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Abstract. Shell-driven fission modes result from the quantum mechanical many-body dynamics underlying
nuclear fission. Their regions of influence, as well as the nuclear shapes they induce at scission, is a rapidly
developing area of research. Evidence has emerged of novel fission modes in pre-actinide nuclei associated with
Z≈36 and Z≈44. We present evidence of the Z=44 mode persisting up to 220Ra (Z=88). Being an example of
bimodal symmetric fission, this result necessitated two-dimensional Gaussian fitting and a statistically rigorous
data subsampling analysis to separate this novel mode from the liquid drop mode.

1 Introduction

When a nucleus undergoes fission it elongates and splits
into two separate fragment nuclei. Interplay between
macroscopic forces (Coulomb repulsion and the strong nu-
clear force) and microscopic quantum shell effects dictate
the nucleus’ evolution towards scission and thus its final
configuration. However, thermal fluctuations within this
system lead to broad distributions of possible scission con-
figurations. Experimentally, nuclear shapes at scission are
primarily understood through two key observables: frag-
ment mass-ratio (MR =

m1
m1+m2

) which quantifies the split-
ting of mass between fragments, and fragment total ki-
netic energy (TKE) which characterises the elongation of
the scission configuration via Coulomb repulsion. Certain
scission configurations are more energetically favourable
than others and manifest as Gaussian-like distributions of
MR and TKE. These are known as fission modes [1].

Actinide nuclei are known to exhibit three fission
modes [1]. The first is the liquid drop mode (LDM), which
results from macroscopic forces and produces symmetric
mass splits and an elongated scission configuration. The
other two are shell-driven modes — resulting from the
addition of microscopic shell effects — associated with
octupole-deformed proton shells Z≈52 and Z≈56 [2, 3],
referred to as Standard I (StI) and Standard II (StII), re-
spectively.

Evidence has been mounting of new fission modes
driving asymmetric fission in sub-lead and sub-actinide
nuclei since 2010, when asymmetric fission was first ob-
served in 180Hg [4]. Studies of single nuclei [5, 6] and
isotopic chains [7–9] have observed these new modes
and attributed them to quadrupole deformed proton shells
around Z=36 and Z=44 [10]. A recent, large-scale study
has observed the Z=36 mode as low as 144Gd and persist-
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ing thereafter, with the Z=44 mode emerging and taking
dominance around Hg and persisting until Th [11]. An-
other study has mapped an island of Z=36-driven asym-
metric fission around Hg and Tl [12]. These works demon-
strate the rapidly expanding interest in these novel modes.

In their study of 178Pt fission, Swinton-Bland et al. [5]
demonstrated the effectiveness of two-dimensional Gaus-
sian fitting to fragment mass and a linearised measure of
TKE — relative total kinetic energy (RTKE) — in find-
ing evidence of fission modes. This allows the relative nu-
clear elongation at scission to be compared between modes
without requiring absolute TKE measurements.

In the present study, we make use of this technique to
search for the Z≈44 mode in 220Ra (Z=88). The atomic
number of Ra is 2×44 so this would be an instance of
bimodal symmetric fission; both the LDM and the Z≈44
mode are expected to overlap entirely in distributions of
MR. Since the Z≈44 mode fragments are expected to be
quadrupole deformed [10], the mode’s scission configura-
tion may be more compact than the LDM and hence dis-
tinct from it in distributions of RTKE, as this paper will
demonstrate.

2 Experiment

The 14UD Pelletron accelerator at the Heavy Ion Accel-
erator Facility at the Australian National University sup-
plied 12C beams with energies between 60 and 80 MeV.
This energy range was divided into 2 MeV steps to observe
the persistence and evolution with excitation energy of any
modes present. With the beam bombarding a 208PbS tar-
get (areal density 184 µg/cm2), 12C and 208Pb fuse to form
220Ra with excitation energies above the ground-state be-
tween 24.5 and 43.5 MeV.

The CUBE spectrometer was used to detect the fis-
sion fragments of 220Ra in coincidence. Three position
sensitive multi-wire proportional counters (MWPCs) of
CUBE were used and configured as in Ref. [13]: two
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279.0 mm × 357.0 mm MWPCs centred at 45◦ and 90◦

relative to the beam axis, and one 131.5 mm × 357.0 mm
MWPC at 135◦. The resulting π solid angle coverage, as
well as the choice of reaction, enabled at least one million
fission events to be recorded per energy step.

Calibration and a kinematic reconstruction produced
the fragment velocity vectors in the centre-of-mass frame
at scission which are related to the fragment mass ratio by

MR =
m2

m1 + m2
=

v1,cm

v1,cm + v2,cm
, (1)

and to the fragment total kinetic energy by

TKE =
1
2

m1v
2
1,cm +

1
2

m2v
2
2,cm. (2)

This process, which relies on precise (∼0.1 ns) timing cali-
bration adjustments, leads to slight shifts in TKE and can-
not yet yield extremely accurate absolute TKE measure-
ments. Instead, we compare changes in a measure of rela-
tive TKE across single measurements.

3 Results

3.1 RTKE and empirical evidence for shell-driven
symmetric fission

TKE is expected to have a parabolic dependence on Z and
A via the Coulomb force. Viola systematics [14] are a fit
based on the compound nucleus proton and nucleon num-
ber ZCN, ACN to a large body of TKE measurements from
across the nuclear chart. The following equation is an ex-
tension of these systematics to the nascent fragments with
proton and nucleon numbers Z1,2, A1,2 and is an empiri-
cal description of the most probable kinetic energy release
from fission [15]:

TKEViola = 0.755
Z1Z2

A1/3
1 + A1/3

2

+ 7.3 MeV. (3)

Figure 1(a) shows the MR-TKE distribution for measured
220Ra fission events at excitation energy E∗ = 24.5 MeV.
The solid black line shows TKEViola for this system. Tak-
ing the ratio of measured TKE values to TKEViola and
parametrising in terms of MR via the unchanged charge
distribution assumption [16] (N/Z of the compound nu-
cleus is maintained for the fragments) yields the RTKE:

RTKE(MR) =
TKEmeasured(MR)

TKEViola(MR)
. (4)

The distribution of MR and RTKE for the same events is
shown in Figure 1(b). RTKE is a more effective proxy of
nuclear shape than TKE as it removes the parabolic de-
pendence on MR and allows direct comparisons of scis-
sion elongation within a dataset. It is easier to see the high
RTKE contributions near MR<0.4 and MR>0.6 in this dis-
tribution by its curved shape. This is further emphasised in
Figure 1(c) where we show the mean RTKE against MR.
Pokrovsky et al. [17] observed high TKE contributions in
this region in their measurements of 220Ra fission and used

Figure 1. Experimental results and a best fit to the 220Ra fission
events at E∗=24.5 MeV. (a) The two-dimensional MR-TKE dis-
tribution with TKEViola, the expectation from systematics [14],
shown in solid black. These are not absolute TKE measure-
ments since they incur a shift from the calibration method (see
the text for details). (b) The two-dimensional MR-RTKE distribu-
tion with the contours of the fit shown by black and white dashed
lines. (c) The mean RTKE vs. MR. The complete fit to the data is
shown by solid purple with contributions from the LDM (dotted
blue), and an inner (dashed orange) and outer (dash-dotted pink)
shell driven mode. The contributions of each fitted mode mani-
fest as horizontal lines corresponding to their RTKE centroids.
The inset axes show 0.4<MR<0.6 and 1.004<⟨RTKE⟩<1.011.
The tilt in ⟨RTKE⟩ with MR is discussed in the text. (d) The
residuals of the fit to the above distribution. (e) The projection of
panel (b) in MR. (f) The residuals of the fit to the above distribu-
tion.

a slicing and Gaussian fitting method to attribute them to
the StI and StII modes.

The inset axes within Figure 1(c) show an expanded
vertical scale for 0.4<MR<0.6. The mean RTKE values
around MR=0.5 are higher than those at MR=0.45 and
MR=0.55; this is not within the error of the data or its scat-
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a slicing and Gaussian fitting method to attribute them to
the StI and StII modes.

The inset axes within Figure 1(c) show an expanded
vertical scale for 0.4<MR<0.6. The mean RTKE values
around MR=0.5 are higher than those at MR=0.45 and
MR=0.55; this is not within the error of the data or its scat-

ter. This structure is also present and statistically signifi-
cant in distributions of mean RTKE for data recorded at
each E∗. A given fission mode has only one mean RTKE
value for all MR values, so for this structure to exist in
distributions of mean RTKE implies there are two modes
around symmetry contributing a high RTKE component
and a low RTKE component. If the LDM is contribut-
ing the low RTKE component, then the high RTKE com-
ponent comes from a shell-driven mode centred at mass-
symmetry with a more compact shape than the LDM. Al-
ternatively, if the LDM is contributing the high RTKE
component, then the low RTKE component comes from
a shell-driven mode centred slightly offset from mass-
symmetry with a more elongated shape than the LDM —
which would be extremely elongated. We can determine
which of these two possibilities is most likely to be correct
with two-dimensional MR-RTKE fitting.

3.2 Two-dimensional Gaussian fitting

A two-dimensional Gaussian fit to all 220Ra fission events
at E∗=24.5 MeV is shown in Figure 1(b) in black and
white contours, and projected onto MR in Figure 1(e). Fol-
lowing techniques used in Ref. [5], we determined the best
fit to be composed of an assumed LDM whose MR cen-
troid was fixed to the symmetry plane of the data, and two
unfixed (asymmetric) modes that were allowed to vary in
MR. The outermost of these modes corresponds to a heavy
fragment with mean Z=53.4 and RTKE=1.08 (compara-
tively, the mean RTKE of the fitted LDM is 0.99). This
corresponds to the high RTKE contributions of both the StI
and StII modes which have previously been established in
220Ra [17]. The innermost of these unfixed modes is cen-
tered at symmetry (Z=44) with a mean RTKE higher than
that of the LDM, and thus has a more compact shape at
scission. Due to the strong overlap in the LDM and this
compact symmetric mode, there are large uncertainties in
the share of yield between each fitted mode. This relative
strength is unlikely to be resolved accurately with a sin-
gle fitting analysis. A fit parameter allowing a small linear
dependence of RTKE on MR was included, to account for
minor calibration uncertainties (see Figure. 1(c)).

3.3 Data subsampling

In a study of multichance fission, Berriman et al. [18]
demonstrated that Gaussian fitting can introduce signif-
icant uncertainties into fine-detail analyses. Therefore,
considering the significant overlap expected (and shown
in Figure. 1(e)) between the proposed Z≈44 mode and the
LDM in 220Ra, we approach the application of Gaussian
fitting with caution. To bolster the statistical rigour of
the analysis, we employed data subsampling [19]. A high
statistics measurement typically only culminates in a sin-
gle fitting result which forms the basis of a fission mode
analysis. Alternatively, performing fits to multiple random
subsamples of fission events produces a distribution of dif-
ferent possible results corresponding to different χ2 min-
ima found by the fitting procedure. This analysis shows a
more complete picture of the various structures present in

the total data and their possible interpretations via Gaus-
sian fitting. The correct interpretation and hence the true
modes present will be the most likely result to appear from
the multiple fits.

For each E∗, 105 fission events were selected from
the total dataset at random, and a three-mode, two-
dimensional Gaussian fitting procedure applied (as de-
scribed in Section 3.2). This process was repeated 200
times for each E∗ with replacement of the selected events.

Figure 2(a) and (b) are histograms of the mean heavy
fragment Z of the fitted inner and outer fission modes, re-
spectively, resulting from this process. The inner mode Z
is strongly peaked at Z=44 for all energies, with a tail tend-
ing towards higher Z. This tail is comprised of results from
higher energies as seen from the colour scale. The antici-
pated Z=44 mode is shell-driven, and hence attenuates at
higher excitation energies due to shell-damping. This at-
tenuation makes it increasingly difficult for the fitting al-
gorithm to distinguish the Z=44 mode from the LDM, so
the fitted inner mode shifts away from symmetry.

An isolated subset of fits placed this inner mode
around Z=53 (Figure. 2(a)), a contribution from StI fis-
sion. Figure 2(c) shows the correlation between the inner
and outer mode Z values. The upper right cluster in this
figure demonstrates that these StI fits are paired with fitted
outer modes shifted to higher Z, around Z=56 (closer to
StII fission). Therefore, this subset of fits is distinguish-
ing both the StI and StII fission modes, with no additional
shell-driven mode at symmetry.

As stated in Section 2, different datasets have dif-
ferent calibrations and hence slight offsets in TKE and
RTKE. To compare the RTKE centroids of fits from differ-
ent datasets, we normalised them to their respective LDM
RTKE centroids, yielding RTKEnorm. Therefore, these
RTKEnorm values show scission elongations compared to
the LDM such that RTKEnorm>1 is more compact than the
LDM, and RTKEnorm<1 is more elongated than the LDM.
Figure 2(d) and (e) show distributions of the fitted inner
and outer mode Z values with these RTKEnorm values.
In panel (d), the Z=44 peak generally has RTKEnorm>1,
showing a compact configuration. Only a small subset
of fits have Z=44 and RTKEnorm<1 — the alternative
highly elongated configuration. The other small subset
with Z ∼ 53 (Figure. 2(d)) identified with the StI mode
also have RTKEnorm>1 which is expected for standard fis-
sion. Similarly, Figure 2(e) shows the RTKEnorm of the
outer modes tend towards high RTKE and compact shapes
in agreement with standard fission.

To evaluate and summarise the findings from these
2000 fits, three fission mode configurations were present:

1. The most common configuration of modes, which
makes up 48.9% of the total fits and is persistent at
all beam energies, resolved a compact mode exactly
at symmetry (Z=44 with RTKEnorm>1), with a fur-
ther 33.6% near symmetry between 45≤Z<50. To-
gether these fits make up 82.5% of the results. These
fits also found a single asymmetric mode reflecting
the sum of StI and StII, and the LDM.
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Figure 2. The results of 2000 subsampled two-dimensional Gaussian fits across 10 excitation energies of fissioning 220Ra. These
results concern the two unfixed modes of the fit and do not include the fixed LDM (see the text for details). The dataset corresponding
to a beam energy of 68 MeV or E∗=32.1 MeV was discounted due to low measurement resolution caused by an isolated experimental
error. (a) A histogram of the mean heavy fragment Z of each innermost mode. (b) A histogram of the mean heavy fragment Z of
each outermost mode. (c) Two-dimensional distribution of the heavy fragment Z of each innermost mode with that of each outermost
mode. Approximate proton numbers associated with StI (52) and StII (56) are shown by dashed pink and purple lines, respectively.
(d) Two-dimensional distribution of the heavy fragment Z of each innermost mode with its normalised RTKE centroid (see the text for
details). The LDM (RTKEnorm=1) is shown by a dashed blue line. (e) Two-dimensional distribution of the heavy fragment Z of each
outermost mode with its normalised RTKE centroid.

2. 12.0% of fits resolved both StI and StII modes indi-
vidually (alongside the LDM) with both modes hav-
ing Z>52 and RTKEnorm>1.

3. The least common configuration of modes, 1.8%,
resolved a highly elongated inner mode with
44≤Z<50 and RTKEnorm<1 (alongside the LDM
and a standard mode). This was the possible alter-
native to a compact symmetric mode presented from
empirical evidence in Section 3.1.

The remaining fits were not physically consistent. As
noted in this analysis, the spread across these parameters
shows the sensitive competition between Gaussian modes
during the fitting process. Fitting does not gravitate Gaus-
sians towards fission modes but rather regions of high
yield. This is why some fits in this analysis found a sum
of the StI and StII modes as opposed to fitting to either
one. Correlations between fitting parameters will become
increasingly impactful as fission mode analyses focus on
high statistics measurements to find new modes in regions
of strong overlap — such as the present study analysing
four fission modes of 220Ra. However, the impact of these
correlations on fission mode analyses can be reduced by
leading with close empirical analyses, and by using statis-
tically rigorous techniques such as data subsampling.

4 Summary and Outlook

In this paper, we discuss evidence of a novel compact
symmetric fission mode in 220Ra, likely driven by the
quadrupole deformed Z=44 proton shell, and the impor-
tance of two-dimensional Gaussian fitting and data sub-
sampling to this result. Empirical evidence of this mode
can be seen in distributions of mean RTKE by a dis-
tinct narrow raised structure at mass-symmetry that per-
sists across E∗=24.5–43.5 MeV.

This structure could have been attributed to a compact
symmetric mode or a highly elongated asymmetric mode.
To extract the likelihood of each, we performed a two-
dimensional Gaussian fitting and data subsampling anal-
ysis. The most common result from 82.5% of the 2000
fits of sampled data resolved a compact symmetric mode,
whereas only 1.8% resolved a highly elongated asymmet-
ric mode near symmetry. These statistics indicate the pres-
ence of a compact symmetric mode in 220Ra fission. This
result joins a mounting set of evidence for a new fission
mode driven by this shell in pre-actinide nuclei. It is also
among the first pieces of evidence of bimodal symmetric
fission below 258Fm [20].

It remains to search for this mode across the Ra iso-
topic chain which may provide more evidence of its shell
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It remains to search for this mode across the Ra iso-
topic chain which may provide more evidence of its shell

origins. Neighbouring nuclei are being analysed to explore 
the bounds of this shell’s influence, p articularly i n con-
junction to the established StI and StII shell-driven modes 
(see Ref. [11]), though much more data is required to es-
tablish this mode as strongly as the standard fission modes.
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