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Investigation of excitation energy dependence of fission modes in actinides

through transfer-induced fission
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Abstract. Nuclear fission outcomes are strongly driven by different shell-stabilized fission modes. The re-
sulting fission fragment properties sensitively depend on the excitation energy and the fissioning nuclide. To
directly observe how they depend on the excitation energy of the fissioning nucleus, (d,p) transfer-induced fis-
sion of 2**Th has been measured at the Australian National University. The excitation-energy dependence of
the reconstructed fragment mass distributions reveals a systematic evolution of the fission modes, with distinct
thresholds for the onset of asymmetric and symmetric fission, and for the emergence of multi-chance fission.

1 Introduction

In nuclear fission, a heavy nucleus decays into two smaller
fragments due to the competition between the repulsive
Coulomb force and the attractive strong nuclear force. Fis-
sion remains one of the most complex processes in nuclear
physics. The many-body quantum nature of the nucleus
gives rise to structures in the distribution of fission prod-
ucts, reflecting the microscopic shell effects at particular
nucleon numbers that stabilize the nascent fragments [1—
3].

Distributions of fission fragments have been exten-
sively studied in the actinide region, where a well-
established competition exists between a mass-symmetric
and two mass-asymmetric (standard I and II, at Z =
52.5,55) modes of fission [2-5]. The evolution of these
distributions with excitation energy of the fissioning sys-
tem [6] remains a significant challenge for theoretical de-
scriptions of the fission process.

The nuclear fission process can be described by the
nuclear shape evolving along a trajectory on a multidimen-
sional potential energy surface (PES) [3, 5, 7]. Within this
framework, trajectories starting from the same ground-
state configuration may later diverge due to the topogra-
phy of the PES, leading to different fission outcomes. This
is illustrated for the fission of 2*°U in Fig.1. However, the
location and quantum-mechanical origin of these bifurca-
tions are poorly understood [3, 8—12].

As the excitation energy of the fissioning system
varies, new fission valleys on the PES may become acces-
sible [6, 14, 15]. This makes excitation energy dependence
of fission fragment properties a key observable to gain in-
sight into the nature of bifurcations.
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Figure 1. Potential energy surface of 2°U, adapted from

Ref. [13]. The red crosses indicate saddle points, while the pink
and orange lines on the PES show pathways to different fission
modes.

Transfer-induced fission, in which a projectile nucleus
transfers one or more nucleons, induces a continuous
range of excitation energies below and above the fission
barrier. By measuring the projectile-like fragment energy
and angle, the excitation energy induced in the fissioning
nucleus can be identified event-by-event, making transfer
reactions ideal to study the excitation energy dependence
of fission outcomes.

This paper presents the development of a new detec-
tor array for measurements of transfer induced fission at
the Australian National University, and some preliminary
results on the excitation energy dependence of fission frag-
ment properties.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (https://creativecommons.org/licenses/by/4.0/).
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2 Experimental Details and Analysis

A continuous beam of 20.0 MeV deuterons with a beam
current of 75 pnA was produced at the Heavy Ion Ac-
celerator Facility (HIAF) at the Australian National Uni-
versity. The beam was delivered onto a target of >**Th
with an areal density of 131 ug/cm? oriented at 80° to
the beam axis, with a aluminium backing of thickness
57 ug/cm? oriented downstream of the beam. The velocity
of the fission fragments and protons from the (d,p) reac-
tions is reduced by their traversal through the target mate-
rials and inactive materials in the detectors. This depends
on the effective thickness of the materials, which varies
with particle emission angle. Position-dependent energy
loss corrections were applied event-by-event using stop-
ping power calculations from Ziegler et al. [16].

Two detector arrays were combined for the current
work. The outgoing protons from the transfer reac-
tion 232Th(d,p)>**Th were detected and characterised by
AE-E, silicon detectors (the BALIN array [17]), while
the binary fission fragments induced from the fission of
233Th were detected using multi-wire proportional coun-
ters (CUBE fission spectrometer [18]) as described in de-
tail in Sec. 2.1 and 2.2, respectively. A range of excitation
energies up to ~13 MeV above the ground-state of >3 Th
were populated in the transfer reaction.

2.1 Particle identification from the BALIiN array

The Breakup Array for Light Nuclei (BALiN) [17] con-
sists of four double-sided silicon strip detectors (DSSDs)
arranged into two AE-E telescopes each with thick-
nesses of 400 ym and 1500 um for the AE and residual
(Eres) layers respectively. The AE layer (MMM DSSD
from Micron semiconductors Ltd.) is divided into 16 arcs
(each 6.4 mm wide), and 8 sectors (each spanning 6.68° in
the plane of the detector) as described in Ref. [17]. The
Ees layer (MMMS DSSD from Micron semiconductors
Ltd.) is divided into 15 arcs (each 6.4 mm wide), and 8
sectors (each spanning 6.84°). A 101.8 ym aluminium
foil was placed in front of the AE layer to stop fission
fragments while allowing lighter charged particles to pass
through, preventing damage to the detectors from the in-
tense fission fragments. Each AE-E,. telescope measures
the total energy (corrected for the energy loss through the
aluminium foil), time of flight, and the angle of the charge
particle going through the array.

To measure protons over a wide range of scattered an-
gles () from the (d,p) reaction, one AE-E telescope was
placed at forward angles (34° < 6 < 80°) while the other
was placed at backward angles (100° < 6 < 157°) with re-
spect to the beam direction.

The AE-E,s spectrum of particles measured in BALiN
is shown in Fig. 2, where protons, deuterons and tritons
are clearly separated. In the AE — E, spectrum, flat
‘fold-back’ features are observed which connect to the
highest energy protons and deuterons in the E detector.
These features arise from incomplete energy deposition by
charged particles in the DSSDs, where the particles have
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Figure 2. AE-E, particle identification spectrum measured in
BALIN. A cos 3 factor, where 3 is the angle of the particle from
the unit normal vector to the DSSD face is multiplied to account
for the difference in energy loss due to the different path lengths
of the particle trajectories in the DSSD. The protons, deuterons
and tritons are identified through their energy loss relationship
[19], and are indicated.

sufficiently high energy to no longer fully stop in the resid-
ual layer. Such events with incomplete energy deposition
were excluded from the analysis process.

The fission probability can be deduced from the ratio
of the exclusive proton-fission coincidence yield to the in-
clusive proton singles yield. Proton singles were recorded
with a trigger in BALIN, with a downscale factor of 100
due to their high count rate.

2.2 Measurement of fission fragment properties
from the CUBE spectrometer

The configuration of CUBE for these measurements con-
sists of two large multi-wire proportional counters (MW-
PCs) each with an active area of 279.0 mm X 357.0 mm,
with the normal vectors to the detector facing laboratory
angles of 45° and 135°. The fission fragments were mea-
sured in coincidence (one on each MWPC), and the cen-
tre of mass velocities of the fission fragments were recon-
structed via the kinematic coincidence method [20]. The
mass ratio of the fission fragments is defined as
my Uem,2

Mg = = ) (1)
my + ny Uem,1 + Uem,2

where m; and v,,,; are the mass and the centre of mass
velocity of the binary fission fragments. The masses of
fission fragments were obtained directly from the mass of
the fissioning compound nucleus, while their charges were
derived from the charge of the fissioning compound nu-
cleus, assuming the unchanged charge density approxima-
tion [21].

2.3 Timing correlations of protons with fission
fragments

In this experiment a continuous beam was used to min-
imise the instantaneous rate, and hence rate of spurious co-
incidences between protons and fission fragments. How-
ever, some random coincidences of protons and fission
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Figure 3. Difference in the times at which the beam nucleus in-
teracted with the target nucleus, as deduced from proton arrival
times in BALiN and fission fragment arrival times in CUBE. The
red shaded region corresponds to the true coincidence window
selecting protons in coincidence with fission fragments, while the
blue shaded region indicates the region of spurious coincidences
between protons and fission fragments used for background sub-
traction.

fragments remain. To identify true coincidences between
protons and fission fragments, the time at which the beam
nucleus interacted with the target nucleus (T;) was de-
duced from the measured arrival time of both the fission
fragments in CUBE (T rr), and the protons in BALIiN
(To,p):

To,i = Tgeri — ToF;, ()

where for a particle type i, Ty; is the time of arrival of
the particle at its respective detector, and ToF; is the time
of flight deduced from the known flight path length and
velocity of the particle. The proton velocities were de-
rived from the measured energies in BALIN, while the fis-
sion fragment velocities were inferred using the time dif-
ference method [22], which enforces an average kinetic
energy dependence as a function of the mass ratio of the
fission fragments [6]. The times at which beam nucleus
interacts with the target nucleus as deduced from BALiN
and CUBE should coincide for a single (d,p) event, where
the difference in these times (AT = Ty rr — T, ) show a
peak of coincident event in Fig. 3.

A peak with a FWHM of 3.2 ns is observed in the red
shaded region, corresponding to events where the protons
are in coincidence with the fission fragments. The arbi-
trary offset of ~84 ns arises from the time differences in
the electronic processing of BALIN and CUBE. A small
constant background of spurious coincidences of protons
and fission fragments is present, so a background subtrac-
tion was performed. Due to the low background yield,
data from a background region five times the width of
the true coincident window were used to determine the
background rate. Events belonging to the background re-
gion were time-shifted to match the coincidence window,
processed identically to the true coincidence events nor-
malised, and subtracted bin-by-bin from the coincidence
data to obtain the background-subtracted plots of fission
fragment properties, as shown in Fig. 4.

Following this step, the proton times were used as a
reference for fission timings, allowing the fission frag-

E'=E4+ 0, —E,—E,. 3)

where E; is the incident deuteron energy in the centre of
mass frame corrected for energy loss through the target,
Qyq 1s the ground-state to ground-state Q-value, and E,,
E, are the kinetic energies (energy loss corrected) of the
proton and the recoiling target-like nucleus, respectively.
Each of these quantities are either known, measured, or de-
duced from two-body kinematics, allowing the excitation
energy of the >>Th nucleus to be deduced event-by-event.
The calculated excitation energies from the experiment
span a continuous range (5.5 — 13 MeV above the ground-
state energy), with an estimated resolution of ~75 keV.

3 Results

The reconstructed fission fragment mass distributions are
shown in Fig. 4, as a function of excitation energy. They
display a clear dependence on the excitation energy of the
fissioning system. At excitation energies just above the fis-
sion barrier, indicated by the red long-dashed line [23], the
distribution is dominated by mass asymmetric fission, with
the heavy fragment centred near Z~54 and A~140. Above
9 MeV of excitation energy, an increase of symmetric fis-
sion yield (at around Mz = 0.5) begins to be observed,
with the ratio of yields of symmetric to asymmetric fis-
sion gradually increasing with excitation energy, in agree-
ment with previous results [6]. This is consistent with the
expectation that the shell effects driving mass asymmet-
ric fission begin to be attenuated with increasing excita-
tion energy, while the symmetric mode does not exhibit
a rapid dependence on the change in excitation energy.
Above 10.5 MeV of excitation energy, there is a further
increase in the fission fragment yields, due to the onset
of second-chance fission. In this region, fission fragments
from 233Th and 23?Th are present due to competing decay
channels of fission and neutron evaporation following the
fission of 2Th.

The evolution of the mean My of heavy fission frag-
ments (in the region 0.56 < My < 0.65) with excitation
energy is shown in Fig. 5. The average mass of the
heavy fragment shifts closer towards the standard I mode
(Mg =~ 0.58 [4]) with increasing excitation energy until
about ~10 MeV. It then moves towards the standard II
mode (Mg =~ 0.62 [4]) before moving back towards the
standard I mode again. A similar periodic shift in the mass
is observed in fission of 233Pa for E* > 12 MeV in Ref. [6],
which was interpreted in terms of competition of standard
I and II modes, and contributions from multi-chance fis-
sion. The increase in My centroid towards standard II
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Figure 4. The mass distribution of fragments formed from fis-
sion of 23Th as a function of excitation energy of the system. The
red long-dashed line indicate the location of the fission barrier at
E* = 5.84 MeV [23]. The purple dotted line indicates the excita-
tion energy corresponding to the one neutron separation energy
above the fission barrier.
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Figure 5. Evolution of centroid of the fission fragment mass
distribution of the heavy asymmetric fragment with excitation
energy, for fission of 23Th. The red dashed line indicates the lo-
cation of the fission barrier of >**Th, while the purple dotted line
indicates the excitation energy corresponding to the one neutron
separation energy above the fission barrier. The error bars shown
are given by VN in each mass bin, where N is the number of
counts in that bin.

mode can be attributed to the onset of second chance fis-
sion, with the threshold energy at E* = 10.8 MeV indi-
cated by the purple dotted line. To correctly reconstruct
the fission fragment masses from the admixture of fission
of 233Th and ?*Th in this region, the fission probabilities
for multi-chance fission must be extracted and accounted
for.

In the region below the purple dotted line where no
contribution from multi-chance fission is expected, there is
a shift in the average mass of the heavy fragment. One pos-
sible interpretation for this initial shift towards the stan-
dard I mode is the excitation energy dependence of rela-
tive yields of the standard I and II modes of fission [3],
naively assuming the width of the gaussian-like modes re-
main approximately constant over the excitation energy
range. Other interpretations that involve changes in the
topography of the PES with excitation energy [3, 24] may
be possible, but the evolution of the mass centroid as a

function of excitation energy clearly demonstrates an exci-
tation energy dependence of the fission modes in actinides.
This may inform theoretical descriptions of nuclear fission
and its applications.

4 Conclusions

Two independent detector systems were successfully com-
bined to enable surrogate (d,p) fission measurements at the
Australian National University, designed to detect how fis-
sion fragment properties evolve with excitation energies
close to the fission barrier. Some preliminary results on
the excitation energy dependence of fission fragment mass
distribution of >*>Th were discussed. Further work is in
progress to reconstruct other fission fragment properties
such as the total kinetic energy, fission probability and an-
gular anisotropy, which are expected to depend on the ex-
citation energy of the fissioning system [25-27]. System-
atic comparisons with fission of the other actinides U,
238y, %Py, 2 Am and ***Cm) have been measured us-
ing the detector systems and methodology presented in this
work, and will be the subject of a further publication.
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