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Abstract. Many observations strongly support the hypothesis that nuclei may fission through several inde-
pendent fission modes (multimodal fission) interpreted as different prescission shapes and fission paths in a
multidimensional potential energy landscape where shell effects are dominant. Mass distributions of the fission
fragments are sensitive to the potential energy landscape and appear to be single humped (symmetric) or double
humped (asymmetric). In many cases a mixture of both modes is observed.

We propose here our study on '®*Hg. Binary fission fragments formed in the reaction ®*Zn + ''?Sn — '*°Hg
at different excitation energies around the Coulomb barrier were detected using the double-arm time-of-flight
technique with the spectrometers CORSET. The experiment was performed at JYFL (Jyvaskyla, Finland). We
will discuss an analysis of the mass distributions in terms of fission modes predicted by a five-dimensional
fission model. We have found out that the mass distributions can be well reproduced by considering a symmetric
fission mode and two asymmetric modes at (A, = 80, Ay ~ 100) and (A, ~ 70 and Ay ~ 110).

1 Introduction

The study of the fission process is important not only
for searching pathways to synthesize new superheavy ele-
ments and to predict their stability against fission, but also
for the direct impact on the understanding of the fission re-
cycling process in r-process of nucleosynthesis. A descrip-
tion of the fission process with reliable predictive power is
therefore needed for low-energy fission where the fission
fragments mass distributions are strongly sensitive to mi-
croscopic effects.

The systematics of Mass-Energy distributions in spon-
taneous and low energy fission of heavy and superheavy
nuclei reveals several complex features of the collective
nuclear motion and striking structural effects that are mat-
ter of intense interest [1]. The understanding of such fea-
tures is particularly relevant in the mass range 256 < A <
276 and charge range from Z=100 (Fm) to Z= 110 (Ds) be-
cause this region of the nuclear chart constitutes the tran-
sitional region that connects the heavy actinides with the
superheavy region around N=184 and Z = 114. Under-
standing of shell effects in this region and their implemen-
tation in the potential energy surface (PES) in the multi-
dimensional collective deformation space is therefore of
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peculiar interest for the search of reactions leading to su-
perheavy nuclei of the island of stability at N=184 as well
as to the prediction of their structural properties [1, 2].

Mass distributions (MDs) in fission are usually pre-
dominantly single or double humped (symmetric or asym-
metric fission, respectively). The dominance of asymmet-
ric fission occurs in most of the nuclei in the actinide re-
gion beyond A = 226 up to about >>Fm, and is attributed
to the strong shell structure of the nascent heavier fission
fragment near the doubly magic '3>Sn [3-5]. However,
nuclei such as ?*®Fm and 2°°?°Md exhibit complex MDs,
each with a narrow and a broad symmetric component with
a higher and lower TKE, respectively. This phenomenon is
called bimodal fission [6, 7]. For instance, the mass dis-
tribution of 2*Fm is symmetric, however the associated
TKE distribution can be decomposed into two Gaussian
distributions. The opposite holds true for the spontaneous
fission of 2>2Cf for which the mass distribution is dou-
ble humped and the TKE grossly single humped. These
findings cannot be explained by the Liquid Drop Model
(LDM) and it is necessary to resort to shell effects. Exper-
imental observables characterizing various fission modes
are the widths of the MD peaks, the position of these peaks
in the asymmetric mass division, and the total kinetic en-
ergy (TKE) of the fission fragments.
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The understanding of such features resides in the con-
cept of multimodal fission, namely the presence of valleys
due to shell closures in the multidimensional PES for dif-
ferent mass asymmetries and degrees of deformation of
the fragments. Distinct fission modes are associated with
these valleys that are navigated throughout the decay. In
several cases an admixture of modes is observed [1, 5-8].
Understanding of shell effects and their implementation in
the PES is therefore of peculiar interest to gain insight on
the fission process, in particular, for the search of the reac-
tions leading to superheavy nuclei of the island of stability
at N=184 as well as for the prediction of their survival
probability against fission (see [1, 2, 9] for more details).

A description of the fission process through mod-
els with reliable predictive power is therefore needed for
low-energy fission where the fission fragments MDs are
strongly sensitive to the PES and microscopic effects. The
most extensive calculations of the fission fragments MDs
were carried out by Moller et al. [10] by using a recently
developed Brownian Metropolis shape-motion treatment
on 5D micro-macro PES. The larger dimensional space
has highlighted that the PES changes very rapidly. In par-
ticular, in the pre-actnides region, two unexpected regions
of asymmetric fission, one centered at nuclei around N =
105 and Z = 78 (namely, Hg isotopes), and the other at N
= 145 and Z = 90 (namely, Th isotopes), have emerged.
These regions are also well separated by an area of sym-
metric fission which is now considered to be another tran-
sitional region. The region around Th was partially ex-
pected since it was revealed experimentally much earlier
for the nuclei 2!9220Ra* [11, 12] and 220-224226Th* [13—
16].

In the pre-actinide region around Hg, predominantly
symmetric mass distributions have been observed. A
few relevant cases are '95Au, 198Hg, and 208210pg  stud-
ied by means of charged-particle-induced reactions [17—
19]. However, in a study of B-delayed fission of '3T1 at
ISOLDE, CERN, it was observed the occurrence of asym-
metric fission in '8CHg [20-22], with the most probable
mass numbers in the MD at A; ~ 80 and Ay =~ 100, where
Ay and Ay are light and heavy fragment masses, respec-
tively. This result triggered the hypothesis that the fission
mechanism in '8'Hg is different from the one postulated
in the actinide region, where strong shell effects of the
nascent fragments, driven by the double magic '*?Sn, de-
cide the shape of the MD. For such a case, the fission of
180Hg should have shown a symmetric split in two *°Zr
fragments (N = 50 shell closure in the fragments). The
mechanism occurring in the fission of '®*Hg should there-
fore be different from the one in the actinide region, since
strong shell effects due to the nascent fission fragments are
not observed.

Considering the scarcity of data about fission in the Hg
region, these findings make the case of '3°Hg a benchmark
study for our comprehension of fission, and ultimately also
a test bench of the Moéller’s fission model. Indeed Moller’s
model, in its 5D implementation, predicts a symmetric
mode and two asymmetric modes in the MD of '8'Hg. Be-
side the asymmetric modes located at Ay ~ 80 and Ay =
100 and found experimentally [20], the second asymmet-

ric mode is located at A; ~ 70 and Ay ~ 110 at the lowest
excitation energy. So far this last one has not been clearly
observed. There are some indication of its existence in
recent works [23-25] where the fission of several Hg iso-
topes was investigated.

The test of Moller’s model acquires much more rele-
vance considering that its predictions concerning the fis-
sion barriers and ground state deformations are widely
used in the literature, throughout the whole Segre chart,
and in particular, in the superheavy mass region to estimate
the superheavy nuclei stability against fission. Therefore,
the test of this model by using reactions between heavy
ions which are more easily feasible and accessible experi-
mentally gives additional ground to the predictions of the
model in an unknown region such as the superheavy is-
land.

In such a framework, we propose here our study on
the fission of '8'Hg. Fission fragments formed in the re-
actions %Zn + 12Sn — '39Hg at different excitation ener-
gies around the Coulomb barrier were detected using the
double-arm time-of-flight technique with the spectrome-
ters CORSET [26]. The experiment was performed at
JYFL (Jyvaskyla, Finland). We will go through an anal-
ysis of the mass distribution in terms of fission modes.

2 The experiment

The experiment was carried out at the Physics Department
of the Jyviskyld University (Finland). A beam of %Zn at
300 and 355 MeV was produced by the K-130 cyclotron.
The energy resolution of the beam was 1%. The target
was prepared by sputtering ''?Sn (200 pg/cm?) on a 30
ug/ecm? carbon backing. The enrichment of the target was
99.9%. The experimental setup was identical to the one
used for the 3°Ar + %*Sm reaction [27]. The binary re-
action fragments were detected by the double-arm Time-
Of-Flight (TOF) spectrometer CORSET [26]. Each arm
of the spectrometer consists of a compact start detector
and a position-sensitive stop detector. Both detectors are
based on microchannel plates. The arms of the spectrom-
eter were set symmetrically with respect to the beam axes,
at the angle of 45°. For symmetric reaction products, this
configuration corresponds to the 90° angle in the c.m. sys-
tem. The position resolution of the stop detectors was 0.3°.
The full width at half maximum (FWHM) time of flight
resolution was about 150 ps. The mass and energy res-
olutions of the CORSET setup were calculated from the
FWHM of the mass and energy spectra of the elastically
scattered particles. The resulting mass and TKE resolu-
tions were +2u and +£6MeV, respectively. The extraction
of the binary reaction channels, exhibiting full momentum
transfer, was based on the analysis of the kinematics dia-
gram (see [28, 29] for details). Further details on the anal-
ysis of raw data are in the PhD work by A. Pulcini [30].
Relevant reaction parameters are shown in Table 1.

Each arm of the TOF spectrometer allows to measure
the hit position on the stop detector and the time of flight
of the fragment from start to stop detectors. By perform-
ing such a measurement among the two fragments in co-
incidence, it is possible to measure the velocity and angle
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*Zn + 'Sn — ""Hg to select only the events corresponding to Full Momentum
Eiup Eem Ve Q Ety By Transfer (FMT). This is accomplished by using events-by-
[MeV] [MeV] [MeV] [MeV] [MeV] [MeV] event the projections of the velocity vectors on the beam
;5)(5) ?é ; 1722 -138.7 ié 98 axis to calculate the center of mass velocity. For an event

Table 1. Table of the most relevant parameters concerning the
reaction: projectile energies (both in laboratory E,,;,, and center
of mass E_, reference frames); Coulomb barrier, V; fusion Q
value; excitation energy of the CN, E.,; fission barrier of the
CN, By

of emission in 3D from which mass and energy of each
fragment can be extracted by using two-body kinematics.
Corrections due to energy lost in the target and in the en-
trance windows of the detectors are taken into account by
an iterative procedure and the use of range-energy models.

E*=48

E* =82 MeV

Figure 1. Mass distributions of the binary fragments from the
reaction ®Zn + '"?Sn at E;,;, = 300 (top) and 355 MeV (bottom)
as black dots with error bars. Also shown is the decomposition in
symmetric (green line) and two asymmetric (orange and purple
lines) fission modes. The blue line is the component associated
to quasi-fission or quasi-elastic channels. The red line is the sum
of all the Gaussian curves.

2.1 Mass distributions

The extraction of the mass distributions from the mass-
TKE matrices is a procedure that requires several steps
(see [29, 30, 32, 35] for more details). First, the veloc-
ity vectors of the two fragments in coincidence are used

with FMT, this computed velocity must be around the ex-
pected center of mass velocity. The projections on the
orthogonal axis is used to consider only events that are
coplanar. Events that do not follow these criteria are orig-
inated by other processes (i.e. fission after transfer).

In the second step, the events with TKE smaller than
the TKE of the elastic or quasi-elastic channel must be
selected. Usually this is done selecting a threshold on the
TKE spectrum for all the masses. In the case of the present
reaction this cut-off is at values of TKE < 35 MeV.

The mass distributions obtained are shown in Figure 1
as black dots. It is evident that at both energies the mass
distributions are multimodal. A combination of fission
modes is possible, but also a component due to quasi-
fission (QF) must be considered as the mass asymmetry
of the entrance channel ag = (Arger — Aprojectite) | (Asarger +
Aprojeciile) 18 at the border of the limits where the onset of
QF is expected [1]. This matter is discussed in detail in
Ref. [33] where an analysis of this point is presented for
the same reactions presented here by considering two re-
actions bringing to the same CN.

2.2 Fission modes in '*°Hg

To evaluate the presence of specific fission modes in the
experimental data, the mass distributions calculated by
Moller et al. [10] have been taken as a guideline to search
for fission modes. The approach used here is the attempt
to reproduce the full experimental mass distribution with
the same fission modes predicted in [10], namely, the sym-
metric mode at A; = Ay = 90 and two asymmetric modes
located at A; ~ 80 and Ay ~ 100 and at Ay ~ 70 and Ay ~
110. This method is constrained by the fact that if a fission
mode is identified, its average mass cannot change with
the excitation energy being it a feature of the fissioning
nucleus. If found experimentally, it is also a manifestation
that such nucleus could have indeed been formed in the
nuclear reaction. This is not always guaranteed being the
entrance channel dynamics very important in the fusion
process. For instance, the competing quasi-fission process
may follow the same paths within the PES and bring to a
mass split nearby the one of the fusion-fission [1].

The Gaussian curves centered on the predicted fission
modes are shown in Figure 1 as solid curves. The fit is
done by using the following constraints: 1) the symmet-
ric mode has a fixed average and a width that changes ac-
cording to the predictions of the Liquid Drop Model [34]
(only the amplitude is a free parameter); 2) the average of
each asymmetric mode is fixed by Moller’s model but the
widths and amplitudes are free to vary with the constraint
that A; + Ay = 180.

It is important to stress three points. First, the sym-
metric component increases its contribution with increas-
ing excitation energy as expected by the gradual wash out
of the shell effects with the increasing excitation energy.
This is a known feature of the fission process. Second,



EPJ Web of Conferences 304, 01003 (2024)
HINPw7

https://doi.org/10.1051/epjconf/202430401003

mass distributions are well reproduced considering that the
fission modes do not change their mass value with the ex-
citation energy and this is a confirmation that the same
CN may have been formed at different excitation energies.
Additional insight on this point can be obtained from the
combined analysis of mass and TKE [8]. Third, to re-
produce the experimental mass distributions at both ener-
gies an additional asymmetric component, shown as blue
curves, for the most asymmetric masses, must be added.
The associated masses are located around the masses of
the target and the projectile nuclei, respectively, and their
average masses change with the bombarding energy. This
is a clear signature that this component has a direct chan-
nel origin as in the quasi-fission or quasi-elastic processes.
The progress of this component with bombarding energy
represents a key feature to associate that component not
with a fission mode. It is a component that was not possi-
ble to eliminate with a single cut-off on the TKE. Hence,
this use of the fission modes can be used to identify pro-
cesses that overlap with fusion-fission events.

2.3 Conclusions

The main goal of this work is to show how a study of the
nuclei in the region of masses around 180 can be of value
to test models used to predict the fission and the stability of
heavy and superheavy nuclei. In the physics case involv-
ing '®'Hg, we have measured the Mass-TKE distributions
of binary reactions at two lab energies.

We have found out that the mass distribution can be
well reproduced by considering a symmetric fission mode
and two asymmetric modes. The asymmetric one at Aj,
~ 80 and Ay = 100 was first experimentally found in the
work by Andreyev et al. [20] by using S-delayed fission of
180771 at ISOLDE, CERN. This same mode was confirmed
in Ref. [23-25, 33] by using the reaction *Ar + '**Sm to
produce '%°Hg and is confirmed in this work.

Furthermore, we have found out that a second asym-
metric mode is revealed at A; ~ 70 and Ay =~ 110 in agree-
ment with the predictions of Moller’s model. This result is
partially in agreement with what found in Ref. [25] where
three asymmetric modes are proposed, A; = 79, 76.5 and
65.8. The full agreement with this proposal is affected
by at least two factors: the limited mass resolution of the
TOF spectrometer and the fact that, for the reaction %Zn
+ 1128n, the third mode is overlapped to the quasi-elastic
component.

This is quite an interesting set of results which shows
that: 1) shell effects are persistent even when the excitation
energy is above =50 MeV; 2) some of the fission modes
can be obscured by other reaction channels and therefore
not brought to light.

There is a final important remark. The analysis of the
mass distribution shown here has been performed with-
out giving any indication of the mechanism from which
those fragments are originated. By using Moller’s mass
distribution as a guide to constrain the search of the fis-
sion modes we are implicitly assuming that those frag-
ments are produced by the fusion-fission channel. The
search for the fission modes however requires a detailed

evaluation of the entrance channel. In this reaction it is
expected a fair amount of quasi-fission, and for the case
at 355 MeV, also the fast process known as fast-fission is
indeed not negligible being the critical angular momen-
tum for fusion L.; ~ 1157, bigger than the angular mo-
mentum where fission barrier is washed out Lg,—o ~ 687.
Both processes are binary reactions that produce frag-
ments that may overlap with fusion-fission fragments. In
principle quasi-fission may populate the same mass modes
(we know this from the many systems studied) by travel-
ing a path in the PES that connects the entrance channel
and the exit channel without passing through the formation
of the CN. Evidence of the occurrence of quasi-fission in
the same reaction was indeed discussed in Ref. [33]. The
contribution of fast-fission is however more difficult to es-
timate being this process not characterized by the presence
of shell effects, as recently discussed in Ref. [35] and its
occurrence is mostly indicated by the enlargement of the
width of the mass distribution with respect to the predic-
tions of the LDM.

The combined analysis of the mass modes and their
strength in connection with the TKE may give us insight
on this issue, namely on the amount of the relative occur-
rence of fusion-fission, quasi-fission and fast-fission. This
aspect is crucial for a firm assignment of the fission modes
and is part of a future investigation.
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