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ARTICLE INFO ABSTRACT

The observation of mass-asymmetric fission in neutron-deficient 8°Hg dramatically expanded the region
of mass-asymmetric fission found across the nuclide chart, and has led to intense experimental and
theoretical investigations into the fission of sub-lead nuclei. In particular, two major questions have been
raised: how many fission modes are present in the fission of sub-lead nuclides, and which shells dictate
these modes?
Notably, investigations of the fission modes of 8Pt have led to contrasting results. To solve this disparity,
new high-statistics data have been measured at the lowest excitation energy to-date using the CUBE
fission spectrometer at The Australian National University. A new fitting procedure was developed to fit
the high-statistics two-dimensional mass-kinetic energy distribution without external constraints.
The fission of 178Pt can best be described by three fission modes: one mass-symmetric and two mass-
asymmetric. Comparisons to previous analyses highlight the necessity of fitting the two-dimensional
mass-kinetic energy distribution, rather than fitting slices of individual one-dimensional projections
of the full distribution. Systematic studies of high-statistics measurements, combined with a rigorous
statistical analysis offer the best chance to determine the shell effects responsible for multi-modal mass-
asymmetric fission in this region of the nuclide chart.
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1. Introduction

Nuclear fission, the division of a single nucleus into two frag-
ments, is one of the least understood fundamental processes in
nuclear physics. Whilst the macroscopic liquid drop model (LDM)
provided the first explanation of nuclear fission in 1939 [1,2], a
complete and unified understanding has not yet been achieved [3-
5]. The LDM predicts only mass-symmetric fission of heavy nuclei,
so the strongly mass-asymmetric fission of actinide nuclei requires
inclusion of nuclear structure effects to explain its origin [6]. Ini-
tially, the observation of mass-asymmetric fission in the actinides
was attributed to the influence of spherical proton and neutron
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shells in the nascent fragments [6,7]. However, a systematic exper-
imental study performed in 2000 by Schmidt et al. that measured
fragment charge distributions highlighted that proton shell effects
appeared to be dominant in actinide fission [8]. A subsequent anal-
ysis performed by Bocksteigel et al., using the concept of inde-
pendent fission channels, found the “standard I” and “standard II”
modes to be centred at Z = 52.5 and 55 respectively [9]. Recent
theoretical calculations have proposed that octupole deformations
of fission fragments with Z = 52, 56 may be responsible for these
two major mass-asymmetric fission modes of actinide nuclei [10].

Fission of nuclei lighter than the actinides had generally been
believed to be predominantly mass-symmetric, in accordance with
liquid drop model expectations. This picture changed follow-
ing a challenging measurement of S-delayed fission, populating
neutron-deficient 8Hg at low-excitation energy Ex [11]. The mass
yield was consistent with a single mass-asymmetric mode [11].
It was subsequently demonstrated through heavy-ion fusion reac-
tions that the mass-asymmetric fission of '8°Hg persists to much
higher excitation energy [12,13]. This opened up wide experimen-
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tal opportunities to investigate sub-lead fission using heavy-ion
fusion [14-20]. Combined with theoretical predictions [21-25], a
new perspective on nuclear fission is emerging.

Two key experimental and theoretical questions have arisen:
how many fission modes are present in this mass region and
what is the underlying physics responsible for these different
modes? Modern experimental results from proton-bombardment
reactions [26] and heavy-ion fusion reactions [15-17] have indi-
cated the presence of at least one mass-symmetric and one mass-
asymmetric fission mode in the sub-lead region. Recent investiga-
tions of the fission of neutron-deficient 178Pt, however, disagree
on the number of fission modes. Tsekhanovich et al. [15] pro-
posed two distinct fission modes, one very low total kinetic energy
(TKE) symmetric mode and one mass-asymmetric mode. Kozulin et
al. [16] interpreted the fission of 178Pt as a superposition of three
asymmetric and one symmetric fission modes. Both investigations
derive their interpretations from the analysis of discrete subsets
(slices) of their measured data, either in fission fragment mass [16]
or in the total kinetic energy spectrum [15], and integrate these
results afterwards to form a whole picture of the reaction. This
procedure creates a dependence of the final result on the subsets
that are used, and due to low statistics in the measurements, has
relied on systematics to constrain parameters [16].

To solve this disparity and determine independently the num-
ber and characteristics of the fission modes present in 78Pt we
have developed a new statistical fitting procedure that fits the
full two-dimensional mass-kinetic energy distribution without ex-
ternal constraints or assumptions. This is combined with a new
high-statistics, large-angular-coverage measurement of the fission
of 178Pt at an excitation energy (Exy = 37.7 MeV) lower than pre-
viously obtained.

2. Experiment

A beam of 146 MeV 34S ions were delivered by the 14UD tan-
dem accelerator at the Australian National University Heavy Ion
Accelerator Facility. The beam impinged onto a '*4Sm,03 target,
(96% isotopically enriched) with 86 pgcm—2 of Sm, sputtered onto
a 36 pgem—2 MIC backing which faced downstream to minimise
energy loss of the fission fragments. Fission fragments were de-
tected using the CUBE fission spectrometer, using three position
sensitive multi-wire proportional counters (MWPCs), configured as
shown in Ref. [27]. The kinematic coincidence method [28,29] was
used to determine the mass ratio of the fission fragments, de-
fined by Mr =m,/(m; +m,) where m, , represent the masses of
the two fission fragments at scission. Edergy-loss corrections were
applied iteratively event-by-event. In total, 175000 fission events
were measured within an angular range 15° < 0c.m. < 165°.

The measured mass-angle distribution (MAD) [29] is presented
in Fig. 1, highlighting the large angular coverage of the CUBE fis-
sion spectrometer. There is no systematic change in mean frag-
ment mass across the entire angular range, indicating no evidence
for fast quasifission [29]. In the analysis, we first explore the in-
formation carried in the Mg distributions alone, before extend-
ing the analysis to the mass-TKE distribution. To avoid any bias-
ing due to the detector angular acceptance, the fission fragment
My distribution is obtained from the projection of the MAD from
90° < 6cm. < 160° as shown by the black gate in Fig. 1. Thus,
the Mg distribution is not mirrored about symmetry and there-
fore mass-asymmetric structure cannot be generated (or obscured)
due to mis-calibration of the symmetry point. In addition, by using
the directly measured mass-ratio instead of converting to atomic
mass number, assumptions about pre-scission emission need not
be made.
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Fig. 1. The measured mass-angle distribution of the reaction 34S + #4Sm at centre-
of-mass energy Ecm. = 117.6 MeV. The intense regions around Mg = 0.2 and 0.8
are elastically scattered projectile and target nuclei, respectively. The fission events
show no indication of a mass-angle correlation meaning there is no fast quasifission
observed in this reaction. The black rectangular gate between 90° < 6., < 160°
is used for the projection of the fission fragment My distribution to avoid any
angular biasing. The dashed purple-black rectangular gate is used for the two-
dimensional fitting (see text).

3. Results

The extracted My distribution is presented in Fig. 2(a) (and
repeated in Fig. 2(b)-Fig. 2(d)). It shows a strong two-peaked struc-
ture indicating that at least one mass-asymmetric fission mode
must be present. To investigate whether there is only one or mul-
tiple asymmetric modes, the spectrum was fitted with multiple
Gaussian functions. The asymmetric fission modes were defined
as two identical Gaussians equidistant from the point of symme-
try, whilst the symmetric fission mode (when included) was de-
fined as a single Gaussian centred at the point of symmetry. As
the mass distributions are not mirrored the symmetry point was
included as a fitting parameter to account for small calibration
offsets that may shift the mass distribution (typically less than
0.003 in Mpg). For all fits, no parameters were fixed in the fit-
ting routine, meaning no assumptions were made on the nature
of the individual Gaussian components. The fit range was selected
by investigating the My distribution in log-scale (Fig. 2(e)-(h))
to determine when the presence of projectile-like and target-like
elastic contamination occurs, as shown by the filled points in
Fig. 2(e)-Fig. 2(h). This allowed the widest fitting range to be de-
termined, 0.28 < Mgr < 0.70.

Both the two- and three-Gaussian fits to the data, shown re-
spectively in Fig. 2(a) and Fig. 2(b), fail to reproduce the structure
observed in the measured distribution; confirmed by the large x?2
per degree of freedom, sz_ values and clear structure in their
residuals in Fig. 2(i) and Fig. 2(j), respectively. In contrast, the four-
Gaussian fit does match the data well as seen in Fig. 2(c) and
Fig. 2(g), with no obvious structure seen in the residuals (Fig. 2(k))
and a much-improved x2 value. The five-Gaussian fit is also a
good representation of the data (Fig. 2(d), Fig. 2(h)), with residual
structure (Fig. 2(1)) and Xf similar to the four-Gaussian fit. Higher
order Gaussian fits were also performed in the analysis. Both six-
and seven-Gaussian fits have higher x2 and result in one “mass-
asymmetric” mode moving to symmetry, effectively producing a
five-Gaussian fit. Therefore we conclude that there is no statisti-
cal justification for a higher number of Gaussian modes to fit the
mass distribution of 178Ppt.

From the mass distribution alone we cannot distinguish be-
tween the viability of the four- and five-Gaussian fits, and therefore
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Fig. 2. Panels (a)-(d) show the measured fission fragment Mg distribution (hollow points) of '78Pt at an excitation energy Ex = 37.7 MeV with two-, three-, four-, and
five-Gaussian fits, respectively. The individual components of the total fit are also shown. Panels (e)-(h) show the measured My distribution and fits in log-scale. Regions
which are contaminated by projectile-like and target-like elastics may be easily seen on this scale, and are shown by the filled points. The fitting region, as shown by the
hollow points, is 0.28 < Mg < 0.70. The x?2 per degree of freedom sz is presented for each fit. Panels (i)-(1) present the residuals from the respective fits. There is a clear
and substantial improvement to the total fit with increasing number of Gaussians, with both four- and five-Gaussian fits being statistically similar.

cannot distinguish between two (four-Gaussian) or three (five-
Gaussian) fission modes, but it is clear that a minimum of two
asymmetric fission modes are required. Whilst statistically the
four- and five-Gaussian fits are similar, the underlying physical in-
terpretation is different. The four-Gaussian fit suggests the lack of
a symmetric fission component, which would be surprising at this
excitation energy.

To resolve the question of whether a mass-symmetric mode is
present, and to discriminate between the four- and five-Gaussian
representation, we investigate the total kinetic energy (TKE) of the
fission fragments. Different fission modes can have different TKE if
the fragment shapes at scission are different [4,33]. This additional
information may allow clearer separation of the fission modes, and
therefore clarify the most appropriate interpretation of the data.
As the TKE is proportional to the square of the velocities of the
two fission fragments, it is sensitive to any small differences in the
measured timing signals between the two different detector pairs.
For this reason, we only present TKE data from one detector pair,
specifically the two large-area MWPCs spanning a centre-of-mass
angle range 90° < 6.m,. < 140°. This gate is shown on the MAD
in Fig. 1 by the purple-dashed rectangle. This reduces the total
counts used in the fitting procedure to 96 000.

The two-dimensional MR-TKE plot is shown in Fig. 3(a) and
shows the expected correlation of TKE with Mg. This correlation
can be described by calculating the TKE through extension of the
Viola systematics [30,31]:

0.755Z;Z
—2201%2 4 7.3 MeV. (1)

(Al§ + A;)

The calculated TKEyjo, for our measurement is shown by the
black line in Fig. 3(a). To best extract information from both Mg
and TKE, however, removal of this strong dependence on TKE with
Mg is desirable. This can be achieved by determining the relative
total kinetic energy (RTKE) [32]:

TKE(M
RTKE = — REMR)_ 2)
TKEviota(MR)

In determining TKEyio1, (MR), it is assumed that the fission frag-

ments have the same N/Z ratio as that of the compound nucleus,
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Fig. 3. Panel (a) shows the measured mass ratio (Mg) vs. total kinetic energy (TKE)
of all fission fragments. The solid line shows the TKE from Viola Systematics [30,31].
Panel (b) shows the My vs the relative total kinetic energy (RTKE) [32] determined
from the Viola Systematics. Panel (c) shows the average RTKE ((RTKE)) as a function
of M. The noticeable dip at mass-symmetry in the (RTKE) indicates that a separate
mass-symmetric fission mode is likely to be required in a two-dimensional fit. The
dashed and solid lines correspond to the (RTKE) determined from the four- and
five-Gaussian two-dimensional fits respectively (see text).

following the unchanged-charge-density (UCD) assumption [6]. The
RTKE can be thought of as a proxy for the shape of the system at
scission. The Mg-RTKE plot is shown in Fig. 3(b).

The linearisation of TKE by generating RTKE has two bene-
fits. Firstly, the mean RTKE of a given mode is independent of Mg.
Secondly, the width of the RTKE distribution can be taken as in-
dependent of Mg. This comes from the expectation [16] that the
mass width for a given mode is proportional to TKE. Thus, each
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Fig. 4. Panel (a) presents Mg vs relative total kinetic energy (RTKE) (coloured histogram) with the two-dimensional five-Gaussian fit shown by the black and white contour
lines. Panel (b) shows the same Mg vs RTKE histogram as panel (a), but with the combined one-dimensional interpretations (see text) of Ref. [16] represented by the black
and white contours. Both sets of contour lines are set at the same levels across panels (a) and (b), which start at 20 and increment by 40 counts. The RTKE projection, with
the total fit (maroon line) and individual components of the fit (multiple colours) is presented in panel (c), along with the reconstructed interpretation of Ref. [16] (light blue
dashed-line). Panels (d) and (e) both present our Mg projection (hollow points) with our total fit and fit components shown in panel (d), and the scanned My distribution
from Ref. [16] is shown in panel (e) by the grey triangles, with their determined fit and components. Panel (f) shows the measured average RTKE ((RTKE)) as a function of
Mg, along with both the five-Gaussian fit and the reconstructed interpretation of Ref. [16].

fission mode can be represented by a two-dimensional Gaussian in
MR vs. RTKE. Consequently, the total Mgr-RTKE distribution can be
described by a sum of two-dimensional Gaussian functions. This
allows for simple two-dimensional fitting of the entire Mg-RTKE
distribution, rather than applying either mass or TKE cuts and fit-
ting slices of the distribution as previously used in fitting mass-TKE
distributions of 178Pt [15,16].

Both the four- and five-Gaussian two-dimensional fits were
performed over the ranges 0.28 < Mg < 0.70, as in the one-
dimensional fitting range, and 0.75 < RTKE < 1.25 to remove
the influence of any low-intensity background events at extreme
RTKE. The two-dimensional fitting procedure follows the same
constraints as discussed for the one-dimensional My fitting. The
five-Gaussian fit has x2 = 1.10, whilst the four-Gaussian fit has
%2 =1.15. In the two-dimensional distribution, it is difficult to
compare visually the ability of these two fits to reproduce the
data. This limitation can be overcome in this case by comparing
the average RTKE, (RTKE), for each bin in M. This is presented in
Fig. 3(c) and notably exhibits a sharp dip near mass-symmetry. The
four-Gaussian two-dimensional fit (green-dashed line) does not re-
produce this dip. In contrast the five-Gaussian fit (red line), which
includes a mass-symmetric mode with a lower (RTKE), reproduces
this feature. This is the clearest demonstration that the fission frag-
ment distribution of 178Pt is well described by the sum of three
fission modes; one mass-symmetric, and two mass-asymmetric.

The total two-dimensional five-Gaussian fit to the Mg-RTKE dis-
tribution is presented in Fig. 4(a) as black and white contours over-
laying the measured Mg-RTKE distribution. The projections and
decompositions of the two-dimensional fit into both RTKE and Mg
are shown in Fig. 4(c) and Fig. 4(d), respectively. Overall, the five-
Gaussian two-dimensional fit is a good representation of the data,
with strong agreement seen in both the My and RTKE distribu-
tions, and the contours in Fig. 4(a) matching well the shape of the
measured two-dimensional distribution.

As was mentioned previously, there have been multiple stud-
ies of the fission of '78Pt that have led to contrasting results.
Both Tsekhanovich et al. [15] and Kozulin et al. [16] in the in-
terpretations of their data applied gating of their measured two-

dimensional mass-TKE distributions into either different TKE re-
gions [15] or different mass regions [16]. Later investigations [14,
16] failed to see any evidence of the claimed [15] low-energy com-
ponent in the TKE distribution, which is also not seen in this work
(see Fig. 4(c)).

The interpretation [16] of 178Pt fission as having four fission
modes differs from the results of the present analysis. To investi-
gate this different conclusion, direct comparison between the cur-
rent Mg distribution and that from Ref. [16] is made in Fig. 4(e).
The latter data were scanned and converted from atomic mass
to Mg and scaled to match the height of the peaks of our data.
Overall, there is good agreement between the two data sets, espe-
cially near mass-symmetry, showing consistency between the two
measurements. Minor differences, such as the wider distribution
from Ref. [16], especially in the tails, may be due to the differ-
ence in excitation energy (Ex = 37.7 MeV for our measurement,
Ex = 42 MeV in Ref. [16]) and/or the larger error bars result-
ing from the lower statistics obtained in Ref. [16] (estimated total
of 1200 counts compared to 96000 used in the two-dimensional
fitting procedure in this work). The fit of Ref. [16] (scanned from
Fig. 3 of Ref. [16] and shown by the blue-dashed line in Fig. 4)
gives a reasonable description to the new high-statistics data also.
The difference in interpretation must therefore lie in the TKE.

To allow full comparisons between the interpretation of the
two-dimensional experimental results from this work and Ref. [16],
the full MR-RTKE distribution interpretation of the lowest energy
measurement at Ex = 42 MeV [16] was reconstructed. The re-
construction used the tabulated Gaussian parameters for the four
fission modes provided in Ref. [16] allowing generation of a mass-
RTKE distribution for comparison with the present experimental
results. Details on how this reconstruction was performed are
given in the Supplementary Material.

The reconstructed one-dimensional RTKE distribution from the
interpretation of Ref. [16] is presented in Fig. 4(c) by the blue-
dashed line. The RTKE distributions show a notable difference,
with our measured RTKE distribution (circles) being narrower and
more peaked. This difference is likely due to the interpretation of
Ref. [16] enforcing that their symmetric fission mode must have a
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TKE equivalent to TKEyjoa. This results in two narrow asymmetric
fission modes at similar Mg but with very different RTKE, widen-
ing the distribution and reducing the sharpness of the peak, as
discussed in more detail in the Supplementary Material. This sug-
gests that whilst the TKE spectra for different mass ranges were
well reproduced in Ref. [16], the total TKE distribution formed
from these subsets possesses structure not observed in our high-
statistics measurement.

This disagreement becomes much more apparent when look-
ing at the two-dimensional Mg-RTKE distribution (Fig. 4(b)). The
reconstructed four mode interpretation of Ref. [16] shares lit-
tle resemblance with the current measurement, having substan-
tially more structure. This is exemplified in the comparison of the
(RTKE) of the four mode interpretation [16] (blue-dashed line)
with our measured (RTKE) (hollow points) in Fig. 4(f), showing
significant disagreement. The assumption of many fission modes
with narrow mass and TKE distributions leads to much more struc-
ture in (RTKE) than is observed experimentally, and indicates that
although fitting slices of one-dimensional projections can lead to
good reconstruction of each slice, here it does not reproduce the
actual structure observed in the full two-dimensional distribu-
tion. This highlights the importance of fitting directly the two-
dimensional Mg-RTKE distribution to account for the experimen-
tally observed structure.

The disagreement between the current measurement and the
four mode interpretation of Ref. [16] raises an important ques-
tion as to the validity of assuming that the symmetric fission
mode will have a TKE equivalent to TKEyjo, as in Ref. [16]. If
fission in this mass region largely results from shell effects that
have different RTKE to the symmetric mode, it must be questioned
whether TKEyjo, actually represents the liquid-drop model sym-
metric mode. If TKEyio, represents the empirical average TKE, it
should correspond to the average of all fission modes that are
present.

Having determined that the fission of 178Pt is most appropri-
ately represented by three fission modes, we can investigate their
My and RTKE centroids. For the three fission modes determined
in this work, the Mg and RTKE centroids are tabulated in Table I
in the Supplementary Material. The mass-symmetric fission mode
has a lower RTKE (0.943 + 0.003) than the two mass-asymmetric
modes, which have comparable RTKE of 0.994 + 0.002 for the in-
ner mode and 1.008 £ 0.007 for the outer mode (uncertainties are
purely statistical). These results suggest that the symmetric mode
arises from a more elongated shape at scission than the two mass-
asymmetric modes, discussed below.

To interpret the mass centroids in terms of shell structure, the
MR centroids of the two mass-asymmetric peaks can be converted
to proton and neutron numbers following the UCD assumption [6],
taking the N/Z ratio of the fission fragments to be the same
as that of the 7Pt compound nucleus. The determined proton
numbers are 35.1 £ 0.1 and 42.9 + 0.1 for the inner mode, and
29.0 + 0.4 and 49.0 + 0.4 for the outer mode and are presented
in Fig. 5, whilst the neutron numbers are given in Table I in the
Supplementary Material.

A recent measurement of fission of 78Hg [18], formed in the
124Xe + >4Fe reaction, obtained the neutron-to-proton ratio (N/Z)
of individual fission fragments. A consistent deviation from the
UCD assumption was found for the light fragments. Given the
proximity of 8Pt and 78Hg, and the similar excitation energies
(37.7 and 34 MeV respectively), a similar deviation might be ex-
pected for 178Pt. Ref. [18] noted that “the deviation ... from UCD
... does not affect significantly the transformation of the mass axis
into the nuclear charge axis”. To quantify this, we made use of the
figures presented in Ref. [18], estimating a shift of < 0.5 to the
proton numbers of the fragments (lower for the light fragment, and
higher for the heavy fragment). This small shift does not modify

Physics Letters B 837 (2023) 137655

07 T T T T

T
Symmetric » Inner ¢ Outer m
0.65 50

m
0.6 U ‘|’ ]
145
055 - ¢ * ° [} o |
o
= 05+ 19~

045 - ¢ + ] ° e 35

04 P 130

[ |
0.35 1

2 3 4 5 5(@2D)
Number of Gaussians

Fig. 5. Determined My centroids from two-, three-, four-, and five-Gaussian one-
dimensional fits for the light (filled points) and heavy (hollow points) fission frag-
ments. The Mg centroids determined from the five-Gaussian two-dimensional fit
are also presented. Corresponding proton numbers Z, for each centroid are also
shown on the right, determined using the UCD assumption (see text). Expected
quadrupole deformed shell gaps at Z = 34, 36 for the light fragments (solid points)
and Z = 42,44 for the heavy fragments (hollow points) are shown by the pink
bands. Spherical proton shell gaps at Z = 28,50 are highlighted by the pale blue
bands.

our final conclusions, so to avoid introducing additional uncertain-
ties, we have continued to use the UCD assumption. This issue is
discussed in more detail in the Supplementary Material.

Focussing initially on the inner mass-asymmetric mode, the
proton and neutron numbers are similar to those previously found
experimentally [14,19] for 178Pt. In addition, they are similar to
those predicted by microscopic calculations from the work of
Scamps and Simenel [21]. Scamps and Simenel attribute mass-
asymmetric fission to the influence of an octupole deformed shell
gap at N = 56, as well as noting the possible influence of proton
and neutron shell gaps arising from large quadrupole shell gaps at
Z = 34,44 and N = 44,46 that would be present in an elon-
gated fragment [21]. These calculations have shown strong agree-
ment with systematic measurements in the sub-lead region [14],
as well as the current results. However, they predict only one
mass-asymmetric fission mode for 7Pt and do not account for the
observed outer mass-asymmetric mode. It is worth noting that the
calculations from Ref. [21] have the ability to predict two mass-
asymmetric modes of fission, as found for 190:192.194Hg

The outer mass-asymmetric fission mode is situated close to
both the Z = 28 and Z = 50 spherical closed shells. However,
experimentally the RTKE of this mode is similar to that of the in-
ner mass-asymmetric mode, which is attributed to deformed shell
gaps. This would suggest that if the closed shells do in fact play a
role in this outer asymmetric mode, both cannot contribute to this
mode, otherwise the RTKE would be expected to be far larger due
to the combination of two compact fission fragments (as seen in
the fission of fermium isotopes [34]). If only one of the spherical
shells were influencing this mode, the complementary fragment
would be required to have a very large elongation.

It is important to note the stability of the inner-asymmetric
mode centroid as the number of Gaussians used to fit the distri-
bution is increased. The deduced Mg centroids from each fit are
presented in Fig. 5. It is clear that the inner asymmetric mode
remains consistent across the different fits. The inner mode cen-
troid is also in good agreement with lower-statistics measure-
ments in this mass region [14,16,19,20]. This indicates that the
presence and location of this mode can be well determined in
lower-statistics measurements as long as the excitation energy is
sufficiently low to allow structure to be seen in the mass distribu-
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tion [12,13,16,18,26]. However, to unambiguously show the pres-
ence of a second, weaker mass-asymmetric mode, at larger mass-
asymmetry, it is clear that high-statistics measurements, such as
the one presented in this Letter, are necessary.

4. Conclusions

In this Letter, we have presented a high-statistics, wide-angular
coverage measurement of the fission of 18Pt at an excitation en-
ergy (Ex = 37.7 MeV) 4 MeV lower than previous measure-
ments [15,16]. We have combined high statistics data with a new
rigorous statistical analysis procedure. This shows, without as-
sumption or fixing of any fitting parameters, that the fission distri-
bution of 178Pt can be represented by three distinct fission modes,
one mass-symmetric and two mass-asymmetric. Comparison with
previous approaches shows the necessity of two-dimensional fit-
ting of mass and kinetic energy (either total or relative) to prop-
erly interpret the measured distributions. The mass-symmetric fis-
sion mode is determined to have a substantially lower RTKE than
the two mass-asymmetric fission modes, which have comparable
RTKE. The inner mass-asymmetric fission mode is consistent with
theoretical calculations [21] and previous experimental investiga-
tions [14,16,18,19], and is attributed to an elongated shape at scis-
sion. The outer mass-asymmetric fission mode has similar RTKE as
the inner mode despite the Z values being close to spherical closed
shells at Z = 28 and Z = 50. If one of these shells were re-
sponsible for this outer mode, the complementary fragment would
be expected to very deformed. To quantify this statement, how-
ever, theoretical calculations that connect deformation and TKE
quantitatively are required. Future high-statistics systematic stud-
ies, combined with a rigorous statistical analysis, as performed
here, are required to determine definitively which shell effects are
responsible for the observed mass-asymmetric fission modes in
sub-lead nuclei. Theoretical investigations in the sub-lead region
must be able to predict the presence of two mass-asymmetric fis-
sion modes and their respective TKEs.
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