(a)—4(c), provides a reasonable agreement
with the overall behavior of the measured mass distribu-
tions for three typical excitation energies of 36.7, 48.2, and
69.7 MeV respectively. Due to the limitation in experimental
mass resolution with o, & 6 u, the above calculated dis-
tributions are expected to broaden which was simulated by

broadening each distribution point with a Gaussian distribu-
tion. The results of the broadened theoretical distributions
are shown as short-dashed dark cyan lines which are slightly
closer to the experimental mass distributions.

The GEF calculations were extended further for a wide
range of excitation energies (25-85 MeV) to not only com-
pare with the measured data at remaining energies but also
estimate the highest value of E, where the shell effect washes
out after incorporating the effect of multichance fission. The
contributions for symmetric and asymmetric components in
the total mass distributions were calculated at each CN ex-
citation energy by adding the weighted contributions from
all possible chances. The respective ratio of asymmetric to
symmetric contributions calculated for different excitation en-
ergies (represented by a solid line) shows a trend consistent
with the ones obtained from the fitting of the measured mass
distribution using multiple Gaussian functions (represented by
stars) as compared in Fig. 3. Interestingly, one can observe
that the predicted contribution from the asymmetric mode for
EZ ~ 70 MeV enters below the sensitivity of the present
experiment, which is around the 3% level as shown by the
hatched region near the x axis of Fig. 3. The GEF predictions
for individual chance fission at E}, = 69.7 MeV, as shown in
Fig. 4(c), reveal that the maximum contribution to total fission
comes from the fourth chance. Second, the fission modes for
most of the orders of chance fissions are symmetric. There-
fore, one can understand that the shell effect, that leads to
asymmetric modes of fission in ''B 4 233U, disappears when
the initial CN excitation energy £, &~ 70 MeV, which is much
higher than the results reported in Ref. [11] for fission in
o + 22Th.

To see the sensitivity of the above results on angular
momenta populated with the CN, the GEF calculations were
repeated with two additional angular momenta with values
on either side of the average angular momentum, i.e., £ =
(€) —5h and £ = (£) 4+ 5h at each excitation energy, and the
results are shown as dashed (green) and dot-dashed (pink)
lines respectively in Fig. 3. It is interesting to note that the
contribution of the asymmetric mode of fission increases with
the decrease in the value of ¢, and if the same compound
nucleus could be populated with similar excitation energy
but angular momentum ¢ = (£) — 5k then the contribution
from the asymmetric component due to the shell effect can
persist even up to £ = 80 MeV. This is a consequence of the
fact that lower ¢ favors fission survival, thus increasing the
contribution from higher chance fission [22].

In order to confirm the above observation on excitation
energy dependence of the shell effect in the fission of the
present compound nucleus *Bk, a systematic study was
made using the experimental data available in the literature
for several heavy actinides such as 241Np [12], **?Pu [12,14],
247¢f [22], and P°Cf [40] along with the present data (***Bk)
and comparing their experimental mass distributions with
the GEF predictions. Similarly to 249BKk, the contributions of
asymmetric fission were extracted for the above nuclei by
fitting their experimental mass distributions by triple Gaus-
sian functions (not shown here). The percentage contributions
from asymmetric fission modes for different compound nu-
clei along with the present data are represented by different
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FIG. 5. Systematics on the excitation energy dependence of
asymmetric fission contribution (symbols) extracted from existing
experimental mass distributions for 2'NP [12], ?*?Pu (triangles [12]),
242py (squares [14]), 2 Cf [22], and >°Cf [40] along with the present
data for 2Bk compared with the GEF predictions represented by
dotted, dot-dashed, dot-dot-dashed, dashed, and short-long-dashed
lines respectively.

symbols in Fig. 5, which are compared with the respective
predictions using GEF as represented by matching color lines.
It may be observed that the overall trend for the excita-
tion energy dependence of the percentage asymmetric fission
contribution is similar for most of the experimental data and
is consistent with the GEF predictions. It is surprising to find
the data on 2*?Pu (squares) by Back e al. to be inconsistent
with the GEF prediction and completely different from the data
(triangles) for the same compound nucleus formed through
a different entrance channel. It may also be noted that the
data for 241Np and 2*?Pu [12] are associated with large errors
because they were populated by transfer reactions with less
statistics and their values are systematically higher than the
calculations. However, all of them agree with the fact that
the initial CN excitation energy for which the manifestation
of the shell effect on the integral mass distribution vanishes
is much higher than one would normally expect. It may also
be observed that, for a particular excitation, the asymmetric
contribution systematically decreases from lighter to heav-
ier compound nuclei, which could be due to the decrease
in the fission barrier, leading to enhanced symmetric fission
contributions.

In summary, mass distributions of fission fragments of
29Bk nuclei, populated by the ''B 423U reaction, were
measured at E}, = 36.7-69.7 MeV. The mass-TKE correla-
tion plots show a strong competition between asymmetric

and symmetric modes of fission for most of the excitation
energies. The percentage contributions for asymmetric and
symmetric modes were extracted by fitting the measured mass
distributions using three appropriately described Gaussian
distributions. The contribution from the symmetric (asymmet-
ric) mode is found to increase (decrease) with the increase
in the excitation energy, as expected. However, for such
high excitation energies, the measured mass distributions are
expected to be predominantly symmetric unless we invoke
the concept of multichance fission. Hence, theoretical model
calculations using GEF code were performed incorporating
multichance fission. The first-chance fission is found to be
predominantly symmetric at all the measured initial excitation
energies, whereas the asymmetric mode comes into play only
at higher-chance fissions. Therefore firstchance fission alone
cannot explain the nature of measured mass distributions.
The model calculations, taking into account the multichance
fissions with appropriate weight factors, could explain the
experimental mass distribution data as well as the relative
contributions of symmetric and asymmetric modes at different
excitation energies reasonably well.

The excitation energy dependence of the asymmetric com-
ponent of the total fission of **’Bk reveals that the maximum
initial CN excitation energy EZ, up to which the shell effect on
the integral mass distribution is manifested can be as high as
70 MeV, consistent with the observation of Ref. [12] and con-
trary to the much lower limit of 43 MeV reported in Ref. [11].
A systematics on the excitation energy dependence of the
asymmetric component of fission of several transuranic nuclei
along with 2*Bk was made using the available experimental
data on fission fragment mass distribution and corresponding
theoretical model calculations. The study confirms that the
initial CN excitation energy beyond which the manifestation
of the shell effect on the integral FF mass distribution for
most of these nuclei diminishes is ~ 70 MeV, albeit with
an uncertainty depending on the angular momentum of the
CN. Thus, the present work confirms the role of multichance
fission in the description of FF mass distributions from heavier
actinide nuclei, and the reported high limits of initial com-
pound nucleus excitation energies beyond which the shell
effect vanishes are expected to have important implications
in the study of SHE synthesis.
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