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Abstract

Anenergy tuning assembly (ETA) was developed to spectrally shape the National Ignition Facility (NIF) deuterium-
tritium (D-T) fusion neutron source to a notional thermonuclear and prompt fission neutron spectrum (TN+PFNS)
to approximate a boosted nuclear device. The spectrally shaped neutron environment can be used to create re-
alistic synthetic post-detonation weapon debris that contain spectrally accurate fission products across all mass
chains to enhance U.S. technical nuclear forensics capabilities for nuclear weapon attribution and device recon-
struction. This research performed nuclear data covariance analysis through stochastic sampling techniques to
predict the performance of an ETA to create the objective TN+PFNS, assess anticipated experimental outcomes,
and determine the expected fission products to be produced in a highly enriched uranium foil in the sample cav-
ity. It was found that the nuclear data covariance affected the neutron fluence energy distribution by less than 5
percent for neutron energies above 1 keV in the sample region. The foil activation resulting from the perturbed
fluence distribution was found to generally vary on the order of 3-5% but was as high as 20%. The range of foil
activation outcomes was used to show that neutron-flux unfolding techniques provided broad spectral agree-
ment between the ETA and objective spectrum and resulted in an 80+% probability of successful unfolding using
STAYSL given the range of expected foil activities. This energy distribution was achieved at a total fluence of 4.9 x
10" n cm™ £1.4% in a 10-shake neutron pulse. More than 1 billion fissions, approximately of the order collected
in nuclear forensics ground samples, were generated with a cumulative fission product distribution that matched
the objective within current predictive capabilities. The analysis performed in this research enables the develop-
ment of a NIF validation experiment, enhances confidence in the experimental outcomes, and further develops a
unique capability for the nuclear security community.

Introduction

Generating neutron environments has broad applica-
tion to the nuclear forensics, medical, national security,
and nuclear data communities [1]-[3]. The neutron en-
ergy spectrum isimportant for many applications, such as
the survivability of electronics in strategic environments,
and deviations from the threat environment for testing
have many implications for the certification of nuclear
components [4]. Additionally, accurate neutron energy
distributions are critical to the production of accurate
fission product samples that have a direct impact on the

deterrence of potential nuclear terrorism through the
development and improvement of nuclear attribution
capabilities [5]. However, no capability exists to replicate
nuclear weapon neutron environments in the absence
of full-scale testing [6]. Alternative methods of creating
fission product debris have been explored to include
sample doping, direct production using fission convert-
ers, or surrogate methods [7]. Each of these methods are
limited in their ability to correctly reproduce the expected
fission product distribution resulting from the neutron
environment experienced in a nuclear weapon.
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An alternative approach is to develop a neutron en-
ergy spectrum representative of an objective neutron
energy spectrum. This can be accomplished through tar-
geted modification of a source neutron energy distribu-
tion, a non-trivial process for neutrons. To automate the
process for designing energy tuning assemblies (ETAs),
the Coeus metaheuristic optimization software pack-
age was developed to convert a facility’s characteristic
source spectrum to a user-defined objective spectrum
[8], [9]. Coeus enables fast and accurate design of ETAs to
spectrally shape a given neutron spectrum into a desired
neutron environment. As an example, the production of
a nuclear weapon neutron spectrum was chosen to be
used for the production of realistic fission debris. Coeus
was used to develop an ETA with the objective of creating
a surrogate nuclear weapon spectrum to produce ac-
curate fission products to advance the technical nuclear
forsenics field. The ETA is planned for a proof-of-concept
experiment at the National Ignition Facility (NIF).

Initial validation of the spectral shaping and ETA con-
cept was performed at the 88-Inch Cyclotron at Lawrence
Berkeley National Laboratory. While this experiment
demonstrated the concept, the 88-Inch Cyclotron source
spectrum differed significantly from the NIF. This differing
energy range covered nuclear data and reactions not ap-
plicable with the NIF deuterium-tritium (D-T) source and
changed the relative weighting of the reaction channels
important to the resulting neutron spectrum [10]. This is
important because the spectral shaping concept breaks
from traditional integral nuclear validation efforts in that
the measurable outcomes are heavily dominated by
specific reaction channels that vary based on material
position in the ETA [11]. As such, while the 88-Inch pro-
vided the first validation of the concept, it provided little
direct evidence of the performance of the ETA at the NIF.
This is further compounded by the use of nontraditional
nuclear materials in the ETA design, where the nuclear
data quality may be poor. Therefore, this work sought to
characterize the nuclear data uncertainty and its effect on
the experimental observables of the ETA to better assess
the performance of the system.

Unfortunately, quantifying the impact of nuclear data
on complex systems with multiple observable signa-
tures of interest is a non-trivial problem. Variance in the
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nuclear data affects the neutron transport simulation
and the resulting modified neutron spectrum obtained
after the source spectrum is modified through nuclear
reactions. The resulting variance in the obtained neutron
spectrum is then propagated to the observable reaction
rates in the sample region inside of the ETA. This analysis
incorporated nuclear data covariance into the simulated
results through stochastic sampling of the underlying
nuclear data to build a distribution of responses [12]. The
cross section libraries used in this work were Evaluated
Nuclear Data File/B-Version (ENDF/B)-VII.1 for the neutron
transport and the International Reactor Dosimetry and
Fusion File (IRDFF) v.1.05 library for foil activation cross
sections [13], [14].

Previous work completed the design of an ETA for the
production of spectrally accurate fission product gen-
eration, initial experimental validation, and techniques
to quantify the effect of nuclear data covariance [10],
[12], [15]. The objective of this work is to model the ETA
capability to tailor the NIF neutron energy spectrum and
generate fission products for technical nuclear forensics
applications, including reporting progress since previ-
ous work. This paper is organized as follows. First, the
problem description of the ETA and design are provided.
The next section provides the methodology for the main
components of this research, including the Monte Carlo
simulation, neutron fluence unfolding, and fission prod-
uct estimation. Next, the results of the neutron transport
calculation, unfolded spectrum, and fission product
distributions are provided. Finally, the last section sum-
marizes the major findings and provides a path forward
for future work.

Model Description

The objective spectrum chosen for the production of
synthetic weapon fission product debris was a thermo-
nuclear and prompt fission neutron spectrum (TN+PFNS),
which is representative of a boosted nuclear weapon
neutron environment relevant to production of synthetic-
fission product debris. The representative neutron spec-
trum was produced with Monte Carlo N-Particle (MCNP)
Code 6.1 using transport in a bare Godiva sphere of a
Watt fission spectrum and a 14.1-MeV source to model
the D-T fusion neutrons [7], [16]. For the purposes of this
study, several fission isotope yields of interest were se-
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lected from the wings, valley, and peaks of fission product
distribution for 2**U. Each fission product has energy-
dependent data in the literature [13], [17]-[25].

The source selected was an NIF D-T polar-drive explod-
ing-pusher (PDXP) target with a nominal yield of 3.7 x 10"
neutrons from laser-driven, inertial-confinement fusion
[26]. The D-T fusion produces 14-MeV energy neutrons
that fillin the thermonuclear component of the objective
spectrum, and the prompt fission portion is built up with
neutron interactions in the ETA. The prompt nature of the
irradiation negates decay and ingrowth errors associated
with long irradiation times.

The ETA produced with Coeus to meet the objective
notional TN+PNFS is shown in Fig. 1 [7]. The NIF source was
located 15 cm below the base of the cone. The ETA was con-
structed with cones and cylinders using materials of boron
carbide, praseodymium, stainless steel, bismuth, tungsten,
silicon, and lead. The external portions of ETA and surround-
ings were filled with vacuum pressure nitrogen below 10+
torr [27]. The ETA sample cavity (labeled 6 in Fig. 1) was
encased in a lead-filled, removable drawer (labeled 8 in Fig.

Y

KE
Il BC
2] w

409 SST Foil Pack | | Vacuum

B Bi
B si

Pr
Pb

Figure 1. ETA produced by Coeus to reproduce an objective
notional TN+PFNS [7].
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1) for rapid sample extraction post-irradiation. The ETA was
modeled with the drawer facing up, so that the direction of
gravity skewed the mass distribution away from the drawer
insert. The model is available on a GitHub repository [28].

The ETA sample cavity is designed to hold several acti-
vation foils and a highly enriched uranium (HEU) sample
in a target option activation device (TOAD). The foils cho-
sen were natural indium (In), aluminum (Al), nickel (Ni),
zirconium (Zr), gold (Au), tungsten (W), and manganese
(Mn). These foils have threshold and non-threshold reac-
tions that span the range of interest from the TN+PFNS
energy spectrum, which can be used to unfold the inci-
dent neutron energy spectrum to validate the ETA perfor-
mance [29], [30]. The HEU sample is enriched to 93.15%
and is the source of the fission products.

A summary of the foil characteristics for the reactions
chosen for the simulated NIF experiment is shown in
Table 1.The Zr, Ni, In, Al, W, and Mn foils were all 1 mm in
thickness and 2.5 cm in radius. The foils were selected to
cover threshold energy reaction channels and thermal
reactions that inform lower-energy neutron-flux environ-
ments. The Au foil was 0.0254-mm thick with a radius of
2.004 cm. The HEU foil not shown in the table was 2.004
c¢m in radius and 0.0508 mm in thickness.

Description of Work
This section describes the overarching methodology for
the radiation transport simulation and the quantification

Table 1. Selected activation foil information for simulated NIF
experiment.

Reaction Threshold [MeV] | Decay Radiation
(@ 10 mb) [keV] (Intensity)
90Zr (n,2n) 12.1 (12.1) 909.2 (0.9904)
58Ni (n,2n) 12.4 (13.3) 1,378 (0.817)
%8Ni (n,p) 0.4 (1.3) 810.8 (0.9945)
197 Ay (n,2n) 8.1(8.3) 355.7 (0.87)
197 Au (n,g) Thermal 411.8 (0.9562)
15Tn (n,n’) 0.336 (0.597) 336.24 (0.459)
15Tn (n,g) Thermal 1293.56 (0.848)
27Al (n,a) 3.25(6.7) 1368.63 (0.9999)
186W (n,g) Thermal 685.51 (0.332)
55Mn (n,g) Thermal 846.8 (0.9885)
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of nuclear data uncertainty. Additionally, the technique
used to unfold the neutron fluence from the modeled
activation foil activities is presented. Finally, two methods
for predicting fission products are outlined.

Neutron Transport Simulations

The simulation methodology to propagate nuclear
data covariance through the ETA design included neutron
transport calculations in MCNP5 and the Standardized
Computer Analysis for Licensing Evaluation (SCALE) code
package [31], [32]. Additional systematic uncertainties due
to materials and geometry were limited through the use of
99.5+% pure components and sub-mm machining toler-
ances on each component in the constructed ETA. MCNP5
was used for continuous-energy Monte Carlo neutron
transport, which was used to benchmark continuous-
energy Monte Carlo neutron transport in SCALE Monaco
with Automated Variance Reduction using Importance
Calculations (MAVRIC). The SCALE MAVRIC sequence was
utilized for Monte Carlo radiation transport in continuous
energy to validate the model to MCNP and was also used
in a 252 energy group structure with the SCALE Sampler
module to assess the effect of nuclear data covariance [32].
Finally, the activation foil uncertainties were sampled with
a multivariate normal distribution to incorporate the reac-
tion cross-sectional uncertainty consistent with the IRDFF
v.1.05 nuclear data library [12], [14].

The SCALE Sampler module enabled analysis of
nuclear data covariance through pre-built libraries based
on stochastic sampling of the nuclear data and was dis-
tributed with a 252 and 56 energy group structure [32].
The covariance libraries were largely developed from
ENDF/B-VII.1; however, additional information was in-
cluded from collaborative research between Brookhaven
National Laboratory, Los Alamos National Laboratory, and
Oak Ridge National Laboratory. Additionally, the nuclear
data covariance libraries included information com-
pleted in the Working Party on International Nuclear Data
Evaluation Cooperation Subgroup-26 [32]. The impact of
nuclear data covariance was addressed for the neutron
energy spectrum, foil activation rates, and fission product
production rates. The output from Sampler was used with
the IRDFF covariance matrices to generate final response
metrics with systematic uncertainty from the radiation
transport and reaction cross sections [12]. The IRDFF
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library contains benchmarked neutron dosimetry reac-
tions and “state-of-the-art” covariance information [33].

A validated, full-scale NIF model did not exist for the
SCALE package, but significant development and valida-
tion of the full NIF model has been performed in MCNP5
[31]. As such, the ETA was modeled in MCNP5 with a sur-
face source read (SSR) file generated using a 14.03-MeV
neutron point source, which is the zero ion-temperature
mean energy [34]. NIF neutron emissions are extremely
short in duration, on the order of 300 picoseconds, so
the neutrons were modeled as all being generated at
the same time [26]. The SSR source included a full system
model of NIF that included the target positioner, ETA,
ETA diagnostic instrument manipulator (DIM), snout
DIM, and target chamber support structures. The SSR file
reads in a formatted file that contains all of the particle
histories that cross defined surfaces, thereby allowing
for accelerated transport in regions of interest [31], [35].
This allowed the Sampler models to capture the impact
of room return without requiring the creation of a full NIF
model in SCALE.

The SSR file surfaces used were two disks at the front
and back of the ETA and a connecting cylinder surround-
ing the ETA. The SSR generated in MCNP was mapped to
probability distribution functions with relative strengths
for each primary surface. The surface neutron current
distributions at the front (source facing), back, and cylin-
drical surfaces are shown in Fig. 2. The back and cylindri-
cal surfaces solely represented the room return, while
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Figure 2. Surfaces source probability distribution functions
generated from the MCNP SSRfor use in SCALE. The distributions
were normalized to a peak value of 1.
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the front source was dominated by source neutrons. The
total fluence of neutrons through the front, back, and
cylindrical surfaces were 6.5 x 10™, 3.5 X 10", and 2.4 x
102 neutrons, respectively.

The neutron current on the SSR surfaces in MCNP5
was mapped to SCALE for use in MAVRIC and Sampler
by source definitions to approximate the behavior of
MCNP’s surface source. The front source was modeled
as a point source at the location of the PDXP target. The
point-source strength was 3.72 x 10" neutrons, which
included the room return component, based on the solid
angle between the front surface and the point source.
Cylindrical neutron sources could not be adapted to Car-
tesian coordinate direction vectors, so the cylindrical SSR
surface was approximated. The back source was modeled
as a disk, and the cylinder was approximated as four line
sources placed symmetrically at the same distance from
the ETA as the original SSR cylindrical source facing the
ETA and emitting in 2m.

The MCNP5 model was compared to the continuous
energy MAVRIC sequence to benchmark the sources used
for MAVRIC and the 252-group Sampler values. The re-
sultant model for the continuous energy SCALE MAVRIC
sequence was converted to the 252-group SCALE Sam-
pler sequence, where the nuclear data covariance was
assessed. The 252-group structure was built for nuclear
reactor applications, which is non-ideal for this applica-
tion and resulted in some discrepancies near bin bound-
aries [12]. However, the 252 group was the best nuclear
data covariance library available for SCALE Sampler at the
time of this research. The Sampler values were collapsed
at lower energy to create a 66-group structure.

The results of each of the models were used to as-
sess the foil reactions and HEU fissions achieved in the
ETA platform. Since the total neutron fluence time is
much less than the half-lives of the fission and activation
products for the foils, this removes any uncertainty from
ingrowth and decay during the experiment. The resultant
responses were combined using statistical bootstrapping,
where confidence bounds were determined by randomly
selecting with replacement data from the sampled distri-
butions to create a probability distribution representative
of the underlying distribution [36].
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Sampler was used to generate 182 trials to provide
converged results for all of the activation foil reactions,
HEU fissions, and neutron fluence, including the post-
processing perturbations with the IRDFF nuclear data
covariance. The convergence of *Mn production, which
contained the largest uncertainty and was least con-
verged—thereby representing the worst-case perfor-
mance—is shown in Fig. 3. In all cases, the bootstrapped
mean value was within 1% of the unperturbed nuclear
data starting sample. The response values from Sampler
and MCNP5 for the activation foil reactions, neutron
fluence, and HEU fissions were determined with the con-
tinuous energy values from MCNP5 and the uncertainty
bounds given by the quadrature addition of the MCNP5
statistical error and Sampler systematic error attributed
to nuclear data covariance.

Finally, the reaction results from Sampler were again
sampled with a multivariate normal distribution to per-
turb the data consistent with the IRDFF v.1.05 library
[12]. The user-defined responses used in Sampler were
not modified in the Monte Carlo simulations, so the un-
certainty in the foil reaction cross sections needed to be
taken into account in post-processing due to limitations
in SCALE. ENDF data was utilized for *Mn (n,g), '¥W (n,g),
and U (n,f) because it was consistent with IRDFF [13], [14].
The reaction cross section was modified in the execution
of Sampler for these three reactions sets and required no
subsequent post-processing [13].
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Figure 3. Cumulative moving average **Mn production vs.
sample number with starting value shown as the black solid
horizontal line.
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Neutron Spectra Statistical Tests

The results of the Monte Carlo simulations were com-
pared to the TN+PFNS through the Pearson correlation
coefficient and the Kolmogorov-Smirnov (K-S) statistic.
The Pearson correlation coefficient provides a measure
of the linear relationship between two sets of data and is
often used for comparative signal analysis. The formula
for the Pearson correlation coefficient is given as a func-
tion of “n” data points for two distributions defined by
points z; and ¥; as

ny ziyi — Qo Ti ) Yi)

T ey

r

The null hypothesis of the Pearson correlation coeffi-
cient is that there is no correlation between the two data
sets. The p-value indicates the probability of an uncorre-
lated system producing a correlation coefficient at least
as large in magnitude. Small p-values (<0.05) indicate a
statistically significant Pearson correlation coefficient.

The K-S two-sample statistic compares the cumulative
distribution functions (CDFs) between two sets of data.
The K-S statistic provides information on the relative
magnitude of the distributions, so it is useful in combina-
tion with the Pearson correlation coefficient to quantify
the similarity between two distributions. The K-S statistic
is given as a function of the supremum (maximum) differ-
ence between the expected and observed CDF as shown
in (2). The null hypothesis for this test is that the two
samples were drawn from the same distribution. Unlike
the Pearson correlation coefficient, a large p-value (>0.05)
from the K-S statistic fails to reject the null hypothesis.

D = sup | CDFyp(z) — CDFpps(z) | )

Neutron Fluence Unfolding

The modeled foil activities were used with the
underlying IRDFF nuclear data to unfold the neutron
spectrum using STAYSL [37]. STAYSL determines the
incident neutron flux using a generalized least-squares
spectral adjustment based on a X comparison of the
measured activities and the activities calculated from
an adjusted flux [33]. STAYSL utilizes activity information
(A°), a neutron flux, a nuclear data matrix (P), and covari-
ance matrices in the formulation of the X statistic. The
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x” is minimized based on the STAYSL minimized activity
information (A) and the STAYSL calculated neutron flux
convolved with the IRDFF nuclear data parameters (P).
The X statistic utilized in STAYSL is given by [38]

p-P" [Np 01" [P-P
X = [AOA] ¢ { 0 NAO} * {AOA} ®
where Np is the covariance matrix from the flux and
nuclear data and Na-is the activity covariance matrix. For
this work, the 129-group IRDFF v.1.05 library was used,
which is ideal for dosimetry applications for the range of
energies considered in this work [14].

The activities produced for a given set of foils are often
degenerate, where an infinite number of spectra could
provide the same distribution of measured activities. To
overcome this, STAYSL requires an initial guess neutron
spectrum to introduce a Bayesian prior, allowing for phys-
ics and modeling to guide the overall solution space. The
initial guess spectrum used for STAYSL was the nominal
MCNP-calculated neutron fluence in the HEU foil, and the
specified uncertainty includes both the statistical and
systematic nuclear data uncertainty.

The reduced chi-squared statistic (x*) was used to
interpret the unfolded neutron flux agreement with the
set of results from Sampler. The reduced Xz, asused inthe
foil activation neutron flux unfolding, is [39]

X2

N
X230

Rrriat — RsTay st 2 (@)

R =

g
i1 ran

where the degrees of freedom (v) are the number of ac-
tivation foil reactions (IN) minus one, 0, is the modeled
systematic and statistical uncertainty, RsTay sz is the
unfolded STAYSL activation foil activity, and Frriai is the
Sampler trial foil activity.

The null hypothesis for the X statistic is that the two
sets of data are governed by the expected distribution,
and the test of independence shows the probability of
rejecting this null hypothesis. The p-value, the probability
of finding a larger X/ given the calculated result, can be
used to compare the results of the expected distribution
to the calculated Xz/z/. A small p-value (<0.05) signifies
there is a strong significance level for the results not
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being governed by the expected distribution. P-values
above the cutoff significance level fail to reject the null
hypothesis.

Fission Product Estimation

The energy spectrum of neutrons causing fission was
used to determine the fission product yield with a phe-
nomenological fit and the General Description of Fission
Observables (GEF) code [40]. The distribution of neutrons
causing fission is proportional to the fission cross section
times the neutron flux. Including fits to experimental
data enables better energy resolution and predictions
that are consistent with observed experiments where
experimental data exists, while GEF enables predictions
for mass chains lacking sufficient energy-dependent data.
Empirical relations developed by Nagy et al. provide an
approach to predict the fission product yield as a func-
tion of energy given sufficient yield measurement data
[17]. Nagy fits the fission product experimental data to
the exponential equation

Y(E,) = Yye'P» (5)

where the fitting parameters band Y, represent the slope
of the function in logarithmic form and thermal fission
yield, respectively [17]. The slope is the primary measure
of the energy dependence of the fission product yield,
which requires modifications for multi-chance fission.
Modifications were performed to incorporate first- and
second-chance fission, which are the most dominant
modes up to 14.1 MeV. First-chance fission is dominant
from up to 5.5 MeV, and second-chance fission up to
14.1 MeV [17]. Multi-chance fission effects on the fission
product yield are less pronounced in asymmetric regions
but can have a large impact in symmetric fission (109 <
A<129)[7],[17].

GEF is applicable over a wide range of fissioning sys-
tems, including isotopes with atomic numbers from 80 to
112 [40]. The underlying model has been shown to have
good predictive power, albeit with relatively large uncer-
tainties due to GEF containing up to 50 free parameters
used for the potential energy surfaces of the fission barrier
of the fissioning system, fission theory, and adjustments
based on empirical parameters [41], [42]. GEF incorporates
covariance information of the fissioning system, multi-
chance fission, and many other unique features.

19

The values for the mass-chain yield distribution cal-
culated by GEF were determined using separate calcu-
lations for each energy group defined by the midpoint
bin energy of the fissioning system, U for neutron-
induced 2*°U fission. The uncertainty reported includes
a combination of the GEF Monte Carlo statistical and
systematic uncertainty and the systematic uncertainty
from the Sampler results for the fissioning neutron en-
ergy distribution.

Results

Using the methodology outlined above, the ETA was
simulated to determine the nuclear impact of nuclear
data on the overall performance and experimental ob-
servables. First, the results of the neutron transport are
presented including the overall ETA fluence distribution,
the foil activation, and the timing profile. Next, the results
of the modeled neutron flux unfoldings are provided for
each of the trials completed in Sampler. Last, the predict-
ed fission product distribution for selected cumulative-
yield fission products and the mass-chain fission product
yield for the ETA neutron-spectrum-produced fissions are
presented.

Neutron Transport Results

A summary of the activation foil reactions and fissions
in the HEU foil are given in Table 2. A bias of approximately
1% was observed for the reaction rates from the continu-
ous energy MAVRIC simulation, a result consistent with
previous code comparison results [42]-[44]. However,
there were some important discrepancies that are caused
by the 252-group structure. The 252-group Sampler
mean total reactions were generally in agreement with
the continuous energy solutions with three exceptions:
897r,°’Ni, and **Mn. The first two threshold reactions were
attributed directly to the flux weighting of the 13.8- to
14.6-MeV group used in the energy region where the
reaction occurred. The 252-group >*Mn reaction differ-
ence from MCNP was caused by the flux weighting used
to create the group cross section, and the bulk of the
difference occurred below 80 keV. The 252-group library
performed well for the majority of the reactions because
many of the activation reactions were saturated by the
PFENS, which was used to generate the cross-sectional
weighting for the intended nuclear reactor applications
of this group structure.
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The continuous energy solutions in Table 2, MCNP SSR
and SCALE MAVRIC CE, only capture statistical uncertainty
in their results. The 252-group SCALE Sampler results cap-
ture statistical and bootstrapped systematic nuclear data
uncertainty from the Sampler results. As can be seen, the
systematic nuclear data uncertainty greatly exceeds the
contribution of the statistical uncertainty to the overall
uncertainty of the simulated results. Inclusion of nuclear
data uncertainty results in relative errors less than 5% for
most reactions; however, **Mn production has a relative
error of 19.7%.

The neutron-fluence results of the continuous energy
MCNP5 and SCALE MAVRIC sequence in comparison to
the notional objective TN+PFNS are shown in Fig. 4. Over-
all, there is broad neutron spectral agreement between
the TN+PFNS and ETA fluence and between MCNP5 and
SCALE. Comparing the nominal values, there are a few
main areas of disagreement between the ETA result and
TN+PFNS. First, below 50 keV, there is an increase in ther-
mal neutrons in the ETA simulations relative to the objec-
tive spectrum; however, this portion of the spectrum only
represents ~1% of the ETA fluence. The NIF room return
and low-A spectral shaping components, necessitated
by NIF weight constraints used in the design, contribute
to the majority of this fluence. Additionally, from 7 to 14
MeV there are relatively large differences caused by the
method used to generate the TN+PFNS. Godiva, com-
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posed solely of HEU, has very few pathways to populate
this energy region. The primary energy-loss mechanisms
in Godiva, inelastic scattering, and (n,xn) reactions are
limited in their ability to populate the 7- to 14-MeV energy
range, and there would need to be many elastic scattering
events to populate this energy range from the 14-MeV
fusion source given the high-A of the Godica assembly.
The 14-MeV region disagreement is caused by the lack of
attenuation of the source neutrons; the weight con-
straints of the ETA design for the NIF facility meant that
additional attenuating material could not be added. Fur-
ther, above 14 MeV there is a severely depressed neutron
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Figure 4.Normalized continuous energy MCNP5 SSRand SCALE-

mapped SSR fluence per unit lethargy spectra comparison to
objective TN+PFNS.

Table 2. Activation foil reaction results and HEU fissions modeled results from MCNP5, SCALE MAVRIC, and SCALE Sampler.

MCNP SSR SCALE MAVRIC CE SCALE Sampler 252-Group
' Reactions Reactions et 'Change Reactions Hog .Change
IReactlon 4] [#] Relative to 4] Relative to
MCNP MCNP
90Fr (n,2n) ¥ 7r 1.89E+9 + 2.5E+6 1.91E+9 + 1.4E+6 155 2.06E+9 + 9.6E+7 9.0
58Ni (n,2n) 5'Ni 1.87E+8 + 2.4E+5 1.90E+8 + 1.4E+5 1.4 2.21E48 + 1.1E+47 17.8
38Ni (n,p) *8Co 6.54E+9 £+ 5.2E+6 6.64E+9 + 1.5E+5 1:3 6.66E49 + 1.7TE+8 1.7
197 Au (n,2n) 1% Au 2.91E+9 + 3.8E+6 2.91E+9 + 2.5E+6 -0.1 2.94E+9 + 1 4E+8 1.0
197 Ay (n,g) 18 Au 1.00E+9 +£ 8.0E+5 1.02E+9 £ 1.5E+6 2.0 9.88E+8 + 2.5E+7 -1.2
U5 (nn’) H5Imm? 3.81E+9 £ 1.9E+6 3.82E+9 £ 1.7E+6 0.0 3.85E+9 & 9.0E+7 1.0
H5Tn (n,g) HOIn™! 5.14E+9 £ 2.6E+6 5.19E+9 £ 4 4E+6 1.0 5.12E49 + 1.8E+8 -0.3
27Al (n,a) 2Na 1.08E+9 £ 1.3E+6 1.08E+9 £ 7.7E+5 0.0 1.07E+9 £ 4.9E+7 -0.9
185W (n,g) 18"W 7.21E+8 + 7.2E+5 7.30E+8 + 1.6E+6 1.2 7.08E+8 £ 2.9E+7 -1.9
55 Mun (n,g) **Mn 3.14E+8 £ 3.1E+5 3.23E+8 £ 4.7E+5 2.8 2.67E+8 £ 5.3E+7 -14.9
B5U(n, f) 1.94E+9 + 1.2E+6 1.96E+9 + 8.2E+5 0.5 1.95E+9 +21E+7 0.0
B8U i, f) 270E+7 £ 2.4E+4 2.67E+7 £ 1.6E+4 -1.1 2.70E+7 + 4.6E+5 0.0
Total Fissions 1.99E+9 + 1.2E+6 2.00E+9 + 8.4E+5 0.3 1.99E+9 + 2.1E+7 0.0
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fluxin the ETA. A portion of this disagreement was caused
by the mono-energetic source implementation instead
of a more realistic ion-temperature-broadened distribu-
tion, which was chosen for consistency with previous NIF
MCNP modeling work [34].

The results of the nuclear data covariance fluence
spectra are shown in Fig. 5. The SCALE results were calcu-
lated with the 252-group structure and 182 samples from
Sampler, while the MCNP5 results were performed with a
continuous energy calculation using mapped, systematic
nuclear data uncertainties from Sampler. The nuclear data
covariance increases the flux uncertainty more signifi-
cantly at lower energies where the transportis dominated
by a cascade of multiple reactions. In general, the mean
of the flux accounting for nuclear data covariance with
Sampler is comparable to flux with the nominal nuclear
data. Most of the difference in the mean value is due to
differences in the underlying codes, as shown in Fig. 4, not
due to a shift induced by the distribution of the nuclear
data covariance captured in the Sampler results. Includ-
ing the nuclear data covariance increases the range of
potential values, approximately 3-5% above 1 keV and
7-100% below 1 keV.

The Pearson correlation coefficient and K-S two-sam-
ple statistic were used to test the statistical significance
of the correlation between the ETA-generated spectrum
and the objective TN+PFNS. Comparing the objective
TN+PFNS to the continuous energy MCNP results yields
a Pearson correlation coefficient of 0.90 (p « 0.05) and K-S
statistic of 0.11 (p=0.11). The Pearson correlation coef-
ficient result indicates that no correlation between the
data sets can be rejected with strong significance, and
the K-S statistic indicates the null hypothesis that samples
drawn from the same distribution could not be rejected.
The results indicate that Coeus-generated ETAs are able
to succeed in closely replicating the TN+PFNS neutron
environment based on the simulated results.

The incident fluence on the HEU foil for the modeled
ETA experiment is 4.9 x 10" n cm™? £ 1.4%. The neutron
fluence per unit area from an unshaped point source
with a strength of 3.7 x 10" neutrons at 29 centimeters
(distance from the source to the ETA foils) is 3.5 x 10"" n
cm™ This implies that the net neutron population with
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ETA is increased from the spherical divergence approxi-
mation, primarily due to reflection and (n,2n) reactions.
The cumulative fluence on the HEU foil as a function of
time is shown in Fig. 6.

The total neutron pulse length in the ETA cavity is ap-
proximately 10 shakes (100 nanoseconds). As expected
based on the prompt nature of the NIF source, the total
pulse length is much less than the half-lives of the acti-
vation products used in the unfolding, so the ingrowth
and decay during the irradiation can be neglected. The
uncollided source neutrons arrive at the foil in approxi-
mately 0.6 shakes, consistent with the time required for
a 14.03-MeV neutron to travel from the source to the
HEU foil.
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The activation foil activities are summarized in Table 3.
The mean value presented is the mean from the MCNP con-
tinuous energy results. The uncertainty presented is the sta-
tistical uncertainty of the MCNP continuous energy results
combined in quadrature with the nuclear data uncertainty
from the Sampler results. Uncertainty in the half-lives and
branching ratios was small and could be neglected.

Table 3. Foil activities predicted with bootstrapped, nuclear data
covariance uncertainty.

Initial | At = 2hr | Relative
Product ty/2 Activity | Activity Error
[kBq] [kBq] [%]
897r 78.41 hrs 4.63 4.55 4.7
5TNi 35.6 hrs 1.01 0.97 4.8
%8Co | 70.86days | 0.74 0.74 2.5
96Au | 6.17 days 3.78 3.75 48
198Ay | 2.69 days 2.98 2.92 2.6
H5TpmL | 4.49 hrs 164 120 2.3
H61pmt | 5429 min 1094 236 34
24Na, 15 hrs 13.8 12.6 4.6
187y 24 hrs 5.79 5.46 4.1
56Mn 2.58 hrs 235 13.7 20.0

Neutron Flux Unfolding Results

STAYSL was executed on all 182 sets of foil activities from
Sampler to build a distribution of modeled experimental out-
comes.The 129-group STAYSL unfolded results are shown in
Fig.7.The largest X” trial and bootstrapped neutron fluence
from all trials were added to Fig. 7 for comparison with the
initial-guess MCNP spectrum with unperturbed nuclear data
on the activation foil activities. The bootstrapped neutron
fluence X represents the average value for the 182-trial
samples. Additionally, the 5-95% activation ranges for each
reaction are shown, indicating the region informed in the
unfolding procedure by a given reaction.

The x* results, derived from the unfolded activities,
provide strong confidence in the ability to unfold the neu-
tron spectrum from the foil activities with the degree of
nuclear data covariance. The null hypothesis, that the two
sets of data were governed from the expected distribution,
could not be rejected for most of the trials with high con-
fidence. The x> for the nominal guess, largest sample, and
bootstrapped unfolded activities are 0.36, 8.3, and 1.3 with
p-values of 0.96, « 0.05, and 0.22, respectively. The p-values
indicate the probability of achieving a larger X given the
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results, so the nominal case is within reasonable expecta-
tions, while the largest xX* value is rejected with strong
significance. The bootstrapped activity p-value is closer to
the rejection value of 0.05, but the p-value is large enough
to not reject the unfolded activities. The distribution of
x*/v values for the set of trials is shown in Fig. 8.

Of the 182 trials, the hypothesis that activities come
from the expected distribution was not rejected 81.9%
of the time with 95% confidence. The distribution of X
values peaks near 1; however, a non-negligible portion
of the unfolding calculations provide results that rejected
the null hypothesis.

It is nevertheless worth noting that even the rejected
trials result in unfolded neutron energy spectra that are
very similar, as shown for the largest sample X*in Fig.7.As
described next, these small perturbations in the neutron
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energy spectra result in negligible changes to the overall
fission products produced in the HEU sample.

Fission Product Estimation Results

Table 4 displays the fission product production in the
HEU foil using Nagy fits of experimental data. The uncer-
tainties capture the uncertainties in the underlying energy-
dependent fission product yield data, the uncertainties in
the fit, the Monte Carlo statistical uncertainties, and the
systematic nuclear data uncertainties from Sampler. The
TN+PFNS objective-spectrum fission products are con-
sistent with the fission product production achieved in
the ETA within uncertainty associated with the modeled
results. The Nagy and GEF models produce similar results,
albeit with much higher uncertainty for the GEF results.

Table 4. ETA-and TN+PFNS-produced Nagy fit cumulative-fission
product yield from experimental data.

Fission Fission
Product Product Yield [%]
ETA TN+PENS
91gr 534 +0.15 5.37 + 0.08
928y 538 £0.16 5.41+0.10
97y 6.03 £ 0.15 6.05 + 0.06
977y 571 +£0.16 5.74 + 0.08
99Mo 5.62 £0.16 5.65 + 0.08
103Ry 3.20 + 0.09 3.21 +0.05
105Ry 1.41 +0.05 1.39 + 0.04
109pq 0.32 +0.02 0.29 + 0.02
Hipg 0.28 + 0.01 0.25 + 0.01
12pg 0.27 +0.01 0.23 +0.01
H3Ag 0.20 + 0.01 0.18 + 0.01
1158 0.28 4+ 0.01 0.25 £+ 0.01
132 432 +0.13 4.33 +0.07
140B4, 5.56 +0.15 5.60 + 0.07
141 Ce 5.46 +0.17 5.49 +0.10
143Ce 5.06 +0.15 5.11 + 0.09
144Ce 4.69 £0.16 475 +£0.11
147Nd 2.08 + 0.06 2.10 + 0.03
149pm 1.01 £+ 0.04 1.01 £+ 0.03
151py, 0.47 £+ 0.02 0.46 + 0.02
1539m 0.18 + 0.01 0.18 + 0.01
156y 0.028 + 0.001 0.027 4+ 0.001
161TH | 0.0013 + 0.00006 | 0.0011 + 0.00004
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The resultant GEF mass-chain distribution for the ETA
and the original objective TN+PFNS are displayed in Fig.
9. Overall, there is large agreement in reproducing the fis-
sion product distribution expected from the TN+PFNS.The
high uncertainty reflects the large parameter uncertainty
in the GEF fission models that limit the ability to predict
mass-chain fission products a priori across all mass chains.

The mass-chain, relative-residual yields comparing the
ETA to the objective spectrum are shown in Fig 10. There are
afew areas of disagreement between the mean value of the
ETA and the TN+PFNS.The symmetric valley fission products
are systematically larger because of the increased high-
energy flux produced in ETA. Accordingly, there is a decrease
in yield for asymmetric fission products’ mass chains in ETA.
However, the differences in the symmetric valley and asym-
metric fission products are not substantial compared to the
uncertainty in the fission product yield calculations.
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Figure 9. TN+PFNS versus ETA fission product mass-chain
distributions calculated with GEF values.
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Conclusion

This work describes the continued development,
analysis, and support of the capability of producing
spectrally accurate neutron environments through the
use of an ETA. The application of this work focused on
the production of fission fragment debris through tar-
geted modification of the NIF source spectrum. The ETA
design developed using Coeus replicates the neutron
environment and fission product distributions of interest
to technical nuclear forensics and provides a step forward
in generating synthetic debris. The results model the full
range of experimental outcomes and incorporate nuclear
data covariance analysis to further bound the range of
possible experimental outcomes for this novel approach
to generating high-fidelity neutron environments. More
analysis for this work and Coeus are available [8], [28].

The primary objective of the ETA research was to de-
termine if the neutron energy distribution in a “typical”
boosted nuclear weapon detonation can be produced
using spectral modification with an ETA at the NIF. This
research showed computationally that the ETA concept
can fill the technical nuclear forensics and neutron environ-
ment capability gaps. The Pearson correlation coefficient
and K-S two-sample statistic used to compare the TN+PFNS
to the modeled-achieved neutron spectrum were 0.9 and
0.11, signifying that there is large spectral agreement in
reproducing the objective neutron-fluence environment.

The ETA uses nontraditional nuclear materials and the
measured results depend on independent channels in a
weighting disproportional to the relative cross-sectional
intensities. Therefore, SCALE Sampler was used to asses the
impact of the nuclear data uncertainty on the measurable
experimental outcomes. Using this approach, the nuclear
data uncertainty and covariance on the ETA performance
was found to be non-negligible. Nuclear data covari-
ance increased the energy-dependent neutron fluence
uncertainty in the ETA sample cavity to approximately
3-5% above 1 keV and 7-100% below 1 keV. The resultant
nuclear data uncertainty, including the foil reaction cross-
sectional uncertainty, resulted in uncertainties on the order
of afew percent for all but the **Mn (n,y) reaction where the
systematic uncertainty was found to be 19.7%.

The foil activities and fission products produced in the
ETA cavity are within measurable limits for radio-chemis-
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try and gamma-ray spectroscopy. The measured fission
products are used to unfold the neutron energy spectrum
observed in the experimental cavity using STAYSL. The
STAYSL unfolded results on each of the 182 Sampler tri-
als provide an 80+% probability of being able to perform
a statistically significant unfold of the neutron spectrum
given a set of activation measurements and the modeled
spectrum, based on the x* of each unfolded trial.

In the context of technical nuclear forensics and attri-
bution capabilities associated with device reconstruction,
an observable quantity of interest is the fission product
distribution created from the neutron flux interaction
with the fissile material. The ETA’s modeled performance
produces 2 x 10° £1% fissions, which is near the order of
those collected in forensics ground samples. Selected
fission products analyzed with the GEF code and experi-
mental data from the literature were used to create ener-
gy-dependent Nagy fits. The fission products produced
in the HEU with the ETA's spectral-shaping capability
have an equivalent cumulative fission product yield dis-
tribution to the objective TN+PFNS within current fission
product yield modeling capabilities.

The capability of producing objective neutron spectra
has wide-reaching significance to further leverage operat-
ing neutron source facilities into new areas of research and
support key capability needs. The ETA designed in this re-
search effort contributes to further enable enhancements to
nuclear attribution and has potential use for the certification
of electronic components in neutron threat environments.

The future work related to the analysis performed here
will compare the experimental outcomes to the predicted
reactions and methodology used in this research. Although
the ETA is a huge step forward for developing synthetic
weapon debris, improvements will be made to develop a
second-generation ETA to generate a more representative
neutron spectrum. Additionally, facility improvements to
the NIF and updated constraints will be incorporated to
increase the optimization with the objective of increasing
the efficiency of the ETA to produce 10" fissions, which
is essential to achieve better detection of low-yield fis-
sion products. Finally, real-world scenario nuclear fallout
includes fractionation based on the physical properties
and chemistry of the fission products. A fractionation tech-
nique can most readily focus on refractory fission products
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with low-condensation points, as opposed to volatile mass
chains, as many of these are gases that may be lost in
chemical separations. Incorporating the fractionated, syn-
thetic fission product debris into a matrix representative of
a nuclear forensics collection would be of great benefit to
technical nuclear forensics training and exercises.
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