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With the recent emergence of fast nuclear reactors, there has been a corresponding increasing
interest in 2*®*U-related nuclear data. However, while existing literature data span much of the en-
ergy ranges of interest for the prompt fission neutron spectrum (PFNS) for neutron-induced fission
of 238U, most literature data sets are highly correlated, and thus new, independent measurements
of this quantity are needed. In this work, we report the results of a new measurement of the 233U
PENS at the Los Alamos Neutron Science Center for incident neutron energies from 1.5-20.0 MeV,
and outgoing neutron energies of 0.01-10.0 MeV. With some notable exceptions, the present results
generally agree with existing literature data, especially with regard to features relating to multi-
chance fission and pre-equilibrium features in the PFNS, thus adding confidence to existing nuclear
data evaluations and filling in gaps of knowledge at previously-unmeasured incident neutron ener-
gies. This result is the third in a series of PFNS measurements by the Chi-Nu collaboration now
spanning all three major actinides, 23°Pu, 23U, and 2*3U. Thus, for the first time, we report reliable
experimental PFNS ratios and average PFNS energy comparisons for measurements of all three of
these isotopes including accurate correlations between the different, but correlated experiments.

I. INTRODUCTION

Monte Carlo simulations are utilized for performance
and safety calculations of new nuclear reactor designs
(see, e.g., Refs. [1, 2]). Light water (i.e., lower neutron
energy) reactors are largely insensitive to the neutron-
induced fission of 23*U owing to the fission threshold of
approximately 1.5 MeV [3]. However, the recent emer-
gence of fast (i.e., higher neutron energy) sodium-cooled
reactors has brought deficiencies in nuclear data related
to 238U near the top of lists of current nuclear data needs
(see Refs. [1, 4] and references therein). Thus, the energy
spectrum of neutrons emitted from neutron-induced fis-
sion (i.e., the prompt fission neutron spectrum, PFNS) of
2381J is of fundamental importance for understanding the
distribution of neutron energies available for reactions in
these fast reactor systems. Along with the average num-
ber of emitted neutrons from fission and the fission cross
section, the PFNS is one of the major fission quantities
required for criticality calculations, and of these three is
has by far the highest uncertainty.

Compared with other actinides, 22U has a reasonably
broad coverage of incident (E"¢) and outgoing (E2%)
neutron energies from historic experimental data sets.
See Table I for a list of all experiments and the incident
energies measured. However, upon further investigation
two important features of these data become clear: (1)
As stated in Table VI of Ref. [5], the results of Refs. [6-
15] were all reported with incomplete uncertainty quan-
tification, and (2) the measurements of Refs. [8-13] are
all highly correlated with each other in that the author
lists are usually almost identical, the analysis techniques
applied are generally consistent, and the experimental fa-
cility and equipment are similar if not identical. Thus,

despite this wide E"¢ coverage range, it is possible that
there exists a systematic bias in the measurements of
Refs. [8-13], which make up the vast majority of litera-
ture data on the 233U PFNS. Furthermore, while data of
Ethvignot et al. [16] are uncorrelated with Refs. [8-13]
and are available for a continuous range of E¢ = 1.59—
200 MeV, these data are reported only as average neu-
tron energies for the limited outgoing neutron energy of
E2"t = 0.65-7.5 MeV and as less reliable Watt [17] func-
tion fits to their data. We also note the existence of data
for Ei¢ = 5.0-6.0 and 7.0-8.0 MeV in Ref. [18]. These
data were stated to be preliminary in Ref. [18], and thus
are not shown in this work, though no subsequent results
have been published from these measurements. Lastly,
the data of Wen et al. [19] and Sardet et al. [20] are also
uncorrelated with Refs. [8-13], respectively, though the
former appears to contain a significant systematic error.

In this work, we report on measurements of the
238U PFNS using the Chi-Nu experimental setup at Los
Alamos National Laboratory. By design, each Chi-Nu
experiment for a specific isotope is nearly identical to
that of each other isotope, with the exception of slight
differences in the target characteristics and random vari-
ations in experimental setup. Thus, given that two previ-
ous measurements have been published in highly-detailed
Physical Review C papers [21, 22] along with a series of
additional publications describing further details of the
analysis and experimental data [23-31], this manuscript
highlights only the most fundamental details of the Chi-
Nu 233U PFNS experiment reported here. Specifically,
we focus on highlighting differences in the experiment
and acquired data, as well as some studies of systematics
between this 238U data set and previous 2*Pu [21] and
235U [22] results. Details omitted from this manuscript



TABLE I: Summary of literature measurements of the
28U(n,f) PFNS measurements.

Ref. First Author Ec (MeV)
6] M. Baba (1989) 2.0
[7] V. V. Desai (2015) 2.0, 2.5, 3.0
8] | N.V.Kornilov (1980) [6.01, 7.02, 8.01, 8.94
[9,10] |  G. Boikov (1991) 2.9, 14.7
[1] | A. M. Trufanov (2001) 5.0, 13.2
[12] |G. N. Lovchikova (2004) 6.0, 7.0
[13] | G. N. Smirenkin (1996) 16.0, 17.7
[14, 15)| V.Y. Baryba (1977) 14.3
[16] | T. Ethvignot (2003) 1.59-200
[19] W. Wen (2016) 2.8
120] A. Sardet (2013) 5.2
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FIG. 1: (color online) An example spectrum of outgo-
ing versus incident neutron energy for the liquid scin-
tillator data obtained for this work summed over all

detection angles, and after random-coincidence back-

ground subtraction. The neutron energy on the y axis
is the measured outgoing neutron energy from time of
flight, before conversion to a PFNS result, and counts
along the z axis refer to counts in each logarithmically
spaced bin before corrections for varying bin size. See
the text for a discussion of features in this spectrum.

can be assumed to be identical to the details given in
Refs. [21] and [22]. We describe the experimental setup
in Sec. II, the data analysis procedures in Sec. III, and
results, including comparisons of the present 233U results
with those of 239Pu [21] and 23%U [22] in Sec. IV. Con-
cluding remarks are given in Sec. V.

II. EXPERIMENTAL SETUP

Measurements were carried out at the Weapons Neu-
tron Research (WNR) facility at the Los Alamos Neutron
Science Center (LANSCE) [32]. The WNR incident neu-

tron beam is a pulsed white neutron source, spanning a
typically useful range of 0.7-20 or 30 MeV with some ex-
periments reporting data at higher energies. The incident
neutron beam is generated from spallation of 800 MeV
protons incident on a tungsten target, with a signal re-
ferred to as the ty signal being generated just before
the spallation reactions. For these experiments, neutrons
traveling at 15° to the left of the incident proton beam
direction were collimated before impinging on a parallel-
plate avalanche counter (PPAC) target [33] 21.5 m from
the target. This target chamber contains ten double-
sided 99.959% pure 233U deposits approximately 4 cm
in diameter each, totaling approximately 70 mg of total
target material. The remaining composition of the target
material consists of 0.040% 235U and 0.005% 234U, and
contributions from these contaminants to the observed
neutron spectra are negligible. These PPAC targets pro-
vide a time resolution for the fission time, ¢, of less than
1.0 ns, though no fragment mass or angular information
is provided by the PPAC itself.

As was described in more detail in Refs. [21, 22], these
detectors also measure « particles spontaneously emit-
ted from 238U which overlap with signals from the fission
fragments of interest for a portion of the spectrum. This
« background contributes to random-coincidence back-
grounds (see Sec. IIIB) and was removed during data
analysis. This a background for this work was approxi-
mately a factor of 10° reduced compared with the 239Pu
measurement in Ref. [21], and therefore was not a con-
cern. Approximately 99% of detected fission events were
accepted for the data analysis described in subsequent
sections. The efficiency for detecting fragments in the
PPAC targets used in Chi-Nu experiments changes with
the fragment emission angle, which is impacted by beam
kinematics, intrinsic fragment anisotropy, and other ef-
fects. As described in Sec. III C, these effects were taken
into account using Monte Carlo calculations combined
with Hauser-Feshbach fission model calculations. The
potential for distortion of the measured PFNS due to
these effects was quantified with an identical process to
that of Refs. [21, 22], and resulted in a systematic uncer-
tainty on the final results.

The incident neutron energy, Ei"¢, was measured via
the tr - to time difference, defined to be the time of flight
of incident neutrons from the source to the PPAC cor-
rected by a constant related to cable lengths. The sub-
nanosecond time resolution for incident neutron times of
flight as short as 281.385 ns relative to the corresponding
~-ray transit time results in incident-neutron energy un-
certainties <0.3%, and so these uncertainties were safely
ignored.

Neutrons were detected in one of two detector arrays,
each of which is run in a separate experiment. Neu-
trons with outgoing neutron energy, E°“, from 0.01-
1.59 MeV are measured with a 22-detector Li-glass array
[25, 34] each nominally 0.400(5) m from the PPAC center,
while those with E2** = 0.89-10.0 MeV were detected
with a 54-detector liquid scintillator array each nomi-



nally 1.020(5) m from PPAC center [35, 36]. For both
experiments, a fission-neutron time coincidence window
of ty - 150 ns, and # + 350 ns was enforced in a post-
processing analysis of the asynchronously-collected data,
with neutrons detected at a time t,. The E2* for each
neutron was assigned based on the t, - t; time differ-
ence. Li-glass coincidences with PPAC signals yielded a
1-0 time resolution of 1.11(1) ns, while those with liquid
scintillators displayed a 1.08(1) ns resolution, also at 1
0. This data acquisition and signal processing analysis
produced spectra such as that shown in Fig. 1, which are
amenable to the analysis details provided in the next sec-
tion. Note in Fig. 1 the sharp reduction of counts near
Ein¢ = 1.5 MeV because of the threshold for fission in this
nucleus. The negligible amount of data below this energy
also adds confidence to the lack of 23°U contamination in
the present data, which would produce fission-correlated
neutron detections below this energy. Lastly, the di-
agonal feature observed from (E"¢ E%%) ~ (7.0 MeV,
0.8 MeV)—(12.0 MeV, 6.0 MeV) is a direct observation of
the high impact of the second-chance fission process on
these data (see Sec. IV).

IIT. DATA ANALYSIS
A. Signal Processing

To initially eliminate signals from the data that do
not correspond to the fission-correlated neutron data of
interest, PPAC spectra were cut at low pulse integrals
to remove as many « particles as possible. Also, v rays
were eliminated from liquid scintillator results using pulse
shape discrimination (PSD) as well as expected kinemat-
ics of neutron emission. Li-glass detectors do not have
PSD capabilities, but kinematics alone were sufficient to
remove v rays from Li-glass data, as was confirmed by
data collected using a Li-glass detector enriched in 7Li,
as opposed to °Li. Additional cuts were placed on the ac-
quired signals to reduce noise and signal reflections in the
cables, and corrections for walk (i.e., a trend of altered
detection time observed as a function of the magnitude of
a given pulse [37]) were made to all detectors as needed
after the application of constant fraction discrimination
to the timing of all signals. There was no need to correct
for issues relating to dead time in these measurements.

Timing calibrations were made such that v rays emit-
ted from the proton-induced reactions in the tungsten
spallation target were aligned at t; — o = 0 ns, which
is observed in the PPAC targets as a y-induced fission
peak. Incident neutron energies were calculated relativis-
tically with respect to the transit time of v rays down the
~21.5 m flight path. Similarly, neutron detector signals
were aligned in time such that the + rays from fission
(better observed without PSD cuts in the liquid scin-
tillators) were observed at ¢, —t;y = 0 ns, and emitted
neutron energies were assigned based on the time of flight
relative to the transit time for a ~ rays traveling to the

neutron detectors. The binning for outgoing neutrons
was chosen to be a logarithmic 20 bins per decade in an
effort to (a) obtain sufficient statistics in each energy bin
[21], and (b) define a binning that can be easily made
consistent between different detector types and between
the PFNS results of all actinides measured during the
Chi-Nu project, the latter of which is essential for, e.g.,
PFNS ratios like those shown in Sec. IV E.

B. Random-coincidence Backgrounds

Random (or chance) coincidences between acquired
signals are typically a dominant contributor to back-
grounds in data from coincidence measurements. For
example, an « particle detected in a PPAC could be ac-
cidentally measured to be in coincidence with a neutron
from fission; a true fission event could be detected in
coincidence with a neutron not originating from fission;
or a true fission event and a PFNS neutron not origi-
nating from the same fission even could be accidentally
measured to be in coincidence with each other. All of
these kinds of events are part of the measured data, but
a method to identify the amount of data corresponding
to all varieties of random-coincidence detection must be
applied to obtain the foreground coincidence data.

The methods of Ref. [26] were employed for these mea-
surements, and all other Chi-Nu PFNS measurements.
This method uses the pre-coincidence, in-beam data to
define the probability of randomly detecting uncorrelated
fission and neutron events in coincidence with each other
as a function of time and per observed ty signal, which
is then scaled by the total number of observed tq signals
to obtain the random-coincidence background spectrum.
Since this method uses the pre-coincidence data, which
have much higher statistics than the post-coincidence
data, the random-coincidence background has orders of
magnitude smaller statistical uncertainty than the post-
coincidence data ultimately used to extract the PFNS.

Recently, the potential for systematic errors in this
method was explored in Ref. [38], and a method for cor-
recting the background for any deficiencies related to rate
changes over the course of an experiment, correlations be-
tween detection rates, or any other means of introducing
an error in the background spectrum. The method for
correcting the background was defined earlier in Ref. [21],
and was applied to both previous Chi-Nu measurements
[21, 22], but the precise origin of the need for these correc-
tions was not fully explored or published until Ref. [38].
See Refs. [26, 38] for more details on this method.

C. MCNP®-based Corrections

Chi-Nu PFNS experiments are fundamentally differ-
ent than nearly every other measurement of a neutron-
induced PFNS in that the corrections to the data for
neutron scattering in the environment, neutron attenu-



ation in air, nuclear reactions in the detectors, and de-
tector efficiency are all determined using highly-detailed
MCNP®:! [39, 40] simulations developed over the decade
leading up to the first results from the Chi-Nu project
[25, 27]. As such, the environment and neutron response
characteristics of these simulations are well-trusted and
vetted. With the exception of measurements of the 252Cf
spontaneous fission PFNS and very few other cases, in ef-
fectively all other neutron-induced PFNS measurements
the neutron detector efficiencies are measured relative
to the 252Cf spontaneous fission PFNS, and this one-
dimensional (1D) efficiency is applied to the measured
spectrum (see Ref. [5] and references therein). For Chi-
Nu PFNS results, the distortion of a series of represen-
tative template PFNS input spectra through all of the
above-mentioned effects is calculated, and the average
ratio of the input spectra to the observed output spectra
from the simulation (as measured with neutron time of
flight) is used to convert the experimental data to the
PFEFNS shape. Simulated data were resolved and aligned
according to experimentally measured pulse-integral and
time resolutions. Note that only this single averaged ratio
is applied to each incident neutron energy bin reported
for the 238U(n, f) in this work, which produces a correla-
tion between the results of each incident neutron energy.

Similar to the choice of utilizing the 2°2Cf spontaneous
fission PFNS to correct data for neutron efficiency and
scattering effects, the choice of the template spectra for
this MCNP-based approach impacts the results of this
work. However, a primary benefit of the method applied
to Chi-Nu PFNS results is that a rigorously-defined co-
variance for the accuracy, or applicability, of this “ratio-
of-ratios” correction to the data can be derived from vari-
ations in the simulated input-output ratios. The gener-
ation of a covariance defining the potential error of the
method (as opposed to the reference nuclear data quan-
tities) is not possible with traditional measurements us-
ing 2°2Cf to measure either the efficiency or as a direct
ratio reference spectrum (both of which are equivalent);
the covariance corresponding to the method of measuring
relative to 252Cf is the covariance of the 2°2Cf reference
itself. This systematic uncertainty should then be added
to the potential errors in the method itself, though the
errors in the method are not calculable without accurate
simulations or additional measurements.

In addition to the fundamentally-important correc-
tions for environmental scattering and detector efficiency,
MCNP simulations were also used to assess the impact
of the angular dependence of the PPAC fragment detec-

1 MCNP6® and Monte Carlo N-Particle® are registered trade-
marks owned by Triad National Security, LLC, manager and op-
erator of Los Alamos National Laboratory. Any third party use
of such registered marks should be properly attributed to Triad
National Security, LLC, including the use of the designation as
appropriate. For the purposes of visual clarity, the registered
trademark symbol is assumed for all references to MCNP within
the remainder of this paper.

tor efficiency, the angular anisotropy of fission fragment
emission, and kinematics of the fission reaction followed
by neutron emission. More specifically, it is the com-
bination of these three effects that can cause potential
errors in the PFNS at any specific emission angle. To
explore these effects, we used CGMF [41] calculations in-
tegrated with MCNP simulations to infer the observed
E2“t spectrum as a function of neutron detection angle,
and of fragment emission angle. While this correlation
is complicated to describe and quantify given that the
PPAC targets used for this work do not yield any angu-
lar or mass information about the fission fragments, this
source of systematic uncertainty was not a major source
of systematic uncertainty in previous Chi-Nu measure-
ments [21, 22]. However, the anisotropy of fragments
emitted from the neutron-induced fission of 238U is sig-
nificantly stronger compared with 23°Pu and 23°U [42-
45]. Thus, following the same procedures, we determine
a systematic uncertainty of roughly 0.4-2.0% on aver-
age for the present measurement, as opposed to roughly
0.05-1.0% or lower on average for previous Chi-Nu mea-
surements. See the discussion in the next section for more
details on the shape of this uncertainty source.

D. Production of the Final PFNS Results and
Covariances

Following extraction of the PFNS from both the Li-
glass and liquid scintillator data sets, the two separate
measurements were combined with the requirement that
the area in the overlap region of outgoing fission neutrons
in the range 0.89-1.59 MeV is the same. The covariance
for the combined data set includes statistical uncertain-
ties on the data, background, and MCNP simulations,
along with systematic uncertainties from the background,
ratio-of-ratios method of PFNS extraction, input nuclear
physics into MCNP simulations, post-processing param-
eters used to match MCNP simulations to data, correc-
tions for fragment angular distributions and PPAC frag-
ment detection efficiencies, and fragment-neutron kine-
matics. The combination of these two data sets initially
amounts to a scaling factor for each data set. The com-
bined shape was subsequently normalized to unit area,
including full covariance propagation through the nor-
malization procedure, in order to properly report a PENS
shape data set [30, 49]. The neutron energy uncertainties
on the present results derived from time and distance res-
olutions are included as x-axis uncertainties in the follow-
ing section, and are not reflected in Fig. 2. Note also that
below E2“' ~ 0.07 MeV statistical uncertainties domi-
nate the total uncertainty owing the high background in
these regions, which results in large fluctuations of the
total uncertainty.

Notable compared to previous Chi-Nu PFNS results is
the fact that the correction for wraparound (i.e., incident
neutron contamination from neighboring beam pulses) is
not needed for 238U PFNS results because of the fission
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FIG. 2: (color online) The relative uncertainty from all non-negligible sources of uncertainty in the present data
set for the final PFNS results from (a) E*¢ = 2.0-3.0 MeV, (b) 8.0-9.0, and (c) 12.0-13.0 MeV. These E'"¢ ranges
correspond to one range present in each of Secs. IV A, IV B, and IV C.

threshold of approximately 1-2 MeV for 233U [3]. In
reality, fission can occur below this threshold, but the
probability of fission occurring closely below this thresh-
old is a factor of approximately 20 or more less likely
than just above this threshold. The magnitude of this
correction is further reduced by the fact that the inci-
dent neutron flux from the previous pulse inducing the
wraparound contamination is typically at least an order
of magnitude lower than the most recent (principal) neu-
tron pulse, and the correction is usually only on the order
of a few percent even when it is important. Thus, the re-
duction in fission cross section in the wraparound region
renders this correction negligible for this data set. The
contributions from various sources of uncertainty for the
normalized 238U shape for E"¢ = 2.0-3.0 MeV are shown
in Fig. 2.

IV. RESULTS

In the following sections experimental results are re-
ported with regard to PFNS shape in Secs. IVA-IV C,
average neutron energy of the PFNS in Sec. IV D, and
trends across consistent Chi-Nu measurements of the
239Py, 235U, and 238U PFNS distributions in Sec. IV E.
Shape results are split into groups of consistent paths
available to a fission event, which changes with Ei"c.
PFENS shape results for fission proceeding via neutron
capture directly followed by fission of a 23U nucleus
(termed first-chance fission) are shown in Sec. IVA. Re-
sults in Sec. IV B correspond to a combination of first-
and second-chance fission, with the latter allowing a neu-
tron to boil off of the 23°U compound nucleus before a
238U nucleus fissions. Section IV C then shows results
from a combination of first-, second-, and third-chance
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FIG. 3: (color online) The present results for Li-glass (black diamonds) and liquid scintillator (red circles) data
are shown for (a) B¢ = 1.5-2.0, (b) 2.0-3.0, (c) 3.0-4.0, and (d) 4.0-5.0 MeV, corresponding to average incident
neutron energy, (E2¢), values of 1.77, 2.51, 3.51, and 4.50 MeV, respectively. ENDF/B-VIIL0 [3] evaluations are
shown as solid and dashed blue lines, JEFF-3.3 [46] as the dash-dotted red lines, and JENDL-5.0 [47] as dotted
green lines. The shaded blue region corresponds to the uncertainty of the lower Ei*¢ ENDF/BB-VIIL0 evaluation
on each plot. All other evaluation uncertainties can be assumed to be similar. Literature data are plotted as com-
piled in EXFOR [48]. All data are shown as a ratio to a 1.32 MeV Maxwellian distribution.

fission (i.e., emission of two neutrons before a 237U nu-
cleus fissions), as well as the pre-equilibrium neutron
emission process preceding fission in which a compound
239U nucleus is never formed and a 233U nucleus fissions.
These varieties of fission events produce distinct PFNS
shapes, but are experimentally indistinguishable on an
event-by-event basis. Thus, the results are necessarily a
combination of all available processes.

A. PFNS Results From E"° = 1.0-5.0 MeV

Since the ?3¥U(n,[f) cross section drops dramatically
below E;" ~ 1.5 MeV, we report data only down to
E™ = 1.5 MeV as opposed to 1.0 MeV for the Chi-

Nu 239Pu and 23°U PFNS results. Furthermore, the sta-
tistical variation of the Li-glass data collected for these
results in the overlap region between liquid scintillator
and Li-glass data made a reliable relative normalization
between these data sets not possible for the Ei"¢ = 1.5~
2.0 MeV range. Therefore, we only report liquid scin-
tillator data for the Ei"¢ = 1.5-2.0 MeV energy range
shown in Fig. 3(a).

For the incident neutron energy range E‘¢ = 2.0
3.0 MeV there exist literature data from four authors
for comparison: Desai at al. [7], Baba et al. [6], Boikov
et al. [9], and Wen et al. [19]. Desai et al. also reported
three data sets at Ei*¢ = 2.0, 2.5, and 3.0 MeV, shown in
Figs. 3(a), 3(b), and 3(c), respectively. While the data
of Wen et al. [19] were collected using a unique emul-
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FIG. 4: (color online) The present results for Li-glass (black diamonds) and liquid scintillator (red circles) data are
shown for (a) Ei" = 5.0-5.5, (b) 5.5-6.0, (c) 6.0-7.0, (d) 7.0-8.0 MeV, (e) 8.0-9.0, and (f) 9.0-10.0 MeV, corre-
sponding to average incident neutron energy, (E:"¢), values of 5.25, 5.76, 6.54, 7.50, 8.50, and 9.49 MeV, respec-
tively. ENDF/B-VIILO [3] evaluations are shown as solid and dashed blue lines, JEFF-3.3 [46] as the dash-dotted
red lines, and JENDL-5.0 [47] as dotted green lines. The shaded blue region corresponds to the uncertainty of

the lower Ei"¢ ENDF/BB-VIIL.0 evaluation on each plot. All other evaluation uncertainties can be assumed to

be similar. Literature data are plotted as compiled in EXFOR [48]. All data are shown as a ratio to a 1.32 MeV
Maxwellian distribution.



sion technique, these data are not shown for compari-
son here because the shape of their results strongly dis-
agrees with all nuclear data evaluations, literature data,
and the present results by more than 50 for most of the
E%“t range reported in that work. All remaining au-
thors compared within this E"*¢ range [6, 7, 9] measured
the PFNS at a single angle with respect to the orien-
tation of the 238U target, with Desai utilizing two de-
tectors at the same polar angle, and Boikov and Baba
employing a single detector in a highly-shielded environ-
ment. Bearing in mind the difference in E*¢ for each
of these measurements as well as the range of E"° mea-
sured for the present results, all data agree quite well
within uncertainties, though the large total uncertain-
ties for the Desai et al. data make detailed comparisons
difficult. For Ei"¢ = 1.5-2.0 MeV, our results suggest
a slight increase to the evaluated PFNS at higher en-
ergies, but agreement above that incident neutron en-
ergy appears generally good for the ENDF/B-VIIL.O [3],
JEFF-3.3 [46], and JENDL-5.0 [47] libraries. Note that
JENDL-5.0 is identical to JENDL-4.0 for the 233U PFNS,
and the evaluated E*¢ grid does not include any energy
points between Ei"¢ = 2.0 and 5.0 MeV.

B. PFNS Results From E!"™ = 5.0-10.0 MeV

The threshold for second-chance fission is crossed in
the E"¢ = 5.0-10.0 MeV range, from which we ex-
pect to observe a low-FE2*' excess in the PFNS. Liter-
ature data from Sardet et al. [20], Trufanov et al. [11]
at E"¢ = 5.0 MeV, Lovchikova et al. [12] at Ei"¢ = 6.0
and 7.0 MeV, and Kornilov et al. [8] at E"® = 6.01,
7.02, 8.01, and 8.94 MeV are all available for compari-
son in this range as well. The data of Trufanov et al. in
Fig. 4(a) have a markedly different shape compared with
the present results and all plotted nuclear data evalua-
tions above E2"' ~ 6.0 MeV; the Trufanov data tend to
be notably higher at high E2* values, though their shape
agrees well with the JENDL-5.0 evaluation at lower E%"
values. This same figure, the data of Sardet et al. gener-
ally have lower statistical precision, and thus comparisons
are not informative. In Fig. 4(b), our data appear to sug-
gest a slightly later (higher E‘¢) onset of second-chance
fission compared with the results of the JEFF-3.3 and
JENDL-5.0 evaluations, both of which show a clear low-
E2" excess below E2"" = 6.0 MeV, whereas the present
results and the ENDF/B-VIII.0 evaluation do not show
much of this feature in this energy range.

In Figs. 4(c) and 4(d) the expected low-E2“t excess
becomes clear in the present results, and agrees very well
with the PFNS shapes observed by Kornilov et al. and
Lovchikova et al. in the E2“" ~ 0.6-3.0 MeV range.
Similar to the data from Trufanov et al., the results of
Lovchikova et al. in Fig. 4(c) trend higher than the
present data above E2“' ~ 6.0 MeV, though the data of
Lovchikova et al. are in agreement within uncertainties of
the present results in Fig. 4(d). The data of Kornilov et

al. agree with the present results at all four incident en-
ergies they report shown in Figs. 4(c)-4(f) within their
uncertainties. While the second-chance fission features
of the present results seem to agree well with JENDL-5.0
in Fig. 4(d) and with all evaluations in Figs. 4(e)—4(f)
(where all evaluation tend to agree with each other as
well), no single evaluation seems to agree with the data
consistently through Figs. 4(a)-4(d).

C. PFNS Results From E™ = 10.0-20.0 MeV

Above Ei*¢ = 10.0 MeV we approach thresholds for
both third-chance fission and pre-equilibrium neutron
emission processes. Literature data from Trufanov et
al. [11] at E"¢ = 13.2 MeV, Baryba et al. [15] at
Eir¢ = 14.3 MeV, Boikov et al. [9] at EI"® = 14.7 MeV,
and Smirenkin et al. [13] at Ei" = 16.0 and 17.7 MeV
are available in this range. Similar to the other corre-
lated experiments (see Sec. I), a single neutron detector
was used in a highly-shielded environment for all of these
measurements. This fact becomes particularly important
at higher E"¢ ranges because the pre-equilibrium neu-
tron emission process is known to produce a neutron an-
gular distribution peak at forward angles relative to the
incident neutron beam. Thus, it is difficult to obtain
the correct angle-integrated PFNS from a single neutron
detection angle. The most obvious feature from this pre-
equilibrium emission process is a peak in the PFNS at
high outgoing energies relative to a Maxwellian distribu-
tion, though neutrons with lower energies are also pro-
duced in this process.

From E"¢ = 10.0-13.0 MeV in Figs. 5(a)-5(c), the
emergence of neutrons from the pre-equilibrium pro-
cess is observed as the peak in the PFNS relative to a
Maxwellian starting at ES*' ~ 4.0-5.0 MeV in Fig. 5(a)
and increasing in both E2“* and magnitude (as a ratio to
a Maxwellian distribution) as E*¢ increases. When com-
paring the present results to evaluations, especially for
this pre-equilibrium peak, it’s important to keep in mind
that while the present results are reported over a range
of incident neutron energies, the evaluations are reported
at single incident neutron energies. Thus, it is expected
that, for example, the width of the pre-equilibrium peak
in the present results is wider than for an evaluation at
any individual E"*¢ value in the plotted range, and this
generally appears to be the case for all evaluations shown,
though the JEFF-3.3 evaluation appears to agree with
the observed centroid of this peak perhaps better than
the ENDF /B-VIIIL.0 or JENDL-5.0 evaluations.

Third-chance fission PFNS features start to appear in
Figs. 5(d) and 5(e) as another low-E2“! excess, though
the magnitude of this excess is not as dramatic as for
second-chance fission. The data of Trufanov et al. in
Fig. 5(d) appear to have a generally different shape than
the present results and evaluations in the E2*' ~ 0.6-
7.0 MeV range, though the observed pre-equilibrium
and third-chance-fission features are roughly in line with
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FIG. 5: (color online) The present results for Li-glass (black diamonds) and liquid scintillator (red circles) data are
shown for (a) Ei"¢ = 10.0-11.0, (b) 11.0-12.0, (c) 12.0-13.0, (d) 13.0-14.0, and (e) 14.0-15.0 MeV, correspond-

ing to average incident neutron energy, (E2¢), values of 10.50, 11.49, 12.51, 13.51, and 14.51 MeV, respectively.
ENDF/B-VIIIL.O0 [3] evaluations are shown as solid and dashed blue lines, JEFF-3.3 [46] as the dash-dotted red
lines, and JENDL-5.0 [47] as dotted green lines. The shaded blue region corresponds to the uncertainty of the lower
Eir¢ ENDF/BB-VIILO evaluation on each plot. All other evaluation uncertainties can be assumed to be similar.
Literature data are plotted as compiled in EXFOR [48]. All data are shown as a ratio to a 1.32 MeV Maxwellian
distribution.
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FIG. 6: (color online) The present results for Li-glass (black diamonds) and liquid scintillator (red circles) data are
shown for (a) Ei"¢ = 15.0-16.0, (b) 16.0-17.0, (c) 17.0-18.0, (d) 18.0-19.0, and (e) 19.0-20.0 MeV, correspond-

ing to average incident neutron energy, (E2¢), values of 15.51, 16.49, 17.52, 18.49, and 19.51 MeV, respectively.
ENDF/B-VIIIL.O0 [3] evaluations are shown as solid and dashed blue lines, JEFF-3.3 [46] as the dash-dotted red
lines, and JENDL-5.0 [47] as dotted green lines. The shaded blue region corresponds to the uncertainty of the lower
Eir¢ ENDF/BB-VIILO evaluation on each plot. All other evaluation uncertainties can be assumed to be similar.
Literature data are plotted as compiled in EXFOR [48]. All data are shown as a ratio to a 1.32 MeV Maxwellian
distribution.



evaluations. Baryba et al. and Boikov et al. data in
Fig. 5(e) seem to generally agree with the present results
as well as the JENDL-5.0 and ENDF/B-VIIIL.O evalua-
tions, though JEFF-3.3 shows a notably different shape
below E2“t ~ 5.0 MeV suggesting a lower contribution
from the third-chance fission process.

Above E"¢ = 15.0 MeV PFNS evaluations generally
evolve into a similar shape described by a smoothly-
increasing PFNS up until ES% = 3.0-4.0 MeV, with
a large pre-equilibrium peak above that energy. The
present results generally support these evaluation results,
though as will be seen in Sec. IV D, these similar shapes
can produce quite different average neutron energies. Fi-
nally, Smirenkin et al. data agree well with the present
results within uncertainties, considering the large uncer-
tainties in the Li-glass data reported here.

D. Mean PFNS Energies

In addition to the shape of the PFNS, the mean PFNS
neutron energy is also commonly of interest. The mean
PFNS energy ((E)) results as a function of E*¢ are
shown in Fig. 7. Similar conclusions can be made here
as were made in comparing PFNS shapes: (1) the on-
set of second-chance fission, seen here as a drop in the
mean PFNS energy near Ei* = 6.0-8.0 MeV, is sharper
and more dramatic than in the ENDF/B-VIIL.0 library,
(2) the ENDF/B-VIILO result matches the centroid (E)
value at the minimum of second-chance fission though
JEFF-3.3 and JENDL-5.0 also agree within 1-2 o, and
ENDF/B-VIIL.0 and JENDL-5.0 agree well with the data
above E"¢ = 8.0 MeV with better agreement for JENDL-
5.0 than ENDF/B-VIILO0, and (3) there is a general lack
of third-chance fission presence in the JEFF-3.3 evalua-
tion compared with the present results and other evalu-
ations.

We also compare to the data of Ethvignot et al. [16] for
an integration range of F2“' = 0.65-7.5 MeV in Fig. 8.
The results of Ref. [16] were reported almost entirely with
regard to the mean energy of the PFNS alone, with a
single PFNS spectrum shown for Ei*¢ = 2.1-4.0 MeV
and with no uncertainties. Interestingly, the results of
Ref. [16] are one of very few data sets that did not use
a measurement of the spontaneous fission PFNS of 2°2Cf
to correct their data for environmental scattering and ef-
ficiency effects. Instead, they corrected their PFENS from
Ein¢ =2.1-4.0 MeV with a 1D ratio to match the results
of a 6th-order polynomial fit to the data of Boikov et
al. [9] at E"¢ = 2.9 MeV (see these data in Fig. 3(b)),
and this 1D efficiency curve was used to correct their
data at all other incident energy ranges. The PFNS data
of Ref. [16] were also collected at angles of 90, 105, and
120° relative to the incident neutron beam, and so it is
expected that the the present results will trend towards
higher (E) values at higher incident energies where the
anisotropic sources like the pre-equilibrium neutron com-
ponent become important, though even at 90° the mea-
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FIG. 7: (color online) Mean PFNS energies are a func-
tion of Ei"¢ are shown in the top panel with the total
(black) and statistical (red) uncertainties of the data
reported here. ENDF/B-VIIL.0, JEFF-3.3, and JENDL-
5.0 mean energies are shown as the solid green, dashed
red, and dotted blue lines, respectively. The trends of
total (solid black) and statistical (dashed red) uncer-
tainties of the present results are shown in the bottom
panel.

sured spectrum is not free of this PFNS component [28].

In general, we see agreement between the present re-
sults and those of Ref. [16]. While there may be some
evidence for the expected deviations at higher incident
energies, both data sets agree within 1-2 o statistical
uncertainty, and would agree well with systematic uncer-
tainties included. Lastly with regard to Ref. [16], there
were also (E) values reported in the same work over the
full E2* of the PFNS, but (a) these results were heavily
based on extrapolation using Watt fits to the data, and
(b) the results from those fits yielded uncertainties that
are almost an order of magnitude higher than the statis-
tical uncertainties of the results in this work. Thus, we
do not compare to these results here.
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FIG. 8: (color online) Comparison of mean PFNS en-
ergies from the present results (black diamonds) and
those of Ethvignot et al. [16] (open, red circles) inte-
grated over the range E2“! = 0.65-7.5 MeV. Statistical
uncertainties are shown for each experiment. See the
text for a discussion.

E. Ratios and Systematic Trends of Chi-Nu **°Pu,
235U, and 22U PFNS Results

Given the consistencies between the 238U experiment
described in this manuscript with the 239Pu [21] and 235U
[22] measurements by the Ch-Nu team, this collection of
results is the first to yield reliable comparisons of all three
major actinides across a wide range of incident and out-
going neutron energies. Data for the 23°Pu/?3°U PFNS
ratio are available at E"¢ = 1.5 MeV from Refs. [50, 51].
These data were discussed in Ref. [22], and are not
shown again here. We also acknowledge the existence
of 239Pu/?3°U PFNS ratios for nine energy bins from
E2" = 1-10 MeV and for 1 MeV increments within the
range E"¢ = 1-8 MeV by Noda et al. [52]. The only
other PFNS ratios available are from Boikov et al. [9, 10]
for 235U /238U, at Ei"° = 2.9 and 14.7 MeV.

Ratios of the PFNS of 23°U to 238U for E"¢ = 2.0-
3.0, 7.0-8.0, and 14.0-15.0 MeV are shown in Figs. 9(a)-
9(c), including the ratio of data from measurements of
Boikov et al. [9, 10]. The 239Pu-to-233U PFNS ratios for
the same incident energies are shown in Figs. 9(d)-9(f),
and for the 239Pu-to-2%5U ratio in Figs. 9(g)-9(i). The
data of Noda et al. [52] are not shown here because the
granularity of these data in ES“! is generally too coarse
to be informative, and the uncertainty of the ratio data
points extends beyond both the upper and lower limits of
the y axes of Figs. 9(g)-9(h) in many cases. The covari-
ance of each of these results were propagated through to
these ratio results including correlations from data anal-
ysis and acquisition processes for these separate experi-
ments. Thus, the total uncertainties on these ratios are
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dominated by statistical precision, and many systematic
effects that could impact each individual measurement
are reduced if not eliminated in these ratios.

Focusing first on the 23°U-to-238U PFNS ratios, these
isotopes of uranium display very similar PFNS shapes,
resulting in experimentally-determined PFNS ratios near
unity. These ratios also agree well with those of Boikov et
al. '[9, 10] in Figs. 9(a) and 9(c). However, the 25U
PFNS generally tends to be larger at high E2“' values,
and a clear shape variation is observed from E2* = 1.0~
1.5 MeV in Fig. 9(c) from differences in the third-chance
fission threshold between these nuclei. None of these
relatively minor variations are on the level of variation
between the 233U and 23¥U PFNS from the ENDF/B-
VIIL.0 evaluation, which contains significant structural
features from differences in multichance fission and pre-
equilibrium components of either PFNS. These features
would be smoothed out to an extent with an averaging
of the evaluated results over the E‘" range covered by
the Chi-Nu measurements, but the linear interpolation
scheme recommended for obtaining intermediate E‘"¢
values from ENDF /B-VIII.0 (which is the same as recom-
mended for JEFF-3.3 and JENDL-5.0 as well) only aver-
ages two distinctly-different PFNS shapes at the limits of
the E"¢ range of interest. This scheme then yields un-
physical PFNS results with multiple multichance fission
and pre-equilibrium features in the PFNS, as opposed to
the desired smooth distribution averaging over results at
each intermediate energy (see, for example, Figs. 8-11 in
Ref. [22]). Lastly, as noted in Ref. [22], the ENDF/B-
VIILO evaluation of the 235U PFNS tends to be notably
larger at high F2“* values than recent experimental mea-
surements, which then yields 235U /238U PFNS ratios that
trend upwards compared with the data in Figs. 9(a)-9(c).

Moving to PFNS ratios with 23°Pu in the numerator,
the ratios of the 23Pu PFNS to 238U (Figs. 9(d)-9(f))
and to 23°U (Figs. 9(g)-9(i)) look broadly quite similar
as a result of the general similarity of the 235U and 238U
PFENS, and are characterized by a steep increase from
E2*t = 1.0-10.0 MeV. Variations can be seen in these
ratios corresponding again to differences in the threshold
and magnitude of multichance fission and pre-equilibrium
neutron emission processes, though these are less obvi-
ous when convolved with the overall increasing trend.
While these ratios both agree well with ENDF /B-VIIL.0
for En¢ = 2.0-3.0 MeV in Figs. 9(d) and 9(g), for the
Ein¢ = 7.0-8.0 MeV the ENDF/B-VIILO evaluation of
2357 trends higher than the results of Ref. [22] whereas
ENDF /B-VIILO agrees more closely with the 233U PFNS
results presented in this work, yielding good agreement
in Fig. 9(e) but a shape disagreement in Fig. 9(h) espe-
cially at the highest E"! values. Finally, neither of these
evaluation ratios for Ei"¢ = 14.0-15.0 MeV in Figs. 9(f)
and 9(i) reproduce the shape of the data, though the
239Pu-t0-235U ratio in Fig. 9(i) largely agrees within un-
certainties of the present results except at the highest
energies.

The mean energies from this work and from Refs. [21]
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FIG. 9: (color online) ***U/?3¥U PFNS ratios for E/** = (a) 2.0-3.0, (b) 7.0-8.0, and (c) 14.0-15.0 MeV. The
239Pu /238U ratios for the same E"¢ values are shown in panels (d), (e), and (f), and those for the 2*9Pu/?3°U ratio

are shown in panels (g), (h), and (i), respectively. ENDF /B-VIII.0 evaluation comparisons are shown as the solid

red lines, with uncertainties shown as the shaded regions.

and [22] are shown in Fig. 10 with the ENDF/B-VIIIL.0
evaluation results integrated over the same ES*' = 0.01-
10.0 MeV range covered by the experimental data. Com-
parisons of each data set to the corresponding evaluations
are provided in this work and elsewhere [21, 22], so we
only comment on the relative features between the differ-
ent isotopes here. The slope of the average energy trends
below thresholds for second-chance fission are fairly sim-
ilar, with 238U perhaps dropping more sharply than the
others extrapolating towards thermal incident energies,
and this generally agrees with evaluation results. While
ENDF/B-VIIL0 predicts some notable differences for the
energy of the second-chance fission threshold and in the
placement of the minimum of the second-chance-fission
drop in mean PFNS energy, the data suggest less varia-
tion between these isotopes for both parameters, though

the shape and magnitude of the drop observed in mean
PFNS energy does change between isotope with 233U
showing the largest drop. Experimental mean energy
slopes from Ei" = 7.5-11.5 MeV are again quite simi-
lar for all three isotopes, above which are clear differences
likely from the third-chance fission thresholds and magni-
tude of the third-chance fission component of the PFNS.
A mass-dependent trend may be inferred from the lowest
threshold for third-chance fission observed in 23U, fol-
lowed by 238U and 23Pu, though interestingly the mag-
nitude of third-chance fission mean energy variations may
track more closely with element identity judging by the
fact that 235U and 238U are nearly identical and 23°Pu
has only a minor impact from this feature. Evaluations
were generally poorly-guided by the lack of existing ex-
perimental data at higher incident energies, resulting in
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FIG. 10: (color online) Mean PENS energy results from
Chi-Nu measurements of the PFNS of 23°Pu (black di-
amonds), 235U (red circles), and 238U (blue squares)
are shown here with ENDF/B-VIIIL.0 results for each
of these nuclei shown as the black dotted, red dashed,
and blue dash-dotted lines, respectively. Uncertainties
shown here are the total uncertainty of each measure-
ment. The 233U data have been shifted up by 0.2 MeV
in incident energy to allow the differences between
these data and the 235U results to be discerned more
clearly.

significant differences from the data shown here, though
new evaluations are already being performed that include
this new experimental guidance.

Similar conclusions to those made above based on
Fig. 10 can also be inferred from trends of (E) ver-
sus the nuclear Z2?/A parameter, where Z is the proton
number and A is the mass number. Results for these
trends from Chi-Nu measurements of 238U, 235U, and
9Py are shown in Fig. 11 for E"¢ = 2.0-3.0, 7.0-8.0,
13.0-14.0, and 19.0-20.0 MeV along with results from
the CGMF [41] code for comparison. The Z?/A param-
eter was previously considered by Smith et al. [53, 54]
regarding the observed linear relationship of (F) ver-
sus Z2/A for the PFNS of 233U, 23U, and 23%Pu at
Ein¢ 2~ 0.525 MeV and 2*°Pu at E"¢ ~ 0.85 MeV, rel-
ative to the spontaneous fission PFNS of 2°2Cf. This
quantity is related to the nuclear “fissility” parameter
discussed in Ref. [54] and references therein. The results
shown in Ref. [53] are not reproduced since Chi-Nu re-
sults do not overlap with the Ei"*¢ values for data shown
in that work. While we observe a generally trend for al-
most all E"¢ ranges measured in Chi-Nu experiments,
including second-chance fission regions where the PFNS
from the fission of each nucleus is changing rapidly with
Eir¢ there is a clear divergence from linearity near the
third-chance fission threshold (i.e., in the E"¢ = 13.0-
14.0 MeV trend), where 238U produces a larger (E) than
235U. Approximate linearity is regained above this inci-
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FIG. 11: (color online) The mean energy of Chi-Nu
results of the PFNS of 238U (left side of figure), 235U
(middle), and 23°Pu (right) versus the nuclear Z2/A
parameter for incident energy ranges of E"¢ = 2.0-3.0
(black diamonds), 7.0-8.0 (green squares), 13.0-14.0
(open, red circles), and 19.0-20.0 MeV (blue stars).
Data points from the same E‘"¢ range are connected
with dashed lines of the same color to guide the eye.
The Ei"¢ = 13.0-14.0 MeV data points for 238U and
235U have been shifted by 0.03 along the x axis to avoid
overlap with other data. Results from the CGMF [41]
code are also shown as the shaded regions of the same
color as the Chi-Nu data. The range of the CGMF cal-
culations correspond to the E"¢ ranges shown in the
legend.

dent energy until Ei"¢ = 20.0 MeV. Therefore, although
the assumption of linearity of (E) versus Z2/A may hold
for the PFNS from neutron-induced fission of nuclei at
similar Ei"¢ values, it does not appear to be consistent for
all B¢ especially near the third-chance fission thresh-
old.

In general, the CGMF code reproduces the Z2/A trend
observation of a significant nonlinearity near the thresh-
old for third-chance fission at E"¢ = 13.0-14.0 MeV and
many (FE) centroids agree with the Chi-Nu data, though
the magnitude of the nonlinearity in CGMF is signifi-
cantly larger than the data. It’s important to note that
Hauser-Feshbach fission fragment decay models such as
CGMF tend to calculate PFNS distributions with a lower
average energy. The cause of this discrepancy is still un-
known, and the interplay of many model input parame-
ters like, e.g., fission fragment initial conditions, nuclear
structure information, multichance fission probabilities,
and more could be contributing. An investigation into
this issue is beyond the scope of this work, but compar-
isons with consistently-acquired data sets could poten-
tially give insight into the solution.



V. CONCLUSIONS

The increased interest in development of fast reactor
technology has led directly to a need for improvements
on experimental measurements of neutron-induced reac-
tions on 238U. Specifically for the PFNS, there has been
a series of measurements performed over the last three
decades that have guided modern nuclear data evalua-
tions with data spanning incident neutron energies as
high as 17.7 MeV, which is rare for any actinide. How-
ever, the majority of these measurements were performed
by the same experimental team members at the same
facility and with similar, if not identical, experimental
equipment and analysis procedures. Thus, this collec-
tion of literature data is likely correlated, implying that
there may be consistent systematic effects common to all
of these measurements.

We reported here a measurement of the 233U PFNS
from Ei"¢ = 1.5-20.0 MeV and from E%* = 0.01-
10.0 MeV. These measurements were performed at the
WNR facility at Los Alamos National Laboratory, and
are completely uncorrelated with any all previous mea-
surements of the 233U PFNS. We observe a general agree-
ment with existing literature data, with exceptions of dis-
agreements at the lowest and highest outgoing neutron
energies reported from literature data sets, which may
suggest a systematic effect across the correlated litera-
ture measurements. Both agreements and disagreements
are found with the major evaluation libraries ENDF /B-
VIIL.O, JEFF-3.3, and JENDL-5.0 for various combina-
tions of B¢ and E2“'. No single evaluation appears to
reproduce the complete set of data reported here, but
each evaluation is within reasonable agreement consider-
ing the precision of the literature data previously avail-
able. New evaluations including the reported work are
already underway, and should yield higher precision data
meeting the needs of the fast reactor communities.

These measurements on 238U are the third in a se-
ries of PFNS measurements made by the Chi-Nu collab-
oration on the major actinides 23°Pu, 23°U, and 238U,
results for which each covered a wide range of incident
and outgoing neutron energy with a highly-detailed co-
variance treatment. Given that each measurement was
carried out in a nearly-identical environment, analyzed
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with similar techniques, and that the complete covari-
ance of each measurement was calculated and propagated
with the correlations between each of these three sepa-
rate measurements considered, we reported here the first
accurate, correlated PFNS ratios of these actinides to
each other, and we studied systematic differences in the
mean PFNS energies of these isotopes. The 23U and
238U PFNS shapes as a function of incident energy are
similar in many respects and 23°Pu shows, as expected,
an overall higher mean PFNS energy. The differences
in magnitude and threshold position of multichance fis-
sion features in the mean PFNS energies seem to sug-
gest mass-dependent trends for the third-chance fission
threshold, and for third-chance fission component mag-
nitudes (i.e., impact on the mean PFNS energies) that
are related to the nuclear proton number. Trends of av-
erage PFNS energy to a parameter relating to the nuclear
fissility were also seen to support previously observed lin-
ear trends, except near thresholds for the third-chance
fission process. However, while these results represent
an extensive collection of work, further measurements on
other nuclei such as 24°Pu, 233U, or others are needed to
further validate any observational trends proposed here.
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