
PHYSICAL REVIEW C 105, 064614 (2022)

Energy dependence of p + 232Th fission mass distributions: Mass-asymmetric standard I
and standard II modes, and multichance fission
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Background: The predominant mass-asymmetric fission of actinide nuclides occurs mainly through the so-
called standard I and standard II modes. Though understood to be caused by shape-dependent shell structures
encountered between the fission barrier deformation and scission, the most relevant shell gaps are still not firmly
established. The standard I mode had been associated with the spherical doubly magic 132Sn, and thus the Z =
50 proton shell, but recently it has been proposed that standard I and standard II are associated with quadrupole
and octupole deformed gaps at Z = 52 and 56, respectively.
Purpose: We investigate how the relative probabilities of the standard I and standard II modes vary with
excitation energy near threshold, probing where the two modes bifurcate.
Methods: The Australian National University Heavy Ion Accelerator Facility and CUBE fission spectrometer
have been used to measure fission mass distributions for the p +232 Th reaction (forming 233Pa) at closely spaced
bombarding energy intervals from 6.5 to 28 MeV.
Results: A model-independent analysis of the energy dependence of the shape of the mass-asymmetric peak
shows a strong dependence of the standard I and standard II relative probability on excitation energy near
threshold.
Conclusions: The results are consistent with the standard II mode having a lower fission barrier than standard
I in 233Pa, with the latter increasing continually in relative probability above its barrier energy. It is concluded
that multichance fission, in particular last chance fission, plays a strong role in determining the observed energy
dependence of all fission modes.
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I. INTRODUCTION

The discovery of nuclear fission [1] came through the
identification [2] of the element Ba (atomic number Z =
56), produced following the irradiation of uranium (Z = 92)
by neutrons. This corresponds to a significantly asymmetric
charge division in the fission of uranium. It is now known [3]
that predominantly asymmetric division of mass and charge
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is almost universal in spontaneous and low energy fission
of isotopes of actinide elements. The concept of observed
fission mass distributions at low excitation energies, Ex, being
a superposition of different distributions, with different fission
barriers, was introduced by Turkevich and Niday [4]. At Ex

above 40 MeV, measured mass distributions become peaked
at mass symmetry [5]. However, because fission may also
occur after emission of one or more neutrons [4,6] (known as
multichance fission), even at high initial Ex, mass-asymmetric
fission from low Ex still contributes [6,7].

The liquid drop model predicts that the lowest barrier
between the ground state and a scission configuration cor-
responds to a symmetric mass split. The prevalence of
mass-asymmetric fission is attributed to shape-dependent
modulation of the liquid drop potential energy surface due to
shell gaps in the single particle levels [3]. These may result
in lower fission barriers for asymmetric mass and charge divi-
sion, and furthermore to valleys in the potential energy surface
leading to scission.
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A. Fission modes

Fissions with different distributions of observable charac-
teristics [fragment mass, total fragment kinetic energy (TKE)]
are commonly called “modes.” They have been associated
with the presence of valleys in the multidimensional potential
energy surface. The valleys may be separated from each other
by significant potential barriers [8], which can result in little
or no coupling between the modes after the division of flux
to different valleys. The principal modes in actinide fission,
named by Brosa et al. [9], are the mass-symmetric “super-
long” mode (SL), generally associated with the liquid drop
mass-symmetric fission barrier, and two mass-asymmetric
modes. The mass-asymmetric mode closest to mass symmetry
is the “standard I” mode (StI), having the highest fission
fragment total kinetic energy [10,11]. This is associated with
a compact shape at scission. Slightly further from mass sym-
metry is the “standard II” mode (StII), with somewhat lower
TKE corresponding to a more elongated scission shape. Mov-
ing further from symmetry, less probable modes postulated
from theoretical expectations and/or fits to experimental data
include the “standard III” mode and superasymmetric modes
[9,12–15].

The underlying shell structure resulting in the dominant
mass-asymmetric StI and StII modes is still debated [3,16].
Because the mean mass of the heavy fragment is observed to
be approximately independent of the mass of the fissioning
nucleus across the actinide region [17], shell effects in the
nascent heavy fragment are understood to play the domi-
nant role. The StI mode has long been associated with the
spherical doubly magic 132Sn nucleus [3,18]. Although the
StI heavy fragment mass is slightly greater than 132, nucle-
ons from the neck between the two nascent fragments have
been postulated to account for the additional mass. The StII
mode was once thought to be associated with neutron number
N = 88, corresponding to a quadrupole deformed shape of
the heavy fragment. However, systematic measurements us-
ing relativistic fragmentation reactions giving integer charge
identification of the final fission fragments [19] showed that
both the StI and StII modes are strongly correlated with proton
numbers in the heavy fragments, rather than neutron numbers,
these averaging Z = 52.5 and 55, respectively, for StI and
StII.

Recently, it was suggested [16] that these dominant mass-
asymmetric fission modes may both be associated with
octupole-deformed proton shell gaps at Z = 52 and 56. The
neck between two fragments close to scission can be mapped
to two octupole deformed fragments in contact [16], so in
principle the introduction of octupole deformation of the
nascent fragments can explicitly account for the nucleons
making up the neck expected to exist between the fragments
at scission. Depending on the deformations, the shell gaps
playing the major role at the fission saddle-point deformation
could be different from those defining the (observed) frag-
ments produced at scission.

To probe experimentally the full fission path from ground-
state deformation to scission seems impossible. However,
a key question in the dynamics can be addressed, that
is, where the StI and StII modes bifurcate, i.e., at what

deformation does the fissioning system “decide” to undergo
scission corresponding to the StI or StII modes? Information
on this question can be inferred from experimental observ-
ables that are sensitive to the bifurcation point.

In this paper, the dependence of the relative probability of
the StI and StII modes on excitation energy is investigated.
If the bifurcation point is after the fission barrier has been
crossed, the relative probability of the two fission modes
would not be expected to have a rapid dependence on exci-
tation energy. On the other hand, if the StI and StII modes
had different excitation energy thresholds (different fission
barrier heights), at near-threshold excitation energies a rapid
dependence of relative probability on excitation energy would
be expected.

B. Separating shell effects and proton pairing effects

Recent experimental results [19,20] have confirmed an-
other source of structure in fission mass distributions. It was
proposed in the 1970s [17] that fine structure observed in
spontaneous fission mass distributions is correlated with even-
Z fragment pairs. Because final fragment masses rather than
charges were measured, neutron evaporation from the frag-
ments limited the mass resolution of the experiments. Thus
structures associated with pairing showed relatively small am-
plitude. In recent years this suggestion has been spectacularly
confirmed, with ever-increasing clarity, using relativistic frag-
mentation reactions to produce many actinide nuclides having
high velocity in the laboratory frame [19,20]. This permits the
Z of both fragments to be uniquely identified experimentally,
allowing Coulomb-induced fission from interactions with a
secondary target to be isolated, and Z distributions determined
with high accuracy. The staggering in yield between fragment
pairs both having even Z and odd Z can be very large at low
excitation energy, also seen clearly in fragment Z distributions
determined by decay counting [21].

This is a great achievement, but raises a significant issue
in interpretation of fission mass or Z distributions: can these
proton pairing effects be disentangled from shell effects? The
period of pairing structure is two units in Z , so approximately
5 u in mass. The separation between shell gaps in heavy nuclei
with spherical shapes is very large. However, as more shape
degrees of freedom are considered, spacing in mass between
shell gaps reduces dramatically. A good example comes from
the StI and StII mass-asymmetric fission modes. Empirical
systematics showed the modes differ only by Z = 2.5. They
were subsequently proposed to be associated with deformed
quadrupole and octupole shapes of the heavy fragment with
Z = 52 and 56. Thus both experimentally and theoretically,
the separation in mass and charge of important shell gaps can
be close to that from pairing.

The effects of proton pairing can be minimized by studying
the fission of odd-Z nuclei. Given the very small proton emis-
sion probability in low energy fission, essentially all pairs of
fission fragments comprise one with even Z , and one with odd
Z . Much smoother fission Z distributions from odd-Z nuclei
are seen [20] in relativistic radioactive beam measurements
of fission of Ac (Z = 89) and Pa (Z = 91). Indeed within
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experimental uncertainties no evidence is seen for proton odd-
even staggering [20].

In conclusion, to isolate structure in fission mass distribu-
tions due to shells, the simplest approach is to study fission
mass distributions of odd-Z nuclei, where any structures seen
should essentially result from shell effects.

C. Goal of the current paper

In this paper the goal is to investigate whether the mass-
asymmetric standard I and standard II fission modes have
different energy thresholds (fission barriers) by measuring
mass distributions for fission of the odd-Z nucleus 233

91 Pa,
formed in p +232 Th reactions. A considerable number of
measurements have been made for this reaction in the past,
as will be discussed in detail later. Our measurements differ
in the low beam energies and small beam energy steps used.
This allows investigation of the detailed dependence on beam
energy of scission mass distributions, and thus the dependence
on excitation energy.

II. EXPERIMENTAL DETAILS

Beams of protons were provided by the 14UD tandem
electrostatic accelerator of the Australian National University
Heavy Ion Accelerator Facility. In two separate experiments,
terminal voltages between 3.25 and 14 MV were employed to
deliver beams from 6.5 to 28 MeV, with beam currents up to
500 nA. A dc beam, which allowed the largest beam currents,
was used in 2/3 of the measurements, taken in the first ex-
periment. Pulsed beams were used in the second experiment,
with 700-ps full width at half maximum, and pulse separation
106.7 ns. This allowed determination of individual fragment
velocities as described in Sec. III.

The target of 232Th was vacuum deposited onto an Al back-
ing of ≈60 μg/cm2, having 232Th areal density ≈65 μg/cm2.
The target normal was oriented at 45◦ (dc beam measure-
ments) or 60◦ (pulsed beam measurements) to the beam axis.
A voltage of +13 to +15 kV was applied to the target to sup-
press electrons. Its effect on the beam energy was accounted
for. The target backing faced downstream and, together with
the chosen target orientations, minimized the effects of energy
loss of fission fragments in the target.

Fission fragments were detected using the CUBE spec-
trometer [22–24], consisting of two (dc measurements) or
three (pulsed beam measurements) large area position sen-
sitive multiwire proportional counters (MWPCs) with active
area up to 279×357 mm. The detectors were placed with their
normals 180 or 195 mm from the target. The geometries for
the measurements are shown in Figs. 1(a) and 1(b).

The accuracy of the experimental techniques and a new
time difference analysis method for dc beam measurements
[25] was checked in a benchmarking measurement of the
spontaneous fission mass distribution for 248Cm. The source
consisted of 25 μg/cm2 of 248Cm, deposited as the nitrate
over a 3×5 mm area on an Al foil, determined by energy loss
measurement to be 205 μg/cm2 in thickness. Consistent Cm
thickness values were obtained from decay counting and 58Ni
sub-barrier elastic scattering yields and energies, measured in

FIG. 1. Experimental configurations used for (a) dc beam mea-
surements and (b) pulsed beam measurements.

ion-implanted Si monitor detectors located at 22.5◦ scattering
angle.

III. DATA ANALYSIS

The goal of the analysis is to determine fission fragment
mass spectra from the timing and position information pro-
vided by the MWPC detectors. Deriving them from the raw
data requires a different approach depending on whether a dc
or pulsed beam was used. For a dc beam, a new time difference
method was applied, whereas the double velocity (2v) method
was used with pulsed beams. Both methods are described
below. They provide fission mass ratios MR = MF1/(MF1 +
MF2) where MF1 and MF2 are the fragment masses at scission.
In contrast, the double energy (2E ) method [11,17] provides
the mass ratio of the fission fragments that enter the detectors.
These masses are smaller than those at scission because of
deexcitation of the fragments by particle (mainly neutron)
evaporation after scission.

It is convenient to present experimental data in terms of
the fragment masses at scission, since this is what theoretical
models of fission dynamics directly calculate. Both the double
velocity and time difference methods are based on conserva-
tion of momentum, so the mass of the fissioning nucleus has to
be assumed to obtain the fragment masses. For actinide targets
the fission cross sections are very much larger than from any
lighter impurity element in the target. Thus as long as the
desired actinide nuclide is predominant in the target, the mass
of the compound nucleus can be obtained. Prescission neutron
emission could be assumed to be zero, as it is in this work,
where low excitation energies result in small multiplicities.
Alternatively the average effect can be corrected for according
to measurements or systematics [5].

The mass spectra at scission presented in this paper define
the fragment mass number A at scission in terms of the com-
pound nucleus mass ACN and the experimentally determined
MR through A = MR ACN.

In the analysis of both the dc beam and pulsed beam mea-
surements, energy loss corrections were applied iteratively,
event by event, to the energy of the beam particles and the
detected fission fragments. It was assumed that the reaction
occurred at the center of the Th layer. The conclusions from
the present paper rest on rather small differences in the shapes
of the mass distributions from one beam energy to the next.
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Thus it is important to demonstrate that the experimental and
analysis methods do not introduce spurious features in the
mass spectra. Thus the details of the two analysis methods
specific to these proton-induced fission measurements are
given below. A comprehensive comparison of the results from
dc and pulsed beam measurements is made in Appendix B,
which also describes the sensitivity of the results to calcula-
tions of the fragment energy losses in the target.

A. Time difference method

The determination of fission mass split from the measured
time difference between the detection of the two fission frag-
ments was first described in Ref. [26]. For fission events where
no neutrons were emitted from the fragments (very high TKE
events), unit fragment mass resolution was achieved.

An approach to make the time difference method generally
applicable to fission from systems that do emit neutrons, and
have small or zero center-of-mass velocity, was presented by
Swinton-Bland et al. [25]. This method requires an external
input: the center-of-mass relative velocities K of the two fis-
sion fragments as a function of mass split or fragment mass.
This information can come from previous direct measurement
of TKE, or from expectations from systematics—such as the
Viola systematic average TKE values [27] extended to mass-
asymmetric splits [28,29]. In the absence of structure in the
TKE resulting from shell effects, it can be shown that to a
good approximation K is independent of mass split.

The method was first applied to measurements of near-
threshold fission of Bi isotopes [25], where the fission cross
sections are typically small, and thus any systematic errors
associated with using TKE values based on Viola systematics
should be far outweighed by statistical uncertainties. How-
ever, a comparison was also shown in Ref. [25] of relatively
high statistics mass distributions, analyzed using the time
difference method, with previously published data from dou-
ble energy measurements [30,31]. For the relatively narrow
fission mass distributions seen in the p + 204Pb reaction, the
two methods showed satisfactory agreement.

A high statistics 248Cm spontaneous fission mass distribu-
tion determined using the double energy method (corrected
for neutron emission from the fragments) is compared in
Appendix A with the present time difference measurement
analyzed using the approach described in Ref. [25]. The two
distributions are in excellent agreement, supporting the appli-
cation of this analysis to the wide fission mass distributions
following the p +232 Th reaction.

Mass distributions (from the same raw experimental data
set) are presented in Appendix B, extracted using differ-
ent mean TKE inputs to the time difference method. These
are compared with the most accurate mass distribution, de-
termined using the beam pulsing information that provides
experimental fragment velocities event by event. Where the
time difference method makes use of information on the mean
TKE as a function of mass split for the specific fissioning
nucleus [which could come from experiment, or from cal-
culations, for example using the general description of the
fission process (GEF) code [32]], the results are almost indis-
tinguishable from the event-by-event double velocity analysis.

In fact, uncertainties arising from fragment energy loss in the
target can result in larger uncertainties in the mass spectra, as
detailed in Appendix B.

All the results from dc beam measurements shown subse-
quently in this paper make use of the optimal time difference
analysis method. This uses mean fragment relative velocities
as a function of mass split derived from the experimental
TKE data presented by Mulgin et al. [11]. Results were there
presented for a number of proton energies, showing a smooth
evolution with beam energy. For our measurements at inter-
mediate energies, the dependence of K on mass split was
interpolated.

Repeat measurements at a given energy using dc and
pulsed beams, and analysis of pulsed beam data by both the
2v and time difference methods, show negligible difference
in the characteristics of the mass spectra that are investigated
in this paper. This gives confidence that the experimen-
tal mass distributions are not compromised by the reduced
experimental information from dc beam time difference mea-
surements. The results presented here are thus expected to be
accurate.

B. Double velocity method

Data analysis of the pulsed beam measurements used a
modification of the kinematic coincidence method that has
been applied extensively in the analysis of experimental data
taken previously with the CUBE spectrometer [22,23]. This
analysis method makes use of the rf reference signal from
the accelerator pulsing system, the time of which is recorded
with each pair of fission fragments (detected within 100 ns
of each other). The time difference T0 between the rf signal
and the passage of the beam pulse through the target must be
determined, which is different for each beam energy.

In near-barrier heavy ion reactions, T0 has been obtained
by requiring the mean deduced fission source velocity to be
equal to the calculated compound nucleus velocity (normally
the center-of-mass velocity) [22]. In the case of proton beams,
the center-of-mass velocity vc.m. is only ≈2% of the fragment
velocities. This means that <1 mm deviations in beam spot
position on the target, combined with slight nonplanarity of
the target, as well as the intrinsic angular spread of the fission
fragments due to neutron evaporation, make it impossible to
accurately determine T0 in this way.

To overcome this issue, in this paper the value of T0

for each beam energy was determined by matching TKE
with expectations. It can be easily shown that TKE is much
more sensitive to T0 than masses (as demonstrated above
through the extraction of masses without absolute time infor-
mation). To reduce ambiguity, the TKE at mass symmetry was
chosen to be matched with that determined by direct mea-
surement of the fragment kinetic energies (using Si detectors)
reported by Mulgin et al. [11]. A small correction (≈ +2%)
to the TKE values of Mulgin et al. was applied to account
for neutron emission [33] from the fragments. Because the
mass distributions are not very sensitive to the TKE (see
Appendix B), at all proton energies the mass-symmetric TKE
was set to the corrected value corresponding to the measure-
ment for Ep = 10.3 MeV, namely, TKE = 160.3 MeV.
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FIG. 2. Spectra of fission yield per mass unit (normalized to
200%) at the indicated nominal beam energies. The precise energies
taking into account target ladder bias and energy losses are given
in Table I. The yield at mass symmetry shows an irregular increase
with beam energy associated with multichance fission. The position
of the mass-asymmetric peak shows a small periodic shift with beam
energy as shown in Fig. 5 and discussed in the text.

IV. EXPERIMENTAL RESULTS AND INTERPRETATION

To quantify the changes in the experimental fission mass
distributions with beam energy, three approaches have been
used. First the mass spectra were fitted by Gaussian func-
tions representing the different fission modes. Second, a
simple model-independent analysis of the shape of the mass-
asymmetric peak was been carried out, providing significant
insights. Finally the model-independent experimental charac-
teristics were compared with the same quantities evaluated
from calculations using the GEF code (version 2018/1.1),
which reproduces systematic trends in fission characteristics
over the actinide region and beyond.

A. Mass spectra as a function of beam energy

Mass spectra for fission of 233Pa following p +232 Th
reactions are shown in Fig. 2. The nominal proton beam en-
ergies are indicated, and exact energies are given in Table I.
Additional measurements at intermediate energies are not
shown here. Their characteristics are intermediate between
the distributions shown, and salient features are presented
in subsequent figures. The spectra have not been mirrored,
and because of small calibration uncertainties the light frag-
ment peak yields are slightly higher than those of the heavy
fragment peaks. Avoiding mirroring gives two independent

TABLE I. Nominal beam energy E , beam energy in the center of
the Th target layer Ep, pulsed (ac) or dc beam, and excitation energy
Ex assuming no preequilibrium emission.

E Ep (MeV) ac dc Ex (MeV)

6.5 6.450 � 11.669
7 6.980 � 12.196
8 7.971 � 13.184
9 8.987 � 14.195
10 9.984 � 15.188
11 10.983 � 16.182
11 10.984 � 16.184
13 12.983 � 18.174
14 13.985 � 19.171
15 14.997 � 20.179
17 16.990 � 22.163
19 18.988 � 24.153
21 20.990 � 26.146
23 22.977 � 28.125
25 24.982 � 30.121
25 24.992 � 30.131
28 27.997 � 33.124

measurements of the asymmetric peak characteristics. As is
common in presentation of fission mass spectra, yields per
mass unit have been normalized to 200% (two fission frag-
ments per fission event). Thus the increase with energy (as
expected) of the mass-symmetric component naturally re-
duces the height of the mass-asymmetric peaks.

The well-known increase in the fraction of mass-
symmetric fission with increasing energy is clearly seen.
However, it is also clear that this increase is not monotonic.
Certain energy ranges show little change (7–9, 13–17, and
21–25 MeV), whereas there are rapid changes centered on 11
and 19 MeV. Presented in Sec. IV F in terms of excitation
energies introduced in the proton reactions, this is clearly
related to multiple chance fission. Because of the normalized
mass spectra, the irregular behavior must result in irregular
changes in the mass-asymmetric peak heights.

B. Fitting the mass spectra

The total yield in the mass-asymmetric peak clearly de-
pends on the probability of the mass-symmetric mode, as
noted above. The energy dependence of the shape of the
mass-asymmetric peak itself will depend on the relative prob-
abilities of the constituent mass-asymmetric fission modes,
their individual dependence on excitation energy, and the dis-
tribution of fission chances (excitation energies) at a given
proton beam energy. Thus potentially quite complex behaviors
could result.

Close inspection of the experimental data in Fig. 2 near
the maxima of the asymmetric peaks shows a change with
beam energy of the mass at the maximum in yield. This
is clearly seen by comparing the 7- and 9-MeV peaks,
and the 13- and 17-MeV peaks. Since the StI and StII
modes are centered at different masses, it is natural to re-
late this behavior to the energy dependence of the relative
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FIG. 3. The fit quality represented by chi squared per degree of
freedom (χ 2/ν) for various parametrizations of the mass spectra, as
a function of proton beam energy Ep. The legend shows the number
of mass-asymmetric (A) and mass-symmetric (S) modes included in
the fits, as for example 3 + 1. Smaller χ 2/ν values at low Ep result
from lower experimental statistics.

probabilities of these mass-asymmetric modes. To investigate
these probabilities, it has been common to decompose the
fission mass spectrum into a symmetric and several mass-
asymmetric Gaussians, representing the mass-symmetric su-
perlong and standard mass-asymmetric fission modes.

Information from the TKE is valuable to decompose the
different modes [10–12]. In this paper the interpretation fo-
cuses on information from the mass spectra alone. In fact, by
taking a novel approach that involves no mode decomposi-
tion, important information can be gleaned, as described in
Sec. IV C. Analysis of mass-energy distributions for fission
following proton interactions with a range of actinide nuclei
will be the subject of a subsequent paper.

The mass spectra were fitted with a number of mass-
asymmetric Gaussians and a mass-symmetric Gaussian. The
mass-asymmetric pairs of Gaussians were mirrored about
mass symmetry. Their common characteristics (mass offsets
from symmetry, widths, and areas) were unconstrained in the
fits. Only the position of the mass-symmetric Gaussian was
fixed, at mass symmetry.

It was found that the aim of extracting the energy de-
pendence of the StI and StII mode yields from fitting the
full mass distributions is hostage to assumptions about the
form and number of the fission modes contributing to the full
mass spectrum. If the centroids and widths of the modes were
defined, such issues would be reduced. However, because of
multichance fission, defining their energy dependence would
itself involve many assumptions.

Details of several Gaussian fitting scenarios are provided
below, from which the above conclusions were obtained.

1. Five Gaussian fitting

The first fitting scenario included one symmetric and two
asymmetric Gaussians, resulting in eight varied parameters.
Typically 110 masses were populated and fitted in the ex-
perimental unsymmetrized (unmirrored) mass distributions.
The chi squared per degree of freedom (χ2/ν) as a function
of proton beam energy is shown in Fig. 3. This scenario is
indicated in the legend as 2 + 1. Naturally the lower energies,

with lower statistics, give smaller χ2/ν, whereas at higher
energies, with over 106 fissions, the χ2/ν is typically between
3 and 5. The other scenarios will be presented after the 2 + 1
fit parameters are discussed.

The energy dependences of these fit parameters are shown
in Figs. 4(a)–4(c). The fit parameters show reasonably con-
sistent behavior, with the symmetric probability increasing
with Ep as expected. Note that the probability plateaus in the
energy ranges 7–9, 13–17, and 21–25 MeV, consistent with
conclusions from the raw mass spectra shown in Fig. 2. An
example of a fit, for Ep = 11 MeV, is shown in Fig. 4(d).
There the χ2 for each point is shown by the green dashed line,
with the scale shown on the right of Fig. 4(l).

Consistently, the region between the symmetric peak and
the asymmetric StI peak is not well fitted, the fit being lower
than experiment. The probability of the symmetric mode in-
creases with Ep, and the width of the StI mode increases,
presumably to reduce the deviation and thus the contribution
of the χ2 in this region as the relative yield here increases.
Evidence for a non-Gaussian (flat-topped) symmetric mode
was found in Ref. [11] at Ep = 10.3 and 18.0 MeV, though
StI and StII appeared to be Gaussian. Our fits also suggest
a flat-topped shape would be preferable, but no particular
functional form or specific dependence on excitation energy
was provided in Ref. [11]. A flat-topped shape can be well
approximated by two offset Gaussians, inspiring the second
fitting scenario described below.

2. Six Gaussian fitting

In this scenario, the mass-symmetric component was re-
placed by a third mass-asymmetric component (nonstandard,
nonsymmetric, labeled NS in Fig. 4), giving nine fit param-
eters. If the mass-symmetric region could be fitted by two
Gaussians with a small offset from symmetry, this fit should
confirm it. This scenario indeed resulted in much lower χ2/ν

(indicated by 3 + 0 in Fig. 3), and lower χ2 near symmetry,
as shown in Fig. 4(h) by the green dashed line. The NS
component itself is shown in Fig. 4(h), and is clearly flat
topped. The fit parameters determining the NS shape, pre-
sented in Figs. 4(e) and 4(f), have little dependence on Ep.
The near-symmetric region of the NS shape becomes more
rounded at higher Ep, but is far from a single Gaussian. The
probability of the NS component closely matches that of the
mass-symmetric component, since these are the only compo-
nents that contribute at mass symmetry. This scenario gives
the mean centroid of the StI and StII modes at A = 133.8
and 140.9, distributed with standard deviations (excluding
the lowest two energies) of 0.22 and 0.28. The widths were
3.38 and 5.59, respectively, with standard deviations 0.15 and
0.24. The probability of the StI mode is consistently much
smaller in this scenario [compare Figs. 4(d) and 4(h)], and has
a different energy dependence, as can be seen by comparing
Figs. 4(c) and 4(g).

3. Seven and more Gaussian fitting

Is the NS asymmetric component actually associated with
the liquid drop fission valley (perturbed by deformed shell
effects [5]), or is there a separate mass-symmetric fission
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FIG. 4. The upper panels show the parameters of fits to the mass distributions with different numbers of Gaussians. They correspond to
standard 1 (labeled StI), standard II (StII), symmetric (Sym), and a possible nonstandard nonsymmetric (NS) mode, as indicated. (a), (e), (i)
Gaussian centroids A, (b), (f), (j) widths σA, and (c), (g), (k) relative areas (probability) as a function of proton energy Ep for the three scenarios
tested. The scatter in the fit parameters when including three asymmetric modes and one symmetric mode is clear in panels (i), (j), and (k).
The lowest panels (d), (h), (l) show the mass spectrum and associated fits for 11-MeV p +232 Th. Statistical uncertainties are smaller than the
point size. The contribution—χ 2(A)—to the total χ 2 from each data point at mass A is shown by the dashed green lines, with the scale shown
on the far right.

mode? A symmetric Gaussian was added to the fit, as well
as the three mass-asymmetric modes. The results are shown
in Figs. 4(i)–4(l). The centroids and widths of the StI and
StII modes are reasonably stable as a function of Ep, the
former averaging A = 134.2 and 141.3, and the latter 3.0 and
5.3, respectively. However, the centroid, width, and proba-
bility of the NS mode vary wildly. The probability of the
StII mode, and the width and probability of the symmetric
mode, are also unstable, as shown in Figs. 4(i)–4(k). Clearly
the structure in the experimental mass distributions is insuffi-
cient to allow stable decomposition into four different modes
with unconstrained parameters. The χ2/ν values are slightly
improved (3 + 1 label in Fig. 3), even with the increased
number of fit parameters. However, the fit is not useful to
define the probabilities of the StI and StII modes. Adding
yet another mass-asymmetric Gaussian to the 11-MeV fit
(starting close to the mass of the proposed StIII mode [9])
reduces the χ2/ν still further, as shown in Fig. 3. However, the
lowest χ2 fit no longer even returns well-defined StI and StII
modes.

4. Problems of Gaussian fitting

When fitting actinide fission mass distributions by them-
selves with multiple Gaussians functions, it is concluded that
significant uncertainties are unavoidable. Another approach is
to compare the data with a sophisticated model of fission mass
distribution systematics. Comparisons with the code GEF are
made in Sec. IV E. Significant disagreements in the shape of
the mass distributions are seen. These preclude quantitative
analysis of the experimental results making use of GEF, with-
out modification of the code. Currently in the GEF code, the
standard II mode is not represented by a Gaussian, but by
a smoothed rectangular function [32]. If this represents the
true nature of the mode, fitting experimental mass spectra with
Gaussian functions can clearly lead to ambiguous results.

Instead of extending fitting procedures aiming to determine
the probabilities of the StI and StII modes, an alternative ap-
proach has been developed, whereby the energy dependence
of the mass-asymmetric peak has been characterized by purely
empirical quantities. This approach has proven successful,
as described below, giving new insights into the competition
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FIG. 5. The variation with beam energy of the position in mass
units, and yield in percent, of the fitted maximum of the light and
heavy mass-asymmetric peaks (see text). The dashed lines join data
from adjacent or repeat energies. The overall reduction in yield with
beam energy is largely due to the increase in the mass-symmetric
fission component. The beam energies corresponding to the extrema
in peak mass are indicated, color coded to the data points in this
figure and in Fig. 2. The periodic variation is interpreted in terms of
the low excitation energy competition between the StI and StII fission
modes, and contributions from multichance fission (see text).

between StI and StII modes, and highlighting the crucial role
played by multichance fission.

C. Beam energy dependence of asymmetric peak characteristics

The empirical characteristics of the mass-asymmetric
peaks that have been selected are directly associated with the
observation of the shifting of the asymmetric peak maximum
with Ep. They are simply the yield and mass at the peaks
of the distributions. These were obtained by fitting a single
Gaussian function only around the top of each peak. Fitting
with a third-order polynomial gave the same results, within
experimental fitting uncertainties.

The correlated mass-asymmetric peak maxima, and their
associated masses, are shown in Fig. 5 for all measured beam
energies. The symbols are the same as in Fig. 2. Intermedi-
ate energies are shown by gray circles. Both the light peak
and heavy peak (fitted independently) show essentially the
same behavior. This comprises a repeated shift in the peak
towards mass symmetry, then back away from mass symmetry
as the beam energy increases. The amplitude of the shift
decreases with increasing beam energy. The proton energies
corresponding to the extrema of the oscillations are indicated.
The extrema closer to mass symmetry occur at 7, 13, and
21 MeV whereas the mass-asymmetric extrema are at 10, 17,
and 25 MeV. The difference in energy between the extrema
increases from ≈6 to ≈8 MeV with increasing beam energy.
These energy steps would be expected if the changes in the
asymmetric peak were correlated with the opening up of new
fission chances. This also seems to be the case for the energy
dependence of the mass-symmetric mode.

Quantitative interpretation of the dependencies on beam
energy needs a comparison with energy thresholds for mul-
tichance fission.
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FIG. 6. Illustration of multichance fission (see text) from four
different initial excitation energies Ex = E1–E4. Fission from the
same Ex above the fission barrier Bf (denoted by the same colored
symbols) will have the same fission mass distribution, whether re-
sulting from first, second, or third chance fission (F1, F2, or F3). The
separation in initial energy between last chance fissions at the same
final Ex will be the energy lost in emitting a neutron n (blue arrows).

D. Multichance fission and repeated changes of fission
characteristics with energy

Features in the mass-symmetric yield and in the asymmet-
ric peak characteristics have been noted that show repeated
changes with beam energy, with a 6–8-MeV period. The basic
reason for this is proposed to be multichance fission.

The relevant characteristics of multichance fission are il-
lustrated schematically in Fig. 6. The orange region shows
excitation energies Ex above the fission barrier B f where fis-
sion (F ) is likely. The blue region below B f has negligible
fission, so neutron evaporation (n) and γ -ray emission (γ)
dominate. The colored circles, squares, and diamonds indi-
cate where the decision to fission or emit a neutron is made.
The same symbol indicates the same Ex, whether resulting
from first, second, or third chance fission (F1, F2, or F3). For
simplicity, it is assumed that the fission modes after neutron
evaporation do not change, which is reasonable for a small
number of emitted neutrons. If different fission modes have
different B f , the total fission mass distribution will change
rapidly with Ex at energies just above B f . In the diagram,
the initial Ex values where this may occur are at E2 and
E4, for second and third chance fission, respectively. In pro-
ton reactions, the fusion barrier in practice prevents fission
mass distribution measurements lower than E1. This prevents
measurements of first chance fission mass distributions in this
crucial energy region using proton beams.

As long as the probability of last chance fission is signif-
icant [7], the total (measured) fission mass distribution will
change periodically. The Ex spacing (E3 − E1 or E4 − E2)
will correspond to the energy lost by emitting a neutron (blue
arrows). This energy cost is the sum of the neutron binding
energy (between 5.5 and 6.8 MeV for the relevant Pa nuclei)
and the neutron kinetic energy. The neutron kinetic energy
distribution has a mean of approximately twice the nuclear
temperature. Thus an energy period for changes in the fission
mass spectra of 6–8 MeV is consistent with multichance fis-
sion being the cause.

The period, amplitude, and nature of the changes in
the fission mass spectrum carry information about both the
change in mass distribution with Ex, and the probabilities
of last chance fission. To disentangle these would need a
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comprehensive model of fission. Multichance fission is mod-
eled in the Monte Carlo GEF code [32]. It will be instructive
to make comparisons of features of the experimental mass
distributions with GEF calculations.

E. Comparison with mass distributions calculated by GEF

Before direct comparison with GEF calculations, measures
have to be taken to ensure the calculated spectra are equivalent
to those measured.

GEF calculates fragment masses at scission. These masses
account for the mass changes at scission resulting from neu-
tron emission from the fissioning system before scission. This
emission is the origin of multichance fission, thus the scission
mass number differs by 1 for fission from the first chance,
second chance, etc. In the experimental data, there is no
information on the fission chance of a given fission event.
As previously noted, the 2v experimental fragment masses
at scission can only be determined by assuming the scission
mass. To avoid ambiguity, in this paper this was taken to be
the compound nucleus (first chance fission) mass.

To allow the correct comparison of our experimental data
with GEF, the event-by-event GEF fragment masses have been
converted into a mass ratio, and then the equivalent first
chance fission masses determined assuming the scission mass
to be the compound nucleus mass. These mass distributions
have been smoothed with a Gaussian of standard deviation
1.5 u to eliminate spurious structures arising from integer
mass numbers. This also simulates fragment velocity disper-
sion due to neutron evaporation from the fission fragments
(see Appendix A).

These procedures make the GEF calculations closely equiv-
alent to the experimental results. GEF also includes effects
of preequilibrium nucleon emission when the proton beam
energy is provided as input to the code [32]. This spreads
the distribution of initial equilibrated excitation energies to
a lower mean value. Insofar as the model of preequilibrium
emission matches reality, the experiment and calculations
should be as nearly equivalent as possible.

Experimental mass distributions are compared in Fig. 7
(left) with calculations from GEF (right) for the indicated
proton beam energies. The data labeled G13 are from a mea-
surement using the 2v technique by Gikal et al. [5], for
13-MeV protons. The main characteristics are close to our
13-MeV data. It can be seen from Fig. 7 that the GEF calcula-
tions do remarkably well in matching the experimental results.
Only in two aspects do they significantly disagree.

The first disagreement is in the mass-symmetric com-
ponent, which in the GEF calculations is clearly separated
by a valley from the mass-asymmetric peaks. In contrast,
both experimental measurements for 13 MeV are in excellent
agreement, and show an almost flat distribution around sym-
metry, as do many other measurements (e.g., Ref. [11] and
references therein). More extensive indications of the consis-
tency of the present measurements with previous results are
discussed in Sec. IV G. It is concluded that the disagreement
with GEF is not of instrumental origin. Thus some feature
seems to be missing in this mass region in the GEF model.
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FIG. 7. Experimental light fragment mass distributions (left) at
the selected proton beam energies (as indicated), together with GEF

calculations for the complementary heavy fragment at the same inci-
dent proton energies. G13 refers to experimental data from Ref. [5]
at 13 MeV. The agreement is quite good, but a number of discrep-
ancies are seen: (i) the GEF mass-symmetric yield is more peaked at
symmetry and (ii) the GEF mass-asymmetric peak shows very little
variation in peak position compared with experiment, as indicated
by the width of the underlying gray bands).

Possible physical explanations of this disagreement include
(i) that the superlong mode has a much wider mass distri-
bution than assumed in GEF; (ii) that the superlong mode is
not mass symmetric, instead consisting of two overlapping
Gaussians displaced from mass symmetry; and (iii) that there
is an additional mass-asymmetric mode filling the dip seen in
the GEF calculations between the mass-symmetric peak and
the strong mass-asymmetric peak.

Fitting the mass distributions with Gaussians was not able
to give a definitive answer, though it could be concluded that
Gaussian distributions for the SL, StI, and StII modes, even
with unconstrained parameters, could not provide a good fit
to the experimental data. Additional information from high
statistics correlated mass and TKE distributions can help to
resolve this problem [5,11,12], but is not within the scope of
this paper.

The second disagreement between GEF and experiment is
in the movement with energy of the mass at the maximum
yield of the mass-asymmetric fission peak. The gray band
underlying the experimental distributions Fig. 7 (left side)
indicates the range of peak masses from experiment. The band
on the right highlights the minimal changes in peak mass from
the GEF calculations. The reason for changes in the mass at the
peak yield should be associated with changes in the relative
probability of the standard I and standard II modes. The fits to
the present mass distributions in Sec. IV B suggest they should
be centered around A � 134 and �141, respectively.

The experimental observation of significant changes in
peak mass indicates (i) changes in the relative probability of
StI and StII with excitation energy and (ii) that these changes
are larger than those calculated in GEF. These points are dis-
cussed in detail below.
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F. Excitation energy dependence of the mass
of the asymmetric peak maximum

To interpret fission mass distribution characteristics in
terms of multichance fission, excitation energy Ex is the key
variable, rather than proton beam energy Ep. This is because
each fission chance has a threshold excitation energy resulting
from the sum of the appropriate fission barrier and the binding
energies of the emitted neutrons.

In the case of proton-induced fission, the (generally) high
velocity of protons causes preequilibrium nucleon emission
with non-negligible probability before the compound nucleus
is thermalized/equilibrated. Such emission results in the exci-
tation energy distribution consisting of two components. The
first corresponds to complete fusion at Ex = E c.m.

p + Qfus,
where E c.m.

p is the center-of-mass energy and Qfus is the fusion
Q value = 5.247 MeV in this reaction. The second compo-
nent comprises a distribution with reduced excitation energy,
resulting from the distribution of energies carried away by
preequilibrium particle emission.

GEF calculations can be carried out for defined proton beam
energy, or for a defined excitation energy. The latter shows
most clearly structures in observables arising from multi-
chance fission. For the former, which include preequilibrium
emission, these structures are smeared out by the distribution
of initial excitation energies. The degree of smearing is deter-
mined by the characteristics of the calculated preequilibrium
emission distributions. Results from both types of calculation
are presented.

GEF calculations of the relative probabilities of different
fission chances are shown in Fig. 8(a), as a function of Ex.
The larger colored symbols joined by full lines correspond to
calculations for defined proton energies. They are plotted at
Ex = E c.m.

p + Qfus, which is the maximum Ex populated in the
reaction, but, as discussed above, lower Ex components are
present. These calculations are labeled GEF Ep in the panels
of Fig. 8. The smaller symbols joined by dashed lines are
calculated for single initial Ex values, and are labeled GEF Ex.

The two types of calculation show similar behavior, with
the probability of each fission chance starting near the thresh-
old energy expected from the sum of the neutron binding
energies and the appropriate fission barrier (arrows on the
Ex axis). As expected the higher fission chances rise more
slowly with Ex for the calculations including preequilibrium
emission. The shaded bands show the regions where low exci-
tation energy fission will be present, above the Ex threshold for
each fission chance. Any feature in the experiment associated
with Ex values just above the fission threshold should be seen
within these bands.

The fission angular anisotropy is known experimentally
[34] to increase at low Ex. Our experimental values, shown
in Fig. 8(b), indeed rise in these energy bands, in agreement
with expectations.

The experimental masses at the asymmetric fission peak
maxima are shown in Fig. 8(c). The masses from the measured
light fragment peak have been mirrored to the corresponding
heavy fragment masses. These independent measurements are
in quite good quantitative agreement. Two independent mea-
surements using the 2v method are also shown, from Nagame

FIG. 8. (a) GEF calculations of the relative probabilities of mul-
tichance fission, calculated for unique initial excitation energies Ex

(small symbols joined by dotted lines) and for proton beam energies
plotted at the excitation energies corresponding to no preequilibrium
emission (E c.m.

p + Qfus—see text). Thresholds for each fission chance
are indicated by color-coded arrows. Shaded bands correspond to
just-above-threshold energies for second, third, and fourth chance
fission. All the experimental observables in the panels above show
features in these regions. Comparisons with GEF calculations for
initial excitation energies Ex and initial proton energies Ep are given
(see text).
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et al. in 1996 [35]. Despite larger estimated uncertainties
arising from reading the data from the published figure, they
are in good agreement with the present results.

The mass at the maximum peak yield is lowest (A � 139)
at Ex � 12, 18, and 26 MeV. Here the probability of the StI
mode (centered at A � 134 according to our fits) must be
highest. Above these energies the peak mass rises rapidly,
reaching a maximum of A � 140.5, close to the fitted StII
centroid of A � 141. From the lowest mass found at Ex =
12 MeV (above which the second chance probability starts
to rise), the maximum mass is reached by 15 MeV. Accord-
ing to the GEF calculations, second chance fission rises from
0 to 30–40% in this energy range, indicated by the underlying
yellow band in Fig. 8. The mean excitation energy of second
chance fission will rise over this energy range, but by less
than this energy range itself, because of the kinetic energy
of the emitted neutron. It is thus concluded that the relative
probabilities of StI and StII must change very rapidly above
the fission threshold energy.

Third chance fission is calculated to have its threshold at
18 MeV, above which the second rise in the mass of the peak
maximum is found to occur (green band). Similarly fourth
chance fission rises from 26 MeV (blue band), corresponding
to another (weaker) rise in the mass at the peak maximum.
These results reinforce the conclusion from the observations
above the second chance fission threshold energy.

To summarize, in three Ex ranges where low Ex fission
recurs due to crossing last chance fission thresholds, the mass-
asymmetric peak maximum shows a similar increase in mass.
Where the excitation energy of last chance fission is less than
3 MeV above the lowest fission barrier, the contribution of
the StII mode increases with Ex. At more than 3 MeV, the
StII contribution decreases relative to the StI mode, which
continues to increase in relative probability until the next
energy threshold for last chance fission, at 6 MeV or more.
The simplest explanation is that the StI and StII modes have
different fission thresholds (fission barrier heights), with the
StII mode having the lower barrier, but as Ex increases above
the StI barrier StI continually increases in probability. The
lowest mass of the asymmetric peak maximum is just below
A = 139 at Ex ≈ 12 MeV, where only first chance fission
contributes. Taking the StI and StII peaks to be at A = 134
and 141, respectively, assuming the widths of the modes to
be the same implies a StI/StII probability ratio at this Ex

of ≈40%. A narrower StI width would reduce this ratio in
proportion, but nevertheless, the fraction of StI appears to be
substantial.

How do these experimental results compare with GEF cal-
culations? These are also shown in Fig. 8(c). Calculations
specifying the proton energy (labeled GEF Ep, each calculation
for 2×106 fission events) are indicated by orange triangles
joined by the thick curve. As anticipated from Fig. 7, the
variation in peak mass with Ep is minimal compared with
experiment. The distribution of Ex for each Ep resulting from
preequilibrium emission will contribute to the lack of vari-
ation, but the dispersion from this effect must be present
in the experimental results too. Calculations for single ini-
tial Ex (labeled GEF Ex) are shown by the smaller triangles
joined by the thin line. They show a larger variation with Ex,

but the amplitude and phase of the variations do not match
experiment.1

To conclude, GEF does not reproduce the change in the
relative probabilities of the StI and StII fission modes as a
function of excitation energy in p +232 Th reactions. In the
GEF code, the StII fission barrier is taken to be lower than the
StI barrier, which is in agreement with the empirical behav-
ior. However, the detailed energy dependence of calculated
observables resulting from this does not match experiment,
which suggests a much larger contribution from the StI mode,
and a larger influence of Ex on the relative probabilities of StI
and StII than is calculated by GEF.

To simplify the comparison of experiment and calculation,
only the mass at the maximum of the mass-asymmetric peak
has been compared. To obtain a better match with the ex-
perimental changes in the mass-asymmetric peak, it would
be valuable to evaluate the goodness of fit to some or all
of the experimental asymmetric peak. However, if attempt-
ing to compare the whole mass spectrum, the quality of fit
would probably be dominated by the much larger discrepancy
seen for masses between symmetry and the rise of the mass-
asymmetric peak, as discussed in Sec. IV E.

The current data on the scission mass at the asymmetric
peak maximum agree with the two results of Nagame et al.
[35], obtained with the 2v method. The data of Gikal et al.
[5] are typically within 0.5 mass units of the present results.
There the scission mass was corrected for prescission neutron
evaporation, measured [5] to be 0.5 ± 0.2 neutrons at Ep =
13 MeV. Thus the mass discrepancy reduces to only 0.25,
which is likely within systematic uncertainties resulting from
fragment energy loss corrections (see Appendix B). Other
measurements of mass spectra have used the 2E method, or
decay counting. These determine masses after neutron evapo-
ration from the fragments, and comparison would require the
complication of attempting corrections for neutron evapora-
tion.

Almost all measurements can be compared through an
empirical quantity extracted in many measurements. This is
the ratio of the yield at the maximum of the asymmetric
peak to the yield at mass symmetry. This is often called the
peak to valley (P/V ) ratio. It is expected to be almost unaf-
fected by neutron evaporation. Results from several previous
experiments are compared in the next section. This provides
strong validation of the current results, and shows excellent
consistency among the previous results. Significant repeated
structures are clearly present in the energy dependence of
P/V , which to our knowledge is presented for the first time.

G. Energy dependence of mass-asymmetric
peak to mass-symmetric yields

Before evaluating and comparing peak to valley ratios, the
energy dependence of the two components of P/V from the

1The mean is artificially higher for GEF Ep calculations because of
the mass lost by preequilibrium emission, combined with the mass
renormalization of the GEF calculations to match the experimental
assumption that the mass at scission is the compound nucleus mass.
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current experiments will be discussed. This will clarify the
interpretation of the energy dependence of the P/V ratio.

Peak yields are shown in Fig. 8(d) as a function of energy.
As noted, the light and heavy peak yields show a slight sys-
tematic difference, of a few percent. Both show a consistent
energy dependence, with dips in yield at the threshold of each
fission chance (low energy side of the colored bands), and
peaks a few MeV higher (upper edge of the colored bands).
These correlate strongly with the change in the mass at the
maximum of the asymmetric peak shown in Fig. 8(c). This
correlation is to be expected, since when the mass at the
maximum is closer to the average of the StI and StII masses
(�137.5) the mass-asymmetric peak will be wide, and thus
the peak height will be reduced due to the normalization of
the mass spectra to 200%. Conversely when the peak mass is
closest to the StII mass, the asymmetric peak will be narrower
and higher.

Despite having little difference in asymmetric peak shape
with energy, the GEF calculations also show plateaus (though
not peaks) in the same energy range. The origin of this feature
is related to the energy dependence of the mass-symmetric
mode, discussed in more detail below. Because of the over-
all normalization of all modes to 200%, physical processes
affecting the symmetric yields will affect the peak yields, and
vice versa.

The yield at mass symmetry is shown in Fig. 8(e). The
basic expectation is that the yield of the mass-symmetric
mode (and thus the yield at mass symmetry) will increase
with excitation energy. This is because the mass-asymmetric
modes exist because of shell effects which are attenuated as
excitation energy increases. In contrast the mass-symmetric
mode is generally identified with the liquid drop model fission
barrier, which does not change rapidly with Ex.

The experimental data show an overall rise, but with
plateaus within the shaded bands, possibly even falling at
the upper edge of the shaded bands. The plateaus are clearly
present in the GEF Ex calculations, and in attenuated form in
the GEF Ep calculations. The explanation is again multichance
fission. At the low energy edge of the bands, low Ex fission
starts to reappear due to passing the energy threshold for a
new fission chance. Low Ex corresponds to a lower probability
of the mass-symmetric fission mode, so the yield at mass
symmetry no longer rises. Depending on the probability of
the new last chance fission, the symmetric yield could even
fall as Ex rises above the threshold.

The GEF Ep calculations are quite successful in describing
the overall trends of the symmetric yield, but the steps related
to multichance fission are very much attenuated compared
with experiment. This suggests that the calculated effect of
preequilibrium emission on the excitation energy spectrum
is overestimated, and/or the last chance fission probabilities
in GEF are lower than found in reality. Comparison of xn
evaporation residue excitation functions [36,37] with GEF cal-
culations should provide insight into this question.

The features seen in the energy dependence of the ex-
perimental yields both at the asymmetric peak maxima and
at mass symmetry have been explained in terms of physi-
cal effects largely related to multichance fission and StI/StII
competition. Now the peak/valley ratios can be more easily

interpreted, and compared with other measurements and with
the GEF calculations. These are all shown in Fig. 8(f).

The P/V results of the present paper are indicated by red
circles (light fragment peak) and blue circles (heavy fragment
peak). On this scale, these two independent results generally
overlap completely. The thick dashed red curve joins the red
points and guides the eye. The agreement with previous ex-
perimental results is remarkably good. Measurements from
direct detection of fission fragments cover 2E measurements
(labeled Mulgin et al. [11]) and 2v measurements (labeled
Gikal et al. [5] and Nagame et al. [35]). The values from the
tabulation of Naik et al. in 2013 [38] are generally from decay
counting. Without the present data, taken with fine energy
steps, the structure in the P/V ratio would not be readily ap-
parent. Indeed, from data with a 2-MeV energy step, Mulgin
et al. concluded [11] that the ratio of the StI and StII modes
was independent of energy, and the P/V ratio was smooth
and featureless. In contrast, decay counting measurements
[39] with fine energy steps did identify a structure in P/V at
Ex ≈ 21 MeV (Ep ≈ 16 MeV), and it was associated with the
onset of third chance fission, as it is here. For the 232Th (n, f )
reaction, a feature in the asymmetric peak characteristics, and
in P/V , at Ex ≈ 12 MeV was identified as a GDR effect [40].
The onset of second chance fission may be expected to play a
role in that reaction also.

GEF calculations show structures in qualitative agreement
with experiment. Quantitatively, the multichance fission and
excitation energy dependence of competition between StI and
StII modes does not seem to match with experiment.

The P/V ratio is perhaps the most robust experimental
characterization of mass distributions in the neutron-rich Th-
Cm region. The origins of repeating structures in the P/V ratio
as a function of energy have been identified from the physical
processes affecting both the peak yield and the symmetric
yield. Variables identified as affecting the ratio include (i) the
detailed energy dependence of the StI to StII ratio near thresh-
old, (ii) the energies of onset and the probabilities of succes-
sive last chance fission, (iii) the Ex dependence of the mass-
symmetric mode characteristics folded with the multichance
symmetric fission probability distributions [39], and (iv) the
distribution of Ex resulting from preequilibrium emission.

This paper has shown that the excitation energy depen-
dence of the symmetric fission probability appears to be
strongly affected by multichance fission. Thus extracting the
intrinsic dependence on Ex of the competition between sym-
metric and asymmetric fission is reliant on knowing the
contributions from different fission chances. This intrinsic
dependence in turn gives insights into the attenuation of shell
effects with Ex, a fundamental property of nuclei. A quantita-
tive model reproducing all the experimental behaviors should
be able to give insights into these issues, and GEF would seem
to be a good starting point. The experimental results suggest
that the physics determining the detailed excitation energy
dependence of fission mass spectra still needs development.

V. SUMMARY AND CONCLUSIONS

New measurements of fission have been carried out for the
p +232 Th reaction at 15 beam energies from 6.5 to 28 MeV,
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to investigate the dependence of the relative probabilities of
the standard I and standard II mass-asymmetric fission modes
as a function of excitation energy. For fission modes like
these, caused by shell structure, their variation with excitation
energy gives important guidance to models.

The new experimental analysis method used, that deter-
mines fission mass spectra from time difference information
alone, has been rigorously tested and validated. It requires in-
formation from previous measurements or calculations of the
mean fission total kinetic energy as a function of mass split.
The results are shown to be not very sensitive to this input.
Time difference mass distributions are essentially identical to
those extracted using the double velocity (2v) method applied
to identical data sets.

Visual inspection of the mass distributions reveals periodic
structure in the energy dependence of the symmetric yield
and in the mass and probability at the peak of the mass-
asymmetric component. This suggests a significant influence
of multichance fission in the structure of the mass distribu-
tions.

Fitting the mass distributions with unconstrained Gaus-
sian functions failed to give good fits and stable Gaussian fit
parameters simultaneously. External constraints, from exper-
imental mass-TKE distributions or firmly based theoretical
expectations, are needed to extract absolute probabilities of
different fission modes by fitting. This will be addressed in a
subsequent paper.

Comparison with mass distributions calculated using the
code GEF shows only two significant discrepancies. The first
is that experimental mass distributions between the two mass-
asymmetric peaks are much flatter than those calculated,
which assume a Gaussian form. This experiment is in agree-
ment with many previous works. Our fits, and previous work
of others [11], both suggest that the mass-symmetric com-
ponent is flat topped, rather than Gaussian in shape. This
suggests shell structure is also affecting the symmetric mode
[11]. The second disagreement is that the mass at the peak of
the asymmetric component changes with energy much more
in the experiment than in the GEF calculations. This must
reflect a strong dependence with excitation energy of the
relative probability of the StI and StII modes, with StI having
significant probability.

Plotting empirical observables as a function of excitation
energy (assuming complete fusion) reveals repeated changes
just above successive energy thresholds for last chance fission.
These observables are the angular anisotropy, the yield at mass
symmetry, the asymmetric peak height and the mass at the
peak maximum, and a combined variable: the ratio of peak
yield to symmetric yield (referred to as peak/valley—P/V ).
The GEF calculations show much weaker dependence on exci-
tation energy, particularly when they include the dispersive
effect of preequilibrium emission of nucleons before com-
pound nucleus formation.

These correlations lead to several conclusions.
(1) The StII fission barrier appears to be lower than the StI

barrier, which is also the case in the GEF code.
(2) Above the StI fission barrier, the StI fission probability

appears to rise faster and to higher values than in the GEF

calculations.

(3) Last chance fission appears to have a higher probability
than in the GEF calculations, particularly those that include
preequilibrium emission.

(4) Preequilibrium emission probabilities at low energies
may be smaller than those calculated in GEF, supported by
the experimental neutron angular correlation measurements of
Ref. [5].

(5) The peak to symmetric yield ratio P/V is the most
robust experimental observable, and many previous measure-
ments are in excellent agreement with the present paper.

(6) Distinct structures on a ≈2-MeV energy scale in the
P/V ratio suggest a significant probability of last chance
fission, even at Ex up to 30 MeV. They repeat every 6–8
MeV, through decreasing in amplitude at higher energy. This
behavior can be attributed to the energy cost and increased
energy spread associated with successive neutron emissions,
and the expected decreasing contribution from last chance
fission with increasing Ex.

The simultaneous description of all experimental variables
presented could perhaps be achieved by empirical adjustment
of parameters within the GEF model. This task is, however,
beyond the scope of the present paper.

The results show that many features of the experimen-
tal fission mass spectra, even at excitation energies up to
30 MeV, are affected by last chance fission. This occurs in
the excitation energy range from around 6 to 12 MeV. It
would be extremely useful to measure directly precise mass
distributions in this energy range to pin down barrier heights,
and to help to develop empirical and fundamental models
describing multichance fission. These measurements cannot
be obtained with good statistics through proton fusion, since
the beam energies are far below the fusion barrier. Transfer
reactions would allow population in this energy region with
much higher cross sections. Such high statistics mass distri-
bution measurements (ideally based on 2v measurements) are
strongly encouraged.
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APPENDIX A: BENCHMARKING THE TIME
DIFFERENCE METHOD

The time difference method for fission of systems with
small or zero center-of-mass velocities was presented in
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Ref. [25]. To test the accuracy of the method, a fission
mass measurement using time difference should be compared
with a high quality measurement made using another method
(e.g., double energy 2E or double velocity 2v) that does not
need to use external data on the relative fission fragment
c.m. velocities (this external information is required by this
time difference method). A comparison was already made in
Ref. [25], where good agreement was obtained for a relatively
narrow mass distribution previously measured by the double
energy method. As shown there, the full expression for the
mass ratio MR at scission can be approximated by the equation

MR
∼= 0.5 − K�T

8d
(A1)

where K is the relative velocity of the two fission fragments
in the c.m. frame, and �T is the time difference between the
fragments measured in two detectors both at distance d from
the fission event. In practice, for a given value of MR, only the
mean value 〈K〉 can be provided—if event-by-event informa-
tion were available, there would be no need to apply the time
difference method. For small mass asymmetry between the
two fragments �T is small, and so the sensitivity to K is also
small. A more severe test would be for a distribution extending
to large mass asymmetry, also having significant structure in
the mass distribution.

1. Spontaneous fission of 248Cm

Spontaneous fission of 248Cm is a good candidate, with
very low yield at mass symmetry, a mass-asymmetric peak
with structure, and yield extending outside MR = 0.35 and
0.65. Experimental mass distributions exist in the literature,
the most extensively described that we are aware of be-
ing from Unik et al. [17]. Measured by the 2E method, in
principle it is the mass split of the fragments after neutron
evaporation that are obtained by this method. However, in
Ref. [17] the data were iteratively corrected event by event for
postscission neutron emission as well as energy loss in the tar-
get. This allows comparison with the present time difference
measurement which provides the mass split at scission. The
mass distribution of Unik et al. was extracted from the data
presented on a linear scale in Fig. 2 of Ref. [17]. Digitized
values of yield will have a scanning uncertainty introduced,
estimated to correspond to an uncertainty in the absolute yield
of ≈0.015 % per mass unit. Thus insignificant uncertainty was
introduced for absolute yield per mass unit above 1% per mass
unit.

In our analysis method for time difference data, the mean
relative fragment velocity as a function of mass split needs to
be provided. This was obtained from the experimental data
of Unik et al. presented in Ref. [17] for 246Cm (data for
248Cm were not presented). The mass distributions for 248Cm
and 246Cm were measured to be very similar, so the TKEs
should also be similar. Fragment energy loss in the target
and backing were corrected using energy losses calculated
from the equations of Knyazheva et al. [43], which describe
experimental measurements specifically for fission fragments.
Both the mass split dependence of fragment velocities and the
effects of energy loss were corrected for iteratively, event by

FIG. 9. Mass spectra at scission for spontaneous fission of
248Cm. The yield scale is in percent, where the full distribution
has been normalized to 200%. The data from Flynn et al. [41] and
England and Rider [42] are mainly from decay counting, corrected
for postscission neutron emission (see text). The data from Unik et al.
[17] shown by black triangles had originally been deconvoluted [17]
(to account for mass dispersion caused by neutron emission from the
fragments) and mirrored about the symmetric mass split (A = 124).
The mass spectra from the current paper (red circles) using the time
difference method are unmirrored and not deconvoluted. Convoluting
the Unik et al. data with a standard deviation of 1.8 u (blue triangles)
gives good agreement with the current paper. This implies the stan-
dard deviation of the mass resolution in the current paper is ≈0.8 u
(see text).

event. The only parameter varied in the analysis was the value
of the time difference offset, which was adjusted to obtain a
mean fragment mass ratio of exactly 0.5. The fragment masses
were obtained assuming the mass number A at scission was
248.

The scanned mass spectrum as presented by Unik et al.
is shown in Fig. 9 and (in logarithmic scale) in Fig. 10 by
black triangles joined by a dashed curve. It shows signifi-
cant structures, correlated with even fragment charges (gray
arrows). These arrows for the heavy peak correspond to
A = (Z + 0.3)ACN/ZCN, and are complementary for the light
peak. The mass distribution presented had been obtained in
Ref. [17] from the raw distribution (not presented there) by
correcting for (deconvoluting) the calculated effects of mass
smoothing (dispersion) caused by neutron emission from the
fission fragments. The claimed instrumental mass precision
was 0.2 u, with the possibility also of systematic uncertainty
arising from the Si detector energy calibration. The calculated
mass number smoothing standard deviations (σA) resulting
from neutron evaporation ranged from 1.22 to 1.78 for fis-
sioning systems between 229Th and 254Fm.

Figures 9 and 10 also show mass distributions for 248Cm
spontaneous fission determined by decay counting [41,42].
We have corrected these by the mean prompt neutron mul-
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FIG. 10. The same as Fig. 9, but with a logarithmic yield scale.

tiplicity [44] as a function of fragment mass to obtain the
scission masses, indicated by diamonds and circles, respec-
tively. Over the full mass range, the agreement with Unik et al.
is reasonable, given the large assigned error bars. The even-Z
structure is not as obvious, likely also associated with the ex-
perimental uncertainties. The yield at mass symmetry is well
defined, having no smoothing effect due to mass resolution.
This gives a peak/valley ratio of about 4000.

Our 248Cm mass spectrum is shown in Figs. 9 and 10
by red circles. Overall, the agreement with previous work
is good. Our experimental peak/valley ratio is 320 for one
detector pair, and 480 for the other. The spectra show the
sum of the mass spectra from both detector pairs, and are not
mirrored—the mass of the fragment detected in the backward
angle detectors is presented. Since the spectrum shown by
Unik et al. had been deconvoluted to compensate for disper-
sion from fragment neutron emission, to compare with our
experiment, we have reconvoluted (smoothed with a Gaussian
distribution) the mass distribution presented by Unik et al.,
shown by blue triangles. To obtain the best agreement with
our data required smoothing with σA of 1.8. The agreement in
mean mass and structure is excellent. The mean mass of the
re-convoluted heavy fragment peak (125 � A � 153) of Unik
et al. is 140.17, whereas the present data gave 140.37, using
the fission fragment energy loss formula of Ref. [43]. The
effect of a different energy loss calculation (for the p +232 Th
measurements) is discussed in Appendix B.

2. Instrumental mass resolution

The instrumental mass resolution of the present paper can
be estimated by comparing the deconvolution width applied
in Ref. [17] to the convolution width we applied to match our
measurement. The deconvolution width applied in Ref. [17]
is expected to depend on the mean number of neutrons emit-
ted. Figure 5 of Ref. [17] shows that 248Cm is in the higher

range of neutron multiplicity, and so should be closer to
the upper (1.78) than the lower limit (1.22) in σA. Assum-
ing a deconvolution σA of 1.6 was applied in Ref. [17], the
convolution width of 1.8 that matched the present results
implies an experimental contribution to the mass number res-
olution in the current experiment of ≈0.8 (

√
1.82 − 1.62).

Since the deconvolution width actually applied is only esti-
mated, this value has considerable uncertainty.

Some known experimental contributions in the present
measurements can be evaluated. According to Eq. (A1),
a contribution to the resolution from the time difference
method will come from the fact that K takes a distribu-
tion of values around the mean value that is used for each
mass split. This is estimated to contribute only 0.2 u for
masses near the asymmetric mass peak. Another contri-
bution will come from fission occurring at all depths in
the Cm material. Based on the measured thickness, this
is calculated to contribute an rms mass width of 0.3 u.
The largest contribution is likely to come from the exper-
imental time resolution, i.e., the spread in time difference
between the large area MWPC detectors. From Eq. (A1),
a standard deviation of the resolution in time difference of
200 ps (corresponding to an individual detector time resolu-
tion of 140 ps) would give a σA of 0.75 at the asymmetric mass
peak position. This is not close to the limit of time resolution
of the time to digital converter that was used (97 ps between
channels). Adding these contributions in quadrature results in
an instrumental resolution σA = 0.8. Given the 1000-cm2 area
of each large MWPC fission detector, this resolution is quite
satisfactory.

It is concluded that the fission mass resolution depends
mainly on neutron emission from the fragments, with the
time resolution of the detectors making a smaller contribution.
The approximation in the time difference method of taking
mean fragment velocities for each mass split rather than actual
velocities does not make a significant contribution to the mass
resolution. Appendix B addresses quantitatively energy loss
corrections and less accurate treatments of fragment velocities
within the time difference method.

APPENDIX B: SENSITIVITY OF FISSION MASS
SPECTRA TO EXTERNAL INPUTS

The time difference method requires as input the relative
velocities in the center-of-mass frame (K ) as a function of the
mass ratio of fragment pairs. These can be determined from
the TKE as a function of mass split, making use of conserva-
tion of momentum. The TKE information could come from
models, or from prior experiments.

Corrections for energy losses of fragments in the target ma-
terial and its supporting backing are required for both the time
difference and absolute time (2v) methods. The sensitivity of
the mass spectra to these inputs is presented below.

1. Dependence of mass spectra on TKE input

To test the sensitivity of the time difference method to the
TKE or K (MR) input, a data set measured with a pulsed beam
was used. It was initially analyzed using the 2v method to ob-
tain the mass distribution. The data were then analyzed by the
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FIG. 11. (a) Points show the present measured mean TKE as a
function of the light fragment mass for the proton energies indicated.
The change with energy basically results from the increase in the
fraction of the symmetric fission component. The dashed red line
shows the TKE from the 2E measurement of Mulgin et al. [11], to
which our data were normalized at mass symmetry. The dashed black
line shows the values derived from the Viola systematics. (b) Points
show the mean relative velocity of fission fragments in the c.m. frame
〈K〉 as a function of mass ratio MR, determined directly from the
calibrated fragment velocities.

time difference method with different assumptions regarding
the mean TKE and thus K as a function MR, or fragment mass.

The current measurements of mean TKE (〈TKE〉) as a
function of the deduced light fragment mass for 10-, 17-, and
25-MeV p +232 Th are shown in Fig. 11(a). The red dashed
line shows measurements [11] for 10.3 MeV from direct
measurement of the fragment kinetic energies (2E method).
A multiplicative factor of 1.0175 has been applied to these
TKE values to correct for the approximately four neutrons
emitted by the fragments. The present results were normalized
at mass symmetry to the resulting 〈TKE〉 of 160.3 MeV. The
previous 10.3-MeV and current 10-MeV measurements show
very similar dependence of mean TKE on mass, deviating on
average by less than 1%.

The values of K (MR) from the present measurements, used
as input in the time difference method, are shown below in
Fig. 11(b). Also shown by the black dashed curve are the
values determined from the Viola TKE systematics [27], sim-
ply scaled according to the expected variation in Coulomb
energy with mass and charge split [28,29,45]. The fractional
difference in velocity is of course only half of that of the TKE.
The effect of K on mass offset from symmetry is linear to first
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FIG. 12. Mass spectra for 17-MeV p +232 Th, for different treat-
ment of the fission fragment TKE, all for the same energy loss
correction method (using the equations of Ref. [43]). The large
circles correspond to using the event-by-event fission TKE values
obtained using a pulsed beam (see text), and are thus the most
reliable. The crosses correspond to using the mean TKE as a function
of mass from the Viols systematics [27], scaled according to the mass
and charge split [28]. The yellow diamonds use the mean TKE from
this paper. This does not account for the spread in TKE for each
mass split. Nevertheless, the points lie almost in the middle of the
large circles, showing that neglect of this TKE spread has negligible
effect on the extracted mass spectra. The white triangles use the mean
TKE as a function mass from Mulgin et al. [12]. A slightly different
value and dependence on mass split causes a small deviation from
the spectrum using the ANU mean TKE values.

order, so the difference in TKE is not expected to change the
mass distribution substantially.

Figure 12 shows the effect of different treatments of TKE
on the extracted 17-MeV mass spectrum. The most reliable
mass distribution comes from the 2v method, where the mea-
sured velocities of both fragments are used (orange circles).
Using the time difference analysis method, the closest agree-
ment should come from using the mean TKE vs mass from
the same data to determine K (MR) [as shown in Fig. 11(b)].
This approximation, corresponding to neglecting the range of
fragment velocities for a given mass split, results in the yellow
diamond points. They lie over the orange circles, showing
negligible effect of this approximation.

Using a different mean TKE distribution, from Mulgin
et al., linearly interpolated between data presented [11] for
10.3 and 18 MeV, results in the white triangles. These show
a slightly larger difference. Since the value of K enters lin-
early into the mass deduced, this is not unexpected, but is
quite a small effect. It corresponds to a mass shift of typ-
ically 0.2 u. Finally, using the deduced mean velocity sum
derived from the Viola 〈TKE〉, the deviation is more signifi-
cant, as expected, corresponding to a typical mass deviation
of ≈0.7 u. Fission of actinide nuclei is expected to be the
worst case for use of the smooth 〈TKE〉 vs MR based on Viola
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FIG. 13. Mass spectra for 17-MeV p +232 Th, for two different
treatments of the fission fragment energy loss. The large orange
circles are the same as in Fig. 12, using the energy loss of Knyazheva
et al. [43]. The blue triangles use the Ziegler et al. energy loss [46].
The small white circles are the mirrored heavy mass distribution
using the former energy loss calculation.

systematics. This is because several fission modes are present
with quite different 〈TKE〉. This is clearly demonstrated
in Fig. 11(b).

2. Dependence on fragment energy loss

For all analysis methods, energy loss of the fragments
in the target and backing materials has to be corrected for.
Energy loss in the CUBE detector windows was also ac-
counted for. Because of the thin windows (0.9 μ polyethylene
terephthalate (PET)), this correction has very little effect on
measured velocities. Despite the rather thin target used for the
p +232 Th measurements, the details of the target energy loss
correction do affect the mass spectra. The 248Cm spontaneous
fission measurement, with a thicker Al backing, was more
sensitive to the energy loss correction.

Mass spectra for the 17-MeV p +232 Th data are shown in
Fig. 13. The orange circles show the distribution using the
adopted energy loss formula of Knyazheva et al. [43]. This
was fitted to measurements made specifically for fission frag-
ments. The spectrum using the more commonly used energy
loss calculations of Ziegler et al. [46] is shown by the blue
triangles joined by the black dashed line. There is a significant
difference, with the deviation being typically 0.5 u. This value
is taken to be the size of the systematic uncertainty in the
deduced masses presented for the p +232 Th measurements.
Even for the thin target and backing used in the present exper-
iments, uncertainty in the energy loss of the fragments seems
to be the largest source of experimental uncertainty, whether
using the 2v analysis or the time difference analysis.

The white points represent the heavy fragment spectrum
using the energy loss of Knyazheva et al. [43], mirrored to
the equivalent light fragment mass. Apart from the slight
discrepancy in peak height already noted, the agreement is
satisfactory.
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