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A B S T R A C T

This paper describes the experimental results for an energy tuning assembly created to modify the National
Ignition Facility deuterium–tritium fusion neutron source into a notional thermonuclear and prompt fission
neutron spectrum, which has applications in integral measurements, nuclear data benchmarks, and radiation
effects on microelectronics. The Monte Carlo neutron transport utilized MCNP5 to estimate the ETA-modified
fluence using the ENDF-B/VIII.0 and IRDFF-II continuous energy nuclear data libraries, and SCALE Sampler
was used to estimate the systematic nuclear data covariance using ENDF-B/VII.1 and IRDFF-II in a 252-group
structure. The experiment fielded eight activation foils and a highly enriched uranium sample. This provided
fifteen reaction channels that were used in a forward-fit comparison to the modeled results and to unfold
the neutron spectrum using STAYSL. Gamma-ray spectrometry was performed on the activation and highly
enriched uranium foils, and the reduced 𝜒2 between the modeled and experimental values was 1.21. The
results from the STAYSL unfold, reduced 𝜒2 = 1.62, indicated that the modeled neutron spectrum was achieved
and the systematic nuclear data uncertainty associated with the neutron transport and activation product cross
sections was representative of the experiment. Integral cumulative fission product yield data were collected for
37 mass chains with a combination of gamma-ray spectrometry and radiochemical analysis. Fission product
analysis was generally in agreement with two models using a semi-empirical fit and the General Observables
of Fission code, with the exception of mass chains 88, 109, 111, 112, 113, 129, 139, 142, 144, 151, and 156.

1. Introduction

An energy tuning assembly (ETA) experiment was performed at
the National Ignition Facility (NIF) to spectrally shape the deuterium–
tritium (D-T) 14.1 MeV fusion neutron spectrum into a modified ther-
monuclear (TN) and prompt fission neutron spectrum (PFNS). Cus-
tomizable neutron environments offer increased access to unique neu-
tron energy spectra, which can provide data on integral measure-
ment needs and activation dosimetry validation (Bernstein et al., 2019;
Trkov et al., 2020). Many testing facilities targeting integral mea-
surements focus on nuclear reactor spectra, the Watt fission spec-
trum, and the 14.1 MeV D-T fusion process. Accelerators can also
provide a nearly mono-energetic neutron source for discrete energy
measurements (Gooden et al., 2016).

Utilizing different neutron spectra can identify nuclear data gaps
and inaccurate evaluations that feed into nuclear data libraries used
in modern radiation transport simulations (Kahler et al., 2014). In
particular, integral fission product yield (IFY) measurements inform
nuclear data libraries and models, which are essential knowledge for
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nuclear reactor operations, international nuclear treaty monitoring,
and technical nuclear forensics. The NIF has a unique capability as a
high-density D-T prompt neutron source that can be used to produce
nearly instantaneous fission products under the appropriate neutron
spectrum distribution without any saturation or decay effects common
with nuclear reactor or accelerator production. The ETA, or similar
platform, could also be utilized to study radiation effects on electronics
and create environments for nuclear data benchmarks.

The ETA design Bevins (2017) considered in this work was previ-
ously tested at the Lawrence Berkeley National Laboratory (LBNL) 88-
Inch Cyclotron to validate initial modeling concepts and neutron spec-
trometry techniques (Bevins et al., 2019). The modeling of the expected
experimental outcomes and uncertainties was improved by accounting
for nuclear data covariance analysis, which improved the quality of
the foil activation spectrometry used to measure the ETA-generated
neutron environment (Quartemont et al., 2020b).

This work describes the first ETA experimental results from the NIF
to generate a TN+PFNS neutron environment. The experimental design,
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Fig. 1. (Color online) The ETA designed to achieve the TN+PFNS via spectral
modification of the NIF neutron source.

modeling, and results from activation analysis and the unfolding of the
neutron fluence with Pacific Northwest National Laboratory’s (PNNL’s)
STAYSL Rearden and Jessee (2013) are described. Finally, results of
47 cumulative and independent IFY across 37 mass chains for a highly
enriched uranium sample are presented.

2. Experiment

The ETA, shown in Fig. 1, was designed to produce a notional ther-
monuclear and prompt fission neutron spectrum (TN+PFNS) relevant
to the production of surrogate post-detonation weapon debris (Bevins
et al., 2019). The ETA design is 28 cm in diameter and approximately
24 cm in height. The ETA consists of cones and cylinders of boron
carbide, aluminum, bismuth, tungsten, silicon, 316 stainless steel, and
lead. Each ETA part is manufactured with three or four nines pure
material and sub-mm tolerances thereby limiting sources of systematic
uncertainty.

The ETA was fielded with an activation foil pack and a HEU foil
placed in the sample cavity, item 6 in Fig. 1, where the objective
TN+PFNS neutron spectrum was achieved. ETA was fielded with eight
activation foils, summarized in Table 1. Each activation foil had a
radius of 2.5 cm with the exception of manganese and the HEU. The
manganese foil was a 2.5 cm side length square foil. The HEU (93.217
w/o) utilized for the experiment consisted of three disk samples (HEU1,
HEU2, and HEU3) weighing 0.3675, 0.3549, and 0.3550 g with a
maximum weight uncertainty of 0.2% with areas of 4.99, 4.72, and
4.88 cm2. The HEU samples were encased in a hermetically sealed
Target Option Activation Device (TOAD) (Gharibyan et al., 2015). The
TOAD was positioned between indium and tungsten as depicted in
Table 1.

The NIF source for shot N191020_001 was located 15 cm below the
base of the cone and was a D-T Polar Drive Exploding Pusher (PDXP)
target (Ellison et al., 2018). The source configuration utilized a 64/36
D-T mix capsule with a 1.44 mg mass, 29 μm thick, and 4.05 mm
outer diameter. The PDXP shot delivered 1.56 MJ of laser energy,
enabling thermonuclear fusion with a nominal yield of 1.08±0.04×1016
neutrons over 424 ps with a minimum plasma ion temperature of
8.36 keV (Yeamans and Bleuel, 2017). The ETA experiment was fielded
on a Target and Diagnostic Manipulator (TANDM) as an additional
experiment to the Energetic Neutron Platform (ENP). The ETA, ENP,
and target positioner (TARPOS) experimental configuration is shown
in Fig. 2.

3. Analysis methods

The primary analysis techniques utilized in this work were Monte
Carlo simulation, gamma-ray spectrometry, modeling of fission prod-
ucts, neutron spectrum unfolding, and radiochemistry. The modeled

Fig. 2. (Color online) NIF chamber experimental configuration of TARPOS, ENP, and
ETA.

neutron environment with MCNP and SCALE was used to predict the
neutron environment and resulting observable products such as activa-
tion or fission products (Rearden and Jessee, 2018; X-5 Monte Carlo
Team, 2008). Experimental measurements of the products included
gamma-ray spectroscopy and radiochemistry on the fission products.
The primary codes and data utilized are summarized in Table 2. A
repository containing the primary model inputs and outputs utilized in
this work can be accessed here (Quartemont, 2021).

3.1. Monte Carlo simulation

The ETA neutronics design was modeled in MCNP5 to determine
the expected neutron environment in the sample cavity and in SCALE
MAVRIC with Sampler to propagate nuclear data covariance in the
transport model (Rearden and Jessee, 2018; X-5 Monte Carlo Team,
2008). MCNP5 was used for continuous energy (CE) MC neutron trans-
port and to benchmark MC neutron transport in CE SCALE MAVRIC.
The MAVRIC MC simulation was then used in a 252 energy group
structure with the SCALE Sampler module to assess the effect of nu-
clear data covariance through stochastic sampling of the ENDF-B/VII.1
nuclear data library (Chadwick et al., 2011). Finally, the activation foil
covariances were sampled with a multivariate normal distribution to
incorporate the reaction cross-section uncertainty with an interpola-
tion scheme described with the IRDFF-II nuclear data library (Trkov
et al., 2020). Previous work has described the methodology in detail
to characterize the effect of nuclear data covariance for NIF ETA
simulations (Quartemont et al., 2020b,a).

The MCNP5 ETA model was created with a surface source read
(SSR) file generated using a neutron point source with a mean energy
of 14.07 MeV (Appelbe and Chittenden, 2014). The SSR, a box around
ETA, was made with a validated full-scale NIF model including the
TARPOS, ETA, TANDM (90-348), snout diagnostic instrument manip-
ulator (DIM), Sandia ENP experiment, TANDM (90-124), and target
chamber support structures and used the ENDF/B-VII.1 library (Chad-
wick et al., 2011). Time dependence in the neutron source was ne-
glected because NIF neutron emission generations are approximately
300 picoseconds (Yeamans and Bleuel, 2017). The ENDF/B-VIII.0 nu-
clear data library was used for the neutron transport inside the SSR
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Table 1
Summary of activation foils and reactions selected to unfold the neutron energy spectrum. The order of the foils was in the listed order with Au-1 closest to the NIF source.

Foil
(Thickness)

Mass [g] Reaction
[IRDFF v.1.05 Reaction Number]

Threshold [MeV]
(@ 10 mb)

Primary Radiation
[keV] (Intensity)

𝑡1∕2 Decay Data

Au-1 (0.09 mm) 3.718
197Au (n,2n) 196Aug+m1 [16] 8.1 (8.3) 355.7 (0.87) 6.17 days (Xiaolong, 2007)
197Au (n,g) 198Au [102] Thermal 411.8 (0.9562) 2.69 days (Huang and Kang, 2016)

Zr (0.97 mm) 12.683 90Zr (n,2n) 89Zr [16] 12.1 (12.1) 909.2 (0.9904) 78.41 h Singh (2013)

Mn (1.12 mm) 5.028
55Mn (n,2n) 54Mn [16] 10.4 (10.6) 834.85 (0.99976) 312.2 days (Dong and Junde, 2014)
55Mn (n,g) 56Mn [102] Thermal 846.8 (0.9885) 2.58 h (Junde et al., 2011)

In (1.03 mm) 14.811

113In (n,n’) 116Inm1 [11004] 0.4 (0.7) 391.7 (0.6494) 99.5 min (Blachot, 2010a)
115In (n,n’) 116Inm1 [11004] 0.3 (0.6) 336.24 (0.459) 4.49 h (Blachot, 2012)
115In (n,g) 116Inm1 [11102] Thermal 1293.56 (0.848) 54.29 min (Blachot, 2010b)

HEU
(0.12 mm)

1.0774 238U (n,g) 239Np [102] Thermal 106.36 (0.202) 2.356 days Browne and Tuli (2015)

W (1.02 mm) 37.964 186W (n,g) 187W [102] Thermal 685.51 (0.332) 24 h (Basunia, 2009)

Ni (1.12 mm) 14.316 58Ni (n,2n) 57Ni [16] 12.4 (13.3) 1378 (0.817) 35.6 h (Bhat, 1998)
58Ni (n,p) 58Cog+m1 [103] 0 (1.3) 810.8 (0.9945) 70.86 days (Nesaraja et al., 2010)

Al (1 mm) 5.428 27Al (n,a) 24Na [107] 3.2 (6.7) 1368.63 (0.9999) 15 h (Firestone, 2007)

Au-2 (0.09 mm) 3.692
197Au (n,2n) 196Aug+m1 [16] 8.1 (8.3) 355.7 (0.87) 6.17 days (Xiaolong, 2007)
197Au (n,g) 198Au [102] Thermal 411.8 (0.9562) 2.69 days (Huang and Kang, 2016)

source, and the IRDFF-II library was used for the activation cross-
sections Brown et al. (2018). The difference in transport libraries after
the SSR was created was a limitation of NIF-validated model.

A lower fidelity SCALE MAVRIC model was also created for the
experimental setup of the NIF. The MAVRIC model with Sampler in-
cluded a full fidelity model of ETA and representative geometry for the
remainder. The source specifications were identical to MCNP5; how-
ever, only the ENDF/B-VII.1 library was available in SCALE (Rearden
and Jessee, 2018). The results from 285 samples in Sampler running
MAVRIC in the 252-group structure were characterized with statistical
bootstrapping to determine a 1-𝜎 uncertainty in the reaction products
and fluence distribution. The Sampler transport uncertainty and flux
correlation matrix are shown in Fig. 3.

The resulting correlation matrix and uncertainty were used in the
unfolding routine in STAYSL to bound the possible outcome. The
correlation matrix indicated nearby energy group correlations and an
anti-correlation between the TN neutrons near 14 MeV and peak of
the PFNS near 1 MeV because removal mechanisms – such as (n,2n)
and (n,n’) – in the TN region are needed to populate the PFNS. The
associated neutron fluence uncertainty was 5.3% at 14.1 MeV, due to
the uncertainty in tungsten and bismuth attenuation coefficients. The
uncertainty at 1 MeV was 2.9% because there are multiple paths to
down-scatter the source neutrons, including spallation (n,2n) reactions
primarily on W and Bi components in addition to successive inelastic
scattering events. At 1.3 eV, the uncertainty reached 67% due to the
large number of interactions required to moderate a D-T neutrons to
low energy. The low energy neutron distribution is not well described
by a normal distribution, and this creates a limitation of assumed nor-
mally distributed uncertainties in STAYSL at low energy (Taavitsainen
and Vanhanen, 2017).

3.2. Activation analysis

Activation analysis was performed with gamma-ray spectrometry
using three high purity germanium (HPGe) and multi-channel analyzer
systems in the LLNL counting facility on the activation foils and HEU1
sample (Gharibyan et al., 2015). Two methods were performed to an-
alyze the energy dependent counts, GAMANAL, which was created for
analysis of fission product spectra, and PeakEasy 4.97, which was also
used for peak fitting (Gunnink and Niday, 1972). The fission product
nuclear data utilized in this analysis was from literature, the Table
of Isotopes, 8th Edition and data retrieved from the National Nuclear
Data Center Chart of the Nuclides Online Data Service (Firestone,

Fig. 3. (Color online) Neutron fluence covariance parameters in ETA sample cavity
showing the (a) correlation matrix and (b) relative statistical and systematic uncertainty
as a function of energy.
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Table 2
Primary codes and methods utilized.

Purpose Code/Method
(Library)

Monte Carlo
Neutron Transport

MCNP5
(ENDF/B-VII.1 and
ENDF/B-VIII.0)

SCALE
MAVRIC and Sampler
(ENDF/V-VII.1 252-group)

Gamma-ray
Spectrometry

GAMANAL

PeakEasy 4.97

Fission Product
Estimation

GEF

Semi-empirical fits

Neutron Flux
Spectrum Unfolding

PNNL STAYSL
(IRDFF v.1.05 129-group)

1996). GAMANAL was calibrated with standard calibration sources
to determine the efficiency as a function of sample position, energy,
and detector geometry. GAMANAL performed gamma-ray attenuation
corrections and counting of peaks using multiple linear regression least
squares with smoothed Gaussian peak fits (Gunnink and Niday, 1972).

Measurements of the activity were decay corrected to the reaction
product atoms (𝑁0) immediately after irradiation by

𝑁0 =
(𝐶 − 𝐵)𝑒𝜆𝑡𝑑
𝜖(1 − 𝑒−𝜆𝑡𝑐 )𝐼𝛾

, (1)

where the measured counts (𝐶) were reduced by the background counts
(𝐵) and corrected for decay between the end of irradiation and the
start of counting (𝑡𝑑). A correction factor was used for radioactive decay
during counting time (𝑡𝑐). The detector efficiency for the given gamma-
ray energy (𝜖) was determined with GAMANAL to include gamma-ray
self-shielding. Finally, the relative gamma intensity (𝐼𝛾 ) for each decay
was taken into account.

Each foil was counted until approximately 10,000 counts were
detected from the reaction products. All reactions did not require
in-growth corrections, with the exception of the 196Au𝑔+𝑚1 reaction
product. The 58Co𝑚1 reaction product is not suitable for gamma-ray
spectrometry, so the sample was allowed to decay for two weeks prior
to the measurement of 58Co𝑔+𝑚1. Similarly, 239Np was measured after
the short-lived decay of 239U.

A variance-based weighted average was taken for each decay
gamma ray associated with a product nuclei for each measurement of
that decay mode (Moody et al., 2020). The final weighted average of
each gamma-ray decay mode measurement was then done to determine
𝑁0 for each product. Radioactive decay uncertainties were added
after accounting for the statistical error and a 2% system systematic
error (Moody et al., 2020). Uncertainties associated with the weight
and size of the activation foils were neglected as negligible in this work
with respect to the measurement uncertainty.

3.3. Fission product models

The modeled neutron fluence was convolved with the fission cross
section to produce the expected experimental fission product pro-
duction from 235U and 238U with two techniques. First, the energy
spectrum of neutrons causing fission was used to determine the fission
product yield with a phenomenological fit and the General Description
of Fission Observables (GEF) code (Schmidt et al., 2016). Second,
semi-empirical relations developed by Nagy et al. were used to pre-
dict the fission product yield as a function of energy given sufficient
yield-dependent fission product measurement data (Nagy et al., 1978).

GEF is applicable over a wide range of fissioning systems, includ-
ing isotopes with atomic numbers from 80 to 112 (Schmidt et al.,

2016). GEF incorporates covariance information of the fissioning sys-
tem, multi-chance fission, and many other unique features. The values
for the mass chain yield distribution calculated by GEF were deter-
mined using separate calculations for each energy group defined by the
midpoint bin energy of the fissioning system, 236U for neutron-induced
235U fission and 239U for neutron-induced 238U fission. The uncertainty
reported in this work includes GEF statistical, GEF systematic covari-
ance, and the Sampler systematic uncertainty for the fissioning neutron
energy distribution.

The semi-empirical formula for estimating fission product yield is
given by

𝑌 (𝐸𝑛) = 𝑌0𝑒
𝑏𝐸𝑛 , (2)

where the fitting parameters 𝑏 and 𝑌0 represent the slope of the function
in logarithmic form and thermal fission yield, respectively (Nagy et al.,
1978). The slope is the primary measure of the energy dependence
of the fission product yield, which requires modifications for multi-
chance fission. First chance fission is dominant from up to 5.5 MeV
and second-chance fission up to 14.1 MeV Nagy et al. (1978), requiring
modifications to incorporate first and second chance fission in this
work. Correlations between fission product yield as a function of energy
were not captured because data were not available.

The measured fission products were compared through relative
fission yields, 𝑅 values (Selby et al., 2010). The 𝑅 value was used to
remove unknown systematic errors and is a ratio given by

𝑅 =
𝐴𝑓,𝑒
𝑖

/

𝐴𝑓,𝑒
97

𝐴∗
𝑖
/

𝐴∗
97

=
𝑁𝑓,𝑒

𝑖

/

𝑁𝑓,𝑒
97

𝑁∗
𝑖
/

𝑁∗
97

=
𝑁𝑓,𝑒

𝑖

/

𝑁𝑓,𝑒
97

𝑌 ∗
𝑖
/

𝑌 ∗
97

, (3)

where the activity ratio between the 𝑖th measured fission product or
mass chain time-corrected atoms (𝑁𝑓,𝑒

𝑖 ) to the measured 𝐴 = 97 mass
chain atoms (𝑁𝑓,𝑒

97 ) was normalized by the ENDF-B/VIII.0 235U thermal
fission product yield ratio of the 𝑖th fission product mass chain (𝑌 ∗

𝑖 ) to
the yield for the 𝐴 = 97 mass chain (𝑌 ∗

97). The 𝐴 = 97 mass chain was
chosen because 97Zr provided a strong gamma-ray for measurement and
is a well-characterized peak fission product.

3.4. Neutron spectrum unfolding

The measured foil activation products were used with an average
foil pack MCNP5 CE fluence and SCALE Sampler neutron fluence
covariance to unfold the neutron spectrum using STAYSL with the
IRDFF v.1.05 129-energy group structure. The most current version of
STAYSL did not include IRDFF-II, where the reaction cross-section and
covariance matrix for 197Au(n, 𝛾) and 238U(n, 𝛾) were updated. The 129-
group cross-section library was derived for D-T neutron experiments;
however, the cross-section integrating function results in increased
radiative capture reactions compared to the CE solution. For example,
the 197Au(n, 𝛾) was 29% higher and 186W(n, 𝛾) was 53% higher in the
129-group STAYSL library than the CE solution. The STAYSL (n, 𝛾)
microscopic cross-sections were re-calculated with MCNP5 with IRDFF-
II data in the 129-group STAYSL structure to correct the cross section
integrating function. This allowed the use of IRDFF-II 197Au(n, 𝛾)
and 238U(n, 𝛾) reaction cross-sections in STAYSL. However, the IRDFF
v.1.05 covariance matrices for 197Au(n, 𝛾) and 238U(n, 𝛾) were still used.
The 129-group cross-sections are shown in Fig. 4.

MCNP5 was used to generate energy-dependent neutron self-
shielding factors to account for attenuation within and across the foil
pack in a mixed neutron field and beam environment similar to other
thick-foil techniques (Vagena et al., 2018). The self-shielding factors
were required for modification of the neutron flux throughout the
foil pack due to the relatively large size of the foils used resulting in
non-negligible attenuation as shown in Fig. 5.

STAYSL determines the incident neutron flux using a generalized
least-squares spectral adjustment based on a 𝜒2 comparison of the
measured activation products and the activities calculated from an
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Fig. 4. (Color online) Neutron activation cross-sections used in STAYSL for the (a)
threshold and (b) thermal reactions. The reaction cross sections indicate coverage of
the energy range of interest with unique and overlapping measurements.

Fig. 5. Neutron fluence in ETA sample cavity showing exponential attenuation at high
energy and nuclear resonance self-shielding at low energies.

adjusted flux (Greenwood and Johnson, 2016). The activity information
(𝐴◦), a neutron flux, a nuclear data matrix (𝑃 ), and covariance matrices
are used in the formulation of the 𝜒2 statistic. The 𝜒2 is minimized

based on the STAYSL minimized activity information (�̄�) and the
STAYSL calculated neutron flux convolved with the IRDFF nuclear data
parameters (𝑃 ). The 𝜒2 statistic utilized in STAYSL is given by

𝜒2 =
[

𝑃 − 𝑃
𝐴◦ − �̄�

]†

∙
[

𝑁𝑃 0
0 𝑁𝐴◦

]−1

∙
[

𝑃 − 𝑃
𝐴◦ − �̄�

]

(4)

where 𝑁𝑃 is the covariance matrix from the flux and nuclear data and
𝑁𝐴◦ is the activity covariance matrix (Perey, 1977).

Additionally, STAYSL requires an initial guess spectrum as the activ-
ities produced for the foils are often degenerate with multiple creation
environments. However, the initial spectrum allows for a physics- and
modeling-based result to guide the overall result. The initial guess
spectrum was created with the mean value from MCNP5 over the entire
activation foil pack volume and a neutron fluence covariance matrix
as derived with Sampler (Quartemont et al., 2020b). The 252-group
Sampler covariance matrix was mapped to the 129-group STAYSL
structure through linear interpolation of the systematic uncertainties
and correlation based on the midpoint of the energy bins for each
structure.

3.5. Radiochemistry

Radiochemistry was performed to separate lower yield fission prod-
ucts that would not be observed in the bulk sample with gamma-ray
spectrometry. Radiochemistry procedures were adopted from standard
fission-product separation procedures found in their respective radio-
chemistry chapters and commonly utilized distribution tables (Hogdahl,
1961; Sunderman and Townley, 1961; DeVoe, 1960; Faris and Warton,
1962). The radiochemical procedures of HEU2 included dissolution in
9M HCl with 8M HNO3 to remove the rare-earth (RE) fission products
from the bulk HEU and subsequent separations to isolate desired ele-
ments (Gharibyan et al., 2018). A mixed lanthanide-yttrium RE carrier
and aliquots of barium and cesium were added to HEU2 for chemical
yielding and improved chemical performance. Additionally, a 237Np
tracer was added for yielding of 239Np.

The neptunium fraction was eluted from an anion-exchange column.
The RE fission products were separated into three fractions containing
the light (La-Pr), medium (Nd-Pm) and heavy (Sm-Tb, containing Y)
fractions after elution with a mixture of HNO3 and methanol from an
anion-exchange column. The dried fractions were dissolved in 10 ml
of water, transferred to Prindle gamma-spec vials (cylindrical plastic
vial with 10 cm2 area), and analyzed with gamma-ray spectrometry.
The fractions were counted on coaxial and planar HPGe detectors and
evaluated by the GAMANAL code as described in Section 3.2 with
decay-curve analysis to verify the half-life of the fission-product mea-
surement. Chemical yielding was performed with inductively-coupled
plasma mass spectroscopy (ICP-MS), where the tracer isotope concen-
tration was used to determine chemical efficiency during separations
for the measured radioisotopes.

Separations were performed on HEU3 after dissolution with the
addition of palladium, cadmium, and silver carriers. An Ag2S precip-
itate was formed to recover the silver fraction, and the palladium
fraction was recovered with Pd-dimethylglyoxime precipitation. The
cadmium fraction was taken after precipitation of uranium hydroxide
as the effluent with an anion-exchange column. Each sample was
collected in a Prindle vial and analyzed with gamma-ray spectrometry.
An aliquot from each sample (Ag/Pd/Cd) along with a separate set
of carrier solutions representing 100% yield were used for ICP-MS
measurements to determine chemical recovery yields with yielding
uncertainty from repeated sampling. The total uncertainty for the
measured fission products includes nuclear data uncertainty in 𝑡1∕2 and
𝛾-ray intensities, counting statistics, chemical recovery uncertainty, and
weighted averaging for repeated measurements.
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Table 3
Activation product measurements compared to modeled values.

Reaction Product GAMANAL Peak Easy Experiment Average Modeled
196Aug+m1 5.74E+9 ± 3.57% 5.75E+9 ± 3.67% 5.75E+9 ± 3.62% 5.85E+9 ± 4.48%
198Au 2.24E+9 ± 2.01% 2.25E+9 ± 2.03% 2.25E+9 ± 2.02% 2.27E+9 ± 3.64%
89Zr 5.81E+9 ± 2.02% 5.83E+9 ± 2.03% 5.82E+9 ± 2.03% 5.96E+9 ± 4.43%
54Mn 8.65E+9 ± 3.82% 8.65E+9 ± 3.55% 8.65E+9 ± 3.69% 9.24E+9 ± 4.52%
56Mn 3.33E+8 ± 2.12% 3.33E+8 ± 2.06% 3.25E+8 ± 2.09% 4.20E+8 ± 11.79%
116Inm1 4.50E+8 ± 2.74% 4.50E+8 ± 2.70% 4.49E+8 ± 2.72% 4.46E+8 ± 2.11%
116Inm1 1.18E+10 ± 5.40% 1.16E+10 ± 5.43% 1.17E+10 ± 5.42% 1.22E+10 ± 2.38%
116Inm1 1.76E+10 ± 2.35% 1.83E+10 ± 3.06% 1.80E+10 ± 2.71% 1.70E+10 ± 3.41%
239Np (Radiochemistry) 6.77E+6 ± 5.09% N/A 6.77E+7 ± 5.09% 7.99E+6 ± 3.80%
187W 2.41E+9 ± 2.53% 2.49E+9 ± 3.17% 2.45E+9 ± 2.85% 2.39E+9 ± 3.43%
57Ni 5.55E+8 ± 3.39% 5.85E+8 ± 5.28% 5.70E+8 ± 4.34% 5.65E+8 ± 4.53%
58Cog+m1 1.63E+10 ± 2.04% 1.65E+10 ± 2.05% 1.64E+10 ± 2.05% 1.88E+10 ± 2.53%
24Na 3.33E+9 ± 2.35% 3.40E+9 ± 2.06% 3.37E+9 ± 2.21% 3.34E+9 ± 4.34%
196Aug+m1 5.00E+9 ± 3.57% 5.05E+9 ± 3.67% 5.03E+9 ± 3.62% 5.15E+9 ± 4.46%
198Au 2.01E+9 ± 2.01% 2.03E+9 ± 2.02% 2.02E+9 ± 2.02% 2.03E+9 ± 2.73%

𝜒2/𝜈 = 2.31 (excluding 58Cog+m1 = 1.21)

4. Results and discussion

4.1. Activation foils

The decay-corrected activation products compared to the modeled
results and the 𝜒2 per degree of freedom (𝜈) are summarized in Table 3.
The individual 𝜒2 contribution for a reaction included both modeled
and measurement uncertainty added in quadrature. The experiment av-
erage activation product measurement is an average of the GAMANAL
and Peak Easy fits with correlated uncertainties. The Peak Easy results
were 0.4% to 1.9% larger due to the differences in the peak fitting
routine compared to GAMANAL. The measured activation products
were used to scale the MC derived reactions to the experimental total
fluence from the NIF source environment. The total fluence from the
source was determined with 𝜒2 minimization and was 1.13 × 1016

neutrons.
The modeled results with MCNP5, including systematic uncertainty

quantified with Sampler, show overall agreement with the exception
of 58Cog+m1, where including 58Cog+m1 results in a 𝜒2/𝜈 of 2.31 (𝑝 =
0.004). Similar research at the NIF has also found a suppression of
nearly 27% production of 58Cog+m1 (Bogetic, 2020). 58Cog+m1 was
removed from the unfolding dataset due to these inconsistencies; re-
moving that reaction produces a 𝜒2/𝜈 of 1.21 (𝑝 = 0.267). The 58Cog+m1

product indicates either decreased neutron fluence over the reaction
range or the reaction uncertainty was underestimated. There is some
evidence to support this may be the case as the ENDF-B/VII.1 uncer-
tainty for this reaction at 14 MeV is ∼9x greater than the uncertainty in
IRDFF-II, which was used in Sampler to obtain the integral uncertainty
of 2.53%.

4.2. Unfolding

Table 4 summarizes the STAYSL changes to the ETA foil pack
activation products following spectral adjustment and the individual 𝜒2

contributions. The neutron flux environment was constrained by the
uncertainty and covariance matrix shown previously in Fig. 3. The
resultant neutron fluence in the sample cavity was 1.49 ± 0.01 × 1012

neutrons cm−2. 239Np and 56Mn had activation product changes of over
10%. 56Mn was in a region of relatively large transport uncertainty
as a thermal reaction but also has larger nuclear data uncertainty,
reaching 24% at 0.125 MeV. Numerical precision, an inherent feature
of the STAYSL code, was also a minor issue as noted in the negative
𝜒2 contribution for 89Zr. The STAYSL-unfolded spectrum had a 𝜒2/𝜈

Table 4
STAYSL modifications to reaction products and 𝜒2 contributions.

Reaction
Product

STAYSL Adjusted
% Difference from
Measured Reactions

𝜒2

Contribution

196Aug+m1 0.74 0.08
198Au 0.83 0.22
89Zr −0.09 −0.03
56Mn 30.13 1.67
116Inm1 −1.88 0.56
116Inm1 4.66 0.61
116Inm1 −5.20 2.59
239Np 16.80 11.14
187W −1.22 0.10
57Ni −3.02 0.32
24Na −1.77 0.33
196Aug+m1 2.98 0.84
198Au 0.34 0.05

𝜒2/𝜈 = 1.62 (𝑝 = 0.071)

= 1.62 (𝑝 = 0.071), which indicates that the modeled spectrum and
covariance was in agreement with the experiment for these reaction
products.

Neutron fluence results were compared though the Pearson correla-
tion coefficient (PCC) and the Kolmogorov–Smirnov (K–S) statistic. The
PCC metric, 𝑟, provides a measure of the linear relationship between
two sets of data. The null hypothesis of the PCC is that there is no cor-
relation between the two datasets. The 𝑝-value indicates the probability
of an uncorrelated system producing a correlation coefficient at least
as large in magnitude. Small p-values (<0.05) indicate a statistically
significant PCC.

The K-S two-sample statistic, 𝐷, compares the cumulative distri-
bution functions (CDF) between two sets of data. The K-S statistic
provides information on the relative magnitude of the distributions and
is calculated by the maximum difference between the expected and
observed CDF. The null hypothesis for this test is that the two samples
were drawn from the same distribution. Unlike the PCC, a large 𝑝-value
(> 0.05) from the K-S statistic fails to reject the null hypothesis.

The STAYSL unfolded neutron spectrum is shown in Fig. 6. Activa-
tion ranges for several products overlap with the discarded 58Cog+m1,
most notably the threshold indium reactions. The modeled neutron
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Fig. 6. (Color online) Neutron fluence per unit lethargy for the initial guess and
STAYSL unfolded result in (a) logarithmic energy scale and (b) linear energy scale. The
horizontal lines indicate the 5%–95% activation ranges. The 58Cog+m1 dotted horizontal
line was not included in the unfold.

fluence was in agreement with the STAYSL unfolded results with 𝑟 = 1
(𝑝 ∼ 0) and 𝐷 = 0.04 (𝑝 = 1.00), indicating that the Sampler methodol-
ogy was representative of the neutron environment covariance matrix.
The primary differences in the 𝜒2 values based on the MC models
and STAYSL were the mismatch of group structures, representative
environment in Sampler, use ENDF-B/VII.1 in Sampler transport, and
numerical precision in STAYSL. Overall, the unfolded neutron spectrum
indicates that the modeled neutron spectrum is in strong agreement
with the experiment.

4.3. Fission products

The R97 distribution as a function of mass chain for cumulative yield
fission products is shown in Fig. 7. The 𝑁𝑓,𝑒

𝑖

/

𝑁𝑓,𝑒
97 values for the

distribution, including independent yields not graphed, are provided
in Table 5 of the Appendix, along with the modeled neutron fluence
in the HEU foils in Table 6. The modeled neutron fluence was used
instead of the measured fluence due to the optical thickness of the
foils resulting in non-negligible attenuation throughout the foil pack as
shown in Fig. 5. Using the benchmarked model allowed the extraction
of the fluence at the HEU foils thereby providing a more accurate
assessment the neutron fluence seen by the HEU foils. The experimental

Fig. 7. (Color online) Comparison between the experimentally measured fission prod-
uct yields and the modeled GEF and semi-empirical fit. ENDF-B/VIII.0 𝑅 values are
provided as a reference.

measurements included 15 mass chains after radiochemical processing
and 21 mass chain measurements by direct gamma spectrometry. The
cadmium radiochemistry was not successful and was removed from
solution with the precipitation of uranium hydroxide.

The results show moderate predictive capabilities to reproduce the
experimental results. The 𝜒2/𝜈 for the GEF and semi-empirical fits for
the entire distribution were 1.58 and 2.50, respectively. The GEF results
that contributed over 2.00 to the 𝜒2/𝜈 were mass chains 88 (𝜒2 =
3.5), 109 (9.1), 111 (4.3), 112 (2.8), 113 (2.7), 129 (6.0), 139 (2.3),
142 (5.2), and 144 (2.3). The semi-empirical fit results, which were
only possible for mass chains with sufficient energy-dependent fission
product yield data, that contributed more than 2.00 to the 𝜒2/𝜈 were
109 (10.2), 111 (13.7), 112 (11.3), 113 (5.1), 151 (2.4), and 156 (2.0).
The semi-empirical fits had similar performance to GEF. The missing
correlation between the energy dependence of fission yields would
improve the semi-empirical results if available.

The valley fission product mass chain region between 𝐴 = 109−113
were inconsistent with the model. The peak fission products with an
𝑅 value close to 1 were well modeled; however, the fission product
yield is not highly energy dependent. There are several possible causes
for the inability to accurately model mass chain fission product yields.
First, there may be an unknown source of systematic uncertainty.
Second and related to the radiochemically processed mass chains, the
final solutions may contain precipitate particulates which would result
in systematically biased recovery yield measurements. Third, recent
publications have measured fission product yield as a function of
energy that contradict current models for 235U(n,f) Koehl et al. (2017)
and 239Pu(n,f) Gooden et al. (2016); therefore, more IFY experiments
testing first- and second-chance fission models would be beneficial.

5. Conclusions

This work described the capability to modify the NIF D-T neutron
spectrum to a moderated TN+PFNS. Customizable neutron spectra
allow for increased access to study basic nuclear data such as integral
fission product yields and dosimetry cross sections as well as develop
integral benchmark experiments. The ETA experiment measured activa-
tion reaction products to quantify the experimental environment. IFY
were obtained for neutron-induced fission of 93.215% 235U HEU for 36
mass chains and include 47 independent and cumulative yields.

The neutron spectrum was modeled in MCNP5 using ENDF-B/VIII.0
and IRDFF-II nuclear data libraries. Systematic nuclear data uncertain-
ties were calculated through stochastic sampling in SCALE Sampler
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Table 5
Cumulative (C) and independent (I) 𝑁𝑓,𝑒

𝑖

/

𝑁𝑓,𝑒
97 HEU foil fission product values measured foil via gamma ray spectrometry (𝛾-spectrometry) or with prior radiochemical processing

(RC).

Isotope Measurement Type Yield Type 𝑁𝑓,𝑒
𝑖

/

𝑁𝑓,𝑒
97 % Error Isotope Measurement Type Yield Type 𝑁𝑓,𝑒

𝑖

/

𝑁𝑓,𝑒
97 % Error

Kr-85 m 𝛾-spectrometry C 2.79E−01 3.9 I-132 𝛾-spectrometry I 2.67E−02 15.8
Kr-87 𝛾-spectrometry C 4.84E−01 7.2 I-133 𝛾-spectrometry C 1.21E+00 4.2
Kr-88 𝛾-spectrometry C 5.22E−01 5.7 I-135 𝛾-spectrometry C 1.01E+00 3.0
Sr-91 𝛾-spectrometry C 9.15E−01 7.5 Xe-135 𝛾-spectrometry I 1.88E−01 5.4
Sr-92 𝛾-spectrometry C 9.16E−01 6.9 Cs-136 𝛾-spectrometry I 1.04E−02 25.4
Y-92 𝛾-spectrometry I 5.20E−02 57.9 Ba-139 𝛾-spectrometry C 1.33E+00 15.6
Y-93 𝛾-spectrometry C 1.07E+00 14.2 Ba-140 𝛾-spectrometry C 9.48E−01 3.4
Y-93 RC C 9.46E−01 14.3 Ba-140 RC C 1.03E+00 6.3
Zr-95 𝛾-spectrometry C 1.00E+00 3.3 Ce-141 RC C 8.96E−01 3.3
Zr-97 𝛾-spectrometry C 1.00E+00 0.0 La-142 𝛾-spectrometry C 1.06E+00 3.3
Mo-99 𝛾-spectrometry C 1.02E+00 3.7 Ce-143 𝛾-spectrometry C 8.78E−01 3.2
Ru-103 𝛾-spectrometry C 5.75E−01 3.4 Ce-143 RC C 8.56E−01 3.3
Rh-105 𝛾-spectrometry C 2.71E−01 5.5 Ce-144 RC C 8.65E−01 10.2
Ru-105 𝛾-spectrometry C 2.66E−01 3.7 Nd-147 𝛾-spectrometry C 3.56E−01 8.9
Pd-109 RC C 9.11E−02 11.7 Nd-147 RC C 3.57E−01 4.8
Ag-111 RC C 3.49E−02 8.2 Pm-149 RC C 1.77E−01 7.6
Pd-112 RC C 7.71E−02 11.7 Pm-151 RC C 7.28E−02 5.1
Ag-113 RC C 4.29E−02 7.1 Sm-153 RC C 3.15E−02 3.5
Cd-115 𝛾-spectrometry C 5.32E−02 27.9 Sm-156 RC C 6.61E−03 18.2
Sb-127 𝛾-spectrometry C 1.00E−01 4.8 Eu-156 RC C 3.78E−03 27.2
Sb-129 𝛾-spectrometry C 1.97E−01 4.6 Eu-157 RC C 3.21E−03 24.2
I-131 𝛾-spectrometry C 5.37E−01 3.8 Gd-159 RC C 1.59E−03 61.1
Te-131 m 𝛾-spectrometry C 1.08E−01 8.4 Tb-161 RC C 4.34E−04 77.1
Te-132 𝛾-spectrometry C 8.29E−01 4.9

Table 6
Energy distribution of neutron fluence in HEU sample.

Upper Energy
[MeV]

n − cm−2 Relative Error Upper Energy
[MeV]

n − cm−2 Relative Error Upper Energy
[MeV]

n − cm−2 Relative Error

1.00E−09 0.00E+00 21.34 1.90E−02 1.88E+09 0.04 7.40E+00 7.41E+09 0.05
1.00E−08 8.48E+03 7.91 2.55E−02 4.31E+09 0.04 8.20E+00 6.44E+09 0.06
2.30E−08 1.67E+05 7.25 3.20E−02 4.24E+09 0.03 9.00E+00 5.28E+09 0.08
5.00E−08 7.72E+05 4.69 4.00E−02 3.92E+09 0.03 1.00E+01 6.04E+09 0.09
7.60E−08 8.97E+05 3.12 5.25E−02 8.38E+09 0.03 1.10E+01 5.68E+09 0.08
1.15E−07 1.14E+06 2.83 6.60E−02 9.94E+09 0.03 1.20E+01 3.17E+09 0.07
1.70E−07 1.33E+06 2.02 8.80E−02 1.73E+10 0.03 1.25E+01 1.28E+09 0.06
2.55E−07 1.62E+06 1.10 1.10E−01 1.60E+10 0.03 1.26E+01 2.98E+08 0.06
3.80E−07 2.98E+06 0.94 1.35E−01 2.22E+10 0.03 1.27E+01 2.86E+08 0.06
5.50E−07 3.79E+06 1.20 1.60E−01 1.92E+10 0.03 1.28E+01 2.80E+08 0.06
8.40E−07 5.23E+06 0.64 1.90E−01 2.59E+10 0.03 1.29E+01 2.90E+08 0.06
1.28E−06 3.59E+06 1.11 2.20E−01 2.33E+10 0.03 1.30E+01 3.02E+08 0.06
1.90E−06 4.02E+06 0.51 2.55E−01 2.74E+10 0.03 1.31E+01 3.34E+08 0.05
2.80E−06 1.71E+07 0.20 2.90E−01 2.85E+10 0.03 1.32E+01 4.59E+08 0.05
4.25E−06 1.75E+07 0.19 3.20E−01 2.47E+10 0.03 1.33E+01 7.73E+08 0.05
6.30E−06 1.75E+07 0.28 3.60E−01 3.21E+10 0.03 1.34E+01 1.55E+09 0.05
9.20E−06 2.89E+07 0.18 4.00E−01 3.17E+10 0.03 1.35E+01 3.16E+09 0.05
1.35E−05 4.90E+07 0.14 4.50E−01 3.56E+10 0.03 1.36E+01 6.30E+09 0.05
2.10E−05 5.45E+07 0.17 5.00E−01 3.68E+10 0.03 1.37E+01 1.16E+10 0.05
3.00E−05 5.08E+07 0.12 5.50E−01 3.50E+10 0.03 1.38E+01 1.84E+10 0.05
4.50E−05 6.69E+07 0.14 6.00E−01 3.47E+10 0.03 1.39E+01 2.54E+10 0.05
6.90E−05 8.69E+07 0.12 6.60E−01 4.11E+10 0.03 1.40E+01 3.08E+10 0.05
1.00E−04 8.49E+07 0.13 7.20E−01 4.05E+10 0.03 1.41E+01 3.25E+10 0.04
1.35E−04 7.01E+07 0.15 7.80E−01 3.82E+10 0.03 1.42E+01 2.98E+10 0.04
1.70E−04 5.72E+07 0.14 8.40E−01 3.56E+10 0.03 1.43E+01 2.36E+10 0.04
2.20E−04 7.07E+07 0.21 9.20E−01 4.61E+10 0.03 1.44E+01 1.63E+10 0.05
2.80E−04 8.47E+07 0.22 1.00E+00 4.26E+10 0.03 1.45E+01 9.75E+09 0.05
3.60E−04 3.70E+07 0.20 1.20E+00 8.96E+10 0.03 1.46E+01 5.21E+09 0.05
4.50E−04 4.91E+07 0.20 1.40E+00 7.25E+10 0.03 1.47E+01 2.35E+09 0.05
5.75E−04 8.25E+07 0.19 1.60E+00 6.19E+10 0.03 1.48E+01 8.94E+08 0.05
7.60E−04 1.14E+08 0.16 1.80E+00 5.17E+10 0.03 1.49E+01 3.37E+08 0.06
9.60E−04 8.22E+07 0.13 2.00E+00 4.29E+10 0.03 1.50E+01 9.50E+07 0.09
1.28E−03 1.13E+08 0.10 2.30E+00 5.18E+10 0.03 1.51E+01 2.41E+07 0.16
1.60E−03 1.35E+08 0.09 2.60E+00 3.99E+10 0.03 1.52E+01 5.43E+06 0.30
2.00E−03 1.87E+08 0.08 2.90E+00 3.02E+10 0.04 1.53E+01 3.90E+06 0.51
2.70E−03 1.79E+08 0.09 3.30E+00 2.94E+10 0.04 1.54E+01 1.88E+05 0.87
3.40E−03 2.30E+08 0.10 3.70E+00 2.18E+10 0.05 1.55E+01 6.88E+03 1.00
4.50E−03 4.15E+08 0.09 4.10E+00 1.64E+10 0.05 1.56E+01 6.37E+04 0.68
5.50E−03 4.03E+08 0.09 4.50E+00 1.30E+10 0.05 1.57E+01 3.21E+04 0.73
7.20E−03 8.17E+08 0.08 5.00E+00 1.24E+10 0.05 1.58E+01 9.86E+03 1.00
9.20E−03 8.31E+08 0.06 5.50E+00 9.51E+09 0.04 1.59E+01 0.00E+00 0.06
1.20E−02 1.68E+09 0.05 6.00E+00 7.89E+09 0.04 1.60E+01 0.00E+00 0.06
1.50E−02 1.71E+09 0.05 6.70E+00 9.44E+09 0.04 1.65E+01 5.29E+04 1.00
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using an ensemble of 285 realizations of the 252-group ENDF-B/VII.1
library. The CE MCNP5 mean results were used with the multi-group
Sampler covariance results as an a priori guess spectrum for STAYSL
to characterize the neutron flux in the ETA sample cavity with foil
activation spectroscopy.

The 15 activation products produced in an activation foil pack were
consistent with the model (𝜒2/𝜈 = 1.21) with the exception of 58Cog+m1,
which was excluded from the analysis due to large inconsistencies,
which have been reported elsewhere for this reaction channel at NIF.
The 58Cog+m1 discrepancy will require additional research to resolve.
The unfolded neutron spectrum was consistent with the model and
passed statistical testing with 𝜒2/𝜈 = 1.62 (𝑝 = 0.071). This indicates
that the combination of MCNP5 and SCALE Sampler was adequate for
the analysis; however, the model would benefit from improvements
to the Sampler multi-group cross-section libraries for higher energy
environments.

Fission product measurements indicate general agreement between
the measurements and the models resulted from GEF and semi-
empirical fits. However, silver and palladium valley fission products,
along with several others, were not consistent and resulted in large
individual 𝜒2 contributions. A repeated experiment and measurement
of these mass chains would be ideal to provide benchmarks for model
improvement. The semi-empirical fit performed worse than GEF; how-
ever, improvements can be made if fission product yield incident
neutron energy correlations were available.

Future work aims to improve upon the ETA design to better match
the NIF configuration constraints and increase the neutron fluence in
the sample cavity. Additionally, 58Cog+m1 measurements at NIF are
planned to be taken under the D-T environment in addition to a
similar moderated spectrum to further explore the large, yet consistent,
discrepancies between modeled and experimental results at NIF.
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Appendix. Measured 𝑵𝒇,𝒆
𝒊

/

𝑵𝒇,𝒆
𝟗𝟕 values and neutron environment

Table 5 provides the 𝑁𝑓,𝑒
𝑖

/

𝑁𝑓,𝑒
97 values measured for the ETA

experiment based on a measured 2.90E+08 ± 2.1% 97Zr atoms per
gram of HEU sample. The associated modeled HEU neutron fluence
in the STAYSL 129-group structure is shown in Table 6. Mass chain
yields for 𝐴 of 92, 131, 132, and 135 were calculated as the sum
of both fission products in the respective mass chains. Fission prod-
ucts uncertainty includes nuclear data uncertainty, counting statistics,
chemical recovery uncertainty, and weighted averaging for repeated
measurements. Large uncertainties above 𝐴 = 156 are primarily due
to counting statistics.
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