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A B S T R A C T

We present a new SIngle-scintillator Neutron and Gamma-Ray spectrometer (SINGR) instrument for use with
both passive and active measurement techniques. Here we discuss, the application of SINGR for planetary
exploration missions; however, hydrology, nuclear non-proliferation, and resource prospecting are all potential
areas where the instrument could be applied. SINGR uses an elpasolite scintillator, Cs2YLiCl6:Ce (CLYC),
that has been shown to have high neutron efficiency even at small volumes, with a gamma-ray energy
resolution of approximately 4% full-width-at-half-maximum at 662 keV. Active gamma-ray and neutron
(GRNS) measurements were performed with SINGR at the NASA Goddard Space Flight Center (GSFC) Goddard
Geophysical and Astronomical Observatory (GGAO) outdoor test site using a pulsed neutron generator (PNG)
to interrogate geologically relevant materials (basalt and granite monuments). These experimental results,
combined with simulations, demonstrate that SINGR is capable of generating neutron die-away curves that
can be used to reconstruct the bulk hydrogen abundance and the depth distribution of hydrogen within
the monuments. We compare our experimental results with Monte Carlo N-Particle (MCNP) 6.1 transport
simulations to constrain the uncertainties in depth and hydrogen abundance from the neutron die-away data
generated by SINGR. For future planetary exploration missions, SINGR provides a single detector system for
interrogating the shallow subsurface to characterize the presence and abundance of hydrated phases and to
provide bulk elemental analysis.
. Introduction

.1. Background

In planetary exploration, neutron spectrometers are commonly used
o constrain the hydrogen abundance and depth distribution within
he shallow planetary subsurface, while gamma-ray spectrometers are
sed to quantify the abundance of major and minor elements within
ocks and soils. Passive techniques, which use the galactic cosmic ray
roton flux as a source of high-energy neutrons within the surface,
ave historically been used more frequently on planetary missions.
owever, the Dynamic Albedo of Neutrons (DAN) instrument–which
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uses two 3He tubes–on the Mars Science Laboratory Curiosity rover has
successfully demonstrated active neutron measurements on the surface
of Mars. Active neutron data from DAN has identified hydrogen en-
richments throughout the traverse and a hidden, buried volcaniclastic,
high-silica layer. DAN measurements have also been used to quantify
the abundance of hydrated silica phases within fractures and place
constraints on specific hydrated amorphous phase abundances [1–4].
The ability of active neutron techniques to support surface planetary
exploration missions has been well demonstrated with DAN, and the
development of new active neutron interrogation methods is the goal
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of several recent and ongoing instrument development programs [4–
9]. These development programs use active neutron and gamma-ray
measurements to measure the hydrogen content, the depth distribution
of hydrogen, as well as the elemental composition of surfaces using
a pulsed neutron generator (PNG). The NASA Dragonfly mission to
Saturn’s moon Titan will also carry an active multiple-detector GRNS
instrument (DraGNS) with a neutron generator, these instruments will
take surface measurements of Titan while surrounded by the moon’s
dense, nitrogen-rich atmosphere [9].

Active neutron techniques generally use a neutron source to bom-
bard a sample, then subsequent neutrons and gamma rays emitted
by the sample are measured. The incident neutron energy, activa-
tion/bombardment duration time, and area materials (including the
target, detectors, neutron source, and surrounding environment) de-
termine the returning measured neutron flux and gamma-ray energy
spectrum. The number of neutrons and gamma rays produced by these
reactions are also proportional to both the concentration of the el-
ements and the incident flux of neutrons [7]. Therefore, a major
advantage of active techniques over passive techniques is reduced
measurement time due to the significantly higher source particle flux.
Typically, active neutron and gamma-ray techniques use a PNG for
the neutron source; the emitted PNG neutrons interact in the rocks
and soils, become moderated or absorbed, and create characteristic
gamma rays. In active neutron spectroscopy a Deuterium Tritium (DT)
PNG can be used due to its high energy neutron output via the 2H +
3H → n (14.1 MeV) + 4He (3.5 MeV) reaction. PNGs typically pulse
t a low frequency to allow the thermal neutrons to leak back out
f the surface between each pulse. The magnitude and shape of the
eutron arrival in time between each pulse is called ‘‘neutron die-
way.’’ Neutron die-away experiments bin neutron counts based on
heir arrival time (time-resolved data) at the detector between each
ulse of the PNG. Hydrogen (H), is an efficient neutron moderator;
eutron moderators shift the population of fast neutrons towards ther-
al (2.5x10−8 MeV) energies via scattering interactions. With higher
content, more thermal neutrons are produced. DT neutrons travel at

2,000 km/s, whereas thermal neutrons travel at roughly 2200 m/s,
esulting in neutron time-profiles which contain useful information
egarding the subsurface distribution of moderators. The H abundance,

distribution with depth, and macroscopic absorption cross section
f material surfaces can then be constrained using a neutron die-away
urve [10,11]. The shape and magnitude of the neutron die-away curve
hanges as water-equivalent hydrogen (WEH) increases, this has been
xplored in previous studies [1,8]. Reconstructing information from a
lanetary body’s subsurface can be accomplished via constraints placed
sing neutron die-away.

.2. Instrument utility

Here, we describe a new type of active neutron and gamma-ray
nstrument for planetary exploration missions that uses just a single
ensor coupled with a PNG; we directly compare our experimental
easurements to MCNP 6.1 transport code results. We demonstrate

hat the instrument, the SIngle-scintillator Neutron and Gamma-Ray
pectrometer (SINGR), is capable of generating time-resolved neutron
ie-away data and, through simulations, we demonstrate that those
ata can be used to reconstruct the H content and depth distribution of
within the shallow subsurface (top ≈ 15 cm).
SINGR is a single-crystal, Cs2YLiCl6:Ce (CLYC), combination neu-

ron and gamma-ray instrument, intended for both passive and active
etection. A PNG was used with SINGR to collect neutron die-away
ata at the NASA Goddard Space Flight Center (GSFC) Geophysical and
stronomical Observatory (GGAO) outdoor gamma-ray and neutron

nstrumentation testing facility. SINGR is capable of detecting and
iscriminating both neutrons and gamma rays based on differences
n the shape of the scintillator light pulse, allowing for segregation

sing pulse shape discrimination (PSD) in post-data collection [12,13].

2

Previous related studies using high-purity germanium (HPGe) gamma-
ray detectors at the GSFC GGAO were done to study gamma-ray spectra
in gated time windows [5–7,14,15]. CLYC crystals have been used in
balloon flight passive measurements [16] and have been implemented
for space flight passive measurements [17,18]. In this paper, we re-
port on successful demonstration and simulation verification of active
neutron measurements with SINGR, using the die-away technique for
geoscience applications.

Active nuclear technologies have been in use for decades in nuclear
non-proliferation and safeguards, as well as geologic applications in hy-
drogeology, hydrology, agriculture, environmental science, and mining
[19–21]. CYLC crystals are in use for commercial devices such as the
RIIDEye from ThermoFisher Scientific [22]. Current Earth applications
of CLYC help to facilitate raising the technological readiness level of
SINGR and other space sciences detectors; handheld nuclear instru-
ments have a strong heritage of being successfully adapted to planetary
science applications, e.g., the GRNS on the NASA Lunar Prospector
mission consisted of commercially available 3He tubes and a standard
NaI scintillator [23]; the NASA Psyche mission will also carry similar
3He tubes and a new GRS that shares development with The Detective
X handheld from AMETEK ORTEC [24,25].

The recent development of compact PNGs for use in landed plane-
tary science missions has allowed for more possible uses in a variety
of different mission scenarios [6,9,11]. This work both improves upon
previous studies in the field and presents on the response limitations of
a new instrument. SINGR has undergone initial experimental character-
ization with a PNG at the NASA GSFC GGAO outdoor gamma-ray and
neutron instrumentation testing facility. In this paper, we will present
on neutron die-away results and model comparisons using SINGR.

2. Experimental setup

2.1. The SINGR instrument package

SINGR uses the ultrabright elpasolite scintillator called CLYC which
has a dominant 6Li(n, 𝛼)t reaction, allowing for the detection of neu-
trons [12,13]. The signal generated by the alpha particle (𝛼) and triton
t) produces a light pulse with a transient response different from that
f gamma-ray reactions in CLYC (≈3.2 MeV full energy gamma-ray
quivalent energy, GEE). SINGR was tested using a Radiation Monitor-
ng Devices Inc. (RMD) 2-inch diameter by 2-inch long cylindrical CLYC
rystal (2’’ CLYC), coupled to a R6233-100 Hamamatsu photomultiplier
ube (PMT) that has been custom modified with an active voltage di-
ider network designed for high count rates. Typical crystal properties
f CLYC are shown in Table 1. The data acquisition system (DAQ)
sed for all experiments is a field-programmable gate array (FPGA)
eveloped by RMD which has a sampling rate of ≈250 megasamples
er second; Fig. 1 shows the SINGR detector and the FPGA DAQ in its
luminum housing. The mass of SINGR’s CLYC sensor head and PMT
s approximately 850 grams, the total instrument including detector,
AQ, and housing is less than 3.5 kilograms. The total volume of the
etector, DAQ, and housing is approximately 0.05 m3.

A commercial ThermoFisher MF Physics Model MP320 DT neutron
enerator with an approximate mass of 12 kg was used for these
xperiments [30]. This neutron generator is capable of operating as a
NG and can produce up to 108 neutrons per second with a limited
requency range from 250 to 1000 Hz (50–200 μs length pulses). Our

experiments used a frequency of 250 Hz, which corresponds to a pulse
width of 200 μs; we ran the PNG with a current of 60 μA, voltage
of 60 kV, and duty factor of 5%, resulting in 2.08 × 107 neutrons
per second in 4𝜋. A transistor–transistor logic (TTL) signal (6V pulse
ignition, 0V pulse off, 4V during pulse) outputs from the PNG via a BNC
output, which is connected to the SINGR FPGA DAQ. For comparison,
the PNG onboard MSL has a mass of 2.6 kg and operates with a higher
frequency range with an approximate pulse length of 2 μs [10]; future
PNGs may be capable of larger frequency ranges [9]. The pulse width of
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Table 1
Basic SINGR Cs2YLiCl6:Ce (CLYC) crystal material properties are from [12,13,26]. Note that CLYC has three
decay constants/times corresponding to the possible allowed energy transition states within the crystal. The
efficiency and resolution data were measured during our experiments. The intrinsic pulsed neutron efficiency
data (based on PSD value, not GEE peak) was calculated as the total number of measured neutrons of all
energies hitting the detector face, divided by the total expected number of neutrons that should be hitting
the detector face via MCNP 6.1 simulation. The value in parentheses* denotes the efficiency in the thermal
neutron return region only (200–2550 μs). Note that efficiency can change based on the count rate [27]; our
pulsed efficiencies are based on the PNG settings described in Section 2.1. The non-pulsed neutron efficiency
was determined using a spontaneous fission source (AmBe) at a distance of 1.5 meters and includes all
neutron energies. The gamma-ray efficiency and resolution was determined using 137𝐶𝑠 at 15 inches (cm)
and calculated to include attenuation in air and aluminum. Uncertainties are based on Poisson statistics
and distance, however these uncertainties may be higher for neutrons due to environmental interactions for
non-pulsed efficiency values. Similar, non-pulsed efficiency values can be found in [13,28]; the efficiency
discrepancy between all neutron energies and thermal region only neutron energies is likely due to the
overlap of fast neutrons generated in the35Cl(n,p)35S reaction in CLYC [29].
Specifications of Cs2YLiCl6:Ce

Density 3.31 g/cm3
2’’ CLYC crystal mass 341 g
Radiation length 3.42 cm
Melting point 640 ◦C
Scintillation light yield 20,000 ph/MeV
Peak scintillation wavelength 370 nm
Decay constants 1 ns, 50 ns, 1 μs
Decay time ≈400 ns, 1 μs, 6 μs
GEE for thermal neutrons 3.2 MeV

Specifications of SINGR (2’’ CLYC)

SINGR + DAQ mass <3.5 kg
Thermofisher PNG mass ≈12 kg
DAN PNG mass ≈2.6 kg
Pulsed intrinsic neutron efficiency 20.78 ± 0.02% (9.42 ± 0.02%)*
Intrinsic neutron efficiency (AmBe) 35.5 ± 0.4%
Intrinsic gamma-ray peak efficiency (at 662 keV) 25.8 ± 0.2%
Energy resolution (at 662 keV) 4%
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Fig. 1. Prototype SINGR instrument package: (A) RMD data acquisition box with FPGA
(≈250 Ms/s) and high-voltage power supply (up to 5 kV via 75 VDC, 15 mA), (B) 2-inch
crystal CLYC detector.

the neutron generator affects the magnitude of the neutron count signal

seen by SINGR. Ideally, the neutron pulse is short enough that it does

not interfere substantially with the relatively low characteristic thermal
3

neutron signal leaking out of the subsurface after moderating interac-
tions. Following previous active measurement studies done by [5,14],
we used a 200 μs pulse for studying both neutron and gamma-ray
responses in SINGR.

SINGR can be operated at room temperature, so its power con-
sumption is comparable to other scintillators such as NaI, CeBr3, or
LaBr3:Ce [31]. However compared to other scintillators, SINGR has a
long light-decay time (≈0.4–6 μs), meaning that the signal collection of
he detector is relatively slow [26]. This can be an issue in high-event
ate environments, unless the efficiency of the detector is well known
ia strict calibration testing and source monitoring. The proportional
esponse of CLYC provides a typical gamma-ray energy resolution of 4%
ull-width-at-half-maximum (FWHM) at 662 keV; this is a better energy
esolution compared to NaI, 7%–9% FWHM, despite the emission of
ewer photons. The neutron absorption cross section of the 6Li in CLYC
s more than 2 times that of 3He (at 10 atmospheres), as compared
n a volume basis, making it an excellent option for neutron detection
12,13].

.2. Outdoor instrument test site

SINGR’s capabilities have been tested at the NASA GSFC GGAO out-
oor gamma-ray and neutron instrumentation testing facility, located
few miles northwest of the Goddard main campus. The test facility

ouses two large (1.8- x 1.8- x 0.9 m) rock monuments, one made of
oncord Granite and the other made of Columbia River Basalt (here-
fter referred to simply as granite and basalt, respectively). The PNG
nd SINGR instruments were operated from a distance via underground
ower and communications access. The granite monument has ≈0.087
t% H compared to ≈0.05 wt% H in basalt; the macroscopic thermal
eutron absorption cross sections (𝛴𝑎) of the two monuments are 𝛴𝑎 =
.01785 cm−1 (0.00664 cm2/g) for basalt and 𝛴𝑎 = 0.01138 cm−1

0.00433 cm2/g) for granite, both of which were calculated from
n independent elemental assay of the basalt and granite materials
more detailed information, including composition information about
he test site, can be found in papers by Bodnarick et al. [5,32]). Active
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Fig. 2. Geometry diagram for experiments performed using SINGR at GSFC. The
aluminum scaffolding (1’’ extruded light gray boxes) sits on top of the monument
material (182.88- x 182.88- x 91.44 cm dark gray box). The SINGR detector (gold
object in blue box) is nested inside an aluminum box which is then mounted to the
scaffolding via an extruded aluminum arm. The PNG (green) is mounted opposite the
SINGR detector to the other side of the scaffolding. The SINGR detector is concentrically
distanced from the PNG by 100 cm and its front detection face is level with the
PNG source plane at 80 cm from the top of the monument. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

measurements with SINGR were performed on both the basalt and
granite monuments to demonstrate differences in neutron responses
from different target compositions.

The SINGR instrument, electronics, and PNG were mounted onto a
1’’ x 1’’ profile extruded aluminum scaffolding that can be moved to
sit on top of either the basalt or granite monument. The scaffolding
allows for SINGR and the PNG to be adjusted to various heights and
relative horizontal distances above the monument. Experiments were
performed using the scaffolding, PNG, and detector geometries shown
in Fig. 2.

Six different 24’’ wide x 24’’ long x 2’’ thick high-density polyethy-
lene (HDPE) tile configurations were used (Fig. 3) to simulate an

increase in wt% H abundance; this included one buried HDPE tile

4

configuration to demonstrate H distribution with depth. Active mea-
surements of both the ‘‘Bare’’ and ‘‘HDPE top layer’’ configurations were
taken for both basalt and granite monuments; active measurements
of all remaining configurations were only performed on the basalt
monument. The buried HDPE tile configuration was tested only within
the basalt monument at a depth of 6 inches (15.2 cm). The HDPE tiles
contain approximately 14 wt% H and 85 wt% C [33]; when added to
a monument, they increase the total wt % H in the topmost layer of
the monument. Table 2 shows the approximate calculation for wt % H
and WEH in the basalt monument with the HDPE tile configurations.
It is important to note that when significantly high amounts of H are
present in the top ≈ 15 cm, the neutron sensing depth (neutron number
density as a function of depth) will not extend far past the high-H
material according to [34], such that the sensing depth of SINGR does
not extend to the base of the monument. Note also that SINGR and the
PNG are positioned on opposite ends of the monument (Fig. 2) such
that SINGR’s field of view (FOV) may not encompass the monument’s
entire top surface.

2.3. Computer modeling of test site

The monument test site is modeled using MCNP 6.1 [35] (Fig. 4)
on the Arizona State University Agave research computing cluster.
The simulation includes the monument (interchangeable as basalt or
granite), a simple representation of the aluminum scaffolding on top
of the monument, the surrounding atmosphere, an approximation of
the ground surrounding the monument, and the SINGR instrument
suite. The PNG is fully modeled to include the outer housing and inner
materials. The DT reaction within the PNG is modeled as a point source
at the approximate location of the source plane within the PNG. The
SINGR detector is modeled as a bare 2’’ tall x 2’’ diameter cylinder made
of CLYC material (not including the surrounding aluminum housing or
surrounding mounting box), which uses a 6Li-neutron reaction neutron
tally. HDPE tiles and basalt or granite block layers can be added into
the monument as needed depending on the desired simulation. All
base material cards used in our simulations are based on information
provided in Bodnarick et al. 2013 [32]; the weight fraction of H within
the base materials (e.g. basalt, granite) is varied and then manually
re-normalized using the same methods as Gabriel et al. 2018 [3].
MCNP 6.1 simulations are run using 3 × 1010 NPS (number of particle
histories), which is sufficient for producing accurate tally statistics in
our configuration [36].

3. Data processing

Measurements taken at the GSFC GGAO basalt and granite monu-
ments resulted in the collection of temporal neutron and gamma-ray
data using SINGR. The data sets require significant reduction post

factum to separate the neutron signal from the gamma-ray signal using
Fig. 3. The six different top layer high-density polyethylene (HDPE) tile configurations used for the basalt and granite monuments and the buried configuration used in the basalt
monument. The small, white squares represent HDPE whereas the large, gray squares represent the underlying monument material. The full tile layer of HDPE in the buried
configuration can be buried under layers of basalt plates to achieve a variety of burial depths.
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Table 2
Calculated H abundances for the HDPE configurations on top of the basalt monument (density of 2.69 g/cc) based on volume, elemental abundance, and density of materials.
WEH values are noted in parentheses. The H contribution from HDPE (density of 9.4 g/cc) is calculated using 14 wt% H and 85 wt% C.

Monument configuration Wt%H (WEH) Bare Wt%H (WEH) Single tile Wt%H (WEH) Three tiles Wt%H (WEH) Five tiles Wt%H (WEH) Full tiles

Whole monument 0.050 (0.447) 0.053 (0.475) 0.059 (0.530) 0.065 (0.586) 0.077 (0.697)
Top 15 cm 0.050 (0.447) 0.236 (2.120) 0.593 (5.338) 0.933 (8.398) 1.565 (14.086)
Fig. 4. MCNP 6.1 simulation geometry of the experimental test site with rotated view
inset to show buried polyethylene and instrument package; most materials are color
coded (pink = air, cyan = basalt or granite monument, blue = aluminum alloy, orange
= polyethylene), with gray which represents the soil material as well as the PNG and
CLYC instrument package. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

pulse shape discrimination. Python 2.7 with various SciPy packages
was used to discriminate (PSD), interpret, and visualize all data sets
[37–40]. Note that on board data processing can be done for flight
electronics, as seen on the CLYC-based spectrometer for the NASA
LunaH-Map mission [17].

3.1. Pulse-shape discrimination

SINGR uses PSD to identify neutrons and gamma rays based on
differences in the shape of the scintillator light pulse. The waveform
of the output pulse from the detector is segmented into short (𝐼𝑠), long
𝐼𝐿, total in 6 μs), and baseline integrals. 𝐼𝑠 and 𝐼𝐿 are average baseline

integral (𝐵𝑎𝑣𝑔) adjusted (the integral divided by the number of samples
in the baseline integral) post factum, and then used to determine a pulse
shape discrimination ratio. Eq. (1) describes the calculation of the PSD
value used to analyze the SINGR data sets:

𝑃𝑆𝐷 =
𝐼𝑠 − 73 ∗ 𝐵𝑎𝑣𝑔

(𝐼𝐿 − 169 ∗ 𝐵𝑎𝑣𝑔) − (𝐼𝑠 − 73 ∗ 𝐵𝑎𝑣𝑔)
. (1)

ote that the values 73 and 169 are the number of samples at 4 ns
er sample for the short and long integrals, respectively. Our data
ets typically have a neutron PSD ratio ranging from 1.13 to 1.15,
hereas gamma rays tend to have a PSD ratio ranging from 1.15 to
.19. These values appear slightly distorted in Fig. 5 due to high event
ates occurring from a disproportionate amount of fast neutron events
uring the pulse. The fast neutron efficiency in CLYC (occurring from
eutron reactions with Cl) is on the order of 1%–2%, these neutrons
pan in energy from 0–10 MeVee (electron-equivalent energy), which
ncompasses the thermal neutron peak [41]. The thermal neutron and
5

Fig. 5. Pulse shape discrimination (PSD) plots for the SINGR 2-inch CLYC detector
using all data from the detector, including during-pulse events, for a typical two-hour
measurement on basalt. (A) Counts versus full energy gamma-ray equivalent energy
(GEE) of SINGR data for neutrons (red) and gamma rays (green), with horizontal
purple line distinguishing total counts above 1000 (greater than 95% confidence in
detecting a peak [43]); (B) PSD ratio versus gamma-equivalent energy color mapped
for total number of counts on a log scale, the outlines show the approximate locations
for neutrons (dotted red, lower outline) and gamma rays (dotted green, upper outline)
based on a 1000 count threshold; (C) PSD ratio versus count data including two
Gaussian fits to neutrons (red, lower) and gamma rays (green, upper). Data shown
are from an experiment with the basalt monument at GSFC using a 200 μs pulse PNG.
Note that much of the counts outside the red outline for the neutron fit are likely
due to fast neutrons [26]. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

gamma-ray PSD distributions for CLYC are distinguished from one an-
other based on a figure of merit value [42]. More detailed explanations
of interactions in CLYC can be found in [12,13,17,29].

Two Gaussian functions are mapped to the PSD data sets within
specified constraints (total PSD ranging 0.5 to 1.5, gamma PSD >
1.15, and 1.11 < neutron PSD < 1.16) using the Python scipy.optimize
package [38]; an example of our PSD fit to data is shown in Fig. 5C,
along with energy information in Fig. 5A. The data are sorted based
on the two PSD sets of Gaussian fit parameters to create two new sub-
data sets for neutron flux and gamma-ray flux. A combination of the
energy, PSD, and total count data is shown in Fig. 5B. All sub-data sets
have their original event-by-event data information preserved, such as a
timestamp, full integral (related to particle energy), long integral, short
integral, TTL signal (PNG pulse status), and event number. We do not
constrain on full integral (energy) events when computing the PSD; as
such, fast neutron events are present in our results.

3.2. Neutron data processing

SINGR neutron flux data are divided into 64 lognormal time bins,
adhering to the same methods used by the DAN science team to help
provide a direct comparison of our instrument package to a known
planetary experiment [10,11]. In a single two-hour data set, there can
be up to 107 total events in the detector. Using the TTL signal from
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the PNG, each 0–2400 μs PNG period (pulse on and pulse off duration)
can be co-added based on the TTL signal (i.e. 6V ignition) to produce
a smooth neutron response profile, i.e., a neutron die-away curve.

Count rates shown in the results section of this paper are normal-
zed to the sum of the output pulse of the PNG (termed pulse region
ormalized); this is done to account for any variability in total time
etween measurements. Uncertainty in observed count rate (𝜎𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑)
s propagated for each time bin and is determined based on Poisson
tatistics (

√

𝑁𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 = 𝜎𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑), assuming the accumulated counts
𝑁𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑) are Poisson random variates [19].

In this paper, we compare both pulse-region normalized and thermal
region normalized neutron die-away curves to examine die-away profile
shape changes, which can indicate a difference in bulk neutron cross
section. The thermal region normalized method of constructing neutron
die-away curves is actively used by members of the MSL DAN science
team [2,3]. The pulse-region normalized methods are similar to that
of Mitrofanov et al. 2014 and Sanin et al. 2015 [44,45]; however in
our case, we do not include correction factors to account for the rover
body. To pulse region normalize a 200 μ𝑠 pulse, we normalize over the
eading end of the pulse region from 0 to 76 μ𝑠, which corresponds to

time bins from 0 to 10.
Comparisons between experimental and MCNP simulated neutron

die-away curves are done using the same methods outlined in the sup-
plement of Gabriel et al. 2018 [3]. However, here, we perform a simple
reduced chi-squared (𝜒2/m) analysis using the following equation:

𝜒2

𝑚
=

√

√

√

√

√

𝐵𝑖𝑛𝑓
∑

𝐵𝑖𝑛0

𝑁2
𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 −𝑁2

𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑

𝜎2𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 + 𝜎2𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑
, (2)

here 𝑚 is the total number of time bins, 𝑁𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 is the observed
umber of normalized counts in a single time bin with normalized
ncertainty 𝜎𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 , 𝑁𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 is the MCNP/simulated output number
f normalized counts in the same time bin with normalized uncertainty
𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 (based on MCNP relative error), and 𝐵𝑖𝑛0 and 𝐵𝑖𝑛𝑓 are the
tarting time and ending time bins to be compared. Relative errors
cross our simulations are < 0.02%.

Based on simple neutron time-of-flight calculations, we determined
hat end-point inclusive time bins 22 through 44 (240–1180 μs) best
epresent the bins in which the majority of thermal neutrons are
eturning to the detector from within the monument (𝐵𝑖𝑛0 and 𝐵𝑖𝑛𝑓 ,
espectively); these are the bins used for thermal region normalization.
dditional thermals arriving to the detector from 200–240 μs are likely
ack scattered inside the mechanical structures close to the detectors
nd/or the neutron generator. Thermal neutrons arriving after 1180 μs
re still returning from deep within the target monument but are
tatistically insignificant compared to additional counts that may be re-
urning from the nearby ground around the monument, objects outside
f the monument (piles of basalt bricks, instrument cases, etc. often
laced at random), or due to natural background. In our experimental
nalyses, we did not include background subtraction; in our simulations
e did not include small objects placed outside the monument.

. Neutron die-away results

Neutron die-away curves were constructed from SINGR experimen-
al data for all configurations from Fig. 3 using the basalt monument
nd for the bare and full tile HDPE configurations using the granite
onument. All data shown in the results section are pulse region
ormalized. The integrated thermal neutron albedos (total raw counts
rom 200–2250 μs) for all experiments are shown in Table 3.

.1. Polyethylene top layer configurations

Neutron die-away experiments were performed on the basalt mon-
ment for the bare configuration, as well as top layer HDPE configu-

ations listed from Fig. 3; the results of these experiments are shown

6

Fig. 6. Polyethylene configuration experimental neutron die-away results. As more
HDPE tiles are added, the total wt% H in the FOV of the SINGR instrument suite
increases. The total neutron count rate in the thermal neutron region (time bins 200–
2250 μs) changes for each configuration, increasing in magnitude as H increases. The
reen dotted line represents the end of the PNG pulse (≈ 200 μs). The maximum number

of thermal neutrons returning to the detector occurs at ≈ 470 μs for the full HDPE tile
configuration. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

in Fig. 6. As the number of HDPE tiles increases, the total neutron
count rate in time bins from 200–2250 μs (thermal neutron return
egion) increases in magnitude; this corresponds to the increase in H
bundance.

.2. Buried polyethylene

Fig. 7 shows the neutron die-away curves for a layer of HDPE tiles
2’’ thick) buried under 6’’ of basalt, versus the bare basalt, and the full
DPE tile basalt monument configurations. The basalt in the monument

s ≈0.05 wt% H based on the elemental assay reported by Bodnarick
013 et al. [5]. The maximum count rate of neutrons in the thermal
egion of the die-away curve for the full HDPE tile configuration occurs
t ≈ 470 μs. The buried HDPE neutron die-away curve has both a lower

overall count rate in the thermal neutron region, and the maximum
neutron count rate for returning neutrons occurs in later time bins
(≈ 620 μs) compared to the unburied HDPE. Neutrons have a longer
distance to travel within the 6’’ of basalt, which increases the return
time to the detector. The buried HDPE die-away curve is also higher in
neutron count rate magnitude for the thermal region compared to the
bare monument due to the buried H-rich HDPE tile layer.

4.3. Basalt vs. Granite monument

Experiments of bare and full HDPE top tile were performed on both
the basalt and granite monuments. The results of these experiments can
be seen in Fig. 8. The die-away curve for the full HDPE top tile con-
figurations (high-H) are indistinguishable between basalt and granite,
whereas the shape of the die-away curve is different between the bare
monuments (low-H). The total macroscopic thermal neutron absorption
cross sections for basalt and granite have a percent difference of around
44%.

4.4. Pulse stability

The pulse variability of the PNG used in these studies (refurbished
and calibrated in Fall 2018) was estimated using SINGR to measure
the total neutron counts during the pulse. Two bare monument con-
figuration data sets from two different dates (7/16/19, 7/24/19 with

aluminum scaffolding raised by 6’’) were investigated, as well as a
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Table 3
GGAO active test configurations, total number of returning neutrons (200–2250 μs) per total pulse registered in SINGR using
a DT (14.1 MeV neutrons) PNG with a 200 μs pulse width (107 nps).

Target Bare HDPE single tile HDPE three tiles HDPE five tiles HDPE full tiles

Basalt 1.14 ± 0.02 1.86 ± 0.05 2.67 ± 0.05 3.46 ± 0.06 5.79 ± 0.08
Granite 0.60 ± 0.01 N/A N/A N/A 4.98 ± 0.02
Fig. 7. Basalt monument neutron die-away curves comparing full HDPE top tiles,
buried full HDPE tiles, and bare configurations. Comparison of the peaks (max count
rate) of the neutron die-away curves in the thermal region (200–2250 μs) show a clear
count suppression and time shift from the earlier time bins (full HDPE top, dark blue
line, peak ≈ 470 μs) to the later time bins (buried full HDPE, purple dotted line, peak
≈ 620 μs) due to the buried H-rich material.

Fig. 8. Basalt and granite monument neutron die-away curves comparing full HDPE tile
nd bare configurations. Initial comparison of the magnitude of the neutron die-away
urves show that the granite peaks are slightly suppressed for both configurations.
asalt and granite monuments with the full HDPE tile configurations show minor
ossible differences in shape.

ore recent measurement (9/1/21) with a CeBr detector, along with
DPE and a ≈5 lbs bag of table salt (NaI). For each measurement,

wo hours of data was taken using SINGR, the data was then post-
rocessed into neutron counts using PSD, then divided into 15 min
hunks. These chunks were then divided into the 64 log-normal time
ins, then the total number of counts from 0–200 μs (during the pulse)
ere integrated, Fig. 9(A) shows the results of this study. A five-hour
ata set was taken with a CeBr detector, which recorded gamma-ray
ata as a function of time; the total counts in the 2224 keV H peak was
onitored in 30 min chunks, Fig. 9(B). This specific gamma-ray energy
as chosen because it is the most prominent and is well isolated from
ther peaks. We used this information as a proxy for the stability over
7

Fig. 9. Investigation of PNG pulse stability using (A) SINGR (2’’ CLYC) neutrons and (B)
CeBr gamma rays. SINGR data (A) was taken on two different dates (2 hr measurements
each) on top of the bare basalt monument, note that the 7/24/19 data was measured
from an additional 6’’ vertical distance compared to the 7/16/19 data. The total neutron
counts were divided into 15 min intervals during the neutron pulse period (0–200 μs).
The variations between individual measurements/15 min in each data set for (A) are
within 3%. The CeBr data (B) was taken at a much later date (9/1/21) and was also
taken on top of the bare basalt monument (5 h total measurement) along with HDPE
and a ≈5 lbs bag of table salt (NaI). The total gamma-ray data was divided into 30 min
intervals, tracking the 2224 keV H peak. The measurement variation in (B) is within
3%. See Section 4.4 for further details.

time of our PNG. The measurement variations in Fig. 9 (A) and (B)
are within 3%. The downward trend in Fig. 9(B) may be due to the
diffusion of deuterons or tritons out of the target as the temperature
increases, but nevertheless the output is quite stable.

5. Comparison to simulation studies

Experimental results were compared to simulated results using both
thermal (Fig. 10A–C, Fig. 11, Fig. 13, Fig. 14) and pulse-region normal-
ization (Fig. 10D - F); they are presented with a focus on the thermal
neutron region of the die-away curve (200–2250 μs).

Our experimental results confirm that the magnitude (Fig. 10A)
and shape (Fig. 10D) of the neutron die-away curve changes for low
amounts of H (0 to 0.25 wt% H in top 10 cm layer with single HDPE
tile) for the bare and single HDPE tile configurations on the basalt
monument. MCNP 6.1 is used to simulate the HDPE configurations
(Fig. 10B & Fig. 10E) as well as the bare configuration with variable
wt% H throughout the monument (no HDPE tiles, Fig. 10C & Fig. 10F).
Our simulations confirm that both shape and magnitude of the thermal
region of the neutron die-away curve change for low amounts of H
(<0.25 wt% H in top 15 cm layer with single HDPE tile). However,
for higher amounts of H (>0.5 wt% H in top 15 cm layer basalt
with HDPE tiles on top), the thermal region normalized curves are no
longer distinguishable between experimental measurements with three
or more HDPE tiles (Fig. 10D) or simulated measurements (Fig. 10E &
Fig. 10F). Our goodness-of-fit testing included over fitting, potentially
due to over-parameterizing the model space (e.g. we did not need
to run models of increase in wt% H for the full HDPE tile on top
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Fig. 10. Neutron die-away curves showing experimental results and simulated results side by side, focused on the neutron die-away region (200–2250 μs). (A & D) The basalt
onument experiment using the HDPE configurations described in Fig. 3. (B & E) MCNP 6.1 simulations of the HDPE configurations on the basalt monument with 0.25 wt% H

throughout the basalt. (C & F) MCNP 6.1 simulations of the bare (no HDPE tiles modeled) monument with change in H from 0–50 wt % throughout the basalt. Note that curves
(A)–(C) are normalized to the PNG output pulse region (0–200 μs), and curves (D)–(F) are normalized to the thermal neutron return region (330 - 900 μs). The magnitude of the
die-away curve in the thermal region is expected to increase as wt% H increases (gray arrows), as shown in the pulse normalized plots (A–C). The shape of the die-away curve is
expected to change from 0–2.5 wt% H, shifting slightly from right to left time bins. The change in shape is shown in plots D & E between bare and single HDPE tile curves; the
change in shape for plot F is seen in light blue curves from 0–2.5 wt % H.
5

2
r

Table 4
Best fit (𝜒2-values, 𝜒2/m-values) statistics between experiment for full tile HDPE on
top of the basalt monument and the associated MCNP model with variable wt% H in
the basalt monument. Bins are endpoint inclusive normalized from bin 22/63 to bin
44/63, with a total number of degrees of freedom of 23.
wt% H 𝜒2 𝜒2/m Average %MCNP error

0.0 20.43 0.97 0.017
0.5 22.35 1.06 0.018
1.0 23.08 1.10 0.018
2.0 25.38 1.21 0.018
3.0 27.33 1.30 0.019
4.0 27.75 1.32 0.019
5.0 27.71 1.32 0.019
6.0 28.34 1.35 0.019

configuration due to neutron sensing depth limits involving high-H
content in upper layers). Over fitting occurs when the experiment and
models are within the uncertainties of one another and the reduced chi-
squared value is then interpreted as ‘‘fitting to the noise.’’ Alternative
statistical methods for avoiding over-fitting with die-away data are
discussed in the supplementary materials of Gabriel et al. 2018 [3].

5.1. HDPE top layer configurations

Fig. 11 shows the experimental neutron die-away curve from the full
HDPE tiles on top of basalt compared to simulations using MCNP of the
exact same configuration (full HDPE tiles on top). We found that the
wt% H throughout the monument is indeterminable due to all 𝜒2/m-
alues < 1.5; these results are consistent with Feldman et al. 2000 [34]
n regard to neutron sensing depth, such that SINGR’s sensing depth
oes not extend far past the top high-H layer. However, this does show
hat we can constrain our experimental data using simulations with a
igh-H top layer. An example of goodness-of-fit results of our MCNP
tudy are shown in Table 4, with 𝜒2/m values visualized in Fig. 12 to

ind optimal fits for wt% H and burial depth of the HDPE layer.

8

Fig. 11. Simulations compared to experiment for the full-tile HDPE top configuration
on basalt. Experimental die-away curve results (deep blue, thick line) compared to
MCNP output die-away curves for full tile HDPE top configuration on the basalt
monument with varying amounts of H within the monument. The model output line
colors reflect the 𝜒2/m-values when compared to the contour plot of Fig. 12; in this
case all 𝜒2/m-values < 1.5. The MCNP models include the top layer of full HDPE tiles,
wt% H is varied within the underlying basalt. The neutron counts in the time bins
from 200–300 μs represent neutrons that may not be coming from the target surface
but may be the result of interactions with nearby materials or instrument housings.
Uncertainties in counts for simulation results are smaller than the plot line widths
(<5% error, < 0.02% in thermal normalized region).

.2. Buried HDPE configuration

We generated MCNP files for parametric studies of burial depth (0–
4’’ by 2’’ increments), total wt% H (0–5 wt%) in the basalt, and thermal
egion normalized neutron count rate via die-away curves. Figs. 13
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Fig. 12. Reduced-𝜒2 (𝜒2/m) contour plot comparison of the full tile HDPE top
xperiment on basalt and associated MCNP simulations with change in wt% H and
urial depth of HDPE. All curves were thermal region normalized. Cooler colors
epresent lower 𝜒2/m-values, implying better model-to-measurement fits; values of
2/m less than 1.5 are considered good fits between model and experiment. The white

egion represents an over-fitting (Section 5) where models and experiment are within
he uncertainties of each other (i.e. 𝜒2/m test is ‘‘fitting to the noise’’). As seen in
ig. 10(B), if the amount of H is very large, the shape of the thermal normalized neutron
ie-away curve becomes indistinguishable between measurements. This plot indicates
hat there is either 1) a high-H deposit on top of the monument (the experimental
atch, all 𝜒2/m-values are close to 1.0 for 2’’ thick HDPE 0’’ burial depth) and that

here may be greater than 0 wt% H throughout the monument or 2) that there is
reater than 2 wt% H throughout the monument regardless of 2’’ thick HDPE burial
epth. This plot also indicates that a buried deposit of H under a dry (<2 wt% H)
ayer of basalt is unlikely (𝜒2/m > 2.5) within neutron sensing depth limits (≈0.5 m
n basalt, energy-dependent). (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of this article.)

nd 14 show examples of these MCNP neutron die-away outputs for
DPE buried within the basalt monument. Fig. 13 shows varying 2’’

hick HDPE layer burial depths (0–10’’ depths shown) with 1 wt% H
hroughout all layers of basalt. Fig. 14 shows varying wt% H (0–5 wt%)
hroughout all layers of basalt with 2’’ thick HDPE buried at a depth
f 6’’. Fig. 15 shows a contour plot from our MCNP parametric study
f the 2’’ thick HDPE layer buried for distances 0–10’’, versus the wt%
distributed throughout the basalt monument, versus the 𝜒2/m-value

between MCNP simulation and experiment, both of which were thermal
region normalized. The models suggest that the wt% H content of this
experiment is between 0.0–2 wt% H, with a 2’’ HDPE depth range of
–10’’. These simulation results place accurate constraints on the actual
xperimental configuration (6’’ burial depth with ≈ 0.05 wt% H) and

verify that the neutron die-away method can be used to constrain wt%
H and depth for low-H environments (<0.5 wt% H).

Fig. 16C shows the result of the homogeneous model comparison of
the buried HDPE configuration compared to basalt monument models
with varying wt% H that do not contain HDPE. Note that Fig. 16C is
plotted on a linear scale in order to emphasize the thermal neutron peak
location. As noted in Section 5, the goodness-of-fit (𝜒2/m) can suffer
from over-fitting, though it may also suffer from sample-size issues,
meaning that a larger sample size can cause trivial relationships to
appear statistically significant; though outside the scope of this paper,
methods discussed in the supplementary materials of Gabriel et al. 2018
[3] provide more rigorous methods of analysis to avoid these issues. It
is clear in Fig. 16C that there is a time bin shift to the right (forward
in time) due to burying the HDPE tiles, though a 𝜒2/m-value of <1.1
corresponds to a homogeneous model (1 wt% H).
9

Fig. 13. Experimental die-away curve results (deep blue, thick line) for HDPE buried
under 6’’ of basalt compared to MCNP output die-away curves for 2’’ thick HDPE under
different burial depths of basalt. The model output line colors reflect the 𝜒2/m-values
when compared to the contour plot of Fig. 15. All of the basalt contains 1 wt% H
distributed throughout the bottom and top layers of the monument for this set of
models. Values of 𝜒2/m less than 1.5 are considered good fits between model and
experiment; for this set of models with 1 wt% throughout the basalt, a 2’’ HDPE layer
is constrained to a depth of 6–10’’.

Fig. 14. Experimental die-away curve results (deep blue, thick line) for HDPE buried
under 6’’ of basalt compared to MCNP output die-away curves. The model output line
colors reflect the 𝜒2/m-values when compared to the contour plot of Fig. 15. The MCNP
models consist of the buried 2’’ thick HDPE full-tile layer under 6’’ of basalt, with wt%
H varied throughout the basalt both above and below the HDPE layer. For this set of
models with a 2’’ HDPE layer modeled at a depth of 6’’, the wt% H in the basalt is
constrained to 0.0–1.0 wt%.

5.3. Bare monument configuration

We compare the bare, full tile HDPE on top, and buried HDPE
basalt monument configurations to MCNP simulations of only the bare
basalt monument with varying wt % H, as shown in Fig. 16. The 𝜒2/m-
values between MCNP simulations and experiment for the bare basalt
monument (Fig. 16 A) are most consistent (0.9 < 𝜒2/m < 1.4) with
models that have 0.6–1.3 wt% H throughout the basalt; this is not
consistent with the assay of 0.05 wt% H reported by Bodnarick et al.
2013 [5]. The experiment for the full HDPE tiles on top of the basalt
monument (Fig. 16 B) are most consistent (1.5 < 𝜒2/m < 1.8) with
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Fig. 15. Reduced-𝜒2 (𝜒2/m) contour plot of the 6’’ buried HDPE experiment in basalt
ompared to MCNP simulations for change in wt% H versus burial depth of HDPE. The

experiment is located at a 6’’ burial depth with ≈ 0.05wt % H (from elemental assay
performed in Bodnarick et al. 2013 [5]), which is reflected in the over fitted region of
the contour plot (white area, see Section 5 for details). Values of 𝜒2/m less than 1.5
re considered good fits between model and experiment.

odels that have 2.5–10 wt% H throughout the basalt; all of the 𝜒2/m-
alues for this study are greater than 1.0, suggesting that the H is
nlikely to be distributed throughout the monument. The experiment
or the full HDPE tiles buried 6’’ under basalt in the monument (Fig. 16
) are most consistent (0.85 < 𝜒2/m < 1.26) with models that have
.25–2.0 wt% H throughout the basalt. This is consistent with the range
f H values given in Table 2 for the full-tile monument, from 0.08
t% H in the full monument to 1.57 wt% H in the top 15 cm of the
onument.

. Discussion

.1. High-hydrogen environments

From the HDPE configuration tests (Figs. 6 and 10), we observed
hat as the wt% H increases beyond 0.25 wt% (2.25 wt% WEH) in the
op 15 cm (more than a single HDPE tile), the shape of the neutron
ie-away curve becomes indistinguishable between measurements and
nly the magnitude allows for wt% H estimation. This is consistent with
ur MCNP simulation studies (Fig. 10) and similar to simulation studies
y Kerner et al. 2020 [1] for low 𝛴𝑎 compositions. Studies by Feldman
t al. 2000 [34] show maximum peak neutron density at a mixture of
wt% WEH by mass (0.33 wt% H) in a ferroan-anorthosite material

𝛴𝑎 ≈ 0.06 cm−1); this agrees well with our results, given that both the
asalt and granite monuments have low 𝛴𝑎.

The macroscopic thermal neutron cross sections of the basalt and
ranite monuments are similar and are considered low in comparison
o those calculated for other planetary compositions [1]. For measure-
ents with similar low-𝛴𝑎 and high-H (HDPE top tiles configuration)

ompositions, as shown in Fig. 8, the shape of the neutron die-away
urve does not dramatically change. However, as shown in Table 3,
he bare granite and basalt monuments have clearly different count
ates, though both sets of die-away curves are statistically similar when
hermal region normalized (𝜒2/m = 0.99, 𝜒2/m = 0.73 for bare and
ull HDPE tiles, respectively). From our data, we infer that materials
ith more subtle differences (<0.01 cm−1 difference) in absorption

ross section may be indeterminable when buried under high-H ma-
erials. Simulation studies on Mars compositions (𝛴𝑎 > 0.005 cm2/g
r 0.2 cm−1) done by Kerner et al. 2020 [1] and data collected by
SL DAN [2,3] have shown that neutron die-away can be used to
10
characterize higher-H (>2.5 wt% WEH in top 15 cm) abundances when
the local rocks and soils contain materials with higher thermal neutron
macroscopic absorption cross section (i.e. due to elevated Fe and Cl
abundances on Mars). As shown in Fig. 10(C/F), high-H environments
begin to show much more subtle changes in the die-away shape, re-
quiring more reliance on the magnitude of the pulse-region normalized
data.

6.2. Simulations can be used to constrain results

Fig. 10 shows the results of our MCNP simulation studies of neu-
tron die-away on the basalt monument. The change in the shape of
the neutron die-away curves matches well between experiment and
simulations as demonstrated with the HDPE full tile on top and buried
HDPE configurations. We constrained the HDPE top layer to be in the
top 0–2’’ of the monument (for 0–2 wt% H), but were unable to fully
constrain the underlying H wt% content of the basalt due to neutron
sensing depth limitations (Fig. 12). We constrained the buried HDPE
layer to be buried within 4–10’’, with the basalt top layer containing
0–2 wt% H within the constrained burial depth of the HDPE (Fig. 15).

Further discrepancies between simulation and experiment may in-
lude small distance uncertainties, atmospheric moisture changes, and
he layering of bricks of the basalt and granite monuments (in which
ain water can seep and sometimes pool between the brick or buried
DPE layers). This is evident in our experimental comparisons to

imulations, where we see a variation of 0.1–2 wt% H in bare basalt.
Measurements were taken in Maryland, USA, from May–August, when
humidity can range from 50%–90%, although no measurements were
taken during rainfall.

6.3. CLYC benefits and drawbacks

CLYC’s greatest benefit, and therefore SINGR’s greatest benefit, is
that it is capable of detecting both neutrons and gamma rays. Through-
out our experiments, we confirmed that CLYC is efficient at both small
and large volumes for neutron detection; neutron die-away was easily
achievable using 2’’ CLYC. However, for active dual use on planetary
science missions, larger CLYC crystals (>2’’) would provide higher
count rate statistics (decreasing the necessary integration time) and
more efficient high-energy sensitivity to gamma rays. While we were
unable to collect active gamma-ray spectra using 2’’ CLYC with a PNG,
we were able to collect typical passive gamma-ray data with standard
lab sources (60Co, 137Cs). A preliminary measurement with a larger
crystal (3’’) shows that active gamma-ray acquisition is possible with
CLYC [46].

CLYC is not without drawbacks, like many planetary science in-
struments, radiation and thermal damage can degrade the detection
efficiency of CLYC for both gamma rays and neutrons (light dim-
ming); however, this damage degrades resolution for gamma rays only.
Both damage mechanisms can be partially repaired through the use
of room-temperature annealing [31,42,47–49]. Unlike HPGe detectors,
annealing of scintillator crystals–such as CLYC–does not result in active
volume loss and efficiency degradation [50].

Much of the efficiency loss experienced by the SINGR system was
likely due to the high neutron event rate causing pulse pile-up (particles
hitting the crystal at the same time saturate the detector and the signals
become difficult to individually count); this pulse pile-up effect may
also explain the slightly distorted PSD plot shown in Fig. 5. The decay
constants of CLYC are 1–1000 ns (Table 1), which are fairly long in
comparison to other GRNS (𝑁𝑎𝐼(𝑇 𝑙) ≈ 250 ns), which is likely why the
detector would saturate while taking data during the neutron pulse.
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Fig. 16. MCNP bare basalt monument configuration simulations compared side by side to experimental measurements on the basalt monument for (A) the bare configuration,
(B) the full HDPE tiles on top configuration, and (C) the buried full HDPE tiles configuration. The basalt monument is modeled with increasing amounts of wt% H from 0.1–50.0
throughout the basalt, there is no HDPE present in the models, these are homogeneous, single layer models (see Section 5.3). The experimental measurement (observed value) is
shown as a deep blue, thick line, the model output line colors reflect the 𝜒2/m-values using the same color scale as Figs. 12 and 15 . The vertical, gray, dotted lines represent
time bins 22–44, which are used for 𝜒2/m comparison and thermal region normalization. The bare basalt monument models for 0.1–0.5 wt% H agree moderately well (𝜒2/m <
2.0) with the bare experimental measurement in (A); this is within the value of the elemental assay (0.5 wt% H) done by Bodnarick et al. 2013 [32]. In (B) 2.5–10 wt% H model
results have 𝜒2/m-values < 2.0 as compared to the experimental measurement (see Section 6.1). In (C) the y-scale is linear to show the shift in the time bins for the thermal
neutron peak (see Section 5.2); 0.1–1.0 wt% H model results have 𝜒2/m-values < 2.0 as compared to the experimental measurement. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
7. Summary

We generated neutron die-away curves using SINGR and a PNG.
Six different experimental HDPE geometry configurations were used
to simulate an increase in wt% H abundance, along with one buried
HDPE configuration to demonstrate H distribution with depth. Results
show that the measurements can constrain the depth of buried H-rich
material.

We conclude that SINGR can be used to inform near-surface (within
the top 15 cm) H content in a variety of environments. With a PNG,
the integrated thermal neutron albedo can be used to estimate the
H abundance. Additional information about the near-surface neutron
absorbing elements can be gained through analysis of the neutron die-
away curve shape for low-H environments (<0.25 wt% H) between
compositions that have sufficiently different (>0.01 cm−1 difference)
macroscopic thermal neutron absorption cross sections.

Qualitatively, we confirm that the shape of the neutron die-away
curve changes significantly for low amounts of H (0–0.25 wt% H in top
15 cm). However, for high amounts of H (>0.25 wt% H in top 15 cm),
the curves normalized to the thermal neutron count rate are no longer
distinguishable between measurements (Fig. 10 D–F for one or more
HDPE tiles) with the same underlying material. At high-H abundance,
the total magnitude of the thermal neutron die-away curve is the main
indicator of H content. In the absence of information about the neutron
output of the PNG, the shape of the thermal neutron die-away curve
can be used to determine low-H abundance (<0.25 wt% H) and inform
macroscopic thermal neutron cross section information; however, as de-
termined by MSL DAN, normalized curves require additional counting
statistics and longer integration times [3].

Due to the reduced effect on curve shape in high-H environments, it
is important to monitor the neutron output of the PNG for determina-
tion of bulk H content. This would enable more robust reduction of raw
neutron die-away data without requiring thermal region normalization.
Over our two months of measurements, our results did not show
significant changes in the PNG output pulse. However, results from
the DAN instrument on Mars determined that the PNG neutron output
degrades over time due to the degradation of the fill gas and the half-
life of tritium [51]. Our results contribute to the argument for a need
to monitor the PNG output, during the duration of the mission, to
determine the absolute number of neutrons emitted from the PNG dur-
ing measurements, particularly when analyzing non-normalized data
products.

We were unable to generate efficient time-resolved (active) gamma-
ray spectra using a 2’’ CLYC crystal, likely due to the detector’s small
11
volume (2’’ long x 2’’ diameter). SINGR experienced a saturation of
events (likely due to high neutron event rate) during the neutron
generator pulse, which also contributed to the efficiency degradation
for gamma-ray measurements. Larger CLYC crystals for active gamma-
ray measurements, as well as similar elpasolite scintillators (e.g., CLLBC
(𝐶𝑠2𝐿𝑖𝐿𝑎(𝐵𝑟, 𝐶𝑙)6 ∶ 𝐶𝑒) and TLYC (𝑇 𝑙2𝐿𝑖𝑌 𝐶𝑙6 ∶ 𝐶𝑒)), which exist with
shorter light decay times, may be required to reduce the significance of
pulse pileup in SINGR active gamma-ray data. TLYC also has a higher
density than CLYC, making it more likely to be an efficient gamma-ray
spectrometer (though its resolution is worse compared to CLYC) [52].
Still, we conclude that SINGR (2’’ CLYC) has the potential to be used
successfully for active neutron measurements on planetary bodies, with
the addition of passive gamma-ray and neutron measurements [13].
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