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Abstract. Fission Fragment Spectroscopy (FFS) technique has been utilized to make simultaneous measure-
ments of both the relative charge and mass yield distributions of even-even fission fragments produced from
the fission of 22U at two different excitation energies, E,,. The necessary analysis has been carried out on the
measured yield distributions by employing the Multimodal Random Neck Rupture Model (MM-RNRM). The
relative contribution of two different types of asymmetric mode of fission — Standard I and Standard II has been
extracted at E,, = 6.5 and 21.5 MeV. An attempt has been made to study the evolution of these two asymmetric
fission modes with respect to the values of E,, of the concerned fissioning system at low-excitation regime. The
probable evidence, although at the primitive stage, for an oscillatory behavior of the relative contributions of
different low-energy fission modes with increasing values of E,, has been presented.

1 Introduction

The complex process of nuclear fission was discovered
more than eight decades ago, and still, it is an active area
of research both in the fields of experiment and theory. In a
typical fission process, a large-scale collective rearrange-
ment of nucleonic matter takes place within a very short
interval of time typically of the order of 102! seconds,
and subsequently several fission fragment nuclei are pro-
duced [1]. Due to such complexity, there exist several is-
sues related to the underlying fission dynamics that are yet
to be resolved satisfactorily. Since early 1960s, one of the
most prominent and well-known experimental observables
of fission process has been the existence of the asymmet-
ric and symmetric mass yield distributions [2]. This has
ultimately led to the concept for the existence of different
fission modes in the potential energy surface (PES) valley
of the concerned fissioning system [3]. In Ref.[4], Brosa
et al. proposed one of the most successful theoretical
approaches for interpreting the existence of multiple fis-
sion modes based on the Multimodal Random-Neck Rup-
ture Model (MM-RNRM). According to this model, the
fissioning nucleus encounters multiple bifurcation points
in the PES due to the existence of shell structure effects.
These bifurcation points lead to the development of differ-
ent fission modes corresponding to different barriers. At
lower excitation energies, the lighter actinides exhibit pri-
marily three distinct fission modes, namely — two asym-
metric modes: standard I (S1), standard II (S2), and one
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symmetric superlong (SL) mode. The symmetric SL mode
is due to the classical behavior of the fissioning nucleus
based on the Liquid Drop Model (LDM). However, the oc-
currence of the two asymmetric S1 and S2 fission modes
have been attributed to the presence of two neutron shell
closures, the spherical one corresponding to N = 82, and
the deformed one corresponding to N = 88 [4].

Till now, several studies have been carried out to inves-
tigate the existence of the aforesaid different low-energy
fission modes. However, the comprehensive knowledge
regarding the influence of the excitation energy (E.,) and
angular momentum (L) in controlling the dynamics of dif-
ferent fission modes is yet to be obtained. Indeed, one
of the first such attempt was made by Brosa et al. [4]
to study the influence of excitation energy for populating
the ‘Brosa’ modes of fission in 23U at lower E,, values
(Eex < 12 MeV). Interestingly, the theoretical estimation
of Ref.[4] indicated an increase in the relative probability
of S1 mode unlike that of S2 mode with E,, [5]. On the
other hand, the work of Ref.[6] indicated a constant steady
increase of relative probability of S2 mode in the same
energy range, and a significant contribution of S1 mode
persists up to E,, ~ 25 MeV for the reaction, 28U(n,f).
But according to the Wahl’s predicted systematics [7], the
contribution from S1 fission mode must vanish beyond 25
MeV due to the dilution of shell effect in '32Sn. The com-
plexity further gets enhanced due to the significant and
simultaneous influence of the multichance fission (MCF)
phenomena on the underlying fission modes [8]. However,
no significant influence of MCF was found in the work of
Ref.[9] for the reaction, 23>Th( p.f). In fact, a nearly steady
yield from S1 mode was reported up to E., < 26 MeV.
In contrary, an indication for the oscillatory behavior was
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found to exist in the yield contributions corresponding to
S1 and S2 fission modes with increasing value of E,, for
the low-energy fission reaction, 28U(n, f) [10]. Therefore,
the exact nature of variation of different low-energy fis-
sion modes with E,, is still largely questionable and un-
determined. The recent study based on the low-energy fis-
sioning system, 23>Th(p, f) has again rejuvenated the argu-
ment, and provided clear evidence of oscillatory pattern in
the yields and mass peaks corresponding to the two asym-
metric, S1 and S2 fission modes up to E,, ~ 35 MeV [11].
Hence, an extensive investigation is very much desirable to
understand the dynamics of low-energy fission modes. In
this context, a modest attempt has been made through the
present investigation by using the fission fragment spec-
troscopy technique [12—-14].

The primary motivation of the present investigation is
to study the dependency of E,, on the various low-energy
fission modes in 2°U. With this motivation, the character-
istics of different asymmetric and symmetric fission modes
have been studied by measuring the relative yields of these
coexisting modes in 2*°U at two different values of E,,.
Based on the MM-RNRM, detailed multimodal analysis
of the measured profiles of both the relative charge and
mass yield distributions for the even-even fission frag-
ments have been carried out.

2 Experimental details

The present study deals with the fissioning compound
nucleus, 23U* populated through two different experi-
ments at two different values of E.,. The first experi-
ment, >>U(ny,,f) was performed during the EXILL cam-
paign at the PF1B neutron beamline of the high-flux reac-
tor facility at the Institut Laue-Langevin (ILL), Grenoble,
France. A stacked UO, target of thickness ~ 600 ug/cm?
was bombarded with a collimated thermal-neutron beam.
The deexciting y rays from the various fission fragments
were detected using the EXILL array [15]. The array was
comprised of eight EXOGAM Clover detectors, six large
coaxial detectors from GASP, and the two clover detectors
from the ILL. A triggerless, digital data acquisition sys-
tem based on 14 bit 100 MHz CAEN digitizer was used
to collect the spectroscopic data in yy and yyy coinci-
dence formats. Both the yy and yyy coincidence data were
sorted using a coincidence prompt time window of 200
nano second. Further details of the experimental set up
can be found in Refs. [12, 15]. The second experiment fol-
lowing the reaction, 2*>Th(a, f) was performed at Variable
Energy Cyclotron Centre (VECC), Kolkata, India, using
the Indian National Gamma Array (INGA) spectrometer
[16] comprised of six Compton suppressed HPGe Clover
detectors and one LEPS detector. A self-supporting >3>Th
target of thickness ~ 25 mg/cm? was bombarded with 30
MeV « beam delivered by K-130 cyclotron. Digital Signal
Processing (DSP) based data acquisition system, consist-
ing of 250 MHz 12-bit PIXIE-16 digitizer manufactured
by XIA, LLC (USA) and running on a firmware concep-
tualized by UGC-DAE CSR, Kolkata Centre, was used
to acquire time-stamped, Compton suppressed yy coin-
cidence data. Further experimental details regarding the

INGA campaign at VECC can be found in Ref.[16]. The
offline spectral analysis of the prompt coincidence data ac-
quired from both the experiments was carried out using
RADWARE [17] and Tv [18] software packages.
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Figure 1. (a) Representative double gated coincidence spectrum
generated by applying gates on 1223.0keV, 2;* — 0;" and 620.5
keV, 4,* — 2,* transitions of **Zr. Part of the spectrum (a) has
been zoomed in and shown as the inset, (b). (c) Representative
single gated coincidence spectrum generated by applying gate on
158.5 keV, 2,* — 0,* transition of '“*Ce. The spectra have been
generated using the data acquired from the experiment with the
25U (nyp, f) reaction.

3 Analysis and Results

The first experiment, 2>>U(n,,, f) produced the fissioning
compound nucleus, 2361 at an excitation energy (E.,) of
6.5 MeV [12]. The same compound nucleus was again
produced in the second experiment following the reaction,
22Th(a,f) at B, = 21.5 MeV [16]. The high-statistics
prompt y ray coincidence data from both the experiments
have been utilized to extract the relative isotopic yield dis-
tributions of the even-even fission fragments. The repre-
sentative yyy and yy coincidence spectra obtained from
the first experiment have been shown in figure 1. The
spectrum shown in figure 1(a),(b) has been generated by
applying the gates on 1223.0 keV, 2;* — 0;* and 620.5
keV, 4,* — 2,* transitions of *8Zr. The 158.5 keV, 2,+ —
0, transition of *8Ce has been used to generate the spec-
trum of figure 1(c). It is to be pointed out here that the fis-
sion fragment spectroscopy (FFS) measurement technique
is based on the fact that the yield (or, total intensity) of the
lowest 2;* — 0" ground state feeding transition, emitted
during the de-excitation process, of an even-even fission
fragment represents typically the yield of the concerned
fission fragment [19]. In the present work, the yield mea-
surements of the odd mass fission fragment nuclei were
not considered due to the fact that the level schemes of
the neutron-rich odd-mass nuclei are not known in detail
for majority of the cases. It is also important to mention
here that the yields of the fission fragments measured in
the present work were corrected for the contaminations
arising from (i) parallel side-feeding gamma transitions
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to the ground state; (ii) internal conversion process; (iii)
precursors’ beta-decay contributions; and (iv) presence of
low-lying millisecond, and/or microsecond isomers. The
detailed prescription for the yield measurement following
the FFS technique can be found in Ref.[12]. This measure-
ment technique allows for the extraction of the correlated
fragment yields between the lighter and heavier group of
fragments by using cross gate conditions [12]. The cor-
related fragment yield distribution profiles obtained from
both the experiments have been shown in figure 2. The
observed peaks in the correlated fragment yield distribu-
tions are associated with the average neutron multiplicity
value for 2%U at E,, = 6.5 and 21.5 MeV, respectively. In
case of the reaction, 2’U(ny,, f) the figure indicates that
the maximum counts (peaks) are positioned at the coor-
dinates (A1, A) ~ (100, 134) and (90, 144). These two
peaks correspond to the average value of neutron multi-
plicity (= 2 [20]) for 26U at E,, = 6.5 MeV. Similarly,
the maximum counts (peaks) are positioned at the coordi-
nates (A, Az) ~ (98, 134) and (90, 142) for the reaction,
22Th(a,f). This is due to the fact that the average neutron
multiplicity value for 2*°U at E,, = 21.5 MeV is ~ 4 [16].

The measured relative isotopic yield distributions cor-
responding to the first and second experiments have fur-
ther been utilized to extract the relative fission fragment
mass yield distribution (FFMD) profiles for the compound
nucleus, 2°U at E,, = 6.5 and 21.5 MeV, respectively.
The FFMD profile is generated by adding the measured
raw yields of all the fission fragments corresponding to
different Z-values, but having the same A-value. The ex-
perimental FFMDs obtained from the experiments are de-
picted in figure 3. The experimental results have further
been interpreted on the basis of the Multi-Modal Random
Neck Rupture Model (MM-RNRM) [4, 21]. It is to be
noted here that although the relative mass yield distribu-
tions have been generated using only even-Z, even-N fis-
sion fragments, and not considering all the possible Z, N
combinations, even then the ultimate fitted Gaussian pa-
rameters (peak position, width) does not seem to change in
comparison to what one would expect from the fittings by
incorporating all the possible fission fragment yield data
points. This fact has been confirmed by performing the
required fits with and without using complete set of fis-
sion yield data corresponding to the induced and sponta-
neous fission (SF) reactions, 2*U(n,f) and »>Cf(SF), re-
spectively. For this exercise, the necessary data have been
taken from the available fission yield database [16, 20].
The experimental FFMDs have been deconvoluted by us-
ing multiple Gaussian functions corresponding to differ-
ent types of fission modes based on the MM-RNRM in-
terpretation. The decomposition of the Super-long (SL)
symmetric mode has been done (see figure 3(b)) by fit-
ting a Gaussian function at Acy/2 with o, estimated from
the empirical systematics based on the LDM (Liquid Drop
Model) [22] (where Acy denotes the mass number of the
fissioning compound nucleus, and o, is the width of the
corresponding Gaussian function). As can be seen from
figure 3, the asymmetric components were simultaneously
fitted with two Gaussian functions corresponding to asym-
metric S1 and S2 fission modes persisting in each group of

Table 1. The relative contributions (%) of the different
coexisting low-energy fission modes for the fissioning nucleus,
236 at different values of excitation energy (E.,).

Reaction E.. Standard I (S1) Standard II (S2)
MeV (%) (%)
UMmp.f) 6.5 22.1+49 779 + 4.1
22Th(a,f) 21.5 14.6 +3.7 854 +3.8

the lighter and heavier fragments. All the fitting parame-
ters were kept free during the fit of the asymmetric peaks,
except the area corresponding to each fission mode. The
condition that area of a particular fission mode should be
equal in both the lighter and heavier group of fragments
has been used as the only constraint during the fitting
procedure. Furthermore, the fitted peak values from the
lighter and heavier group of fragments corresponding to a
particular fission mode should follow the common condi-
tion that A} + Ay + <v>g; 52 = 236. Here, A, represent
the peak values of Gaussian functions used for the respec-
tive lighter and heavier group of fragments belonging to
one particular mode of fission, and <v>g; s, are the av-
erage neutron multiplicities for the respective S1 and S2
modes. Following the experimental results obtained from
both the experiments, the different fitted curves under the
prescription of MM-RNRM have been explicitly shown in
figure 3. Table 1 highlights the extracted values of the rel-
ative contributions of the different coexisting low-energy
fission modes for 2°°U at different values of E,,.

The varying profile of the relative contributions of S1
and S2 mode for 23°U with increase in E,, has been shown
in figure 4. The General description of Fission (GEF) [23]
calculations have been carried out to make theoretical es-
timations of the same relative contributions of S1 and S2
mode for 2*®U, and the calculated results are shown in fig-
ure 4. The predicted results based on the MM-RNRM are
also shown in figure 4. These results have been taken
from Ref.[5]. Interestingly, both the experimental data
points, albeit two in number, and theoretical results from
MM-RNRM as well as GEF model seems to indicate a
similar oscillatory pattern in the low-energy fission region
for 2%°U. An attempt has been made to fit the oscillatory
pattern of relative yields with an appropriate polynomial
function. A third-order polynomial function looks to be
sufficient to fit reasonably the GEF model predicted data
points. Following this, a third-order polynomial function
is used to fit the experimental data points (black points)
and theoretical data points of Ref.[5] (red points) (see fig-
ure 4(a,b)). It can be seen from figure 4(a) that the con-
tribution of S1 mode is about to increase after E,, ~ 22
MeV unlike the predictions from Wahl’s systematics [7].
However, additional data points need to be incorporated in
figure 4(a,b) for establishing firmly the said oscillatory be-
havior, and for extracting the underlying issues related to
fission dynamics.

4 Summary

The underlying dynamics of the low-energy fission
modes in the fissioning compound nucleus, 2*°U have



EPJ Web of Conferences 306, 01022 (2024)
FUSION23

https://doi.org/10.1051/epjconf/202430601022

235
(@) ~"u(n,.f)
E,,= 6.5 MeV

(b)***Th(a.,f)
E,,=21.5MeV

Figure 2. (a),(b): Correlated fragment yield distributions between the lighter and heavier group of fragment nuclei corresponding to
the fissioning nucleus, 2*°U at E,, = 6.5 and 21.5 MeV, respectively. See text for details.
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Figure 3. (a),(b): Relative fission fragment mass yield distribution of the fissioning compound nucleus, 2**U produced from the
reactions, 2> U(n,, f) and 22 Th(a, f), respectively. The experimental FFMDs have been fitted with multiple Gaussian functions corre-
sponding to the different low-energy fission modes based on MM-RNRM formalism. See text for details.

been studied by employing the Fission Fragment Spec-
troscopy (FFS) technique. Correlated neutron rich fission-
fragment nuclei produced in the reactions, 25U(ny,, f) and
22Th(a,f) have been investigated following prompt high-
resolution y-ray spectroscopy method. The yy and yyy
coincidence data have been analyzed to measure the rel-
ative isotopic yield distributions of the even-even fission
fragments. These relative isotopic yield distributions were
subsequently used for extracting the relative fission frag-
ment mass yield distributions (FFMD) for the compound
nucleus, 2°U at E,, = 6.5 and 21.5 MeV, respectively.
The analysis of the experimental FFMDs have been carried
out by utilizing the concept of Multimodal Random Neck
Rupture Model (MM-RNRM). The relative contributions
of the two different types of asymmetric mode of fission,
Standard I and Standard IT have been investigated for 22U
in the low-excitation regime (E., < 22 MeV). The tenta-
tive evidence related to an oscillatory type of varying pro-

file for the fission probabilities of different fission modes
associated with the low-energy fission has been presented.
The additional experimental data are required for drawing
any firm conclusive evidence. In this context, the new ex-
periments are being planned.
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