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Abstract. Results are presented from a broad, systematic study of heavy-ion induced fusion-fission mass distri-
butions carried out at the Australian National University, covering a significant part of the chart of the nuclides.
Fission characteristics of isotopes of every even-Z compound nucleus (ZCN) from 164

64 Gd to 212
90 Th were mea-

sured. Systematic evidence of shell-driven structure is present in every fission mass distribution. The changing
shape of the heavy-ion fission mass distributions with ZCN is visualised through the residuals from single Gaus-
sian fits. These results are consistent with quantitative fitting of the measured 2-D mass and total kinetic energy
spectra using multiple components. Both approaches demonstrate that fragment proton shell gaps around ZFF

= 34, 36 and around ZFF = 44, 46 are major drivers of fission mass distributions for nuclei below the actinide
region. Significantly, the mass distributions show enhanced yields at mass-symmetry for values of ZCN equal
to two times these favoured ZFF values. The same shell gaps that favour mass-asymmetric fission thus also
affect mass distributions at and near mass-symmetry. For all systems, a second more mass-asymmetric fission
mode is required to fit the fission mass distributions. If driven by a single shell gap, it appears to be in the light
fragment, around ZFF ∼28,30 or possibly NFF ∼44.

1 Introduction

Fission products were first identified unambiguously by
Hahn and Strassmann [1], following neutron bombard-
ment of uranium, observing the production of radioactive
barium nuclei. This led Meitner and Frisch to come up
with the revolutionary idea [2] that heavy nuclei could
split into two large fragments, coining the term "nuclear
fission". The barium fission fragments identified as the
first evidence of fission correspond to a mass-asymmetric
split of U (Z=92) into Ba (Z=56) and Kr (Z=36). This is
counter to the liquid drop model (LDM) of fission that was
soon developed to explain the mechanism by which fis-
sion can arise. The LDM favours mass-symmetric splits.
Fig.1(a) illustrates a calculated LDM potential energy sur-
face, showing that the lowest barrier (saddle-point) be-
tween the ground-state and fission is mass-symmetric. It
was realised that structure on the potential energy surface
(PES) is generated by the quantum-mechanical single-
particle level structure of the nascent fission fragments,
as illustrated in Fig.1(b). This can result in favouring of
mass-asymmetric fission.
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What controls the Fission mass distribution?
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Figure 1. Calculated fission potential energy surfaces (PES)
without (a) and with (b) the effects of single particle shell gaps.
The mass-ratio MR is the ratio of one fragment mass to the total
mass of the fissioning system, and is the quantity many experi-
mental techniques determine. The probabilities of fission trajec-
tories, following the lowest saddle-points and valleys on the PES,
are indicated by the width of the arrows. Adapted from Ref. [3].

Actinide nuclei have been found to fission prefer-
entially mass-asymmetrically at low excitation energy
(Ex), as illustrated in Fig.2(a) from a recent measure-
ment of spontaneous fission of 248Cm [4]. With increas-
ing Ex, mass-symmetric yields almost always increase (see
Ref. [4] for an in-depth analysis). This is illustrated in
Fig.2(a), which shows the fission MR distribution for the
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Figure 2. (a) Normalized mass-ratio yields for two neighbouring actinide nuclides. The spontaneous fission (S.F.) arises from the
ground-state, and here the yield at mass-symmetry is negligible [4]. The fusion-fission reaction [5, 6] populates much higher excitation
energy Ex, and this is understood to be the reason for the increased yield at symmetry, and the attenuated character of the structure. (b)
A similar comparison is shown for two isotopes of Hg [7, 8], displaying very similar behaviour, though with slightly more structure
apparent in the heavy-ion reaction than in (a). Proton numbers ZFF that have been associated with the mass-asymmetric structures are
indicated (see text).

neighbouring nuclide 240Cf formed at Ex=36 MeV. Fits to
actinide fission charge distributions [9] indicated that two
fission “modes”, associated with heavy fragment charges
ZFF averaging 52.5 and 55 could reproduce the major sys-
tematic behaviour of mass-asymmetric actinide fission.

2 Mass-asymmetric fission of Hg nuclides

Nuclides lighter than the actinides have increasingly
higher fission barriers, as a result of the smaller value of
the Coulomb term (proportional to Z2) in the mass for-
mula. Thus they generally undergo fission only at higher
Ex. These mainly have mass distributions peaked at mass-
symmetry (though there are exceptions, see Refs.[10, 11]).
The seminal work of Andreyev et al. [7] marked a ma-
jor breakthrough, with the observation of dominant mass-
asymmetric fission of 180Hg from low Ex. This gave the
first indication that quantum level structure can very sig-
nificantly influence fission of nuclides lighter than lead.
This distribution in shown in red in Fig.2(b).

Subsequently, measurements were made of heavy-ion
induced fusion-fission forming compound nuclei (CN) of
the same or neighbouring neutron-deficient Hg nuclides.
These fusion reactions limit the lowest Ex above the
ground-state to be > 30 MeV. Nevertheless, the measure-
ments showed [8, 15] that evidence of mass-asymmetric
fission persists, as seen in Fig.2(b), despite the expectation
that shell effects should be attenuated at higher Ex.

The Hg region fission mass distributions showed peaks
that may be associated with proton numbers ZFF ∼ 36 or
44 (or possibly both), depending on whether shell gap(s)
in the light or the heavy fragment are dominant (or both).
These values are quite different from the proton numbers
believed to be dominant in actinide fission.

3 Systematics of sub-actinide fission
mass distributions

As in the actinides [9], measurements for a long sequence
of nuclides are important to achieve a systematic under-
standing of fission mass distributions. It is useful to
study a sequence with similar compound nucleus N/Z. It
is a good approximation that the N/Z of the fragments is
that of the compound nucleus (the unchanged charge di-
vision – UCD – approximation). Thus fission fragments
favoured by a particular shell-gap (associated with cer-
tain proton or neutron numbers) will be produced for each
fissioning nucleus. However, they will occur at a differ-
ent mass-asymmetry depending on the fissioning nucleus
mass. Thus the structure in each mass distribution should
have a quantitative relationship with all the others.

Measurements were performed at the Heavy-Ion Ac-
celerator Facility at the Australian National University us-

Systematics using S beams from HIAF + CUBE spectrometer (expt 4/2018)
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Figure 3. Chart of the Nuclides showing stable nuclides (black
squares), nuclides whose fission has been studied by Coulomb
excitation of relativistic radioactive beams [12, 13] (yellow), and
nuclides accessible by fusion-fission using stable projectile nu-
clides up to Ca and stable target nuclides (blue). The nuclides
whose fission was measured in the work of Buete et al. [14] are
shown by yellow circles, with the lower and upper boundaries in
Z indicated by the horizontal white lines.
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Figure 3. Chart of the Nuclides showing stable nuclides (black
squares), nuclides whose fission has been studied by Coulomb
excitation of relativistic radioactive beams [12, 13] (yellow), and
nuclides accessible by fusion-fission using stable projectile nu-
clides up to Ca and stable target nuclides (blue). The nuclides
whose fission was measured in the work of Buete et al. [14] are
shown by yellow circles, with the lower and upper boundaries in
Z indicated by the horizontal white lines.

ing the CUBE fission spectrometer. Pulsed beams of 32,34S
and 16O were delivered onto isotopically-enriched thin tar-
gets ranging from 112Cd to 180W, having areal densities
from 7 to 140 µg cm2. Reactions were chosen to produce
a series of neutron-deficient isotopes centred around N/Z
= 1.324, with standard deviation 0.047. Beam energies
were selected to minimise Ex whilst having sufficient fis-
sion cross-section to aim for 50,000 fission events. This
resulted in Ex values from 41 – 70 MeV.

The compound nuclei produced are indicated by yel-
low circles in Fig.3, comprising an isotope of each even-
Z element extending from Gd (ZCN=64) to Th (ZCN=90).
The absence of fast quasifission was demonstrated by
the mass-ratio centroids remaining at 0.5 as a function
of detection angle. Furthermore, a systematic classifi-
cation based on average fissility [16] suggests that slow
quasifission should be negligible except for the heaviest
of these reactions [17–21]. Together with the relatively
low values of c.m. energy with respect to the capture
barrier [22], the mass spectra should be representative of
fusion-fission, with insignificant “memory” of the initial
mass-asymmetry of the projectile and target.

As described in detail in Section 5, the experimental
data were ultimately fitted with 2-D Gaussians associated
with the characteristic mass and TKE of the constituent
fission modes. Before this analysis, a simple method to vi-
sualise the systematic behaviour of the mass distributions
was applied.

4 Residuals from single Gaussian fits to
the mass-ratio distributions

The measured mass-ratio distribution for fission of 178Pt is
shown in the upper panel of Fig. 4. It reveals a double-
peaked structure indicative of a significant contribution
from a mass-asymmetric fission mode. The best-fitting
single Gaussian is shown in orange. The difference be-
tween the experimental data and the fit (the residuals spec-
trum) is shown below. It displays the expected shape, hav-
ing a well-defined dip at mass-symmetry, and two positive
peaks displaced equally from MR = 0.5.

The experimental data, fits, and residuals are shown
for the range of measured systems from 144Gd to 212Th in
Fig. 5. Consider firstly the right-hand columns, from 178Pt
to 212Th. The mass-asymmetric positive residual peaks be-
come weaker with increasing ZCN and transition to a peak
at mass-symmetry for Rn, Ra and Th (ZCN = 86 to 90).
If the mass-asymmetry for 178Pt resulted from a shell gap
at ZFF = 44, this shell gap should favour mass-symmetric
fission around ZCN=88, which seems to be the case.

Consider now the left-hand columns, transitioning
down in ZCN from 176Os (ZCN = 76). A peak in the resid-
uals at symmetry is already seen for ZCN = 72 to 68. This
suggests that shell gaps around ZFF = 36, 34 play a role
here. These should also contribute to the mass-asymmetric
structure in the fission mass distributions in the Pt region.
By ZCN = 66 and 64, a mass-asymmetric peak reappears,
as would be expected for this scenario.

The trends of the structure seen in the mass distribution
residual are highlighted by the near-vertical long green

Single Gaussian fit

Positive residual

Negative residual

Residual structure 
symmetric about MR=0.5

Model-independent look at all the raw data

J. Buete et al., Phys. Lett. B 865 (2025) 139459
Figure 4. Heavy-ion induced fission mass-ratio distribution for
178Pt, with the single Gaussian best-fit in orange. Below is the
distribution of residuals, showing the characteristic structure as-
sociated with a mass-asymmetric fission component. As ex-
pected, for fusion-fission the residuals are symmetric about MR

= 0.5.

Single Gaussian fits

Positive residuals

Negative residuals

Residual structure 
symmetric about MR=0.5
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structure
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4434
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Figure 5. Systematics of the mass-ratio spectra and the residuals
from single Gaussian fits for heavy-ion induced fusion-fission
of every even-Z element from Gd (Z=64) to Th (Z=90). The
residuals show a consistent trend from being peaked at MR=0.5
for Th, to well-defined peaks at mass-asymmetry around Pt, then
back to symmetry for systems centred on Yb, finally returning to
mass asymmetry for Gd. The green lines highlight these trends.
Adapted from Ref. [14].

lines. Shell gaps at Z∼34,36 and Z∼44 seem to contribute
jointly to the strong mass-asymmetric fission clearly seen
in the Os, Pt, Hg isotopes. They contribute in both frag-
ments to mass-symmetric fission for the Er, Yb, Hf and
Rn, Ra, Th isotopes respectively. It is important to empha-
sise that this (qualitative) conclusion may not be universal,
being valid over the (narrow) range of N/Z values investi-
gated in this study.

Taking the analysis of the experimental results to a
more quantitative level, 2-D fitting of multiple modes was
carried out, and the results compared with the above qual-
itative conclusions, as described in Section 5 below.
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Figure 6. Measured fission characteristics [23] for heavy-ion induced fission of 178Pt. (a) shows mass-ratio MR vs. TKE, and (b) the
linearized quantity RTKE (as defined in the figure) vs. MR. The 2-D fitted components are indicated using the colour scale at top right.
The total mass spectrum is given in (c), with the components of the best fit. The mean RTKE as a function of MR is shown in (d), with
the feature at MR=0.5 indicating the need for a mass-symmetric mode with low RTKE. Adapted from Refs. [23, 24].Quantitative 2-D multi-mode fitting: inner asymmetric mode 

Near-symmetric at ZCN=68,70: 2x34
Near-symmetric at ZCN=88,90: 2x44
Strongest asymmetry at ZCN=78 = 34+44

Correlation with NFF seems weak, as in Actinides
Existing data cannot exclude NFF~44 playing a role
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Figure 7. Systematics of inner mass-asymmetic peak centroids. Symmetric mass-splits are indicated by the dashed purple lines.
Expected shell gaps [25, 26] are indicated by horizontal coloured lines. (a) shows the values of ZFF (determined using the UCD
approximation) as a function of ZCN , with green and purple highlighted regions discussed in the text. (b) is analagous to (a), but for
neutron numbers. Data from Refs. [14, 27], figure adapted from Ref. [14].

5 Fitting of Mass-TKE distributions to
extract shell structure

This work [14] followed the approach described by
Swinton-Bland and Buete et al. [23] in the analysis of
fission of 178Pt. Fig. 6(a) shows the experimental fission
mass-ratio vs. fission Total Kinetic Energy (TKE) spec-
trum. The black curve shows the expected dependence
of TKE on MR based on the charge product and sizes of
the two fragments, with r0 adjusted to match the empirical
Viola TKE systematics [28]. Fitting the data is compli-
cated by this expected relationship. Fitting can be sim-
plified by linearizing the data, dividing the TKE at each
point in the 2-D spectrum by the Viola expectation [21].
This gives the relative TKE (RTKE) vs. MR spectrum as
shown in Fig. 6(b). In fitting, each asymmetric mode is
represented by a 2-D Gaussian, characterised by its dis-
placement from mass-symmetry, RTKE value, and respec-

tive Gaussian widths. A mass-symmetric mode may also
be included.

Good reproduction of the experimental spectra could
be achieved with two mass-asymmetric modes, and a
mass-symmetric mode, each with different central RTKE,
exemplified for 178Pt in Fig. 5(b). The projections of the
yields and mean RTKE onto MR are shown in Fig. 5(c)
and (d) respectively, for the total fit (pink), and also in
(c) for the components. The significant dip in RTKE near
MR=0.5 can only be reproduced with a low RTKE mass-
symmetric mode.

This procedure was repeated for each compound nu-
cleus, obtaining the MR centroids of the two mass-
asymmetric modes. These were converted to the associ-
ated proton numbers of the fission modes (ZFF), or the
neutron numbers (NFF) using the UCD approximation.
Thus ZFF=MR.ZCN and NFF=MR.NCN . The use of other
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5 Fitting of Mass-TKE distributions to
extract shell structure

This work [14] followed the approach described by
Swinton-Bland and Buete et al. [23] in the analysis of
fission of 178Pt. Fig. 6(a) shows the experimental fission
mass-ratio vs. fission Total Kinetic Energy (TKE) spec-
trum. The black curve shows the expected dependence
of TKE on MR based on the charge product and sizes of
the two fragments, with r0 adjusted to match the empirical
Viola TKE systematics [28]. Fitting the data is compli-
cated by this expected relationship. Fitting can be sim-
plified by linearizing the data, dividing the TKE at each
point in the 2-D spectrum by the Viola expectation [21].
This gives the relative TKE (RTKE) vs. MR spectrum as
shown in Fig. 6(b). In fitting, each asymmetric mode is
represented by a 2-D Gaussian, characterised by its dis-
placement from mass-symmetry, RTKE value, and respec-

tive Gaussian widths. A mass-symmetric mode may also
be included.

Good reproduction of the experimental spectra could
be achieved with two mass-asymmetric modes, and a
mass-symmetric mode, each with different central RTKE,
exemplified for 178Pt in Fig. 5(b). The projections of the
yields and mean RTKE onto MR are shown in Fig. 5(c)
and (d) respectively, for the total fit (pink), and also in
(c) for the components. The significant dip in RTKE near
MR=0.5 can only be reproduced with a low RTKE mass-
symmetric mode.

This procedure was repeated for each compound nu-
cleus, obtaining the MR centroids of the two mass-
asymmetric modes. These were converted to the associ-
ated proton numbers of the fission modes (ZFF), or the
neutron numbers (NFF) using the UCD approximation.
Thus ZFF=MR.ZCN and NFF=MR.NCN . The use of other

approaches to estimate these numbers [14] would change
the determined centroid positions by less than 0.5 protons,
which is below the precision expected from the fitting pro-
cess.

The inner mode centroids extracted in this way are
shown by open black circles in the left panel of Fig. 7,
plotted as a function of ZCN . The results show a very
systematic behaviour, correlated with ZFF∼34,36 for the
lower ZCN , and with ZFF∼44 for the higher ZCN . The
green ellipse indicates where the strongest evidence of
mass-asymmetric fission is seen, corresponding to both
fragments having favoured ZFF values. Where the in-
ner mode approaches the mass-symmetric mode (purple
circles), the unconstrained parameters of the symmetric
and inner mass-asymmetric modes in the fit can play off
against each other, leading to larger uncertainties, as indi-
cated. The lower statistics and more limited fitting envi-
ronment of the work of Prasad et al. [27] (red crosses) are
in good agreement.

The observed structure in the fission characteristics
could alternatively be correlated with neutron shell gaps
in the nascent fission fragments. Fits to 178Pt and 184Pt
from this data set [14] both return ZFF = 35 for the inner
asymmetric mode However, NFF moves from 44 to 47.
Therefore, it was concluded [14] for Pt, proton shell gaps
are responsible.

Over the whole data set [14], the extracted values of
NFF are shown as a function of NCN in the right hand
panel of Fig. 7. Also shown (red symbols) are the results
from Ref. [27], where a wide range of N/Z was specifi-
cally investigated for isotopes of Os to Pb. All data show
no evidence for any favoured NCN above NCN = 98. Mea-
surements for different isotopes of lighter elements would
be necessary to determine whether any neutron shell gap
near NFF = 44 might be playing a role.

For all systems, a second more mass-asymmetric fis-
sion mode is required to fit the fission mass distributions.
If driven by a single shell gap, it appears to be in the light
fragment, around ZFF ∼28,30 or possibly NFF ∼44. Fur-
ther measurements are needed to better define this feature.

6 Summary

Structure has been found universally in fission mass and
TKE distributions following heavy-ion fusion reactions, in
a systematic series of measurements forming an isotope of
every even-Z element from Gd (ZCN = 64) to Th (ZCN =

90).
Independent fitting of the data for each compound nu-

cleus showed consistent trends in the location of struc-
tures, consistent with the influence of proton shell gaps
at both ZFF∼ 34,36 and ZFF∼ 44. The wide coverage in
ZCN showed experimentally that the shell gaps affect fis-
sion characteristics not only for asymmetric mass-splits,
as in the actinides, but also at mass-symmetry.

To extract the maximum information from experi-
ments, several aspects should be considered: (i) measure-
ments should aim for > 105 events in a mass-TKE ma-
trix; (ii) mirroring the distributions about mass-symmetry

can obscure experimental issues, and even generate spu-
rious structure, so is not recommended; (iii) because of 
the large number of fit parameters when multiple fission 
modes are present, a single gradient-descent chi-squared 
fit is unlikely to find the lowest minimum, or  provide the 
correct experimental uncertainty. A detailed exposition 
on many of these points is given in the PhD thesis of J. 
Buete [29].
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