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ABSTRACT

This paper describes the ATHENA platform, an energy tuning assembly, which was developed to spectrally
shape the National Ignition Facility (NIF) deuterium-tritium fusion neutron source to a thermonuclear (fusion)
plus prompt fission neutron spectrum with a capability to act as a short-pulse neutron source. This unique,
otherwise inaccessible radiation environment complements existing experimental facilities and capabilities.
The flexible ATHENA irradiation positions were modeled using an ensemble of Monte Carlo simulations with
stochastic sampling of the nuclear cross-sections to characterize the radiation environments and uncertainty
for the platform. Validation of the internal neutron spectrum produced from fielding ATHENA at NIF occurred
through neutron flux unfolding with 20 measured activation products. The STAYSL unfolded neutron flux
resulted in a reduced y? value of 1.4 with a larger contribution from “Ti(n,2n) reaction channel. The total
ionizing dose was measured to be 515 + 7.9% rad(TLD-400), whereas the modeled values indicated a lower
value of 290 + 4.6% rad(TLD-400). The NIF experiment demonstrated that ATHENA is capable of producing a
thermonuclear and prompt fission neutron spectrum with a 50 nanosecond pulse width and a 1-MeV equivalent
neutron fluence of 3.6 x 10'2 # with strong radial uniformity over the sample volume. Example case studies
of ATHENA for integral experiments and microelectronic device responses are also presented.

1. Introduction

facilities have seen an increase in utilization as neutron sources for
national security experiments.

Customizable neutron source development through energy tuning
assemblies (ETAs) provides a capability to explore inaccessible radi-
ation environments by spectrally modifying existing neutron facili-
ties [1-4]. These unique environments can have key applications in
nuclear sciences and engineering such as nuclear data and validation
experiments to benchmark integral experiment models [5,6]. Addi-
tionally, these customizable radiation sources can be used to further
radiation effects on electronics testing to provide a spectrally accu-
rate source term on relevant timescales. Current and past sources
for neutron testing have limitations on the neutron energy spectrum,
timing, and y-ray contributions to the radiation environment, a long
standing challenge for the community [7]. Fast burst reactors such
as the dismantled Sandia Pulse Reactor-III or at White Sands Missile
Range have proved to be the gold standard for prompt fission spectrum
neutron irradiation with 5 x 10'* 1-MeV(Si) c% over longer nuclear-
weapon-relevant time scales [8,9]. However, due to concerns over
special nuclear material and increased development, other types of
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Facilities such as the National Ignition Facility (NIF) can provide
a clean source of 14.1 MeV neutrons from deuterium-—tritium (D-T)
fusion reactions above 10'3 1-MeV(Si) C% with little y-ray contami-
nation [10]. The 1-MeV(Si) fluence, a common equivalency used for
radiation effects testing, is represented as a weighted integration of
neutron fluence with the weighting function based on the equiva-
lency of energy-dependent displacement damage as outlined in ASTM
19-722 [11]. Spallation neutron sources like the Los Alamos Neutron
Science Center (LANSCE) can provide 2 x 10'2 1-MeV(Si) ﬁ over
a short 100+ ns timescale with a low y-ray environment, but the
neutron spectrum is spread over a much larger and higher range of
neutron energies [12]. Ion beam sources can produce near 5 X 1013 1-
MeV(Si) % over a moderate 40 ps timescale, but they also require an
equivalence factor between ion and neutron damage [12,13]. Nuclear
reactors such as the Annular Core Research Reactors can produce in

excess of 1015 1-MeV(Si) ﬁ over a longer 6 ms timescale in pulsed
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mode; however, they include a larger ionizing dose with a thermalized
neutron spectrum [14].

The ATHENA platform was designed as an ETA to produce a ther-
monuclear and prompt fission spectrum (TN+PFNS) through spectral
modification of the NIF D-T neutron source. The payload is a second-
generation design to the precursor ETA proof-of-concept platform. The
original ETA design, fielded at the NIF to measure highly enriched
uranium fission products, produced a prompt TN+PFNS and validated
the modeling methodology [1]. Improvements to the ATHENA platform
from the original ETA include an optimized physical geometry that
allows for a 6 cm standoff range to the NIF source (compared to the
previous 15 cm), improved efficiency (higher fluence at the target
position), and reduced weight allowing more flexible implementation.
Additionally, the experimental irradiation volume has been expanded
to a 7 cm diameter, 8 cm high cylindrical irradiation configuration with
an external primarily D-T irradiation position to allow for multiple,
larger experiments to be conducted on one platform. The enhanced
capability on ATHENA can provide up to 3.6 x 10'* 1-MeV(Si) —%; for
a 10'® source neutron D-T shot yield on a 50 ns timescale.

This paper is organized as follows. Section 2 describes the opti-
mization and design of the ATHENA payload and supporting diagnostic
equipment available. Section 3 outlines the radiation environment,
modeling methodology, and provides validation of the ATHENA re-
sulting source environment during a NIF shot. Section 4 provides
use-cases for the ATHENA platform to include integral nuclear data
measurements and microelectronic device responses under the unique
ATHENA environment. Finally, Section 5 summarizes the uncertainty
quantification techniques and provides a path forward for future work.

2. Experimental setup

This section describes the optimization of the internal ATHENA neu-
tron spectrum, mechanical hardware, and supporting diagnostics for ex-
periments. The experimental concept allows for an internal spectrally-
shaped neutron spectrum and optional externally-mounted irradiation
position, which adds to the experimental efficiency to take multiple,
equivalent 1-MeV/(Si) fluence measurements on the ATHENA platform.
The internal radiation environment cavity utilizes a removable plug to
add the larger irradiation volume for the spectrally-modified neutron
source, and the internal neutron environment is characterized with an
drawer containing activation foils. The ATHENA validation experiment,
discussed further in Section 3.2.1, is shown in Fig. 1 for an experimental
validation of the internal radiation environment created 9 cm from
the NIF target chamber center (TCC) during NIF shot N201128-001. A
repository containing the ATHENA design, materials, and models used
in this work is available [15].

2.1. Design optimization

ATHENA was designed with the ETA software, Coeus V1.0 [3],
leveraging the Gnowee metaheuristic optimization algorithm [16].
Coeus functions as a wrapper to call MCNP [17] neutron transport
simulations for candidate ETA designs provided by Gnoewee. Each
candidate ETA design was defined with an outer design envelope con-
taining cylinders and cones that are filled with materials to spectrally
modify the NIF point neutron source into a target neutron spectrum.
The population-based Gnowee algorithm optimized the ATHENA ge-
ometry and materials based on a set of objectives and constraints with
heuristic search strategies described in previous work [16].

The objective function was defined as a desired TN+PFNS relevant
to induced neutron environments within the ATHENA sample drawer
shown in Fig. 1. A combination of 85% volume distributed fission spec-
trum neutrons and 15% D-T point source neutrons were transported
within a 10.2 cm beryllium reflected highly enriched uranium (HEU)
critical assembly [18]. The volume-averaged neutron flux within the
critical assembly was used for the objective TN+PFNS.
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Fig. 1. (Color online) N201129-001 NIF shot ATHENA platform. The ATHENA neutron
spectral-shaping package was mounted on diagnostic instrument mount 90-348 and
the D-T capsule target was at the end of the target positioner, 9 cm from the base of
ATHENA.

Two general constraints were applied to the ATHENA optimization.
First, candidate designs required a minimum threshold neutron fluence
of 3x10'2 n-cm~2 in the drawer sample cavity. Second, there were
several NIF facility constraints including the weight and ATHENA ge-
ometry envelope. The weight was constrained to a maximum of 120 kg;
the fluence and weight constraint were implemented by discarding a
candidate design if the constraint was not met. The design was set
6 cm from the D-T source at target chamber center (TCC) based on
the facility’s laser exclusion zones, and the design was constrained to a
maximum diameter of 30 cm based on the available ports to field the
platform.

The Coeus generated ATHENA design with engineering modifica-
tions and additional manufacturing detail is shown in Fig. 1. Engineer-
ing modifications were made to the design to remove non-contributing
components and increase the thermal neutron population with the
addition of the back polyoxymethylene (Delrin) thermoplastic layer,
leading to the final ATHENA hardware discussed in Section 2.2. Iso-
topic concentration uncertainty was limited by utilizing materials with
99 to 99.95% purity. The front zirconium and tungsten layers provide
the primary inelastic and (n,2n) reaction channels as a source term
for the PFNS. The back graphite carbon and Delrin, with a density of
1.40 g-cm~3, layers increase the low energy neutron population in the
assembly while also acting as a reflector to increase the overall fluence
in the experimental cavity.

The available irradiation positions on ATHENA are highlighted in
Fig. 2. The spectrally shaped internal radiation environment includes
a drawer sample region and removable plug cylindrical volume. The
external environment, with minimal spectral shaping, is positioned to
face the target chamber center (TCC), which is the source location of
the D-T fusion neutrons.

2.2. Mechanical hardware

The internal ATHENA cavity was created with a removable plug
past the primary spectral modification material, allowing for an ex-
panded device irradiation volume and room for connecting electronics.
A rapidly-extractable sample drawer is positioned containing neutron
activation foils and thermoluminescent dosimeters (TLDs) to measure
the neutron and ionizing radiation environment, respectively. The in-
ternal cavity region is accessible post-shot through a port in the back
of the platform.
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Fig. 2. (Color online) ATHENA platform with internal drawer, internal cavity, and
external arm irradiation positions.

The external region contains a removable sled that is also accessible
through the port, and a second diagnostic set of activation foils and
TLDs can be positioned here. Retrieval times are dependent on facility
safety constraints based on the achieved source yield for a shot; samples
for a 1x10'® neutron yield can typically be recovered for analysis within
a couple of hours.

The ATHENA platform was designed with re-usable internal com-
ponents, but they can be replaced for quasi-customizable environments
within the assembly’s defined outer envelope. Additionally, replacing
spectral modification material layers could directly test specific isotopic
reaction contributions to the integral result in validation experiments.

2.3. Diagnostics

Radiation environments can be characterized with both passive and
active diagnostics to benchmark models and inform on experimental
conditions. Two passive diagnostics utilized on the ATHENA platform
are activation foils and TLDs, to measure the integral neutron and
ionizing radiation environments, respectively. Active diagnostics can
include radiation measurement devices such as CVD diamond detectors
or powered semiconductor component devices.

The neutron diagnostic activation foils fielded for the ATHENA
environment validation experiment are summarized in Table 1. Each of
the reactions are included in the International Reactor Dosimetry and
Fusion File (IRDFF) nuclear data library and have half-lives allowing
for spectroscopy from several hours to days post-experiment [19]. The
materials and reactions were chosen to cover the broad energy range of
the modified neutron spectrum, while maintaining an optically “thin”
foil stack. The measured resulting activation products were used to
unfold the experimental neutron energy spectrum.

The internal drawer of ATHENA also has positions for eight
3.2 X 3.2 x 0.89 mm Thermo Fisher Scientific TLD-400 and/or TLD-100
chips for a passive integral ionizing dose measurement. Similar to the
activation foils, the same capability to field eight TLD chips also exists
for the external position. For the ATHENA-I experiment four TLD-400
chips were fielded.

Active diagnostics within the NIF facility are also important di-
agnostics for modeling the radiation environment for these types of
experiments. The D-T shot yield to scale modeling results can be
determined with neutron activation spectrometers relying on *°Zr(n,2n)
to determine the primary D-T [34]. The emission neutron energy spec-
trum, total yield, and the plasma ion temperature can be measured with
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neutron time-of-flight (nTOF) scintillators available within the cham-
ber [35]. Additionally the source emission angular distribution, which
is generally considered as a isotropic point source, can be assessed with
pinhole neutron topography measurements [36].

3. Environment characterization

The ATHENA radiation environment was characterized with Monte
Carlo radiation transport codes, and the internal neutron and y-ray
fields were experimentally validated during an integral measurement
experiment. MCNP6 was used to model the continuous energy radiation
transport environment, and the SCALE 6.3 Beta 14 MAVRIC and Sam-
pler modules were used to assess the effect of nuclear data covariance
on the neutron transport throughout the geometry [17,37]. The internal
ATHENA irradiation position in the drawer was validated using tempo-
ral and energy integrated activation foils to unfold the neutron fluence
spectrum. Additionally, TLD-400s (CaF,:Mn) were fielded to provide an
integrated ionizing dose measurement inside the sample cavity.

3.1. Simulation methodology

The modeling and nuclear data covariance methodology have been
introduced in previous work on the original ETA [1,2]. The as-fielded
ATHENA platform and the surrounding NIF equipment were modeled
in MCNP6 to obtain the continuous energy radiation environments in
the sample irradiation positions using a full-scale NIF model. SCALE
6.3 Beta 14 MAVRIC-shift with Sampler was used to propagate nuclear
data covariance in the neutron transport model to bound the neutron
spectrum for unfolding with STAYSL [17,37]. MAVRIC simulations
were then used in a 1597 energy group structure with the SCALE
Sampler module to assess the effect of nuclear data covariance through
stochastic sampling of the neutron energy group ENDF-B/VIIL.O nuclear
data library [38].

The IRDFF nuclear data library was used for activation foil reac-
tion cross-sections and covariance matrices [19,39]. The IRDFF v.1.05
library was used here due to compatibility with the currently obtained
release of STAYSL; however, minimal changes for the chosen reactions
have been updated in the IRDFF-II library. Updated reactions include
197 Au(n, (g) '®®Au. Additionally, the updated IRDFF-II library includes
natural titanium reaction products that have multiple production path-
ways. Not using the IRDFF-II library resulted in negligible impact to the
experiment analysis, but not having the natural target reaction prod-
uct measurements required splitting the contributions for Sc reaction
products based on the modeled reactions.

3.2. Neutron environment

The polar-direct-drive exploding pusher (PDXP) neutron source
fielded for the ATHENA experiment, one of the available targets at NIF,
utilizes a gas filled D-T mixture without a hohlraum [40]. Capsules
typically have low mass which significantly reduces down-scattering
within the target area resulting in a nearly pure D-T fusion neutron
spectrum [41]. The laser driven targets can achieve neutron yields on
the order 10'® with an ion-temperature of approximately 10 keV and a
emission time near 300 ps.

The ATHENA shot source utilized a 50/50 D-T mix capsule with a
1.96 mg mass, 23 pm thick, and 4.95 mm outer diameter. The NIF laser
system delivered 1.58 MJ of laser energy yielding 6.35+0.24x 103 neu-
trons over 500 ps [42]. The NIF source was modeled based on the nTOF
signal located at position 116-316, the most closely positioned detector
to the ATHENA-I experiment position at 90-348. The neutron spectrum
in the room does have anisotropies, so using the closest diagnostic is
important to capture some of the energy dependency as a function of
position in the chamber. The experimental neutron spectrum, depicted
in Fig. 3, was calculated based on the nTOF signal using a linear least
squares fit to the convolution of the neutron spectrum with the nTOF
instrument response function and detection efficiency [35].
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Neutron spectrum unfolding activation foils and reactions utilized for ATHENA irradiation positions. The foils are listed in order with Au-1 closest to TCC.

Foil (thickness) Mass [g] Reaction Threshold [MeV] (@ 10 mb) Primary radiation [keV] (intensity) ti Decay data
197 Au(n,2n) 9 Aug+m! 8.1 (8.3) 355.7 (0.87) 6.17 days [20]
Au-l (0.05 mm) 1.883 197 Au(n,g)' % Au Thermal 411.8 (0.9562) 2.69 days [21]
. 58Ni(n,2n)" Ni 12.4 (13.3) 1378 (0.817) 35.6 h [22]
Ni (0.2 .
1(0.23 mm) 4.073 S8Ni(n,p)S8Cot*m! 0 (1.3) 810.8 (0.9945) 70.86 days [23]
13In(n,n’)! 3™ 0.4 (0.7) 391.7 (0.6494) 99.5 min [24]
In (0.27 mm) 3.665 15In(n,n’)! 15 In™ 0.336 (0.597) 336.24 (0.459) 4.49 h [25]
51n(n,g)! 1o In™! Thermal 1293.56 (0.848) 54.29 min [26]
Al (0.73 mm) 3.793 77 Al(n,a)**Na 3.25 (6.7) 1368.63 (0.9999) 15 h [27]
46T (n,2n) *Ti 13.5 (14) 511.0 (1.696) 184.8 min [28]
) matTi(n,x)*0Se 2.1 (6) 1120.5 (0.9999) 83.79 days [29]
Ti (0.25 mm) 2112 ™ Ti(n,x)*Sc 0.8 (10.5) 159.38 (0.683) 3.3492 days [30]
U Ti(n,x)* Se 3.3 (7.5) 1312.1 (1.001) 43.67 h [31]
W (0.12 mm) 4.304 186W(n,g) W Thermal 685.51 (0.332) 24 h [32]
Zr (0.27 mm) 3.083 90Zr(n,2n)¥ Zr 12.1 (12.1) 909.2 (0.9904) 78.41 h [33]
Mg (0.09) 0.318 2Mg(n,p)**Na 4.9 (6.4) 1368.63 (0.9999) 15 h [27]
197 Au(n,2n)'% Aug ™! 8.1 (8.3) 355.7 (0.87) 6.17 days [20]
Au-2 (0.05 mm) 1.884 197 Au(n,g)' % Au Thermal 411.8 (0.9562) 2.69 days [21]
+ + + + + + + At energies approaching the source D-T neutrons, the uncertainty is
laT 8.8 keV T approximately 1%-2%. Near 1 MeV, the uncertainty was lower than the
---------- nTOF source region because multiple reactions paths over few interactions
1'2 - -

[ury
(=}
M
+

=3

@
M
+

=

=}
3
+

e
w
T
+

=

no
M
+

.0 t d ! ! ! '
13.00 13.25 13.50 13.75 14.00 14.25 14.50 14.75 15.00
Neutron Energy [MeV]

0

Normalized Neutron Fluence [n cm™2]

Fig. 3. NIF shot N201128-001 calculated neutron spectrum on nTOF 116-316 in
comparison to a theoretical 8.8 keV ion-temperature model [43].

The measured ion-temperature plasma was 8.8 keV, and the exper-
imental source spectrum was generally in agreement with a theoreti-
cal plasma distribution with a 8.8 keV ion-temperature plasma based
on [44]. However, there was an increase in the high energy neutron
population due to upscattering reactions within the source itself. Also
noteworthy is that the increase in high energy neutrons was not seen
on nTOF 90-174, further indicating the angular asymmetry of the PDXP
source. Time dependence in the neutron source was neglected in the
Monte Carlo simulations due to short emissions relative to neutron
transport within ATHENA [45].

Fig. 4 highlights the simulated induced neutron environments,
where the plug is removed. The drawer and center cavity results
indicate that the internal environments produced during a NIF shot
provide a nearly uniform TN+PFNS, where the thermal population of
neutrons increases farther back in the cavity. The external neutron
spectrum is primarily uncollided source neutrons with a scattered PFNS
contribution from the central ATHENA platform itself.

The simulated neutron fluence covariance results for the inter-
nal drawer neutron spectrum from 300 samples in Sampler running
MAVRIC with the 1597-group structure were characterized with sta-
tistical bootstrapping to determine a 1-¢ uncertainty in the fluence
distribution mapped to the 129-group STAYSL structure. The Sampler
neutron transport uncertainty and flux correlation matrix for the in-
ternal cavity spectrum are shown in Fig. 5. The resultant covariance
matrix was used in STAYSL to bound the neutron flux distribution.

are able to populate this region. At lower energies, the uncertainty
grows to nearly 100% due to the large amount of scattering reactions
required to reach these energies. Additionally, the radiative capture
resonances in the tungsten layer cause large uncertainty near 10 eV,
where even small uncertainties can compound over the tens to hun-
dreds of mean free paths required to pass into the sample drawer. Note,
the ENDF-B/VIIL.O library, which was the source of the nuclear data
covariance, did not include W(n,2n) reaction uncertainty. Thus, the
results underestimate the uncertainty and correlation between the TN
and PFNS components.

3.2.1. ATHENA-I validation

ATHENA was fielded at 9 cm from TCC on diagnostic instrument
manipulator (DIM) 90-348. This position is 3 cm farther from the
minimum distance that the platform can be placed due to an external
flange obstructing the laser paths, and the design has been updated for
future experiments to remove this piece, as shown when comparing
Figs. 1 and 2. The activation analysis performed was similar to the
method outlined in previous research on the ETA experiment [1]. Post-
shot activation analysis was performed on the activation foils with
y-ray spectrometry using three high purity germanium (HPGe) and
multi-channel analyzer systems in the Lawrence Livermore National
Laboratory counting facility [46]. PeakEasy 4.99 was used for peak
fitting with energy-dependent counts and efficiency as calculated with
GAMANAL [47,48]. Standard calibration sources were used to deter-
mine each HPGe detector’s efficiency as a function of sample position,
energy, and detector geometry.

Each foil was counted until approximately 10,000 counts were
detected in high-intensity photopeaks, and the activity measurements
were decay corrected to the reaction product atoms immediately after
irradiation. A variance-based weighted average was taken for each de-
cay y-ray associated with a product nuclei for each measurement of that
decay mode [49]. The final weighted average of each y-ray decay mode
measurement was then completed to determine the amount of each
product. Radioactive decay uncertainties were added in quadrature
after accounting for the statistical error and a 2% detection systematic
error [49].

The measured foil activation products were used with the mod-
eled MCNP6 neutron fluence and SCALE Sampler neutron fluence
covariance to unfold the neutron spectrum using STAYSL with the
IRDFF v.1.05 129-energy group structure. STAYSL determines the inci-
dent neutron flux using a generalized least-squares spectral adjustment
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based on a y? comparison of the measured activation products and the
activities calculated from an adjusted flux [50]. Additionally, STAYSL
requires an initial guess spectrum as the activities produced for the
foils are often degenerate with multiple possible creation environments.
However, the initial spectrum allows for a physics and modeling-based
result to guide the overall result.

The neutron irradiation time is much shorter than the half-lives
of the product isotopes, so the effects of saturation and decay during
irradiation are negligible. Reaction channels with multiple feeding
paths were split based on the modeled contributions. Activation foil
self-shielding correction factors were created based on the MCNP6
model [1].

The experimental results for 20 activation products used in STAYSL
are summarized in Table 2. For each reaction, the saturation activity,
o-¢, and associated measurement error are given. The saturation ac-
tivity utilized the short-pulse approximation, where the value reflects
the equivalent total number of atoms produced divided by the total
target atoms. STAYSL y? contributions include the difference from
the measurement to the optimized modeled solution with covariance
information from the measurement, neutron fluence, and activation
cross-sections. Additionally, the percent error relative to the measure-
ment and 5 to 95% activation range where the activation product
informs the unfolding procedure are provided.

The STAYSL unfolded neutron spectrum for the internal drawer of
ATHENA is shown in Fig. 6. The STAYSL y2 per degree of freedom was
1.38, indicating general agreement with the modeled neutron flux and

covariance. The *°Ti(n,2n)*Ti was the least well performing reaction,
where the other high energy reaction products aside from “Ti agreed
with the model. Since the NIF neutron source is not isotropic, and
the nTOF detectors are not perfectly aligned with the experimental
platforms, it is possible that the neutron spectrum at the ATHENA
platform on 90-348 was different than on 116-316. Additionally, the
missing covariance information for W(n,2n) reactions underestimated
the uncertainty, thereby leading to an overly constrained neutron
spectrum. This would require evaluated data available in SCALE to
remedy.

3.2.2. Neutron displacement damage

Neutron displacement damage and related effects are also an im-
portant characteristic of the ATHENA environments. Engineering-level
neutron environmental metrics have been historically used to define
a neutron spectrum and fluence in terms of mono-energetic neutrons
defined in ASTM E722-19 [11,51]. These metrics are applicable when
the majority of displacement damage is from neutrons above 10 keV
and assumes charged particle equilibrium. The displacement damage
function, Fp ,,uria» €an be used to relate the 1-MeV neutron equiva-
lent fluence to an observable effect, such as the gain degradation of
a silicon-based transistor. The 1-MeV neutron equivalent fluence for
elemental silicon is given by,

© ®(E)Fp g (E)dE
Jo. @(E)Fpgi(E) , o

Doy 1-MeV,Si = I3
D,1-MeV.Si
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Table 2
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ATHENA validation experiment reaction channels for STAYSL unfolding with measured value and error. The y? contribution

to the total and percent error from the model are also given, where negative percent errors represent that a activation product
was under-produced at the experiment. The 5 to 95% activation energy range corresponds to the energy interval where the

activation products inform the unfold.

Measured Measurement Measurement STAYSL adjusted Percent error 5%-95% activation
reaction [o-¢] error [%] x* contribution  [%] energy range [MeV]
197 Au(n,2n) ' Aug*™! -1 8.803E-13 3.90 0.3 2.3 13.2-14.4
197 Au(n,g)'** Au-1 9.017E-13 2.10 0.1 0.7 5E—8-0.60
3$Ni(n,2n)*’Ni 9.543E-15 5.50 1.1 -5.7 13.6-14.5
58Ni(n,p)*8 Cog*™! 2.040E-13 2.00 2.0 3.6 2.9-14.3
3n(n,n’) 3™ 1.098E-13 2.40 0.6 -1.9 0.92-14.2
5In(n,n")! S In™! 1.439E-13 5.60 2.1 -8.2 0.84-14.2
5In(n,g)!""In™! 1.272E-12 3.40 0.0 -0.5 5E-8-0.84
27Al(n,a)**Na 5.082E-14 2.10 0.6 1.7 12-14.4
46Ti(n,2n)*Ti 6.482E-15 2.70 8.5 -20.9 13.8-14.5
46Ti(n,p)*Sc 1.120E-13 2.40 1.7 4.2 7.4-14.4
YTTi(n,x)*Sc 1.412E-14 2.40 0.7 6.4 13.6-14.5
4TTi(n,p)*'Sc 6.662E-14 2.60 0.7 -35 2.9-14.4
*Ti(n,x)*'Sc 2.568E-15 2.60 0.0 -0.7 13.6-14.4
“Ti(n,p)*Sc 2.603E-14 2.30 0.0 -0.5 12.8-14.4
“Ti(n,x)*Sc 1.174E-15 2.30 1.7 16.0 13.6-14.5
186W(n,g)!’W 2.000E-13 3.30 1.9 4.6 2.3E-8-1.0
N0Zr(n,2n)* Zr 2.382E-13 2.30 0.3 -1.2 13.6-14.4
2Mg(n,p)**Na 8.392E-14 2.30 3.6 -4.3 11-14.4
197Au(n,2n)'®Autt™ -2 8.450E-13 8.40 0.1 2.6 13.2-14.4
197 Au(n,g) '3 Au-2 1.156E-12 2.00 0.3 -1.1 5E-8-0.50
t + + + + + + ¥ 10'® + + + + +
Initial Estimate —457 Initial Estimate
7—1013 ——————— STAYSL (x?/v = 1.38) = 2r FTioise Ty T STAYSL (x*/v = 1.38)
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Fig. 6. (Color online) STAYSL unfolded ATHENA internal drawer neutron spectrum for the validation shot with (a) linear and (b) logarithmic energy scales. The blue horizontal
lines indicate the 5 to 95% activation range where the activation product informs the unfolded neutron spectrum.

where the neutron fluence, @(E), is convolved with Fpg; and nor-
malized by a reference value of 95 MeV-mb for the 1 MeV neutron
damage function. F),g; was calculated using the ASTM standard for
ENDEF/B-VIIL.O cross-sections in natural silicon using the Robinson en-
ergy partition function [11]. Additionally, the hardness of a spectrum,
which signifies the representative energy of a neutron spectrum for
irradiation, is scaled by the integral of ®(E) over all energies with

Doy 1 -MeV Si

. 2
Jo" ®(E)AE @

Hi_pevsi =

Similarly, the Nortgett, Robinson, and Torrens (NRT) damage en-
ergy normalization can be used to account for the threshold recoiling
ion energy to cause a displacement, E,, from a lattice site [52]. The
NRT damage energy was provided and calculated in the same manner
as ASTM 722-19 but includes integrating over the threshold required
to produce a Frenkel pair in the lattice [53,54]. The ASTM 722-19
displacement kerma and NRT damage energy function are shown in
Fig. 7 for comparison.

Under NRT, 2E,/f of incident neutron energy is required to pro-
duce a Frenkel pair, where 20.5 eV was used as an experimentally
measured angular-integrated reference for E; [55]. g is an displace-
ment efficiency term empirically determined to be 0.8 [52]. The NRT

damage energy also can be scaled to quantify the initial Frenkel pair
density from displaced atoms by multiplying by g/ 2E,, which cor-
relates with the displacements per atom (DPA) in a material [53,56].
Second order and more complicated defect structures are also present
under neutron irradiation in silicon and should be considered for a
more in depth analysis, one reason that a spectrally-accurate experi-
mental environment such as ATHENA fills a gap in the radiation effects
community [57].

Table 3 provides a summary of the irradiation environments on the
ATHENA platform calculated with the methods provided above. The
NIF source was modeled at a strength of 1 x 10'® neutrons, where the
PDXP sources used for ATHENA are capable of producing source yields
from approximately 10'> to 2 x 10'® neutrons with a ion temperature
near 10 keV [10].

Additionally, the uncertainty term for the NRT damage energy
was determined using the covariance information in the formulation
derived at Sandia National Laboratories [53]. Uncertainty was taken
in the damage response function for nuclear data, threshold E,, dis-
placement model, interaction potential, and model defects such as
non-negative constraints. The covariance matrix was only derived for
28i, which is the dominant silicon natural isotope. This uncertainty
can also be used as a lower estimate for the integral initial Frenkel pair
density.



N.J. Quartemont, G. Peterson, C. Moran et al.

ASTM "4iSj Dispacement Kerma L
---------- natSi NRT Damage Energy

[
(=]
™
N
ot

—
(=] [
| (=)
- ©
M M

Damage Energy Metric [MeV-mb]
=
(==}
|

1073 + — + + }
10~° 1077 10°° 1078 10t 10!

Neutron Energy [MeV]

Fig. 7. (Color online) ASTM 722-19 and the NRT damage energy functions. The
NRT damage energy exhibits a reduction for contributing reaction channels below the
threshold energy. At energies above the NRT threshold, there is no difference.

Table 3
ATHENA irradiation position neutron environment metrics for a 10'® neutron shot
yield.

Position Drawer Center internal External
cavity cavity

[ [é] 3.61E+12 2.32E+12 1.00E+12

Dy 1Moy si [ﬁ] 3.64E+12 1.99E+12 1.75E+12

NRT damage 3.46E+14 1.90E+14 1.66E+14

energy [MeV-mb] +11.2% +11.6% +16.4%

Integral Si 337 185 162

Frenkel pairs [ “% 1

Hy_yevsi 1.0 0.90 1.75

Neutron Pulse 50 50 10

length [ns]

Prompt Rad(Si)—(y/e”) 620 170 31

Total Rad(Si)—(y/e”) 630 238 133

The uniformity of the internal neutron spectrum is demonstrated
by the similar values of H;_yy g;- As noted in Section 3.2, the thermal
neutron proportion of the neutron spectrum increases father back in the
cavity resulting in the lower H,_y,yg; for the center internal cavity.
Fig. 8 highlights the general uniformity of the neutron fluence and
H|_\jvsi over the internal cavity volume. The largest radial difference
in @ was 3% for a centered, 2.5 cm radius sample, and 7% for a
maximum 3.7 cm radius.

3.3. Gamma environment

The ionizing radiation environment was modeled at each position
in MCNP6 with integral validation using TLD reference doses. The
MCNP6 model in Section 3.2 was used to model secondary y-ray
and electron energy deposition. Three sources of ionizing radiation
were assessed for the ATHENA platform at the NIF: inelastic neutron
reactions, activation decay radiation, and y-rays produced in the D-T
fusion reactions. The prompt ATHENA secondary y-ray population was
created through inelastic nuclear reactions between the higher energy
incident neutrons throughout the assembly. The decay radiation pro-
duced through activation of the materials within the NIF and ATHENA
platform was modeled with a four-hour integration time including
all delayed particle half-lives. The 16.67 MeV y-rays associated with
the 4.2 +2.0 x 10~ branching ratio for D-T fusion were neglected due
to limited contribution to the total ionizing dose, approximately 1
mRad(Si) internally and 0.2 Rad(Si) in the external position [58].
Additionally, the PDXP source does not utilize a hohlraum, which
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limits the mass in the vicinity near the source, and decreases the
source-associated secondary y-ray production [59].

An electron energy deposition tally was used to estimate the ex-
pected ionizing dose from the incident particles to account for a lack
of charge equilibrium. Electrons were created in the model using
the default physics packages including production by y-rays, coherent
scattering, bremsstrahlung, straggling, and a 1 keV electron energy
cutoff [17].

The modeled integral dose from electron energy deposition was
290 + 4.6% rad(TLD-400) for the internal ATHENA spectrum validation
shot and included contributions from decay radiation and inelastic
reactions. The ionizing dose calculated with y-ray energy deposition
was 329 + 0.1% rad(TLD-400), in general agreement with the electron
results. The y-ray based dose differs from the electron due to non-
equilibrium charge caused by differing material interfaces near the TLD
chips.

Experimentally, four 3.2 x 3.2 x 0.89 mm Thermo Fisher Scientific
TLD-400 chips, with a manufacturer stated accuracy of +30%, were
irradiated in the internal drawer of ATHENA [60]. Four Thermo Fisher
Scientific TLD-400 chips were exposed to 500 and 1000 rad(TLD-400)
from a reference %°Co y-ray irradiation at an exposure rate of 54
rad(TLD-400)/minute. Each set of TLDs was measured with a Harshaw
3500 TLD reader, and the integral of the thermoluminescent (TL) curve
was used to provide a measurement of the ionizing dose, scaled by
a reference light efficiency. The manufacturer recommended time-
temperature profile (preheat to 50 °C, followed by a 20 s acquisition of
counts with a temperature rate of 25 °C/s and a maximum temperature
of 400 °C) was used to heat the TLD-400 chips. The 500 and 1000 rad
reference exposures were confirmed to have a linear response between
counts and dose to within 1%.

The measured ionizing radiation dose was 515 + 7.9% rad(TLD-
400), 77% higher than the modeled estimate. Multiple sources possibly
contribute to this disagreement. First, the manufacturer stated TLD
accuracy, 30%, plays a role. Second, the exotic components inside
ATHENA have little experimental data for inelastic neutron cross sec-
tions and secondary y-ray production, and (n,xy) reactions have been
identified as a broad nuclear data need for experimental data collec-
tion [61]. This is especially important to ATHENA as there is essentially
zero contribution to the ionizing dose from prompt source y-rays,
thereby increasing the relative sensitivity to secondary y-ray produc-
tion. Discrepancies have been observed between evaluated inelastic
y-ray producing cross sections and experimental observations for the
principal spectral shaping components of zirconium [62], carbon [63],
tungsten [64], and compositions of steel [65]. Recent coupled neutron
and y-ray studies have noted discrepancies between experiments and
modeled y-ray or ionizing dose environments on the order observed
here [66-69].

Additionally, MCNP does not include correlations or conservation
of energy on an individual interaction basis, therefore limiting the
accuracy of the estimated the secondary y-ray environment. Improve-
ments to this treatment in MCNP include the cascading gamma-ray
and multiplicity (CGM) model [70]. MCNP-PoliMi includes drastically
improved event-by-event correlations and conservation of energy at
each interaction, which may improve the modeled results. Similarly,
the CGM option enables correlations between y-rays produced through
individual reaction channels.

A separate simulation in MCNP version 6.1.4, the last working
MCNP CGM option available, was completed with CGM. The CGM
model resulted in a total ionizing dose of 163 + 8.0% rad(TLD-400),
which was in less agreement than the original model. Additionally,
the neutron energy spectrum and activation product production for the
energy range of the PFNS was greatly suppressed in MCNP6.1.4, which
did not agree with the measured activation products like MCNP6.2.
Therefore, the primary results reported in this work are based on the
MCNP6.2 output without CGM.
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Fig. 8. (Color online) Two-dimensional histogram of @ and H,_ .y within the internal cavity volume. Spherical divergence of @ contributes to the reduction at larger z, while

the fluence is similar radially.
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Fig. 9. (Color online) Ionization energy deposition rate in ATHENA’s experimental
positions for a 10'® neutron shot yield.

The integral ionizing radiation for each region outlined in Table 3
was generally too small to be relevant for effects testing. This is a ben-
efit over traditional testing environments that are not truly a combined
effects test but also have significant compounding effects from the
ionizing y-ray environment. However, the rate of the energy deposition
was seen as a potential additional application to the ATHENA platform.
The ATHENA modeled time-dependent dose are shown in Fig. 9 for
a 101® neutron shot yield, which created dose rates on the order of
1019 to 10! Rad(Si)-s~! due to the prompt nature of the modified NIF
source. While ATHENA was not optimized for the y-ray environment,
this could be explored in future design modifications.

4. Application simulations

The ultimate objective of the ATHENA platform is to provide a
unique radiation environment to explore the impact of the spectrum,
timing, and intensity in a mixed neutron and ionizing radiation envi-
ronment. As such, the ATHENA platform has several key applications
and use cases for radiation effects testing and producing experimental
measurements for validation of codes and nuclear data. In this section,
example applications and simulations are outlined as use-cases being
explored for ATHENA.

4.1. Integral nuclear data and modeling validation

Different facilities produce environments with various physics fi-
delity and induced nuclear test environment relevancy. Fig. 10 displays
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Fig. 10. (Color online) Comparison the ATHENA-I internal validation neutron energy
spectrum to that of various spectra utilized for large scale radiation effects testing.
Where, the ATHENA spectrum allows for a combined fission like spectrum coinciding
with the high energy D-T fusion neutron component.

relevant U.S. testing facilities’ neutron energy spectra with respect
to the objective TN+PFNS. The ATHENA results indicate how this
platform produces a unique environment, which spans the same energy
ranges and provides capabilities within current gaps.

Additionally, the short pulse duration provides the opportunity for
fission product and integral benchmarking in time-dependent, non-
steady state environments. Fission product generation under a similar
TN+PFNS at NIF was demonstrated in previous work is shown in
Fig. 11 [1]. The Ry, distribution is given as the activity ratio between
the ith measured fission product or mass chain time-corrected atoms to
the measured A = 97 mass chain atoms which was normalized by the
ENDF-B/VIILO 25U thermal fission product yield ratio of the ith fission
product mass chain to the yield for the A = 97 mass chain [71].

The fission product inventories were modeled in the General Ob-
servables of Fission (GEF) code [72] in addition to semi-empirical fits
to experimentally measured energy dependent fission products [73].
The reduced y? for the GEF and semi-empirical fits for the entire
distribution were 1.58 and 2.50, respectively.

The controlled experimental conditions provide reduced complexity
and relatively rapid production of new environments by modifying
ATHENA’s internal materials and geometry. This allows for customized
validation experiments to be conducted to supplement traditional crit-
icality benchmarks for nuclear data evaluation and model validation
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Fig. 11. (Color online) NIF ETA experiment demonstrated production of TN+PFNS fis-
sion products in highly enriched uranium sample. The modeled results were performed
with the GEF code and a semi-empirical fit. ENDF-B/VIIL.O R values are provided as a
reference.

suites thereby improving performance of both in non-reactor/criticality
applications [74,75]. These experiments would be similar in nature to
the pulse-sphere experiments, but would rely on integral measurements

in a varying, and customized, environment and set of materials [76—
78].

4.2. Microelectronic device environment and response

ATHENA enables experiments with a TN+PFENS on short time scales
for exploring spectral and temporal impacts on the response of mi-
croelectronic components.Fig. 12 displays the neutron flux and initial
Frenkel pair production rate densities in a modeled silicon sample in the
ATHENA internal cavity for illustration. The neutron flux at early times
is dominated by TN neutrons (red line) because of the faster velocities
and less interaction time in ATHENA. At later times, the peak of the
PFENS (blue line) dominates as the slower neutrons take longer time to
arrive at the sample area. The Frenkel pair production is proportional
to the time-dependent @, | .y s; as described in Section 3.2.2, where
the late-time lower energy neutrons (green line) contribute less to the
displacement damage in a sample. The internal drawer environment
is similar to the internal cavity results shown in Fig. 12, while the
external experiment volume has a larger contribution from the source
D-T neutrons leading the start of the defect generation.

Compared with current facilities, the ATHENA platform offers a
different radiation spectrum with a short-pulse (<50 ns) capability.
Larger device damage rates and magnitudes could be achieved at
the NIF without spectral modification; however, the neutron energy
spectrum produced can be used to explore and validate spectral equiv-
alency models commonly used for radiation effects on electronics. The
combination of a tunable, prompt neutron environment with spectral
and timing characteristics not available anywhere else in the world
allows ATHENA to be used for unique validation experiments for time-
evolution of defects in semiconductor materials and microelectronic
device response.

4.2.1. Defect characterization

ATHENA offers unique environments to explore defect types and
concentrations as a function of time and spectral intensity. To illustrate
the differences in defects in Si from different irradiation environments,
a model was adopted from mean field theory [79]. Si was chosen
because of the extensive literature and experimental history.

A coupled system of ordinary differential equations was created
describing the formation of concentrations of point defects including

Nuclear Inst. and Methods in Physics Research, A 1016 (2021) 165777

All Energies
ot 4 12 MeV < E < 16 MeV
2 = — - — - 0.1MeV < E < 12 MeV
| i_, — — — E<0.1MeV
104 ik +
£ 10 I =
= :
X = R —
= 10°¢ ' | i 4
[ = |
< i — P—r
o : 1
‘5’ 108 :l '
3 3 |
107 } "
107° 10~8 1077 10-¢
Time [ns]

Fig. 12. (Color online) Internal ATHENA environment neutron flux for a 10'® neutron

shot yield.
Table 4
Mean field theory model parameters [80-85].
Parameter Symbol Value
Temperature T 300 K
Boltzmann constant ky 8.617E-5 eV/K
Atomic volume Ve 0.02 nm?
Burgers vector b 0.384 nm
Vacancy formation energy E} 3.96 eV
Interstitial formation energy E} 3.8 eV
Hop Frequency v 1E12 Hz
Hop distance d 0.235 nm
Vacancy diffusion prefactor DY 5.52E10 nm? s7!
Interstitial diffusion prefactor DY 5.52E10 nm? s7!
Vacancy migration energy E} 0.35 eV
Interstitial migration energy E,, 0.07 eV
Di-vacancy binding energy E} = E) - E} 2.4 eV
Di-interstitial binding energy E} =2E, — E 1.9 eV
Dose rate r() Varied
The cascade efficiency n 0.4
The fraction of point defects
Produced during irradiation €p 1
Recombination coefficient Hr = w 277 nm~2
Dislocation density Pa 3E-4 nm™2
Capture efficiency for SIA clusters Z, 1.2

interstitial Si atoms, C;,,, and vacancies, C,. Additionally, size n clusters
of interstitial, C;, ,, and vacancy, C,,, concentrations up to n=9 were
tracked for convergence with C,,, = Cj, ;9 = 0. For simplicity, it
was assumed that the radiation only produces point defects, that point
defects are the only mobile species, and that all clusters are immobile.

The system of differential equations was first discretized by im-
plementing implicit time-stepping and the resulting discrete equa-
tions were solved iteratively using the Newton-Raphson method. The
concentration of defects was tracked throughout the irradiation of
ATHENA’s internal cavity as described in Sections 3.2 and 4.2 . A
reference case with a constant 10~> DPA-s~! for an integral 4.5 x 10~°
DPA, analogous to longer period nuclear reactor irradiations, was
selected for comparison to ATHENA at an integral 3.6 x 10~° DPA. The
resulting summation of all cluster sizes are shown in Fig. 13, where the
model parameters required are summarized in Table 4.

The modeled vacancy and interstitial distributions highlight that
short-pulse neutron environments, where the crystal lattice is not al-
lowed to relax to equilibrium between events, can produce drasti-
cally different results in the observable defect concentrations. In the
ATHENA internal cavity results, recombination is less prevalent at
these short time scales, as the population of interstitial sites does not
equilibrate prior to the creation of additional defects. The net result
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Fig. 14. (Color online) DLTS base-collector measurements of 2N2222 devices irradiated
at the OSURR showing the major electron traps and associated identified defect
formations. Non-identified peaks correspond to hydrogen-related defect complexes. The
DLTS labels correspond to the device reverse bias [V], pulsing bias [V], rate window
[ms], and pulse width [ms], and Doy 1-Mev.si [ﬁ], respectively.

increases the proportion of interstitial sites post-irradiation compared
to the case of the fixed dose rate relevant to longer irradiation pulses,
where the interstitials have a longer time period to recombine and
reach an approximately steady-state distribution. Additionally,

Experimentally, sample 2N2222 bipolar junction transistor (BJT)
devices were irradiated at the Ohio State University Research Reactor
(OSURR) to demonstrate the observable defects between @, |_pev si
of 102 to 10'* 2. Deep-level transient spectroscopy (DLTS) was
performed on the devices to characterize the charge carrier traps. The
DLTS measurements are provided in Fig. 14.

Electron traps included interstitial carbon, C;, vacancy-oxygen pairs,
V — O, di-vacancy centers, V,(= /-), E4 centers, and E5 centers.
Although the defect concentration is predicted to be low, defects were
able to be measured at similar @,, | \vs levels to the expected
ATHENA environment. The @, _yys; of 10'* — was used to help
resolve the scaled @, | _yevs; of 10> — environment, where there
was shown to be a non-linear growth of the traps.
4.2.2. BJT device response

The device response of components such as a silicon-based BJT
is dependent on the radiation environment. Testing of these types of
devices under different conditions is important to determine the re-
sponse of the device to assess performance in a radiation environment.
Originally posed by Messenger and Spratt [86], the current gain before

10

irradiation, f, and after irradiation, f3,, of a transistor can be described
by a linear relationship to the total fluence under a given neutron
spectrum, @(E), given by,

Lo Ly ke,
By B

where a proportionality constant, K(E), can be defined for a particular
device and environment. During irradiation, the Frenkel pair defect
generation can create band levels below the conduction band for Si.
The defects ultimately reduce device performance by reducing carrier
lifetimes through reduction of mobility, leading to gain degradation.

Short irradiation pulses result in non-equilibrium defect generation
and present a different set of environmental conditions that can result
in a different observable effect in device response. K(E) has been shown
experimentally to be a function of the radiation flux environment,
where larger flux rates lead to higher damage coefficients [87]. Larger
fluxes lead to more severe short-term damage under fast-burst fission
reactor conditions; however, BJT devices sustained less damage after
long term annealing. Higher initial damage in high flux environments
is likely due to a combination of metastable defect states and shorter
annealing time [87]. Additionally, the suppressed damage after long
annealing times is possibly linked to higher concentrations of intersti-
tial and vacancy sites, leading to higher levels of recombination before
stable defects can form.

Fig. 15 highlights a few radiation effects testing sources in compari-
son to the ATHENA environment. Testing environments are relevant to
different nuclear scenarios, where each exists to test different corners
of the domain. Characterizing different calibration points is essential
to validate pre-dominant semi-empirical models used to assess de-
vice performance under neutron and surrogate neutron irradiation.
Increasing testing of the space can increase confidence in predictive
models that allow enhanced confidence to interpolate and extrapolate
into environments where testing is not currently feasible. Furthermore,
having a flexible testing capability to inform first-principle models is
essential as devices deviate farther from historical testing data and to
new device architectures [88]. Smaller physical size as well as drift
BJTs have been shown to deviate from the original implementation of
the Messenger-Spratt relationship [89,90].

3

5. Conclusion and perspectives

The ATHENA platform has been designed as a flexible spectral
modification platform with a capability to act as a short-pulse neutron
and intense y dose rate source at NIF. Coupled with data available
at currently operational facilities, the ATHENA prompt thermonuclear
and prompt fission spectrum environment increases the environmental
domain to test devices and validate nuclear data and physics models
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Fig. 15. ATHENA internal environment characteristics in comparison to the ACRR,
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for each environment are provided highlighting that ATHENA enables an experimental
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in a highly-controlled facility platform. ATHENA also provides up-
dates from the ETA platform for an expanded diagnostic region, which
is essential for active experimentation on electronics components or
with detector systems, and a secondary external platform for direct
comparisons between environment conditions.

Integral validation of the ATHENA internal radiation environment
provided a clearer understanding of the experimental capabilities and
uncertainty analysis of the platform. The environment was modeled in
MCNP6 using ENDF-B/VIIL.O0 and IRDFF v.1.05 nuclear data libraries
with systematic nuclear data uncertainties calculated through stochas-
tic sampling in SCALE Sampler using an ensemble of 300 realizations of
the 1597-group ENDF-B/VIIL0 library. A total of 20 activation products
were measured at the initial validation shot, and the reduced y2 was
= 1.38, indicating general agreement with the modeled results. The
total ionizing dose was measured to be 515 + 7.9% rad(TLD-400),
whereas the modeled values indicated a lower value of 290 + 4.6%
rad(TLD-400). The discrepancy requires additional research to deter-
mine the origin as being dominated by either nuclear data and radiation
transport models or measurement.

Future work on the ATHENA platform will be scoped to test 2N2222
BJT devices at NIF. These components have a extensive history of radia-
tion environment characterization, and they offer a starting benchmark
experiment before moving toward more exotic devices. The ATHENA
platform’s utility lies in the unique calibration point to validate models
for surrogate sources and enhance understanding of radiation effects
experiments.
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