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Uncertainty in nuclear reaction cross sections, angular distributions, and other nuclear data directly
impact how well simulations of nuclear systems represent physical observations. To determine how well
the nuclear data in ENDF/B-VIII.0, JEFF-3.3, and JENDL-4.0 evaluations describe the physical behaviour of
235U, and 239Pu when subjected to a neutron flux, the neutron emission spectrum was measured for car-
bon, 93.0% 235U, and 93.9% 239Pu samples, and compared against detailed MCNP6 simulations. The mea-
surements were performed at the Los Alamos Neutron Science Center using a quasi-differential method
previously developed at Rensselaer Polytechnic Institute. The measurement spanned 0.82–20 MeV and
30–150 degrees. The measurements show there are a significant number of discrepancies between library
predictions of the neutron yield and physical observation. A few of the main discrepancies found are
described in this paper. Based on these results a new evaluation utilizing these results for carbon,
235U, and 239Pu is recommended.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Nuclear data is a crucial input which drives the accuracy of sim-
ulation tools used in nuclear reactor design, operation, criticality
safety, and nonproliferation efforts. The term nuclear data refers
to the collection of cross sections, angular distribution functions,
prompt fission neutron spectrum, and other data which describe
the interaction of neutrons with particular isotopes. Because
nuclear data still holds many uncertain variables, its evaluation is
partially dependant on the evaluator, allowing for different evalu-
ators of nuclear data to draw different conclusions. Some nuclear
data evaluation projects are, the Evaluated Nuclear Data File
(ENDF) (Dunford et al., 2001), the Joint European Fusion Fission
library (JEFF) (Koning et al., 2008), and the Japanese Evaluated
Nuclear Data Library (JENDL). The latest releases of these evalua-
tion projects are ENDF/B-VIII.0 (Brown et al., 2018), JEFF-3.3
(Plompen et al., 2020), and JENDL-4.0 (Shibata et al., 2011). In
2014, The Collaborative International Evaluated Library Organisa-
tion (CIELO) called for an investigation of the nuclear data of sev-
eral high priority isotopes including 235U and 239Pu (Chadwick
et al., 2014). The summary results of CIELO (Chadwick et al.,
2018) explicitly state the usefulness of the work discussed in this
publication, particularly for the improvement of uncertainties in
235U scattering. A critical review of the evaluation work performed
on 235U (Roberto and Andrej, 2018) suggests that there are signif-
icant differences between libraries. This work is an implementa-
tion of the Rennselaer Polytechnic Institute (RPI) quasi-
differential scattering measurement methodology (Saglime et al.,
2010). and was used to support the investigation of 235U and
239Pu in the region 0.82–20 MeV. This method is based on perform-
ing an experimental measurement of the neutron emission spec-
trum and comparing it against detailed simulations of the
experiment. The methodology provides information on where the
nuclear data evaluations differ from one another and on where
they differ from the experimental data. By performing the mea-
surement at multiple angles simultaneously, additional informa-
tion is gained related to the angular distribution of the emission
spectrum. Fig. 1 shows a photograph of the detector array from
the perspective of facing the neutron beam.

An example of how this information is used is shown by Figs. 3–
5 which are taken from Mohindroo (2020) with permission from
the author and modified captions. Note that the term (n,xn) refers
to the set of reactions (n,2n), (n,3n), (n,4n), etc. It should also be
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Fig. 2. An illustration showing the relative distance between key locations in the experiment. The sample is 21.5 meters from the neutron source and the detectors are placed
along a 1 meter radius surrounding the sample. The fission chamber is placed 28.75 m from the source or 7.25 m from the sample, still in line with the neutron beam.

Fig. 1. A photograph of the experimental setup is annotated to mark the sample location, sample changer, an EJ-309 liquid scintillation detector, and the azimuthal angles.
The detectors are oriented such that their liquid cell is closest to and perpendicular to the sample. Additional details of the experimental setup are discussed in Mohindroo
(2020).
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Fig. 3. The ENDF/B-VIII.0, JEFF-3.3, and JENDL-4.0 results in simulation of 235U in detector 6 at 60 degrees are shown. There is an over-estimation between 3.3–6.3 MeV, an
over-estimation and shape discrepancy at 10 MeV and a small shape discrepancy at 12 MeV for all evaluations. In addition to the discrepancy between library and simulation,
we also see that there are differences between libraries. In this case, JENDL-4.0 performs best in the region of 3.3–6 MeV and ENDF/B-VIII.0 performs best in the region above
10 MeV (Mohindroo, 2020).

Fig. 4. The simulation contributions for the ENDF/B-VIII.0 simulation of 235U in detector 6 at 60 degrees are shown. The overestimation between 3.3 and 6.3 MeV appears to
be related to the increasing fission and inelastic contributions. Note that the inelastic contribution shown here also includes (n,xn) reactions (Mohindroo, 2020).
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mentioned that the simulation results shown in these figures were
developed using a validated simulation geometry as described later
in this paper, as well as in Mohindroo (2020). Fig. 2 is an illustration
showing the overview of the experimental setup, indicating dis-
tances between relevant points such as the neutron source, sample,
detector, and fission chamber. Fig. 3 shows experimental data col-
lected for a detector at 60 degrees compared against ENDF/B-
VIII.0, JEFF-3.3, and JENDL-4.0 simulations of the same experiment.
This demonstrates how neutron yield changes as a function of
energy and also clearly shows how different evaluations can devi-
3

ate from one another. Fig. 4 separates the ENDF/B-VIII.0 simulation
from Fig. 3 into its individual reaction components which can help
diagnose the discrepancies observed in the total neutron yield
based on observation of the shape of individual contributions as
shown in other examples provided by Mohindroo (2020). Compar-
ing Fig. 4–5, which is the same breakdown of the ENDF/B-VIII.0 sim-
ulation for a different angle, shows how contributions from
individual reactions also change as a function of angle.

When discrepancies are found between libraries, we can
observe the cross-sections and angular distributions used in the



Fig. 5. The simulation contributions for the ENDF/B-VIII.0 simulation of 235U in detector 10 at 135 degrees are shown. The discrepancies in third chance fission near 10 and
12 MeV appear related to contributions from fission and n,2n reactions (Mohindroo, 2020).
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best performing library to assist in determining how the evalua-
tions should be updated. The RPI quasi-differential method has
been used previously to measure 238U, natFe, Mo, Be, Pb, and Zr
(Daskalakis et al., 2017; Daskalakis, 2014; Daskalakis, 2015;
Daskalakis et al., 2017; Barry et al., 2013; Youmans et al., 2015).
The work on 238U was used by the International Atomic Energy
Agency (IAEA) to update their evaluation (Capote et al., 2014).
Because the fission contribution in 235U and 239Pu is relatively
large, it is more difficult to draw conclusions on neutron scattering
as previously done in 238U (Daskalakis, 2014).

An approximation of one collision neutron yield function for
this experiment is given in Eq. Equation 1:where E is the energy
of the source particle, / Eð Þ is the energy dependant neutron flux,
Rt is the macroscopic total cross section, X is the thickness of the
interrogation sample, g is the efficiency of the neutron detector,
and E0 is the energy of the scattered neutron. The rrx and f rx are
4

the reaction cross section and reaction angular distribution terms
respectively. The generic subscript rx is replaced by s for elastic
scattering, inl for inelastic scattering, f for fission, and n; xnð Þ for
(n,xn) reactions. On this fission term, there is an additional �m coef-
ficient which represents the average neutrons generated per fission
and on the (n,xn) term there is an x coefficient which represents
the order of the (n,xn) reaction. This approximation is suitable
for illustrating various aspects which contribute to the angular
neutron yield but does not, nor is intended to fully describe the
branching behaviour associated with the generation of multiple
neutrons at different energies from a single collision, sampling
from the prompt fission neutron spectrum, or other complex inter-
actions. The total cross section is considered to be very well known,
based on the high accuracy and repeatable nature of transmission
measurements. Using this information, coupled with the knowl-
edge of uncertainties for individual reactions, their neutron pro-
ð1Þ
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duction coefficients and distributions, and their angular distribu-
tions, this experiment provides a strong basis by which evaluators
can assess how well the balance between individual neutron reac-
tions in each nuclear data evaluation describes physical observa-
tion. It should be noted that MCNP6 makes several physics
approximations, including in the modeling of fission angular distri-
butions, and neglecting pre-equilibrium fission. These approxima-
tions should be acknowledged but the investigation of these effects
is beyond the scope of the work described here. Recent experi-
ments also show that there is likely some deficiency associated
with the Chi matrix which relates incoming neutron energy to fis-
sion neutron output, Nu the neutron multiplicity spectra, and
prompt fission neutron spectrum data for 239Pu (Marini et al.,
2020). This and other contextual information that describes the
state of uncertainty in individual reactions and their angular distri-
butions or neutron production weights should be used when con-
sidering the results of this work. Because the data and simulations
for this work have been archived, the quasi-benchmark compar-
ison can be updated as our knowledge of related information such
as the properties described above improves.
2. Method

The RPI quasi differential method, which was adapted to this
work, compares an experimental measurement of the neutron
induced neutron emission spectrum to a detailed simulation to
assess how well the input nuclear data predicts the observed
experimental spectrum. This provides insight on where cross sec-
tions or angular distributions may require improvement. A carbon
sample is measured in addition to the samples being investigated
in order to calculate the normalization between the simulations
and experiment and to validate the method. The simulations are
performed using nuclear data from different libraries for the sam-
ples in order to assess the performance of each library and compare
them to one another. Three simulation inputs which must be well
characterized to lay the foundation for this methodology are the
experimental geometry, neutron flux, and the detector response.
The geometry surrounding the sample consists of components
such as the aluminum sample changer, aluminum detector array
structure, aluminum false floor, vacuum tube, concrete pit, and
concrete shielding walls and is very detailed. The neutron flux
and detector response inputs will be discussed below.

2.1. Neutron Flux

Creating an accurate simulation is heavily tied to knowing the
shape of the neutron flux energy spectrum incident on the sample.
The neutron flux was characterized by utilizing a 235U fission
chamber (Wender et al., 1993) which was placed 28.75 m from
the source. Since the fission cross section of 235U is well known,
the response of the fission chamber can be used to determine the
shape of the energy spectrum of the neutron flux using Eq. 2.

/ Eið Þ ¼ 1
N � nt � f|fflfflfflfflffl{zfflfflfflfflffl}
constant

� C tið Þ � B tið Þ
rU235 Eið Þ � DEi

ð2Þ

In this equation / Eið Þ is the neutron flux in the given energy bin
i;N is the number of atoms of the fission chamber material, nt is the
number of triggers from the neutron beam, f is the detection effi-
ciency which has been divided by the cross section of the fission
chamber target material, C tið Þ is the counts in a given time of flight
bin corresponding to the energy bin i, rU235 Eið Þ is the fission cross-
section of 235U which is the fission chamber target material, DEi is
the width of the energy bin i, and B tið Þ is the background counts in
the time bin i. Since f is not dependant on incident neutron energy
5

for a fission chamber and N and nt are constant, this equation
directly provides the shape of the neutron flux energy spectrum.
The fission cross section of 235U is considered to be well known.
Because the fission chamber is placed at 28.75 m, and the spacing
between source pulses is 1.8ls, the low-energy cut point of the flux
which we can determine is 1.3 MeV. In order to extend this to
lower energies a double exponential was fit to the experimental
flux below 15 MeV and used to extend to low energy cut point
from 1.3 MeV to 0.25 MeV.

The equation for the fit is shown in Eq. 3:

f Eð Þ ¼ Aexp�BECexp�DE þ F ð3Þ
where A, B, C, D, and F are fitting parameters and E is this neutron
energy. Light smoothing was applied to the flux and its final form is
shown in Fig. 6.

2.2. Detector response

In order to ensure the tally result responds proportionally to the
experimental observations, the detector response must be incorpo-
rated into the simulation. This is done through a tally multiplier
card which multiplies tally contributions from neutrons at a given
energy by the probability to detect a neutron at that energy, recre-
ating the detector response. The detector response for each detec-
tor as a function of energy was determined by comparing the
experimentally observed signal from a 7 cm thick carbon sample
to the simulated response. Since the neutron flux was previously
determined and the neutron yield is assumed to be well known,
dividing the experimental response by the simulated response pro-
vides us with the experimental efficiency. The simulated response
used in the initial simulation utilized an efficiency generated by a
modified version of the SCINFUL code (Dickens, 1988) which was
then multiplied by the ratio of experimental/simulated response.
This process is represented mathematically in Eq. 4:

Rexp Eð Þ ¼ g Eð ÞU Eð ÞY Eð Þ
Rmcnp Eð Þ ¼ gscinful Eð ÞU Eð ÞY Eð Þ

! g Eð Þ ¼ Rexp Eð Þ
Rmcnp Eð Þgscinful Eð Þ

ð4Þ

where Rexp Eð Þ are the observed experimental counts as a function of
energy, Rmcnp Eð Þ are the simulated counts as a function of energy,
Y Eð Þ is the neutron yield as a function of energy, E is the neutron
energy, g Eð Þscinful is the SCINFUL generated efficiency, and g Eð Þ is
the detector efficiency as a function of energy. The time of flight
technique was used to convert the neutron time of flight observed
in the experiment and in the simulation into corresponding incident
neutron energy. The time of flight equation is given in Eq. 5 and
shows the final form of the relationship between kinetic energy
and velocity.

E tð Þ ¼ m0c2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� L2

c2
1
t2

s
� 1

0
@

1
A ð5Þ

In this equation E tð Þ is the kinetic energy of the particle, m0c2 is
the rest mass of the particle, L is the total length traveled by the
particle, c is the speed of light, and t is the time it took for the par-
ticle to travel Length L.

The final form of the efficiency used the carbon based efficiency
below 8 MeV to incorporate the effects of exact voltage setting, and
physical implementation on the low level discriminator. This was
then combined with the SCINFUL efficiency from 8 to 30 MeV since
the carbon based efficiencies converge and the SCINFUL calculation
provides a more accurate description at higher energies. The com-
posite efficiency was then lightly smoothed to remove stitch
effects.



Table 1
Mass and dimensions of samples.

Sample Mass [g] Cross-sectional measure Thickness

carbon 133 � 0.1 3.81 cm dia. � 0.01 cm 6.984 cm � 5 lm
235U 49.5 � 0.5 d1 2.26 cm � 0.015 cm 0.889 cm � 1.27 lm

d2 1.905 cm � 0.06 cm
235U blank 0.7 8.41 cm � .079 cm 2.286 lm

x 6.82 cm � .079 cm
239Pu 24.61 � 0.2 2.55 cm dia. � 0.01 0.307 cm � 1 lm
239Pu blank 0.47 � 0.2 2.543 dia. � 0.01 0.006 cm � 1 lm

Fig. 6. The final flux used for the MCNP simulations is shown. The flux below
1.3 MeV is generated using a double exponential decay which was fitted to the data
below 15 MeV and light smoothing was applied to the total curve.

Fig. 7. The 28 individual detector efficiencies are shown and compared against
SCINFUL generated efficiency using a 1 MeV low level discriminator.

K.S. Mohindroo, Y. Danon, E. Blain et al. Annals of Nuclear Energy 165 (2022) 108647
The individual detector efficiencies for each of the 28 detectors
is compared against the SCINFUL efficiencies using a 1 MeV low
level discriminator (LLD) in Fig. 7. Each detector has a slightly dif-
ferent response to voltage input and the voltage settings for each
detector differ. The deviations in low level discriminator corre-
spond to these deviations in voltage.
3. Experimental details

The neutron induced neutron emission measurements of 235U
and 239Pu were performed at the Los Alamos Neutron Science Cen-
ter (Lisowski and Schoenberg, 2006) (LANSCE) Weapons Neutron
Research facility (WNR). The Linear Accelerator (LINAC) is an
800 MeV proton accelerator which generates neutrons by inducing
spallation in a tungsten target, Target-4. A white spectrum of neu-
trons up to 800 MeV are emitted isotropically and collimated into
specific beam lines. The beamline used for the experiment is 15
degrees to the left of the incident proton beam known as 15-L
and the sample location was 21.5 m from the neutron source. A
0:500 thick HDPE filter doped to 5 wt% natural boron was placed
11.78 m from the neutron source to remove low energy neutrons
which would otherwise arrive at the sample location during a sub-
sequent source pulse. A 100 thick lead filter was placed 14.53 m
from the source in order to reduce the intensity of the gamma flux
incident on the sample. The neutron beam was well collimated,
and a study was performed which showed that the although the
collimation produced a neutron spray, the spray did not effect
6

the net detector response. This allows for the use of a straight beam
approximation in the simulations. The diameter of the beam spot
at the sample location was 2.73 cm. Since neutron energies of up
to 800 MeV are present in the beamline, a time of flight cut was
used in post processing to focus on the spectra produced by neu-
trons 20 MeV and below which arrive after 369 ns. This was done
because the primary intent for this work is to serve as a point of
comparison for nuclear data evaluations which often only extend
to up to 20 MeV. The EJ-309 detectors were held in a hemispherical
aluminum structural array (Haight et al., 2012) with each detector
face placed 1 m from the sample covering the range 150 to 30
degrees surrounding the sample. The signals from the detectors
were digitized using CAEN VX1730B 14 bit digitizers which had a
sampling rate of 500 MHz (2 ns/channel). The digitized signal
was then sent to the DAQ (data acquisition) computer. The uncer-
tainty in the total flightpath (source to sample + sample to detec-
tor) of 22.5 m is assumed to be 0.01 m and the uncertainty in t0 is
determined by the FWHM of the gamma flash to be 4 ns. The
dimensions and masses of the samples used are given in Table 1.
The 133 g carbon sample was a bare cylinder and the 49.5 g 93%
235U HEU sample was a truncated cone encapsulated in aluminum
foil. A duplicate of the aluminum foil was also measured as its
blank. The 24.61 g 93.9% 239Pu sample was a Pu-Ga alloy with
3.6at% being Ga (Lynn et al., 1998). The sample was a cylinder dou-
ble encapsulated in stainless steel. A second sample containing
only 0.47 g of 239Pu was used as its blank.

4. Data analysis

The experimental data was recorded using a digital acquisition
system and processed into a state which can be compared with the
detailed MCNP simulations. The processing steps are given below.

Pulse shape discrimination was performed using the charge
integration (Adams and White, 1978) and good separation was
observed from 0.82 MeV to 21.31 MeV. The total window of inte-
gration is 270 ns long and the tail of the pulse is defined as the last
200 ns of the window. The tail fraction is defined according
to Eq. 6.

tailfraction ¼ tailintegral
totalintegral

ð6Þ

The charge integral plot is shown in Fig. 8: which shows the
upper and lower integral bounds of the classification region in
black, the upper and lower bounds of the clean separation as ver-
tical magenta lines, and the discrimination curve in red. Particles in
the upper region are classified as neutrons, and particles in the
lower region are classified as gamma rays. After classifying the
detection events by particle type the net experimental spectrum
was computed. Further details on the pulse shape discrimination
method are discussed in Mohindroo (2020).

The net experimental spectrum is determined through Eq. 7:

Cnet ¼ Csample

nSample
� Copen

nopen
ð7Þ



Fig. 8. Charge integral plot for 235U in detector 0 at 150� . The vertical magenta lines encompass the bounds of clean separation. The black curves enclosing the primary data
set represent the bounds of classification. The red curve represents the cut line. Particles between the cut line and upper bound are classified as neutrons and particles
between the cut line and lower bound are classified as gamma rays.
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where C is the counts in a given sample and n are the number of
runs available for that sample. The statistical uncertainty of the
net spectrum is given by Eq. 8:

rnet

Cnet
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Csample

nSample
� �2 þ Copen

nopen
� �2

s
ð8Þ

where r is statistical uncertainty of a particular sample.
Finally, the simulation must be normalized to the experiment in

order to make an accurate comparison. The normalization factor
Fig. 9. The normalization factor spread for all detectors shows a 7.47% systematic uncerta
30 and 45 degrees.

7

for a detector is determined by comparing the open subtracted car-
bon sample to an open subtracted carbon simulation. In the ideal
case where the simulation perfectly represents the experimental
setting and the nuclear data is exactly known, the normalization
value for each detector should be equal. The degree to which these
normalization values deviate from one another is a direct measure
of the systematic uncertainty associated with the implementation
of this methodology. The normalization factor spread for all detec-
tors in the 235U measurement segment is given in Fig. 9, and shows
that there are significant differences in the normalization factors at
inty but indicates that there is significant problems with the angular distribution at
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30 and 45 degrees. Based on the experimental environment this is
not believed to be related to geometrical, flux, or efficiency effects,
and appears to indicate that there are significant problems in the
angular distribution at forward angles. The systematic uncertainty
for the forward angle detectors is treated as the 7.47% observed in
Fig. 9 and the remaining detectors are observed separately. The
normalization factor spread for detectors at angles P60� is given
in Fig. 10 and shows a systematic uncertainty of 2.77%. The corre-
sponding values for the 239Pu systematic uncertainties are 7.55%
and 2.85%.
5. Results

After performing the data analysis and developing the simula-
tion inputs, the net experimental spectrum is compared against
the net simulated spectrum. The nuclear data characterizing mate-
rials which are not the sample are held constant using the ENDF
evaluation and the simulation is performed multiple times, using
the nuclear data from a different evaluation to characterize the
sample in each case. This allows us to observe the agreement or
differences between libraries based purely on their characteriza-
tion of the sample nuclear data. The evaluations used were
ENDF/B-VIII.0, JEFF-3.3, and JENDL-4.0. Additionally, the ENDF/B-
VIII.0 simulation is broken into its separate reaction contributions.
This is done by using the nonu card to remove fission when appli-
cable. The tally tag method can then be used to tag the elastic scat-
tering contribution of the non fission spectrum. The remaining
contribution is labeled as inelastic, but it does include contribu-
tions from (n,xn) reactions as well. These results were assessed
for each of the 28 detectors which were placed at 30, 45, 60, 75,
90, 105, 120, 135, and 150 degrees surrounding the sample. The
following discussion of the results is intended to highlight and pro-
vide examples of the discrepancies found.
5.1. Carbon

The experimental neutron emission spectrum from Carbon, and
the ENDF/B-VIII.0, JEFF-3.3, and JENDL-4.0 simulations for detec-
Fig. 10. The normalization factor spread for non forward a
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tors placed at 30, 75, 90, and 150 degrees are given in Fig. 11 to
show how the emission spectrum varies across angles.

A thorough review of the carbon results revealed discrepancies
in the nuclear data. Most notably, the region between 2–2.65 MeV
in detectors P60 degrees was not predicted well by the simula-
tions and previous work (Daskalakis, 2015) also showed similar
findings. This is thought to be a cross section discrepancy based
on its presence at most angles. The region between 3.3–4.2 MeV
at 90, 105, and 120 degrees was over-predicted by simulations
with ENDF/B-VIII.0 performing closest to the experiment, JEFF-
3.3 and JENDL-4.0 were discrepant up to 5 MeV. This is thought
to be an angular distribution problem due to it being present only
at a few central angles.

These discrepancies identified in carbon were compared against
trends in the efficiency, neutron flux, and the results for the 235U
and 239Pu samples, and showed no correlation between them. This
suggests that these discrepancies are derived from the cross sec-
tions and angular distributions describing carbon neutron reac-
tions in carbon and should be addressed moving forward.
5.2. 235U

The experimental neutron emission spectrum from 235U, and
the ENDF/B-VIII.0, JEFF-3.3, and JENDL-4.0 simulations for detec-
tors placed at 30, 75, 90, and 150 degrees are given in Fig. 12 to
show how the emission spectrum varies across angles. At 30
degrees the simulations predict systematically low but remain
within experimental uncertainty. The large uncertainty at this
angle is reflective of the increased systematic uncertainty for for-
ward angle detectors discussed previously. The detectors at 75,
90, and 150 degrees show examples of the two primary discrepan-
cies identified in the 235U result which are over-predictions
between 3.3–5 MeV and between 10–12 MeV. It should be noted
that the authors from reference (Daskalakis, 2014) did not find
such discrepancies near 10–12 MeV. Fig. 13 shows the effect of
room return and indicates that it does not heavily influence the
shape of the spectrum in the discrepant regions. Room return is
the effect of neutrons scattering from the sample to components
in the room and scattering back to be detected.
ngle detectors shows a 2.77% systematic uncertainty.



Fig. 12. The 235U results at 30, 75, 90, and 150 degrees show representative examples of the discrepancies found in 235U. The simulations are systematically low at 30 degrees
but remain at the edge of uncertainty. Note that the large uncertainty at 30 degrees are reflective of the normalization factor behaviour noted in the discussion of systematic
uncertainty for forward angle detectors. At angles P60 degrees the simulations over-predict in the region between 3.3–5 MeV and 10–12 MeV. JEFF-3.3 also shows some
over-prediction between 2–3.3 MeV at 75 degrees.

Fig. 11. The Carbon results at 30, 75, 90, and 150 degrees show representative examples of the discrepancies found in carbon. The simulation generally predicts the emission
spectrum well but is discrepant in isolated areas for different angles.
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The over-predictions between 3.3–5 MeV and 10–12 MeV occur
at all anglesP60 degrees. At 75 degrees JEFF-3.3 also over-predicts
to as low as 2 MeV. The features at 10 and 12 MeV are believed to
9

be related to the third-chance fission step which occurs near
12 MeV. ENDF/B-VIII.0 tends to predict the 12 MeV feature most
accurately. There is a possibility that the discrepancy observed in
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third-chance fission is related to the energy distribution of emitted
particles during the (n,2n) and fission processes and further steps
should be taken to investigate this.
5.3. 239Pu

The experimental neutron emission spectrum from 239Pu, and
the ENDF/B-VIII.0, JEFF-3.3, and JENDL-4.0 simulations for detec-
Fig. 14. The 239Pu results at 30, 75, 120, and 150 degrees show representative exampl
10 MeV at 30 degrees and this discrepancy is only seen at this angle. Note that the large u
the discussion of systematic uncertainty for forward angle detectors. The results at 75 de
10–12 MeV. The over-prediction between 3.3–5 MeV also occurs at 90 degrees and in each
near 2.5 MeV which is also present at 45 degrees. The simulations at 150 degrees appea

Fig. 13. The 235U room return effect for detector 14 at 75 degrees shows that the two prim
secondary neutron yields. The no room simulation removes all geometrical components
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tors placed at 30, 90, 120, and 150 degrees are given in Fig. 14
and indicate several localized discrepancies between the data
and simulations. There is an under-prediction between 5–
10 MeV at 30 degrees. The high uncertainty at this angle is reflec-
tive of the trend identified in normalization factors previously dis-
cussed in the systematic uncertainty section. A discrepancy similar
to the one identified in 235U between 3.3–5 MeV at angles P60
degrees is present in 239Pu at 75 and 90 degrees only and JENDL-
es of the discrepancies found in 239Pu. The simulations under-predict between 5–
ncertainty at 30 degrees are reflective of the normalization factor behaviour noted in
grees show that the simulations over-predict in the region between 3.3–5 MeV and
case JENDL-4.0 performs best. The results at 120 degrees show an under-prediction
r systematically low below 3.3 MeV but are close to the edge of uncertainty.

ary discrepancies found in 235U at anglesP60 degrees are not heavily influenced by
modeled within the simulation except for the in-beam filters and the sample.
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4.0 performs significantly better than the other libraries in this
region. The 10 and 12 MeV discrepant features are also present
in 239Pu at angles P60 degrees but appear less severe than as seen
in 235U and all evaluations predict these features roughly the same.
The results at 120 degrees show there is an under-prediction
between 2–3.3 MeV and this effect is also present at 45 and 150
degrees. The simulations at 150 degrees also show under-
prediction below 2 MeV.
6. Conclusion

An experiment was performed to investigate the neutron emis-
sions from 235U and 239Pu samples at LANSCE WNR and a carbon
sample was also measured for validation purposes. The quasi dif-
ferential scattering method developed at RPI was adapted to com-
pare the experimental results to detailed MCNP simulations.
Differences were found between the experiment and simulations
in the carbon, 235U, and 239Pu samples. The discrepancies identified
in each sample are not correlated and manifest at different angles
and energies except for the problem related to the third-chance fis-
sion step which is present in both 235U and 239Pu at angles P60
degrees.

In carbon, under-prediction occurs in the region between 2–
2.65 MeV for all libraries at angles P60 degrees and previous
experiments have shown problems predicting this region in the
past (Daskalakis, 2015). Over-prediction occurs in the region
between 3.3–4.2 MeV at 90, 105, and 120 degrees and libraries
are discrepant, with ENDF/B-VIII.0 performing best. There is also
over-prediction between 10–13 MeV at all angles except 60 and
75 degrees and the libraries are discrepant, with ENDF/B-VIII.0 per-
forming best. The simulated contributions show in some localized
cases that particular portions of the over-prediction are explicitly
due to the shape of inelastic or elastic contributions. The differ-
ences found between 15–20 MeV were shown to be heavily tied
to the elastic scattering contribution and appear to be an angular
distribution problem.

In 235U the region between 3.3–5 MeV shows over-prediction
by all libraries at angles P60 degrees which appears to be related
to the rising fission and inelastic contributions. The differences at
10 and 12 MeV related to third-chance fission also appear to be
heavily influenced by the fission and inelastic contributions.

In 239Pu there is an under-prediction at 30 degrees between 5–
10 MeV for all libraries, over-prediction at 75 and 90 degrees
between 3.3–5 MeV for all libraries, and the over-prediction at
angles P60 degrees at 10 and 12 MeV for all libraries. The differ-
ences between 3.3–5 MeV at 75 and 90 degrees appear to be
related to the rising fission and inelastic contributions as seen in
235U and JENDL-4.0 performs better than the other libraries. The
third-chance fission features at 10 and 12 MeV are heavily domi-
nated by the fission contribution and show that holding this con-
stant means that nearly any contribution from elastic or inelastic
components at 10 MeV would result in over-prediction of the
experimental data. It is recommended that re-evaluation for car-
bon, 235U, and 239Pu be performed utilizing this data.
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