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ABSTRACT
The double-shell inertial confinement fusion campaign, which consists of an aluminum ablator, a foam cushion, a high-Z pusher (tungsten
or molybdenum), and liquid deuterium–tritium (DT) fuel, aims for its first DT filled implosions on the National Ignition Facility (NIF)
in 2024. The high-Z, high density pusher does not allow x-rays to escape the double-shell capsule. Therefore, nuclear diagnostics such as
the Gamma Reaction History (GRH) diagnostic on the NIF are crucial for understanding high-Z implosion performance. To optimize the
GRH measurement of fusion reaction history and the pusher’s areal density, the MCNP6.3-based forward model of the detector was built.
When calculating the neutron-induced inelastic gamma ray production, the interaction of neutrons with the compressed fuel was additionally
included. By folding the calculated gamma ray spectrum output and the previously calibrated GRH detector responses, the optimum set of
GRH energy thresholds for measuring the pusher areal density is determined to be 2.9 and 6.3 MeV for DT double-shell experiments. In
addition, the effect of the down-scattering of neutrons on the gamma ray spectrum, the minimum required yield for measurements, and the
attenuation of the gamma rays through the pusher are analyzed.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0189085

I. INTRODUCTION

In inertial confinement fusion (ICF), nuclear diagnostics are
a critical tool for understanding the dynamics of the nuclear
performance of the imploding deuterium–tritium (DT) fuel as
well as the ablator.1–5 At the National Ignition Facility (NIF), the
16.75 MeV D–T gamma rays from the D(T,γ)5He reaction are
probed to provide a high temporal resolution measurement of the
thermonuclear reaction rate of the capsule.6,7 The advantage of
measuring the gamma reaction history over the neutron reaction
history is the lack of temporal broadening of the gamma ray pulse
from the temperature of the reacting fuel. The reaction history gives
information about the bang time, which has historically been used
to inform the shell trajectory and maximum velocity for single shell

shots.8,9 The gamma reaction history also measures the burn width,
which is a function of the confinement time of the implosion. Both
bang time and burn width are important metrics for benchmarking
capsule performance. The temporal profile of gamma reaction
history imprints the evolution of the energy-balance of the implod-
ing capsule.1 The signal strength of the DT gamma rays can also be
used as an alternative total yield measurement, free from the effect
of asymmetric fuel assembly or the down-scattering of neutrons.10 If
the gamma reaction history can have a high enough dynamic range,
it may also monitor the onset of ignition, where alpha-heating will
change the reaction rate abruptly.

In single-shell capsules, the interaction of the DT neutrons
with the surrounding ablator through the 12C(n,n′+γ[4.4 MeV])12C
reaction has also been used to measure the time-resolved areal
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density of the carbon-based ablator.11–13 The areal density of the
ablator contains information about the ablator mass that has burned
off the capsule during ablation and the compressibility of the
remaining ablator mass.14 Comparing the nuclear bang time of the
fuel and ablator also yields velocity information for the imploding
ablator.13

Both the DT fusion and neutron induced ablator gamma
rays have been measured on the NIF using the Gamma Reaction
History (GRH) diagnostic.15,16 The GRH diagnostic utilizes four gas
Cherenkov detector cells that consist of a low-Z gamma-to-electron
Compton converter and a high-pressure gas-cell. The converter
transforms the incident gamma rays into Compton electrons, which
exceed the local speed of light in the gas medium and produce
Cherenkov photons. These Cherenkov photons are then transported
to a photomultiplier tube (PMT) through a set of optics com-
posed of three off-axis parabolic mirrors and one flat mirror, which
transports the light to the PMT (Fig. 1). Each gas cell acts as a
high-pass filter for the gamma rays, where the pressure changes the
threshold of the measurable gamma energy in the cells, offering the
GRH diagnostic four independently energy-thresholded measure-
ments. By selecting the pressure, the existing NIF GRH can select
an energy threshold anywhere from 2.9 MeV with 215 psia of CO2 to
18 MeV with 13 psia of CO2. This enables gamma rays with different
energies, such as the 16.75 MeV DT gamma peak and the 4.4 MeV
carbon line, to be measured.

Currently, these GRH measurements have been optimized for
the single-shell capsule designs, which rely on the hot-spot ignition
concept, where the reactivity of a central hotspot formed by the
implosion ignites a dense fuel layer, creating a propagating burn
wave,17 and uses a carbon ablator, creating a bright 4.4 MeV
line. The double-shell campaign does not rely on hot-spot ignition
and instead ignites volumetrically at lower temperatures due to
radiation trapping from a high-Z pusher that implodes the uniform
DT fuel.18,19 To ensure that the high-Z pusher is not susceptible
to hydrodynamic instabilities due to the high Atwood number at
the fuel-pusher interface, as well as to have better ablation effi-
cacy, a set of intermediate shells is added to tamp the growth of the
instabilities from the outer ablator shell and the inner high-Z shell
(Fig. 2).20 At the moment of stagnation, the high-Z pusher, typi-
cally tungsten or molybdenum, achieves high areal densities of 2–4
g/cm2, which will prevent any x-ray radiation from escaping the fuel

FIG. 1. A diagram of one cell, the GRH, showing the gas cell, optical components,
and PMT (image courtesy of Robert Malone [MSTS]).

FIG. 2. A “575-Type” hohlraum (left) and a pie-diagram (right) of the tungsten
based double-shell point design, including a pusher (W), a tamper (Be), a foam
(CH), and an ablator (Al).

region of the double-shell capsule. This high-Z material at high areal
density implies that x-ray self-emission or backlighting diagnostics
cannot be used to study the mix and compression of the fuel. There-
fore, nuclear-based information such as nuclear reaction history
measurements from the GRH and nuclear imaging diagnostics will
be critical for DT double shell experiments.

The materials used in the double shells provide an additional
challenge for the GRH to measure the pusher areal density, as high-Z
materials do not produce a single gamma line from (n,n′) interaction
but a continuum spectrum, which the GRH has not previously been
optimized for. Furthermore, the highly compressed high-Z pusher
will attenuate the DT gamma spectrum from the fuel, impacting
the reaction history measurement. Recently, a MCNP6.321 model
of imploded capsules and their surrounding material to calculate
gamma ray spectra, including the effect of down scattered neutrons,
has been developed.22 To address these challenges, this model was
expanded to the tungsten double shell campaign, and a parameter
scan was conducted to prepare and optimize GRH measure-
ments for the upcoming D–T double shell campaign anticipated
for 2024.

II. DOUBLE-SHELL EXPERIMENTAL METRICS
The double shell campaign has high level goals of studying a

volumetric burn platform, understanding the impact of radiation
trapping, and exploring the interplay between high-Z mix and ther-
monuclear burn.20 The GRH can inform implosion performance
and compressed fuel conditions by potentially measuring energy
thresholded, time resolved gamma rays. The GRH could make
measurements of the DT fusion reaction history, a time resolved
measurement of the inner shell gamma rays, and potentially the
outer ablator shell gamma rays.

The areal density of the inner shell is closely related to the
energy efficacy being transferred from the outer shell. In the
single shell case, the areal density of the ablator is complicated by the
time-varying remaining mass; however, the double shell case offers
a simplified interpretation as the inner shell initial mass stays fixed.
The convergence ratio (CR) of the inner shell can be estimated as
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CRp ≡
R0

R f
∼ (ρR f

ρR0

Δ0

Δ f
)

1
3

. (1)

Here, R0 and R f are the approximate mid-point radius of the initial
and final inner shell, and Δ0 and Δ f are the initial and final thick-
ness of the inner shell. When the compressed inner shell is assumed
to have a uniform density profile and constant mass, the resultant
pusher’s areal density can be expressed as

⟨ρR⟩pusher =
mp

4
3π((rfuel + Δp)

3 − r3
fuel)

Δpusher. (2)

Furthermore, the thickness of the inner pusher shell at the bang
time Δpusher can be inferred as

Δpusher=
√

3π
√

mpusher⟨ρR⟩pusher − r2
fuel⟨ρR⟩pusher

2 − 3πrfuel⟨ρR⟩pusher

2π⟨ρR⟩pusher
,

(3)

where Δpusher is the pusher thickness, mpusher is the pusher mass,
⟨ρR⟩pusher is the areal density of the pusher, and r fuel is the radius
of the fuel at stagnation. This simple relation shows that the areal
density, with additional neutron imaging measurements of the
fuel radius, could give an independent measurement of the energy
transferred to the inner shell from the compression ratio of the inner
shell (Δpusher,0/Δpusher), where Δpusher, 0 is the initial thickness of the
inner pusher.

While typically the areal densities are reported as burn-
averaged quantities, the GRH can make time-resolved measure-
ments of the pusher areal density. Historically, the detector could
measure at 100 ps temporal resolution; however, with the recent
addition of a Pulse-Dilation PMT (PD-PMT), the D–T reaction
history may be measured down to 10 ps resolution. In the future,
this capability may be expanded to GRH gas cells used for areal den-
sity measurement. The high-resolution gamma ray measurement
enabled by the PD-PMT yields information about the time-resolved
compressibility of the pusher compared to the D–T bang time and
burn-width, which yield velocity information. The time-resolved
measurement also reduces the background gamma ray contribution
to the signal from the hohlraum and thermo-mechanical package
(TMP) due to the temporal separation of the pusher gamma signal
and the hohlraum/TMP signal. A model to account for the temporal
response is under development, but the current model discussed in
this paper utilizes the burn-averaged quantities.

III. GRH FORWARD MODEL
A. Pusher areal density measurements from gamma
production

For the single-shell case, the areal density from the carbon-
based ablator is measured in single shells using the 12C(n,n′)12C
reaction, which produces a 4.4 MeV gamma ray. This 4.4 MeV
gamma ray is measured by using two GRH cells with low and high-
energy thresholds at 2.9 and 4.5 MeV, respectively. A previously
calibrated ratio of the two cells at the thresholds of 2.9 and 4.5 MeV,
respectively, is used to measure and subtract the background

FIG. 3. The response function predicted by the Geant4 simulation tool as a function
of incident gamma ray energy. The three energy thresholds (2.9, 4.5, and 10 MeV)
are often used for ablator area density measurements in single shell implosions.

gammas from the measurement through Eq. (4).9 These thresholds
were chosen based on the known single 4.4 MeV gamma line that
corresponds to inelastic scattering of D–T neutrons on carbon, and
their shapes are given in Fig. 3,

Yγ,pusher = C[Slow−threshold − αShigh−threshold], (4)

where C is the calibration factor in gammas/Cherenkov photon,
Shigh/low − threshold are the signals from the high and low energy thresh-
olds, respectively, and α is the ratio of the gamma backgrounds on
the cells given by

α = βlow−threshold

βhigh−threshold
, (5)

where βlow/high − threshold is the gamma signal measured on the
detectors without the carbon ablator present.

For tungsten-based pushers, however, there is no single line
corresponding to inelastic scattering but rather a continuum of
gamma rays. Therefore, the combination of GRH thresholds must
be set differently. Equations (4) and (5) may be used, but the val-
ues of the energy thresholds and the α-value will be different for
the double-shell case. The gamma yield may then be related to the
pusher areal density through the continuous energy instantaneous
point-source (CIPS) model,22

⟨ρR⟩pusher =
m̄

σeff (⟨ρR⟩fuel)
Yγ,pusher

Yn
= B

m̄
σeff (⟨ρR⟩fuel)

Yγ,pusher

Yγ,DT
, (6)

where m is the atom mass of the pusher element, Yγ,pusher is the
measured tungsten gamma yield, Yn is the total neutron yield,
Yγ,DT is the DT gamma yield measured by the GRH, and B is
the neutron/gamma branching ratio of 4.2 × 10−5. σeff (⟨ρR⟩ fuel) is
the neutron-flux spectrum weighted effective cross section, which
is used instead of the monoenergetic 14.1 MeV cross section to
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TABLE I. Values of the simulated areal densities and shell masses used in MCNP for
the nominal tungsten double-shell.

Shell Material Areal density (g/cm2) Mass (μg)

Fuel DT 0.4–1.0 18.7
Pusher W 1.0–4.0 797
Tamper Be 0.1 98
Foam CH 0.056 112
Ablator Al 0.2 956

correct for the impact of down-scattered neutrons from the high fuel
areal density and is given in the following equation:

σeff =
∫ E2

E1
N(E)σ(E)dE

∫ E2
E1

N(E)dE
, (7)

where N(E) is the neutron flux at energy E, and σ(E) is the micro-
scopic cross section for gamma production evaluated at energy E.
The flux spectrum is a function of the fuel areal density and enables
the calculation of the σeff as a function of the ⟨ρR⟩pusher value to
account for the impact of the down-scattered neutrons. Evaluation
of σeff requires a model with continuous energy treatment, and
therefore, MCNP6.3 was used for its continuous energy radiation
transport capabilities as described in Sec. III B. The impact of the
down-scattered fuel areal density is given in Sec. IV B.

Once the pusher’s areal density is obtained through Eq. (6), the
thickness of the pusher at the bang time can be further inferred,
assuming the density of the pusher shell is uniformly distributed
along the thickness of the pusher shell [Eq. (3)].

B. MCNP neutronics simulation
The HYDRA23 hydrodynamic radiation transport code was

used to calculate the implosion dynamics of a tungsten-based
double-shell capsule. In MCNP, the stagnation conditions of the
double-shell capsule simulated by HYDRA were used as an input
condition for the shell properties. The MCNP model assumes that
fuel and each of the shells of the double-shell contain a uniform

density profile. With this assumption, a given fuel and pusher areal
density is calculated by HYDRA, and the mass of each of the shells
and the thickness of the pusher are then calculated by Eq. (3). This
relationship was used to create an MCNP input to study the impact
of the pusher areal density on the signal to background ratios as
well as the impact of the fuel areal density on the pusher areal den-
sity measurements. The areal densities of the fuel and pusher were
varied around the nominal point-design calculations (Table I) from
HYDRA: ⟨ρR⟩ fuel = 0.4–1.0 g/cm2 and ⟨ρR⟩pusher = 1.5–4.0 g/cm2.
These ranges of fuel and pusher areal densities enable trends from
MCNP outputs to be developed to optimize the GRH diagnostic
and generate effective cross-sectional data. The areal density of the
tamper, foam, and ablator shells remained constant, as shown in
the rightmost column of Table I. The ablator mass included in the
MCNP model was reduced to 15% of the total mass, as the model
shell assumes 85% of the mass is burned off from the ablation
process, which does not contribute to the nominal areal density
measurement.

A point-source was placed inside the center of the fuel region,
consisting of a 2 KeV thermally broadened DT neutron source.
The 575-type gold hohlraum and TMP were simulated in MCNP
in a simplified geometry that captures most of the features in the
hohlraum/TMP that contribute to background gamma signals in the
gamma measurements of the DT reaction history and areal density.
NIF target supporting material beyond the TMP was not simulated,
as the neutron time-of-flight from the center of the capsule to the
NIF components beyond the TMP is longer than the measurement
time of the instrument and, therefore, temporally separated.
Figure 4 shows the hohlraum/TMP model geometry simulated in
MCNP.

A surface tally for secondary photons was placed at the global
boundary of the simulations such that all photons that escape from
the hohlraum/TMP are captured in the surface tally. Geometry
splitting techniques for both neutrons and photons were utilized
as a method of variance reduction in the simulation to reduce the
Monte Carlo uncertainty in the tally. This introduces a trade-off
of longer computational time for more certainty in the results,
which lowers the numerical error of the results, which propagates
throughout the forward model. Other features were included, such

FIG. 4. (a) A rendering of the MCNP geometry showing the hohlraum/TMP and the double-shell capsule in the center, and (b) a pie-diagram of the imploded capsule
stagnation geometry used in the model.
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as the 6 mm thick tungsten disk placed in front of the GRH at the
tally boundary, which was added to the GRH diagnostic to harden
the incident gamma spectrum and, thus, reduce effects not captured
by MCNP, such as scintillation within the detector. Other optional
configurations include thicker shielding of 6 cm of tungsten in front
of the gamma-to-electron converter, which has been used to further
harden the incident gamma spectrum. The impact of the shielding
thickness and its optimization are beyond the scope of this paper
and will be presented elsewhere.

C. MCNP gamma attenuation simulation
Utilizing the same geometry as the neutron/photon transport

simulation, the source particle was changed from a 14.1 MeV neu-
tron to 16.75 MeV gamma rays to estimate its attenuation through
the tungsten pusher. This enables a correction factor for gamma
yield to be determined as a function of pusher areal density. The
source gamma ray was assumed to be emitted instantaneously and is
a uniform point source at the center of the fuel. An additional tally
was placed on the inner surface of the inner shell to measure the
incident gamma flux before and after entering the pusher.

IV. MCNP SIMULATION RESULTS
A. Tallied gamma spectrum

The MCNP predicted gamma spectrum from a tungsten
double-shell design is given in Fig. 5. The shape of the spectrum
shows tungsten dominating the spectrum from 0 to 5 MeV, with the
aluminum continuum from the ablator and hohlraum/TMP being
the dominant source of gammas between 5 and 10 MeV. Above
10 MeV, the DT gamma spectrum is the dominant source of gamma

FIG. 5. A gamma spectrum predicted by MCNP from the tungsten based double-
shell capsule showing the gamma rays emitted from the hohlraum (blue curve),
radiative capture in the DT fuel (orange curve), beryllium tamper (red curve), the
CH foam (purple curve), the aluminum ablator (brown curve), and the DT fusion
gamma rays (pink curve).

rays, with contamination of the DT spectrum from high energy
neutron capture from the tungsten pusher.

For the pusher areal density measurement, the region of inter-
est is 1–5 MeV, where the tungsten gamma rays dominate the
spectrum. Therefore, this energy range is optimally where the low
energy threshold should be set, with the high energy threshold set
in a region that captures the background signal above 5 MeV. The
lowest energy threshold that the GRH diagnostic can currently
achieve is 2.9 MeV with SF6 gas fill at 215 psia. Therefore, to
capture most of the spectrum from the tungsten gamma rays, the low
energy threshold was decided to be set at 2.9 MeV. The optimum for
the high energy threshold is discussed in Sec. V.

B. Impact of fuel areal density on the effective cross
section

To consider the down-scattered neutrons from the highly com-
pressed fuel, an energy-resolved gamma reactivity tally was used in
the MCNP model to measure the total gamma production in the
tungsten from neutron interaction in combination with a neutron
flux tally. This enables the calculation of σeff using ENDF-VIII.024

(n,n′) scattering cross section data to account for down-scattered
neutrons in the fuel through the continuous energy instantaneous
point-source (CIPS) model.22 TT fusion and DD fusion are consid-
ered negligible and are not included in this model. The CIPS model
changes the monoenergetic cross section to evaluate the areal density
in Eq. (6) to the neutron flux spectrum weighted cross section, σeff ,
through Eq. (7). The model, however, does not account for the
neutron source shape, and the volumetric effects of the source are
not accounted for. Figure 6 shows the total gamma production
section in tungsten and the simulated incident flux on the tungsten
for the nominal 600 mg/cm2 point design.

FIG. 6. A plot of the total gamma production cross section for tungsten (blue
curve) and the neutron flux incident on the pusher (red curve), indicating the
strong dependency of the tungsten cross section over the neutron energy region
of interest.
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FIG. 7. The effective gamma production cross section for tungsten as a function of
fuel areal density.

Figure 7 shows the impact of the areal density of the fuel on
the effective cross section. It is shown for tungsten, over the simu-
lated range of 0.4–1.0 g/cm2, that the effective cross section spans
from 535 to 627 mb [+/−19 mb], which results in a 14.6% difference
over the span of areal densities from the monoenergetic 439 mb cross
section at 14.1 MeV. The difference from the monoenergetic model
is between 18% and 29%, implying that for high-Z materials such
as tungsten, the down-scattered neutrons have a higher impact on
the areal density measurement than carbon single-shells, which only
varied by 1%–3.5%.22

A linear fit was applied to the data in Fig. 7 and yields
Eq. (8) with a coefficient of determination (R2) of 0.9999. This
function enables us to determine the effective cross section as a
function of fuel areal density, which is measured routinely by
neutron time-of-flight,25

σeff ,W(⟨ρR⟩fuel) = 0.1528⟨ρR⟩fuel + 0.4751. (8)

V. OPTIMAL GRH HIGH ENERGY THRESHOLD
A. GRH response functions and calibration

The GRH signal output was predicted by folding the gamma
spectrum tally with the measured GRH response as a function of
gamma energy and threshold energy in the form

Shigh/low−threshold = ∫
E2

Ehigh/low−threshold

φ(E)∗R(E)dE, (9)

where Shigh/low − threshold is the total signal measured by the GRH
high/low thresholded cell, respectively, φ(E) is the gamma yield
at the incident energy of E, R(E) is the response of the GRH in
units of Cherenkov photons/gamma, and E2 and Ehigh/low − threshold

FIG. 8. The total gamma ray spectrum of the capsule and hohlraum (solid lines)
plotted with the GRH response curves (dashed lines) illustrates the location of the
optimum thresholds over the gamma spectrum.

are the upper bound of the gamma energy spectrum and the lower
bound of the response function of interest (1–17.5 MeV), respec-
tively. Figure 8 shows the two GRH response functions (dashed
curves) at 2.9 and 6.3 MeV plotted over the gamma ray spectrum
(solid curves). In addition, Fig. 9 shows the expected GRH signals
obtained by folding the gamma spectrum with the GRH response
function.

FIG. 9. Expected GRH signal responses obtained by folding the gamma ray spec-
trum with the GRH response functions [φ(E)∗R(E)] for 2.9 MeV (blue curve) and
6.3 MeV (orange curve).
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TABLE II. Values of the simulated areal densities and shell masses used in MCNP for the nominal tungsten double-shell.

High-energy
threshold (MeV)

α (low-threshold/
high-threshold)

Standard
error (+/−) (%)

CMCNP (∆Cherenkov
photons/tungsten gamma)

CMCNP standard
error (+/−) (%)

4.5 3.08 0.13 164.6 0.5
5 4.44 0.15 168.4 0.6
6.3 13.08 0.24 154.3 1.6
8 49.84 0.40 350.7 11.1
10 185.65 0.56 989.3 65.9

The double-shell MCNP results showed that the tungsten
pusher gamma spectrum makes up only 22% of the signal on the
low-energy threshold (2.9 MeV), with 78% of the signal consisting
of background gamma rays. The high-energy threshold consists of
95%–98% background gamma rays, depending on threshold energy
in the 4.5–10 MeV range. The lower contribution of tungsten to
the signal compared to the background gamma makes for a more
challenging measurement compared to the single shell case, which
is typically 50% background. This is due to the presence of the
aluminum ablator in a high neutron flux region on top of the back-
ground signal from the hohlraum/TMP. Much of the contribution
of the hohlraum/TMP gamma signal is captured by the high energy
threshold, however, and the calculated α-values [Eq. (5)] are correct
for this contribution. The tungsten contribution to the low-energy
threshold could be increased using another gas or medium that
enables an even low-energy threshold, such as an C2F6 or a fused
silica aerogel; however, these alternative materials have not been
characterized or fielded in NIF experiments.

The ratio of the integrated response function of each cell to
the background spectrum (without the tungsten pusher) was calcu-
lated for each high-energy threshold. A calibration factor for each
thresholded GRH cell was predicted by calculating the ratio of the
incident gamma fluence to the difference between the two cells by
the following equation:

CMCNP =
ψγ,W

S′
high/low−threshold

, (10)

where ψγ, W is the gamma fluence incident on the GRH cell from the
MCNP simulation and S′

high/low−threshold is the signal in Cherenkov
photons/neutrons on cell-B/C calculated by Eq. (9). The table of α-
values and calibration factors is given in Table II below.

The results in Table II show that the α-value increases as the
areal density increases. The uncertainty in the α-value and calibra-
tion factor predicted by MCNP also increases significantly at the
high energy thresholds of 8–10 MeV. This is due to tungsten cap-
turing gamma rays in the 10–20 MeV range, contaminating the
signal, and introducing errors in the average alpha value. The ability
of MCNP to accurately model and predict the yield of these high-
energy capture gamma rays is uncertain, and experimental nuclear
data for gamma production from neutron capture at these energies
is lacking. Therefore, these MCNP predicted calibration factors are
planned to be replaced by experimental measurements of tungsten
Cherenkov photon response functions using the puck-method to
help increase confidence in the forward model.26,27 Currently, only
carbon-based puck measurements have been used, so reliance on

numerical methods such as MCNP is required as of the writing of
this paper.

B. Fit slope method for optimization
The optimum of the GRH diagnostic was found by calculat-

ing the signal difference between the lowest cell energy threshold
(2.9 MeV) and the chosen higher energy threshold. A linear curve
fit was applied to find the slope of the difference between the two
cells as a function of the pusher’s areal density using Eq. (3) with
the predicted α-values without the calibration factor to understand
the scaling as a function of areal density. The slope is conceptual-
ized as the sensitivity of the difference in signals from the low and
selected high energy thresholded cells to the pusher gamma yield.
The GRH high-energy threshold was chosen based on the highest
magnitude slope from which the curve fits to optimize the diagnos-
tic for measurement sensitivity as a function of pusher areal density.
The Y-intercept is the background signal from the hohlraum/TMP
that remains after the subtraction. Figure 10 shows the data from

FIG. 10. The scaling of the signal difference between the low and high energy cell
thresholds as a function of the pusher areal density for different high-energy cell
thresholds, with the low energy threshold kept the same at 2.9 MeV. The results of
the values fit the data, and the coefficient of determination (R2) is given in Table III
below.
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TABLE III. Values of the simulated areal densities and shell masses used in MCNP for the nominal tungsten double-shell.

High energy
threshold (MeV)

Slope determined from curve fit
(Cherenkov photons/Ω g/cm2)

Y-intercept
(Cherenkov photons/Ω) R2

4.5 1.17× 10−5 −8.20× 10−7 0.997
5.0 1.26× 10−5 −1.33× 10−6 0.997
6.3 1.32× 10−5 −5.02× 10−6 0.996
8.0 1.19× 10−5 −1.28× 10−5 0.993
10.0 9.47× 10−6 −2.03× 10−5 0.990

the MCNP results folded with the response functions and the fit
curves.

The results in Table III show that for all of the measured curves,
the Y-intercept is negative. This implies that the model predicts a
minimum pusher areal density for statistically significant gamma
production at the zero-intercept of each curve, regardless of neutron
yield.

Figure 11 shows that the optimum for the high energy thresh-
old is 6.3 MeV. When folded with the GRH response function, this
threshold only contains ∼4.5%–8.5% of tungsten, depending on the
pusher areal density (Fig. 12). With the 10 MeV threshold DT cell
measurement, this opens the possibility of using a three-cell method
to characterize both the tungsten pusher and aluminum ablator
if the high-energy capture gamma rays are accounted for. This,
however, is beyond the scope of the work presented in this paper
and will be presented in the future.

C. Minimum neutron yield for pusher areal density
measurement

The minimum yield required for the GRH diagnostic is
typically determined by the limit of photon statistics. Generally, the

FIG. 11. The slope to background ratio calculated from the fits to curves in Fig. 10.

minimum number of photons required for the detector to measure
the gamma yield is 1000 Cherenkov photons produced. Using this
relationship, one finds the minimum neutron yield as

Yn,min =
1000
ΩSpusher

= 1000
Ω[S′

low−threshold − αS′
high−threshold]

, (11)

where S′
high/low−threshold is the tally from the MCNP predicted gamma

spectrum folded into the GRH response function given by Eq. (9),
and Ω is the solid angle of the GRH in units of steradians. This
ensures that photon statistics do not introduce uncertainty into
the measurement of the tungsten areal density. The results from
Eq. (11), for the range of areal densities of interest between 1.5 and
4.0 g/cm2, are given in Fig. 13.

A curve was fitted to the minimum yield data, showing the min-
imum yield as a function of pusher areal density exhibits a 1/x2 type
scaling. These data illustrate that the minimum capsule performance
to make an areal density measurement is determined by both the
pusher areal density and the neutron yield. For higher areal densities,

FIG. 12. The percentage of the signal in the high energy threshold contaminated
by tungsten. The percentage indicates that the 6.3 MeV threshold is dominated by
the aluminum and DT gamma signatures and is contaminated <10% by tungsten
capture gamma rays over the expected areal density range.
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FIG. 13. The minimum fusion neutron yield required to make an areal density
measurement using the GRH plotted against the pusher areal density. A fit to the
data illustrating the scaling relationship over a wider range of areal densities than
simulated in MCNP is shown in the red curve.

the required fusion neutron yield is lower, whereas for lower areal
densities, a higher neutron yield will still enable a measurement.

D. DT reaction history corrections
The complex geometry and material selection of the tungsten

double-shell capsules impact the DT reaction history measurement
by the high energy threshold cells in two ways: first, the high-Z
pusher material will attenuate the DT gamma rays due to its high
areal density, and second, the neutron capture gammas from the
pusher will contaminate the DT signal. Both ways will alter the total
DT yield measurement by the GRH diagnostic but not the tempo-
ral profile of the reaction history because both the attenuation and
the pusher creation occur simultaneously (a few picoseconds) in the
fusion reaction. The gamma attenuation used in the MCNP model
is described in Sec. III C. Linear curve fits were applied to the results
to correct the total gamma yield measurement.

The results in Figs. 14 and 15 show that 18%–20% of the DT
gamma rays are attenuated by the tungsten pusher shell depending
on its areal density and that the contamination of the DT signal is
∼25%–35% for the 10 MeV threshold. The DT gamma signal at the
12 MeV threshold has more contamination in the signal, ∼2%–3%.
Note that the current carbon single-shell case sees an attenuation
of 3% and a contamination of 10% at 10 MeV from carbon capture
interactions.10 The parameters of the fit functions to correct the DT
yield measurements based on the pusher areal density measurements
are given in Tables IV and V.

These fit parameters enable a correction of the total yield mea-
surements of the DT gamma measurement based on the measured
pusher areal density. The fuel areal density must be considered to
correct for the impact of down-scattered neutrons on the pusher
areal density measurement. The pusher areal density is then used

FIG. 14. The attenuation fraction of the DT gamma rays through the tungsten
pusher as a function of the pusher areal density.

FIG. 15. The percentage of signal contamination for the 10 MeV threshold (round,
blue markers) and the 12 MeV threshold (triangular, green markers) on the
measured DT gamma signal.

to correct the DT gamma measurements using the fits in Tables IV
and V for both background contamination from the pusher and the
attenuation of the pusher, which are not significant in single-shell
implosions. If the gamma yield is used in Eq. (6), then the DT and
pusher gamma yields must be iteratively solved. If the total neu-
tron yield measurements are used, then this issue is mitigated. It is
planned to use the total neutron yield in the CIPS-based model for
pusher areal density in Eq. (6).
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TABLE IV. Fit parameters of the MCNP simulated attenuation curve.

Threshold
(MeV)

Slope
(attn fraction/g/cm2)

Intercept
(attn fraction) R2

10 0.0436 0.0818 0.999
12 0.0425 0.0822 0.999

TABLE V. Fit parameters of the MCNP simulated DT signal contamination curve.

Threshold
(MeV)

Slope
(% contamination/g/cm2)

Intercept
(% contamination) R2

10 0.043 85 0.1560 0.995
12 0.0489 0.1669 0.995

VI. CONCLUSION
An optimization study of the gamma reaction history (GRH)

diagnostic was conducted for the DT double-shell implosions uti-
lizing tungsten as a pusher material at the National Ignition Facility.
The study utilized an MCNP6.3 forward model for neutron and pho-
ton transport in the double-shell capsule. The continuous-energy
instantaneous point-source (CIPS) model was used to understand
the impact of the fuel areal density on the tungsten pusher areal
density measurement. The results showed a significant trend of the
effective cross section for tungsten over the fuel areal densities of
interest, ranging from a deviation of the monoenergetic assump-
tion of 18%–29%. The CIPS model was also used to predict the
gamma spectrum from the capsule, and hohlraum was used for
the double-shell campaign. Finally, the optimum pair of GRH’s
energy thresholds was proposed, with 2.9 MeV as a low thresh-
old cell and 6.3 MeV as a high threshold cell. In addition, the
influence of pusher areal density on the DT reaction history was
investigated, including tungsten capture gamma contamination of
the signal and attenuation through the high-Z pusher. Future work
will focus on optimization for different pusher materials of interest,
such as molybdenum and chromium.
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