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in fragments around ZSZr, the system does not fission mass-symmetrically. Several theoretical approaches
have been used to explain this unexpected result.
To investigate the underlying mechanism, systematic measurements of fission mass distributions for
isotopes of Os, Pt, Hg and Pb, formed in fusion reactions with p, 12C, 325, 40-48Ca projectiles, have been
made for excitation energies above the fission saddle-point (E};) between 2.8 and 28.2 MeV. Evidence
for mass-asymmetric fission is widespread, manifested as flat topped mass distributions or significant
deviations from a single Gaussian shape. The systematic trends seen cannot be attributed to quasifission.
Comparing two-Gaussian fits at a wide range of E*, it is concluded that the fit centroids reflect the low
energy character of mass-asymmetric fission in the sub-lead region.
Quantitative comparisons were made with microscopic calculations by Scamps and Simenel (2019)
[33] of fission mass-asymmetries attributed to the influence of shell gaps in both neutrons (N=52,
56 for compact octuple deformations) and protons (Z=34 and Z=42, 44, 46 with large quadrupole
deformations). For the predominant fission mode in the calculations, having one elongated and one
compact fragment, the results are in extremely good agreement with all experimental values. This
provides strong support for both the calculations, and the exploration of mass-asymmetric fission
systematics through heavy ion fusion reactions. The total kinetic energy distributions for 76Pt and 80Pt
do not show any evidence of a low TKE mass-symmetric fission mode, as had been reported for '78Pt by
Tsekhanovich et al. (2019) [39].
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Nuclear fission is a large scale collective rearrangement of a mi-
croscopic system which involves a subtle interplay of collective and
single particle effects. Though fission was discovered [1,2] more
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than eighty years ago, there are many fundamental questions that
are not yet fully understood [3]. Apart from its significance as a
fundamental nuclear phenomenon, fission is important in the as-
trophysical r process [4,5], the creation of heavy [6] and medium
heavy [7] nuclei, the creation of nuclei far from stability [8], in
power production and in the synthesis of radio-isotopes — all these
demand a clear understanding of the fission process.

One of the key characteristics of fission is the fragment mass
distribution. In the spontaneous and low energy fission of actinide
nuclei, the fragment mass division was observed to be asymmetric
at the time of discovery, unlike the symmetric mass splits pre-
dicted by the liquid drop model [9,10]. An early proposed explana-
tion [10-12] was the extra binding energy of fragments with com-
pletely filled spherical proton and neutron shells at Z=50, N=82
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Fig. 1. Fission mass-ratio (M) distributions for different nuclei at selected excitation energies E" (see text). In each panel (in brackets) the E’, E%; (in MeV), the factor scaling
the experimental counts, and the single Gaussian fit standard deviation are given. The single Gaussian (dotted blue curve) and two-Gaussian fits (red curve) are shown for

each system, with the green dashed curves being the two Gaussian components.

[13]. Further data indicated that fragment yields might be corre-
lated with the deformed neutron shell gap around N=88 [14,15].
Later, a systematic investigation [16] of the charge division in ac-
tinide fission suggested that the Z of the heavy fragment (with
peak yield around Z=54) is the driver of the dominant mass-
asymmetric fission of actinide nuclei. Recently, it has been pro-
posed that this may result from the extra stability of octupole de-
formations [17] of fragments with Z=52, 56. A transition to mass-
symmetric fission is observed with increasing compound nucleus
(CN) excitation energy (E*), due to the expected damping of shell
effects. A transition to a mass-symmetric peak is also seen with
decreasing mass (A) or charge (Z) of the fissioning nucleus below
Th [16,18]. For A<220, the fragment mass division was considered
to be generally dominated by mass-symmetric fission [19-21].

The discovery that the low energy (S-delayed) fission of 18°Hg
is markedly mass-asymmetric [22-25] triggered renewed interest
in the fission of pre-lead nuclei. The masses were observed to
peak at 80(1) and 100(1) u, indicating that spherical shell gaps
in fragments around °°Zr do not result in symmetric fission be-
ing dominant. Calculations based on a macroscopic-microscopic
picture [22,26,27] showed that the features of the potential en-
ergy surface in the Mercury region are significantly different to
those of the actinide nuclei. It was thus suggested that the mech-
anism of fission in the actinide and Hg regions are different in
nature [26,27]. Shell effects in the pre-scission configuration [28],
in particular quadrupole deformed neutron shells in the fragments
[29-31], and the coupling between the neutron orbitals of the
types [40A2] and [51AQ] in the fissioning system [32] were also
proposed as explanations.

Most recently microscopic mean-field calculations based on the
Hartree-Fock approach with BCS pairing correlations [33] led to the
proposal that octupole deformed shell gaps in the fragments may
play a significant role in the fission mass-splits of sub-lead nuclei,
as had also been proposed in the fission of actinide nuclei [17]. It
was also shown that proton shell gaps appear for large quadrupole
deformations at Z = 34, and at Z = 42, 44, 46, which may also
play an important role [34].

In this Letter, we present extensive new measurements of fis-
sion mass distributions for 14 nuclei lighter than 2°8Pb. The results

suggest that proton numbers in the fragments indeed play a major
role in the mass-asymmetric fission in sub-lead nuclei.

The experiments were performed at the Heavy lon Accelera-
tor Facility of the Australian National University. Pulsed heavy ion
beams of 40-48Ca, 325, and '2C with a pulse separation of 107 ns
and FWHM of 0.7-1.5 ns were used. Fusion-fission mass distribu-
tions for isotopes of Osmium (1760s), Platinum (176:180-186pg) Mer-
cury (182184,192,196,198 gy and Lead (184192:202pp) were measured,
typically at three beam energies for each reaction. The effective
fission excitation energy above the angular momentum dependent
fission barrier is defined as Efy =E* — By (¢) — Eot(¢) — Epre Where
Bf(¢) is the angular momentum dependent fission barrier, Ero(£)
is the rotational energy and Eje is the energy removed by the pre-
fission particle emission (see supplemental material). This ranged
between 12.5 and 28.2 MeV. The mass distribution was also mea-
sured for fission of 22%Ra populated at E* = 31.2 MeV using the
12¢ 4 208pp reaction. Expected to be mass-symmetric [16], this
serves as a benchmark for comparison with lighter systems. Fis-
sion of 2%°Pb was measured for the p + 2°°TI reaction, at Ej ~
2.8 MeV, where the effect of shell gaps on the mass distribution
would be expected to be very strong.

Fission fragments were detected using large area multi-wire
proportional counters (MWPCs) [35]. Additional details of the mea-
surement and analysis procedures [35,36] are described in the
supplemental material. Analysis using the kinematic coincidence
method provides the ratio of the mass of one fragment to the total
mass at scission (Mg). The experimental My distributions were de-
termined typically within an angular range 90° < 6., < 135°, with
constant acceptance in azimuthal angle within that range.

These distributions are shown in Fig. 1(a)-Fig. 1(n). The dis-
tributions are not mirrored around mass-symmetry, so represent
the raw Mg spectra. For each measurement, values are shown (in
brackets) of the CN excitation energy E*, EX, the scaling factor
multiplying the experimental counts when plotting the yields, and
the oyg values of single Gaussian fits (dotted blue curves) to each
Mgy distribution.

The fission mass distribution for the heaviest nucleus *2°Ra
(Fig. 1(e)) shows a peak at symmetry consistent with a single
Gaussian shape, as expected. As the fissioning systems become
lighter and more neutron deficient, there is a systematic transition
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Fig. 2. oy of single Gaussian fits to the measured My distributions of the isotopes of Pt (panel a), Hg (panel b) and Pb (panel c) as a function of E*. At similar E*, the lighter
isotopes show larger oy values. Panel (d) shows the heavy fragment peak positions from two-Gaussian fits as a function of E* for 92Hg and '98Hg, from the present work
and from Ref. [19]. Two-Gaussian fits to GEF [3] calculations for the same nuclides are shown by dashed curves. The pale green region represents the systematic uncertainty
band conservatively assigned to experimental Mg centroids to account for their possible dependence on E*.

to wider flat-topped distributions. These results are in qualitative
agreement with previous heavy ion induced fission data for '82Hg,
195Hg [37], 180-190Hg [38], and 178Pt [39]. As well as the heavy ion
induced fission, mass-ratio distributions from proton-induced fis-
sion of 206pb (this work) and '98Hg [19] are shown in Fig. 1(d)
and (o). These reactions populate the CN with a E%; value lower
than 10 MeV, where the mass-asymmetric structure is more pro-
nounced than at the higher E¥; of the heavy ion induced reactions.

To investigate the systematic nature of the fission mass distri-
butions, the first step in the analysis was to determine the overall
mass-width as a function of CN atomic number, mass number
and excitation energy, through fitting the distributions by a single
Gaussian function. The Gaussian standard deviations opg are plot-
ted in Fig. 2(a)-(c) for the isotopes of Pt, Hg, and Pb respectively,
as a function of excitation energy of the CN. Within experimental
uncertainty, the widths increase with excitation energy as would
be expected [19,20]. Widths from previous measurements are also
shown (where tabulated) [37,40]. The current results are in good
agreement. Furthermore, for each element, the widths show a sys-
tematic increase with decreasing neutron number. The dependence
on E* makes quantitative comparisons difficult, given the broad
range of measurements. A different approach to investigate the
systematics has been taken, as described below.

With heavy ion projectiles ranging from C to Ca, the possible
role of quasifission [41,42] in these trends must be considered
[37,43]. As in previous measurements for the 40Ca+!42Nd reac-
tion [37], no mass-angle correlation in the mass-symmetric region
was found (see Supplemental Material), indicating that fast quasi-
fission does not contribute significantly. Evidence for very mass-
asymmetric quasifission had been found [40] for the 48Ca+1>4Sm
reaction, but it was concluded that for more mass-symmetric
splits, fusion-fission is dominant. As seen in Fig. 2(c) the current
widths are in excellent agreement with those tabulated in ref. [40].
It is clear from Fig. 1 and Fig. 2 that this reaction gives the small-
est oy value of all the sub-Pb measurements. This is the opposite
of expectations if the distribution was determined by incomplete
mass equilibration as found for fast quasifission. If there were a
component of slow quasifission [44] in the mass-symmetric region,
it would be expected to result from trajectories reaching close to or
inside the unconditional saddle point [45]. Slow quasifission might
thus be expected to experience the same shell structure as fusion-
fission whilst moving to scission, and show its influence in the
mass spectrum, as found for example in S+Pb reactions [46]. It
is concluded that quasifission does not interfere significantly with
the observed trends seen in these mass-split distributions.

The single Gaussian fits in general give a poor representation
of the Mg spectra. This is particularly evident for the low E}; pro-

ton induced fission spectrum for 2°6Pb (Fig. 1(d)), which shows
a marked dip in yield at mass-symmetry. This spectrum can be
very well represented by two Gaussians with equal heights and
widths, having equal but opposite offsets (XAMpg) from Mg = 0.5.
The total fit and components are shown by full red and dashed
green curves respectively. These mass-asymmetric peaks will result
from structure in the potential energy surface resulting from shell
effects. With increasing E*, shell structure is expected to be atten-
uated. Nevertheless, in the sub-Pb region fission mass distributions
for E* as high as 70.5 MeV [38] have been well-reproduced by the
sum of two mass-asymmetric Gaussian peaks: for '80-182Hg they
were consistent with the peak positions seen at low E* for 189Hg
in B-delayed fission [37,38].

The results of two-Gaussian fits to the present data are shown
in Fig. 1 by the red curves, which represent all the distributions
very well. Compared to the single Gaussian fits, in many cases the
improved fit quality is very clear. In others, the difference is less
obvious, being similar to the size of the statistical error bar on
an individual data point. It is well-known that a single Gaussian
distribution can be well-represented by two Gaussians, but the ad-
ditional degree of freedom compared to a single Gaussian should
permit a better fit. It was thus crucial to carefully determine the
statistical uncertainty in the deduced centroids. To do this the to-
tal x2 as a function of AM; was evaluated, with the Gaussian
common widths and heights unconstrained. Examples are shown
in Fig. 2 of the Supplemental Material. The lowest value of x2
gives the optimum value of AMpg, and the statistical uncertainty
comes from the higher and lower values of AM; where x? ex-
ceeds the minimum value by one. The extracted values of AMpg
in general have very high statistical significance, with typical val-
ues of AMy = 0.045+0.001. For the benchmark 22%Rn fission, the
fit gave AMg = 0.00040.013, a result favouring a single Gaussian
peak.

A further critical question must be answered before interpret-
ing the two-Gaussian fit centroids in terms of the underlying
physics. Do these mass centroids from heavy-ion fusion-fission
mass distributions correspond to the positions of the underlying
mass-asymmetric valleys in the potential energy surface? Two ap-
proaches have been taken to address this question.

The first is from the information carried by the experimental
data alone. Existing evidence from fits to the flat-topped distribu-
tions for light Hg isotopes [37,38] are here extended to fission of
more neutron-rich Hg isotopes, where the signature of asymmetric
fission in the distributions is weaker. The peak positions in Mg of
the heavy fragment Gaussian as a function of E* are presented in
Fig. 2(d), for fission of 19%-198Hg following the 12C + 180.186\y and
p + ¥7Au [19] fusion reactions. The heavy-ion reaction centroids
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Fig. 3. Panel (a) shows light (squares) and heavy (circles) fragment Zq as a function of Zcy, whilst (b) and (c) respectively show fragment Npeqr and Zpeq, as a function of
Ncn. The dashed green lines show the expectations for symmetric fission. Zpeq, values in (a) correlate with expected proton shell gaps (pink bands) at Z=34 (light fragments),
and 42, 44 and 46 (heavy fragments). The crosses show the predictions of Scamps et al. [33,34] for the same systems (+2 neutrons), for the elongated-compact (e-c) fission
mode. These predictions agree very well with the experimental values. Npeq values in (b) show a uniform distribution with N¢y. The calculated results [33,34] for two fission
modes, having either elongated and compact fragments (e-c) or two elongated fragments (e-e), are shown by blue and red crosses respectively (see text). Most systems have
a light or heavy fragment in the region of octupole deformed neutron shell gaps at N=52, 56 (blue bands). In (c) fission of different isotopes of Hg match closely with the

calculated values for the elongated-compact fission mode.

are almost independent of E*, and for 19Hg they agree very well
with the peak position at the lowest E* from proton-induced fis-
sion. This indicates empirically that the Gaussian fits to the higher
E* distributions carry equivalent information as at low E*.

The second approach made use of model calculations with GEF
[47,3], as a function of E* for 2Hg and !98Hg. These predict
increasingly pronounced mass-asymmetric features as E* is de-
creased. The two-Gaussian fits to the GEF calculated mass distri-
butions return centroids that change very little with E*, remaining
close to the centroids of the well-defined mass-asymmetric peaks
at low E*, as shown by the dashed lines in Fig. 2(d). These ob-
servations of the stability of the two-Gaussian fit peak positions
provide a platform to extract quantitative information from the
mass distributions, and compare results from different reactions
and excitation energies in a way that cannot be achieved with the
widths of single Gaussian fits.

In the subsequent analysis of the extracted mass-asymmetric
peak centroids we have conservatively added in quadrature with
the purely statistical uncertainty in AMg a systematic uncertainty
of +0.004, indicated in Fig. 2(d) by the pale green band. This ac-
counts for the possible slow dependence of the centroids on E*,
since the experimental Mg spectra for the different nuclides cover
a range of E*.

Concluding that the empirical two-Gaussian fit centroids are re-
lated to the positions of the mass-asymmetric fission valleys, the
optimum experimental conditions to determine the centroids must
be chosen. The increased sensitivity of the mass distributions to
shell structure at the lowest E* has to be balanced against the re-
duction in statistics arising from exponentially falling fission cross
sections with reducing beam energy. A compromise between these
two considerations was made in selecting the excitation energies
of the data shown in Fig. 1 and used in the subsequent inves-
tigation of systematic behaviour of the mass-asymmetric fission
characteristics.

To relate the positions of the extracted peaks in Mg to shell
structure, their positions must be converted to the fission fragment
proton and neutron numbers at scission. Two standard assump-
tions were made, that the mass at scission is that of the CN, and
that the N/Z ratios of the fragment are those of the CN. Thus for
a Gaussian peak centroid at Mg, the corresponding fragment peak
positions in Z and N are Zpeqr = Mp x Zcy and Npegk = Mg x
Ncn.

The extracted values of Zpegr and Npeqr are shown as a function
of Zcy and Ny in Fig. 3(a) and Fig. 3(b), (c), respectively. The val-
ues are also tabulated in the supplemental material. The effect of

pre-fission neutron emission is small as described in the supple-
mental material.

The experimental values of Zp.q shown as a function of Zcy
in Fig. 3(a) deviate significantly from the expectation for mass-
symmetric division (shown by the dashed line) except for 220Ra.
For all systems, including 22°Ra, the peaks are in the regions
34<Zpeq<38 andfor 42<Zpeq<46. Microscopic model calcula-
tions in the sub-Pb region [33] found proton shell gaps (expected
to result in valleys in the potential energy surface) at Z=34 and 42,
44, 46, indicated by the pink bands. These gaps are found at large
quadrupole deformations (8, = 0.6 to 1.0), which may be consis-
tent with fragment deformations near scission. The experimental
data seem to be correlated with one or both of these shell gaps.
The calculated [33] most likely asymmetric fission masses for the
measured systems (£2 neutrons) are shown by crosses. The agree-
ment is excellent.

Where shell gaps in both fragments are present for the same
mass or charge split, it is likely that the effect on the mass distri-
bution will be stronger than when present in only one fragment.
Because of the parabolic dependence of the liquid drop potential
energy on mass or charge ratio, shell gaps nearer to symmetric
splits will have more effect than those further away. For these rea-
sons, it may be that for Os (Z¢cy = 76), the shell gap at Z=34 plays
a large role, being quite close to mass-symmetry. As Zcy increases,
the Z=34 gap moves further away, whilst the Z=42, 44, 46 gaps
move closer to symmetry, and so should have the stronger effect
on the mass distribution. Finally, by Zcy = 88, these gaps may
reinforce the liquid drop potential, strongly favouring symmetric
fission.

Ref. [33] highlights the importance of neutron shell gaps at
more compact octupole deformations around N = 52 and 56 (blue
bands in Fig. 3(b)). The extracted experimental values of Npeq as
a function of Ncy are shown. In contrast to Zpeqr, the Npjeqr val-
ues are smoothly distributed as a function of N¢py, showing no
apparent bunching, or avoidance, in any particular range of Npeq.
However, the calculated Npeq values (blue crosses) are in extraor-
dinarily good agreement above Ncy =102. Below this value they
are constant at N=56, but unfortunately experiment does not ex-
tend to low enough N¢y values to really test this behaviour. The
blue crosses all correspond to one elongated fragment with large
quadrupole deformation, the other having a more compact oc-
tupole shape [34]. There is a group of points (red crosses) in the
middle of the Ncy range that lie at larger asymmetries. These cor-
respond to a calculated second fission mode having both fragments
with large quadrupole deformation. Although the data cannot re-
solve modes closely spaced in mass, the agreement of the exper-
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Fig. 4. Panels (a,b) show mass-ratio vs TKE for fission of 7Pt and '8°Pt. The counts
scale is on the right. The black curves show the expectations based on Viola fission
TKE systematics (see text). The fission TKE distributions are shown in (c,d), with
Gaussian fits in red emphasising the absence of a strong low TKE tail previously
reported [39] for 178pt.

imental (average) asymmetry with the quadrupole-octupole mode
suggests that the calculated elongated-elongated mode has a sig-
nificantly lower probability.

To further probe the role of neutrons, Zpeq is shown as a
function of N¢y in Fig. 3(c) for isotopes of Hg. Experimentally
there is a weak dependence of Zp.qx on neutron number, with the
mass-asymmetry consistently reducing as N¢y increases. Similar
behaviour is seen for Pt and Pb isotopes. This trend agrees very
well with the calculations for the elongated-compact mode in Hg
isotopes (blue crosses). Future fission measurements determining
both Z and N of the fragments [18] would give further insights into
the relative influence of different shell gaps on mass-asymmetric
fission in this mass region.

The mass distribution is one of the key fission observables. An-
other is the total kinetic energy (TKE) of the fission fragments,
which is related to the elongation of the system at scission. Mea-
surements [38] in the sub-Pb region have found the TKE to be
slightly lower than expectations based on the Viola systemat-
ics [48] that parameterises a wide range of measured mean TKEs
spanning the chart of the nuclides. However, a recent measure-
ment for 35Ar 4+ '2Nd forming 7Pt found a remarkable re-
sult [39]. As well a flat-topped mass distribution with mean TKE
consistent with previous measurements in this region, a mass-
symmetric mode with low TKE also was seen in the experiment.
This was attributed to a very elongated scission configuration, and
taken as evidence for multimodal fission in the sub-Pb mass re-
gion [39].

In this work, we have not studied 178Pt, but have made mea-
surements for 176Pt and 80Pt vig the 32S + 144148Sm fusion
reactions. As well as the mass-ratios, the TKE was determined
event-by-event using the same kinematic coincidence method as
Ref. [39]. Mg vs. TKE spectra are shown for the range 0.25 <
Mg < 0.75 in Fig. 4 for these two systems. The curved lines rep-
resent the expected dependence of TKE on Mg, based on the Viola
systematics [49]. No evidence for a mass-symmetric low TKE fis-
sion mode is seen. The TKE distributions for all fission events are
shown in Fig. 4(c), (d). These are essentially symmetric, each well-
represented by a single Gaussian distribution (red curves), with
no detectable low TKE component, unlike the 30% contribution
seen [39] for 178pt.

Detector system resolution effects could not cause the elimina-
tion of such a strong group of events seen for 178Pt. It is concluded
that this difference must be attributed to the different compound
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nucleus, the different projectile or the different target. The physics
underlying this difference is currently not known. It would be valu-
able to form the same '8Pt compound nucleus by another reaction
to investigate whether this is an extremely localised phenomenon.
It would also be of interest to see whether theoretical calcula-
tions [39] might predict different behaviour for the neighbouring
176pt and 189Pt nuclei.

In summary, fission mass distributions of 14 nuclides between
17605 and 2%Pb, formed in a range of fusion reactions, have all
been found to show strong evidence of mass-asymmetric fission.
For a wide range of excitation energy (33 MeV < E* < 54 MeV for
198Hg, refer Fig. 2(d)) the mass centroids from two-Gaussian fits do
not change, indicating that they reflect the position of shell struc-
ture in the fission potential energy surface. The deduced proton
centroids Zpeqr correspond closely to calculated [33] proton shell
gaps for large quadrupole deformations at Z=34 and Z=42, 44,
46. The deduced neutron centroids Njeq, are uniformly distributed,
with no obvious signature of the octupole deformed neutron shell
gaps at N=52, 56 [33]. Nevertheless the calculated values of both
Zpeak and Npeg, (for the predominant calculated fission mode with
elongated quadrupole and compact octupole fragment deforma-
tions) are in extremely good agreement with all experimental val-
ues, providing strong support for both the calculations, and for the
exploration of mass-asymmetric fission systematics through heavy
ion fusion reactions. The unexpected low TKE mass-symmetric fis-
sion mode reported [39] for fission of 178Pt has not been observed
in the current measurements for 176Pt and 189Pt. Along these lines,
the recent work reported by Mahata et al., [50] must be men-
tioned. Comparing experimental and theoretical results, they con-
cluded that proton shells are dominant in determining the fission
mass distributions of neutron-deficient nuclei around lead. Further
experimental and theoretical investigation is called for.
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