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A B S T R A C T

We explore the use of microstructured semiconductor neutron detectors (MSNDs) to map the ratio between
thermal neutrons and higher energy neutrons. The system consists of alternating layers of modular neutron
detectors (MNDs), each comprising arrays of twenty-four MSNDs, and high-density polyethylene moderators
(HDPE) with gadolinium shielding to filter between thermal neutrons and higher energy neutrons. We
experimentally measured the performance of three different configurations and demonstrated that the sensor
system prototypes detect and differentiate thermal and epithermal neutrons. We discuss future planetary
exploration applications of this compact, semiconductor-based low-energy neutron detection system.

1. Introduction

The search for water has long been an important part of the explo-
ration of planets and airless bodies. The distribution of near subsurface
water records the origin and evolution of small planetary bodies and
provides an in situ resource for human exploration [1–3]. Neutron spec-
troscopy has proven successful in mapping water on various planetary
bodies, having flown on several missions, including Mars Odyssey [4],
Lunar Prospector [5], the Lunar Reconnaissance Orbiter [6], MESSEN-
GER [7], and Dawn [8], delivering unprecedented information about
the presence of water on Mars, the Moon, Mercury, and asteroids,
respectively. Future deep space applications, including future missions
with humans, require neutron detection instruments with less mass
and power than previous instruments. To meet these demands, we
have developed a semiconductor-based low-energy neutron detection
system capable of differentiating thermal and epithermal neutrons. The
system uses multiple microstructured semiconductor neutron detectors
(MSNDs) arranged into a planar-type detector array [9,10]. We exper-
imentally measured the performance of three different configurations
of the low-energy neutron detection system for spaceflight application,
which resulted in a functioning sensor system prototype that is able to
detect and differentiate thermal and epithermal neutrons.

Planets and airless bodies are constantly bombarded by galactic cos-
mic rays (GCRs). When the planetary atmosphere is sufficiently thin or
no atmosphere exists, GCRs of sufficient energy penetrate the planetary
surface. The collision of incoming cosmic rays with planetary materials
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in the near surface of the planet produces many neutrons with energy
greater than 10 MeV, among other particles. These spallation neutrons
collide with subsurface planetary materials before being captured or
escaping from the subsurface into space. The escaping neutron flux can
be detected by neutron detectors at the surface of the planetary body or
from orbit around the planetary body. Neutrons readily interact with
hydrogen due to its large scattering cross section, thus moderating any
existing flux of neutrons from the fast neutron energy range (>0.5 MeV)
to the lower energy epithermal (0.2 eV–500 keV) and thermal ranges
(≤0.2 eV) [11,12]. The presence of water in the surface can moderate
the fluxes of these epithermal and fast neutrons since they lose energy
by elastic scattering. Therefore, surface and subsurface water can be
mapped by measuring energy-dependent neutron fluxes generated by
GCR fluxes [12,13].

On average, when a neutron collides with a hydrogen nucleus, half
the energy of the neutron is transferred during the collision, thereby
moderating the epithermal and fast neutron fluxes. Water contains
two hydrogen atoms per molecule; therefore, higher water content
reduces epithermal and fast fluxes while increasing the thermal flux
[14]. The presence of oxygen, which is often found in most planetary
regoliths, can shield deeper layers of hydrogen from detection via the
fast neutron flux. Therefore, measuring the epithermal and fast neutron
fluxes separately can also provide information about the burial depth
of water. All of these energy loss processes are dependent on the depth
distribution and content of water in the ground, so that the concurrent
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measurement of all three neutron energy ranges provides a unique
detection method for the presence, depth, and abundance of water [14].

We are interested in a low-mass, compact neutron detection system
that can map the presence of subsurface water on an airless body, either
from orbit or in situ. Such an instrument can play a significant role in
the exploration of airless planetary bodies like the Moon and asteroids
(e.g., [12,14,15]). To achieve a low mass and compact configuration,
we developed a detection system that strictly maps the existence of
subsurface water using the ratio of epithermal (and higher energy)
neutrons to thermal neutrons. This method has been used by previous
missions, such as the Lunar Prospector mission [13]. Using newer,
high-efficiency, semiconductor-based neutron detectors, we have devel-
oped a more compact neutron detection system for future mapping of
subsurface water on planetary bodies.

2. Neutron detection methods

A typical method for detecting neutrons uses gas-filled proportional
counters, which are usually a tube filled with 3He gas [16]. Neutrons
reacting with the fill gas yield the 3He(n, p)3H reaction, which in
turn ionizes the gas. Charges are drifted to the detector electrodes and
read-out as voltage pulses, and recorded in a pulse-height spectrum
to yield neutron counts. 3He counters have a very high efficiency
to detect thermal neutrons (commonly 70% efficiency) and show a
good discrimination of gamma-ray signals. The major drawback for
this technology is the price and rarity of 3He. Furthermore, commonly
used 3He proportional counters require high-voltage operations and
are comparably large in volume and mass. Alternatively, BF3-filled gas
tubes have been used. BF3 is more economical than 3He, but has a lower
detection efficiency (about half as efficient). Also, BF3 is highly toxic,
making it difficult and expensive to use and generally BF3 counters have
the same mass and bulk of 3He counters.

Some neutron detection systems use plastic or liquid scintillators. A
scintillator is a material that fluoresces when struck by an energetic
charged particle, neutron, or gamma ray. Neutrons interact with the
nuclei of the scintillator material by elastic scattering, creating ‘recoil
protons’. These recoil protons further interact with the scintillator
material and produce light pulses, which can be read out by a photo-
detector. The dependence of the amplitude of the recoil pulse on the
incident neutron energy is well known, enabling the determination of
the energy of sufficiently energetic neutrons. However, spectroscopy is
complicated by multiple nonlinear effects, especially in the presence of
a broad spectrum of neutron energies. They have very good detection
efficiency, but high gamma-ray sensitivity, so that the differentiation
between neutrons and background cannot necessarily be determined by
the pulse height information alone, unless the scintillator also contains
10B or 6Li and the capture-gated method is employed, or a method of
pulse shape discrimination is used, either of which adds considerable
complexity to the instrument. Organic scintillators are insensitive to
thermal neutrons, mainly because the scintillation mechanism relies on
excitation by energetic recoil protons.

Elpasolite crystals are capable of detecting both gamma and neutron
radiation, including Cs2LiYCl6:Ce (CLYC), which is able to identify and
measure the energy of gamma rays and neutrons using pulse shape
discrimination (PSD) [17,18]. Furthermore, CLYC scintillators can de-
tect both thermal and fast neutrons. The thermal neutron detection
capability is due to the presence of 6Li and its capture reaction 6Li(n, 𝛼)
t [19]. Fast neutrons are detected by the reactions 35Cl(n, p) 35S and
35Cl(n, 𝛼) 32P, where the proton or alpha particle energy is linearly
related to the energy of the neutron [18]. The linearity of its response
may enable CLYC to be used for fast-neutron spectroscopy with better
resolution than is possible with organic scintillators [18]. As with
the organic scintillators, elpasolite crystal detectors require the use of
photodetectors and high-peed (∼1 GHz) analog-to-digital converters
(ADCs), with the accompanying increase in instrument.

Fig. 1. A schematic representation of the MSND detector, with neutron-conversion
material injected into ‘‘trenches’’ and as a thin film at the surface. The increased volume
of neutron-conversion material due to the trenches increases the detector’s ability to
absorb neutrons and thus the overall efficiency of this neutron detection process. (Figure
is based on figures in [10,21].)

Finally, semiconductor detectors (for example Si-based) coated with a
thin-film of neutron reactive material (e.g., 10B or 6Li) have been stud-
ied [20,21]. A neutron that interacts with the coating material creates
energetic reaction products that can enter the semiconductor diodes
and be read-out as pulse-height spectra. Meanwhile, the semiconductor
detector can be designed to achieve high gamma-ray rejection levels,
insuring a clean detection of neutrons [21]. Although the detection
efficiency for thermal neutrons is typically low compared to gas-filled
proportional counters, the major advantages of such a semiconductor
neutron detector are its low power consumption, its compactness, and
low cost to produce.

3. Semiconductor detectors for planetary exploration

Due to the advantages outlined in the section above, the use of
semiconductor-based neutron detectors for planetary neutron spec-
troscopy is desirable. Previous designs for semiconductor neutron de-
tectors have low efficiency [21,22]. However, recent progress has
been achieved using microstructured semiconductor neutron detectors
(MSNDs) [23]. The detector consists of a Si diode with etched channels
backfilled with nano-sized 6LiF powder (see Fig. 1). The absorption
of a neutron by 6LiF creates a ∼2.73 MeV triton and a ∼2.05 MeV
alpha particle that can be detected with the Si diode. The range of the
alpha particle and the triton in the LiF is approximately 7 μm and
30 μm, respectively. There tends to be loss of the alphas, unless the
neutron capture occurs near the edge of a channel, while the tritons
almost always make it into the Si substrate to deposit energy. Bellinger
et al. [24] discusses how the MSND is optimized to size the trench
width to obtain better neutron absorption while still recovering as
much secondary particle energy as possible. Using this method, the
thermal-neutron detection efficiency for single-sided MSNDs can be
raised to >30%, and over 65% for double-sided MSNDs, thereby making
this a potential detector technology for planetary neutron spectroscopy
[10,25].

Shown in Fig. 2 is a simulated neutron response of an MSND
over the thermal, epithermal, and fast neutron energy ranges. This
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Fig. 2. A simulated MSND energy-dependent neutron response (provided by Radiation
Detection Technologies, Inc).

Fig. 3. Shown is a single Modular Neutron Detector (MND) board populated with a 4
× 6 array of MSNDs. The 24 MSNDs are bonded onto an electronics board that provides
basic readout electronics. The I2C output signal from the MND is propagated to the
counting electronics via a second readout board attached to the bottom. This interface
board provides communications with the rest of the instrument electronics.

response curve is independent of the source of the neutrons and reflects
the performance of the MSND. For the low-energy neutron detection
system, we used modular neutron detector (MND) boards, developed
by Radiation Detection Technologies, Inc. (RDT), each of which holds
24 MSNDs [26]. The MND layout increases the cross-sectional area
available for neutron detection. Fig. 3 shows an MND board with the 4
× 6 array of MSNDs.

We designed and built a prototype low-energy neutron detection
system consisting of multiple MNDs for planetary remote sensing ap-
plications. Our design is similar in technique to portable neutron spec-
trometers for human dose equivalence estimation proposed by Oakes
et al. [27] and Hoshor et al. [28]. Our design differs from the Oakes
et al. [27] and Hoshor et al. [28] designs by drastically reducing the
number of MSND layers and adjusting the moderator thicknesses in
order to maximize the detections used in the ratio calculations.

The MSND detectors detect neutrons across a broad range of ener-
gies (see Fig. 2). To use these detectors to map subsurface hydrogen
and water in planetary bodies, such as asteroids, we have developed
an instrument design that separates the thermal neutron signal from
higher neutron energy signals. The MSND-based instrument can then
map hydrogen and water by measuring the ratio of thermal neutrons to
higher energy neutrons. This neutron detection technique was used in
early space-based neutron detectors, albeit with much larger detection
devices, including scintillators [11,29]. We explored three configura-
tions of this instrument, where we tried to maximize the detection of
thermal and higher energy neutrons. The resulting design is a low-
energy neutron detection system that demonstrates the capability of
differentiating hydrogen abundance in an asteroid or other planetary
environment. This instrument is particularly useful for space missions
with strict mass and power constraints and focused mission objectives,
e.g., water mapping on the moon or asteroids, where it may be used
independent of a gamma ray spectrometer or other complementary
instrument.

4. MSND design

The core neutron sensor technology, the microstructured semicon-
ductor neutron detector (MSND), consists of 6LiF rectangular parallel
piped trenches embedded in an Si diode. The trenches were backfilled
with 95%-enriched 6LiF, and the trenches were 20-μm wide and 300-
μm deep, with an overall density of 0.892 g cm−2. Crystalline density of
6LiF is 2.55 g cm−3, however, the method by which the 6LiF powder is
filled into the microcavities, a packing fraction of approximately 35%
is achieved. The backfilled trenches are repeated every 30 μm, with the
remaining volume filled with Si (see [20] and [9] for details). Neutrons
intersecting the 6LiF trenches have some probability of absorption by
the 6Li nucleus based on the angle of impact and the neutron absorption
cross section for the given energy of the neutron. Upon absorption,
the system undergoes the 6Li(n, t)4He reaction, in which the charged-
particle reaction products are then transported in opposite directions
from each other at some randomly-selected trajectory.

For detector readout, the electronics interface is based on previous
work with the MND technology [26]. When a neutron is absorbed in
the neutron-converting material, the resulting charged-particle reac-
tion products induce excitation within the MSND diode volume, and
electron–hole pairs are produced. These electron–holes pairs drift to
their respective electrodes, thereby producing a current that charges a
capacitor. The potential ‘pulse’ developed on the capacitor is measured
and amplified by the readout electronics of the MND. The amplitude
of the pulse produced is directly proportional to the original amount
of energy deposited into the active diode region of the semiconductor
volume. Pulses are therefore either ‘accepted’ or ‘rejected’ based on
their amplitude, which is often indicative of the origin of the energy
deposition; pulses generated by thermal noise or gamma-ray interac-
tions within the diode are generally much smaller in magnitude that
those from neutron-capture-induced charged-particle reaction product
interactions. A lower-level discriminator (LLD) value is established to
reject pulses generated from gamma-ray and low-level thermal noise
current.

Pulses exceeding the LLD setting are ‘accepted’, at which point the
discriminator electronics circuit produces a digital square-wave pulse
with a magnitude of 5 V, with a pulse width of between 5–50 μs,
depending on the time spent above the threshold value. The digital
pulse is passed to an output driver board which drives the pulse at
5-V and 50-Ω impedance via a subminiature version ‘A’ connector
(SMA) connector. The signal can then be read by any digital-sensing
electronics, such as a counter-timer or digital acquisition board.

3



A. Soto, R.G. Fronk, K. Neal et al. Nuclear Inst. and Methods in Physics Research, A 966 (2020) 163852

Fig. 4. A schematic of configuration #1, in which a Gd sheet is placed between two
MND detectors. The Gd sheet acts as a filter, so that MND 1 measures thermal and
epithermal neutrons while MND 2 measures epithermal neutrons.

Fig. 5. A schematic of configuration #2. This configuration uses two types of HDPE,
undoped HDPE and boron-doped HDPE, to provide backscattering, moderation, and
absorption of the neutrons.

5. Instrument design and fabrication

We developed and tested a number of detector assembly configu-
rations of the low-energy neutron detection system. At a minimum,
we wanted a detector configuration that differentiates the thermal
neutrons from the higher energy neutrons. Such a configuration can be
used to detect the presence of subsurface water on a planetary surface.
However, we also tested two more configurations, in which we at-
tempted to increase the information about higher energy neutrons that
the instrument can acquire. Table 1 provides details about the various
configurations while Figs. 4, 5, and 6 show the primary components of
the configurations.

The simplest configuration, Configuration #1, uses two MNDs sepa-
rated by a thin sheet of gadolinium (Gd), as shown schematically in
Fig. 4. Since 157Gd has the largest known cross section for thermal
neutrons with an area of 2.5 × 105 barns1 [30], then each 1.27
millimeter thick sheet of 157Gd captures >99% of the incident thermal
neutrons, making such a foil an ideal thermal neutron shield. With
this configuration, the combined flux of epithermal and fast neutrons
can be separated from the flux of thermal neutrons. The Gd shields in
Configurations #2 and #3 have the same thickness and provide the
same function.

With Configuration #1 (see Fig. 4), the MND 1 detects the incoming
neutrons, weighted by the detector responsivity (Fig. 2). The MND 2
detects only those neutrons with energies above the Gd cutoff, which
is ∼0.5 eV, since the Gd absorbs nearly 100% of the neutrons below the

1 A barn (symbol b) is a unit of area equal to 10−24 cm2.

Fig. 6. A schematic of configuration #3. This configuration uses only undoped HDPE
to provide backscattering and moderation of the neutrons, particularly the epithermal
neutrons. A third detector board is added to increase the number of neutrons counted
in this configuration.

Table 1
Test configurations for the thermal and epithermal neutron tests at KSU. The configu-
ration column uses the following codes: D = MND board; G = gadolinium; P = HDPE
(i.e., polyethylene); B = boron-loaded HDPE.

Configuration # Configuration Thickness of polyethylene (in)

1 D-G-D N/A
2 D-G-P-D-P-G-B 0.75, 0.75, 2
3 D-G-P-D-P-G-P-D-P 0.75, 0.75, 1.0, 1.0

cutoff [31]. Thus, the simplest ratio that we can measure is the neutron
flux at MND1 versus the neutron flux at MND2, i.e.,
𝐹𝑒𝑓

𝐹𝑡𝑜𝑡𝑎𝑙
=

𝐹𝑀𝑁𝐷2
𝐹𝑀𝑁𝐷1

, (1)

where 𝐹𝑒𝑓 is the flux of epithermal and fast neutrons that pass through
the Gd shield, and where the detector fluxes, 𝐹𝑀𝑁𝐷1 and 𝐹𝑀𝑁𝐷2,
already account for the efficiency of the detectors (as shown in Fig. 2).
The thermal neutron flux, 𝐹𝑡ℎ, is then

𝐹𝑡ℎ = 𝐹𝑡𝑜𝑡𝑎𝑙 − 𝐹𝑒𝑓 . (2)

Thus, we can derive an epithermal to thermal neutron flux ratio
𝐹𝑒𝑓 /𝐹𝑡ℎ, where we assume that the bulk of the 𝐹𝑒𝑓 flux is from
epithermal neutrons, due to the responsivity function of the MSND
detectors. This type of measurement has been shown to be diagnostic
of the hydrogen and water content of airless planetary bodies [11,14].

We experimentally evaluated two more configurations. In both
of these additional configurations we used high-density polyethylene
(HDPE) to moderate the epithermal and fast neutron energies [28].
If we place the HDPE after an MND, then some of the neutrons that
were not detected will be backscattered and may be detected in a
second pass through the MND. Thus, the backscatter properties of the
HDPE increases the intrinsic detection efficiency [28,32]. Additionally,
the HDPE moderates the neutrons, moving the energy of the scattered
neutron towards the peak detection efficiency of the MSNDs, which
occurs at lower energies (see Fig. 2). This moderation process increases
the detector response at higher initial energies thereby amplifying the
detection of weak neutron signals.
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Configuration #2 is shown in Fig. 5. In this configuration, we used
HDPE to both backscatter and moderate the higher energy neutrons.
Two types of HDPE are used: standard, undoped HDPE and boron-
doped HDPE. MND 1 measures the incoming neutron flux (primarily
in the thermal neutron energy range). The thermal neutrons are ab-
sorbed by the first Gd shield, while the higher energy neutrons largely
pass through the first Gd shield. These higher energy neutrons then
encounter the first HDPE block. Some of the neutrons that encounter
the HDPE block are scattered back towards MND 1, where a fraction
of these neutrons are detected by MND 1. Some of the other higher
energy neutrons that remain are moderated to thermal energies as
they pass through the HDPE and some subset of the original neutrons
screened by the Gd pass through the HDPE unchanged. MND 2 will
detect this resulting neutron flux, whose energy distribution is a mix of
the original higher-energy neutrons and the newly moderated thermal
neutrons. Any neutrons that pass through MND 2 without detection will
encounter another block of HDPE, which may backscatter and moderate
some of the neutrons. Again, any thermalized neutrons that are not
backscattered are then filtered by the second Gd shield.

At this point, the neutrons encounter borated-HDPE, which in our
experiments substituted for a boron-loaded scintillator for detecting
fast neutrons (for example, the FND used in the ISS-RAD instrument;
see [33,34]. There are various applications where the addition of a
fast neutron detector is beneficial (see the Discussion section below),
therefore, Configuration #2 explored the impact of such a detector on
our instrument system.

Calculating the 𝐹𝑒𝑓 /𝐹𝑡ℎ flux ratio for Configuration #2 involves the
same process as in Configuration #1. The advantage of Configuration
#2 is the detection of additional higher energy neutrons that have been
moderated to energies where the detectors have greater responsivity.
Configuration #2 depends more on post-processing modeling for in-
terpretation of the results, but it improves the signal detection of the
instrument.

Configuration #3, shown in Fig. 6, is similar configuration #2,
except the borated HDPE is replaced with another set of HDPE blocks
and an additional MSND detector board (i.e., B is replaced with a
P-D-P sequence). In this configuration, to calculate the 𝐹𝑒𝑓 /𝐹𝑡ℎ flux
ratio, the neutron detections at MND 2 and MND 3 are combined to
give a total 𝐹𝑒𝑓 flux. This configuration is an attempt to maximize the
number of neutrons detected from the original flux by using two MNDs
after the Gd shield to maximize the detection of the higher energy
neutrons. Similar to Configuration #2, Configuration #3 depends on
post-processing modeling for interpretation of the results improving the
detection of the higher-energy neutrons.

In both the figures accompanying this section and in our exper-
iments, discussed below, we treat the neutrons as arriving at the
instrument from a single direction. Any future application in space
will encounter neutrons from all directions, although the existence
of subsurface water on an airless body will generate a point source
of neutrons that may overwhelm the background signal. Future de-
velopment of this instrument will include developing the appropriate
calibration methods to account for in-flight operations. Regardless, our
experiments demonstrate the viability of this instrument for future
space applications.

A prototype instrument was developed that allowed us to quickly
change the configuration during testing. As shown in Fig. 7, the neu-
tron detection system includes a chassis in which the MNDs, the HDPE
sheets, and the Gd plates are stacked in a variety of configurations.
The top and back remained open during the operation of the low-
energy neutron detection system. The chassis is made of aluminum,
minimizing interactions with the neutrons and gamma rays generated
during experimentation.

Fig. 7. Shown (top) is a top down view of the prototype instrument in Configuration
#3. The aluminum chassis is anodized in gold, while the white blocks within are the
HDPE blocks. The blue/green blocks are external pieces of borated HDPE, as discussed
in the text. The MND boards are wedged between the HDPE blocks. Shown (bottom)
is the setup for one of the radiation tests for Configuration #3. The data acquisition
boards attached to the MNDs can be seen jutting out of the prototype chassis. . (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

6. Development of models and model validation

Accurate theoretical models of the detector system must be de-
veloped in order to validate measured results and to predict how
possible changes to the design may affect system performance. The
present neutron-energy spectrometer was modeled using a combination
of custom Python scripts and the Monte Carlo N-Particle (MCNP6) code
[35]. Accurate and detailed models of the problem geometry can be
created and analyzed. Generally speaking, MCNP6 uses Monte Carlo
methods to accurately reproduce the emissions of a defined radiation
source, transport the source particles through the problem geometry
(while modeling all methods of interaction with the surrounding me-
dia), and, if necessary, model a radiation detector’s response to the
capture and measurement of said particle [35]. In the present work, the
entire neutron-energy spectrometer assembly was modeled, including
all sensors and materials used in the fabrication of the instrument.

6.1. Environmental modeling

The geometry used in the simulations presented here was modeled
after the real-world location used for all detector-source measurements.
The room was modeled as 7.3-m long, by 4.5-m wide, by 4.25-m
high (inner dimensions), with a 0.25-m thick concrete wall in all
directions (Fig. 8). The density of the concrete was assumed to be 2.31
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Fig. 8. Shown (left) is a virtual view of the room modeled after the room in which all measurements were conducted. Outside of the room, neutrons are terminated in the ‘Neutron
Kill Zone’, where the building materials absorb neutrons. The model did not include external equipment or personnel present during the measurement periods. Shown (right) is a
close up view of one of the detector assemblies (green), showcasing the arrangement of borated HDPE (yellow), and the neutron source position (blue). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

g cm−2. The air within the virtual room was filled with air at 1-atm at
0% relative humidity, though the humidity and atmospheric pressure
was likely different. In order to simplify the model, no equipment or
personnel present during the real-world measurements were modeled
for this problem. The detector assembly and radiation sources were
modeled approximately where they were located during the real-world
measurements. The detector assembly was mounted onto borated HDPE
(see Fig. 7, bottom, and Fig. 8, right) and placed on a cart approxi-
mately 107 cm (𝑧-direction) from the floor (see Fig. 7). The detector
assembly was centered in the room in the 𝑦-direction and located
280 cm from the nearest wall in the 𝑥-direction. Neutrons scattering
out of the concrete walls and leaving the room were terminated and
no longer considered in the problem. Borated HDPE was placed around
the experimental detector apparatus in an attempt to minimize neutron
albedo contributions from the nearby walls and floors, which was
recreated in the model. Because the borated HDPE does affect neutron
transport considerably from the source to the detector through neutron
scattering, it was therefore included in the model.

6.2. Neutron sensor modeling

The MSNDs are simulated in MCNP, using the physical description
discussed in Section 4. Particle energy deposition is tracked while
transporting the charged particles, and any energy deposited into the Si
fins is tallied using an F8 tally. (MCNP’s F8 tally is essentially a pulse-
height tally mechanism used to track energy deposition within cells
from the alpha particles and tritons). Particle energy and deposition
of energy into the geometry is tracked while transporting the charged
particles. Energy deposited into the Si fins is tallied using the built-
in F8 MCNP tally, which tracks the total energy deposited into the
region of interest for each history. A ‘count’ is generated if the energy
deposition exceeds the lower-level discrimination (LLD) value. The LLD
is set such that the simulated MSND achieves 20% intrinsic thermal
neutron detection efficiency to match the real-world calibrated MSNDs
[36].

6.3. Modular neutron detector modeling

Each Modular Neutron Detector (MND) consists of twenty-four
MSNDs arranged in 4 × 6 array (Fig. 9). Each MSND is contained within
a ceramic (Al2O3) detector board (CDB) and attached to a common
glass-reinforced epoxy laminate composite (FR4) electronics board. The
detector board is then surrounded with a mu-metal electromagnetic

(EM) shield. The backside of the composite electronics board is layered
with additional EM shielding. The back-side supporting electronics
were omitted.

6.4. Detector assembly

The neutron spectrometer assembly comprises four primary compo-
nents, in quantities depending on the detector scenario: MNDs, HDPE
neutron moderator, Gd thermal neutron attenuators, and the aluminum
supporting structure. Much of the aluminum supporting material was
omitted from the MCNP models due to the low probability of interac-
tion of neutrons over a wide range of energies. However, the front, side,
and bottom aluminum plates were considered in the models.

There were three primary detector configurations considered, as
shown in Table 1. Each configuration was mounted in an instrument
assembly built of aluminum with a borated HDPE backplate. The model
depiction of Configuration #1, which is a 2-Detector assembly consisted
of an MND-Gd (thermal-neutron shielding layer)-MND, is shown in
Fig. 10, including the additional instrument material, primarily alu-
minum that was accounted for in the modeling. Similarly, shown in
Fig. 11 is a model depiction of Configuration #2, where the HDPE
between the MNDs are 1.905 cm thick. A block of borated HPDE is
used as a stand-in for a fast neutron detector. Finally, Fig. 12 shows
how Configuration #3 was depicted in the model, where the first set of
HDPE layers had a thickness of 1.905 cm while the last set measured
2.54 cm thick.

6.5. Radiation source modeling

Two separate radiation sources were modeled to compare to the
real-world measurements performed: a 252Cf source and an AmBe
source. The 252Cf source was approximated as a point isotropic source
located centrally inside of a 304 L stainless steel source enclosure. The
outer dimensions of the enclosure measured 0.94 cm in diameter and
3.475 cm tall. The acrylic carrying case surrounding the stainless steel
was also modeled and had a thickness of 2.5 mm. Neutrons from the
252Cf source were emitted uniformly in all directions and were assigned
energies based on the Watt fission spectrum using constants a = 1.18
and b = 1.03419 (Fig. 13). It is worth noting, however, that the source
used for the real-world measurements was assayed in 2013, and that
its actual neutron energy profile and flux likely deviate somewhat from
theoretical values.
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Fig. 9. (left) Depicted is a side-on, cross-sectional view of a stack of Modular Neutron Detectors (MNDs), and their MSNDs. MSNDs are encased in a ceramic disposable board
(CBD) and coated with a layer of electromagnetic (EM) shielding. (right) Also shown, is a front-on view of a MND. Each MND is modeled as an array of twenty-four MSNDs
arranged in a 4 × 6 array.

Fig. 10. Depicted is a top-down view of the 2-Detector assembly (Configuration #1)
as modeled in MCNP6.

Fig. 11. Depicted is a top-down view of Configuration #2 as modeled in MCNP6.

Determination of the AmBe source energy distribution was less
straightforward than with the 252Cf source. The energy distribution
from the (𝛼, n) reaction within a given AmBe source is not well defined
and can vary from experimental source to source depending on the
Am compound used, the method of mating the Am to the Be, density,

Fig. 12. Depicted is a top-down view Configuration #3 as modeled in MCNP6.

etc. Therefore, the source energy distribution was determined using
SOURCES4C which models the (𝛼, n) reaction assuming that the Am
compound and Be are homogeneously distributed in a given volume.
The source used for the real-world measurements was composed of
AmO2 sintered to Be to form AmO2Be19. The output spectrum predicted
by SOURCES4C is found in Fig. 13. The active AmBe element was
assumed to be a point isotropic source encased in 304 L stainless steel,
measuring 1.90 cm tall with a diameter of 1.415 cm.

Both the 252Cf and AmBe sources were also measured while in a
HDPE moderator cylinder cask for the ‘moderated’ tests. These cylin-
ders were modeled as 1.00 g cm−3 HDPE, 5.45 cm tall and approxi-
mately 9.7 cm diameter. An air cavity was modeled in the center of
the casks roughly the dimensions of the aforementioned sources. The
sources were located at the bottom of the cavity, and the cavity was
placed at the appropriate distance from the detector assemblies.

7. Results

7.1. Experiment setup

We conducted tests of the low-energy neutron detection system at
Kansas State University using two well-calibrated and standard neutron
sources (acquired from Frontier Technology Corporation), to provide
thermal and epithermal neutrons to our instrument. We used a Cf-
252 spontaneous fission source to generate the thermal-to-epithermal
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Fig. 13. The simulated relative abundance of neutrons normalized to the most probable
energy emission for the two sources, as modeled in MCNP6. The 252Cf source was
modeled using a Watt fission spectrum [37], and the AmBe source energy distribution
was calculated using SOURCES4C [38].

neutron flux, as it emits neutrons following a Watt-energy distribu-
tion conducive to this energy range, as plotted in Fig. 12. We used
americium mixed with beryllium (AmBe), as described in the previous
section, which allowed us to probe the higher end of the epithermal
energy range. For all of the tests, we used the three different configu-
rations of the MSNDs within the low-energy neutron detection system,
as discussed above and shown in Table 1. Additionally, we tested the
gamma-ray rejection performance of the low-energy neutron detection
system. We continually took background measurements to assess the
neutron contribution from the testing environment. The exposure times
were selected to achieve standard deviations that are on the order of
1% to 2% of the total counts for each experiment.

Some of the experiments included sources that were ‘‘moderated’’.
In these experiments, the 252Cf and AmBe sources were surrounded by
a cylinder of HDPE in order to increase the number of lower-energy
neutrons impinging on the detector setup, as described in the previous
section. The drawback to this ‘‘moderated’’ source is that the neutron
energies are spread over a larger range. However, the wider range of
energies provided by the moderated sources better simulate natural
sources of neutrons.

7.2. Experiment results

As discussed above, the first MND in any configuration detects
primarily thermal and epithermal neutrons due to the detector response
function (Fig. 2). In all of the configurations, the second MND responds
to any of the higher energy neutrons that were not shielded by the
Gd plate. In configurations #2 and #3, the second MND measures
epithermal and fast neutrons, some of which are moderated to thermal
energies. Finally, for configuration #3, the third MND measures some
of the higher energy neutrons that were not shielded, detected, nor
moderated by previous components in this configuration. Listed in
Table 2 are the data collected with our experiments, in units of neutron
counts per second. The twelve experiments cover all three configu-
rations with both sources. Each source is exposed to the instrument
in both a bare and a moderated configuration (discussed above). The
standard deviation for the count rates, shown in Table 2, was calculated
as

𝜎 =
√

(𝑛𝑠 + 𝑛𝑏)∕𝑇𝑡 + 𝑛𝑏∕𝑇𝑏 , (3)

where 𝑛𝑠 is the number of neutrons counted when exposed to the
source, 𝑛𝑏 is the number of background neutrons counted, 𝑇𝑏 is the
background exposure time, and 𝑇𝑡 is the total exposure time ( exper-
iment and background exposure time combined).

Shown in Table 2 are the results from our experiments using config-
uration #1. The plot shows the count rate measured by each detector

for each of the sources used. When measuring neutrons from the
unmoderated 252Cf source, both the MND 1 and the MND 2 measure
low rates of neutrons. The signal from the moderated source, however,
is an order of magnitude larger for the first detector, which is due to
the spectral shift created by the HDPE cylinder. The neutron count rate
at the second detector, however, does not increase significantly for the
moderated source. Basically, very few neutrons with sufficiently low
energy to be detectable by the MND are transmitted through the Gd
shield.

The neutron detection rates in the first detector (MND 1) in Con-
figuration #2 are similar to the results from configuration #1 because
the subsequent sequence of detectors and HDPE blocks in configuration
#2 have a minor effect on the flux of neutrons at the first detector.
However, the MND 2 detector in configuration #2 reveals a different
neutron response compared to the response in the same detector in
configuration #1. The MND 2 detected an augmented signal due to the
HDPE block placed after the Gd shield in the instrument, in both the
unmoderated and moderated source test. Any neutrons that streamed
through the Gd shield interacted with the HDPE, leading to moderation
of the high energies of these neutrons and thus increasing the detection
rate in the MND 2.

Finally, for configuration #3 the MND 1 count rates for an unmod-
erated source are again similar to the other configurations. The use of
HDPE blocks within the instrument again increases the signal on the
MND 2 detector while the moderated source is increasing the signal at
both MND 1 and MND 2. The unmoderated signal at a third detector,
MND 3, is lower than detected at MND 2 indicating the number of
neutrons available to detect has dropped significantly, even after being
moderated or backscattered by one of the HDPE blocks surrounding
the MND 3. Additionally, a moderated source leads to an even lower
detection at MND 3, due to the more thermalized spectrum emitted
from the source geometry.

7.3. Comparison of experiment data with model predictions

The twelve experiments were modeled as described in the previous
sections. Tallies for each detector were multiplied by the relative neu-
tron emission rates as assayed by their manufacturer, roughly 58,600
n s−1 for the 252Cf source, and 192,600 n s−1 for the AmBe source.
Simulation results are listed in Table 3.

Generally, there was good agreement between the model and the
real-world measurements, as shown in Fig. 14. The model overesti-
mated the expected count rates for the bare sources, which will require
further investigation. The primary goal of the instrument, however, is
to determine the ratio of the thermal neutron flux to higher energy
neutron fluxes (including epithermal and fast neutron fluxes), and these
ratios match well with the real-world data. Shown in Fig. 15 are both
the predicted and measured ratio of the MND2 detections to the MND 1
detections, for experiments 1–8, and the predicted and measured ratio
of the detections measured by MND 2 and MND 3, combined, to the
MND 1 detections, for experiments 9–12. This ratio, (MND 2)/(MND 1)
or (MN3 2 + MND 3)/(MND 1), is essentially a ratio of the epithermal
and fast neutron flux to the thermal neutron flux (i.e., 𝐹𝑒𝑓 /𝐹𝑡ℎ), since
the detector responsivity to fast neutrons is so low. Here we see a close
agreement between the predicted ratio and the measured ratio. For
all but two experiments, the predicted 𝐹𝑒𝑓 /𝐹𝑡ℎ ratio and the measured
𝐹𝑒𝑓∕𝐹𝑡ℎ ratio match to within their respective uncertainties (Fig. 15).
The largest discrepancies occur for the experiments that used a bare
AmBe source. However, due to difficulties and variances in the manu-
facture of AmBe sources, some deviation from theoretical flux profiles
is to be expected. Regardless, the difference between the predicted
𝐹𝑒𝑓∕𝐹𝑡ℎ ratio and the measured 𝐹𝑒𝑓∕𝐹𝑡ℎ ratio is small enough that
the models can be used to predict future performance of this type of
instrument.
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Table 2
List of conducted experiments describing instrument and neutron source configurations, as well as detector counts per second
(cps).

Experiment Config. Source Source condition MND 1 (cps) MND 2 (cps) MND 3 (cps)

1 1 Cf-252 Bare 1.26 ± 0.01 0.82 ± 0.01 –
2 1 Cf-252 Moderated 30.25 ± 0.03 2.83 ± 0.01 –
3 1 AmBe Bare 3.19 ± 0.01 2.25 ± 0.01 –
4 1 AmBe Moderated 40.13 ± 0.03 4.87 ± 0.01 –
5 2 Cf-252 Bare 2.16 ± 0.02 16.49 ± 0.05 –
6 2 Cf-252 Moderated 25.25 ± 0.06 18.75 ± 0.05 –
7 2 AmBe Bare 3.61 ± 0.02 21.77 ± 0.05 –
8 2 AmBe Moderated 42.67 ± 0.06 38.16 ± 0.06 –
9 3 Cf-252 Bare 2.07 ± 0.002 16.45 ± 0.004 7.62 ± 0.003
10 3 Cf-252 Moderated 23.06 ± 0.003 17.70 ± 0.003 4.45 ± 0.001
11 3 AmBe Bare 3.46 ± 0.02 21.42 ± 0.05 11.54 ± 0.04
12 3 AmBe Moderated 42.50 ± 0.06 38.44 ± 0.06 11.54 ± 0.06

Table 3
Expected neutron count-rates (cps) for the different experimental setups as modeled in MCNP6.

Experiment Config. Source Source condition MND 1 (cps) MND 2 (cps) MND 3 (cps)

1 1 Cf-252 Bare 2.06 ± 0.11 1.10 ± 0.08 –
2 1 Cf-252 Moderated 26.12 ± 0.39 2.43 ± 0.12 –
3 1 AmBe Bare 3.94 ± 0.28 2.42 ± 0.22 –
4 1 AmBe Moderated 42.30 ± 0.91 5.03 ± 0.32 –
5 2 Cf-252 Bare 3.06 ± 0.13 22.91 ± 0.36 –
6 2 Cf-252 Moderated 27.06 ± 0.40 17.87 ± 0.32 –
7 2 AmBe Bare 5.62 ± 0.33 38.42 ± 0.87 –
8 2 AmBe Moderated 44.61 ± 0.94 46.02 ± 0.95 –
9 3 Cf-252 Bare 3.04 ± 0.13 23.04 ± 0.37 8.92 ± 0.23
10 3 Cf-252 Moderated 27.08 ± 0.40 17.86 ± 0.32 3.65 ± 0.15
11 3 AmBe Bare 5.54 ± 0.33 39.11 ± 0.88 21.15 ± 0.65
12 3 AmBe Moderated 44.63 ± 0.94 45.96 ± 0.96 13.19 ± 0.51

Fig. 14. Plotted are the ratios of the measured count rates to the modeled count rates
for each MND channel. The dashed line marks where the measured and modeled counts
match. Note that only the last four experiments included a third detector.

8. Discussion and conclusion

The modeling and experimental measurements shown above
demonstrate that we can measure the ratio of neutrons of different
energies, and that we can model the results to a sufficient accuracy
to derive the original neutron source, which can be used to accurately
surmise the water content of extraterrestrial soil. This process was
successful in all three configurations. What differentiates the three
configurations is the extent to which the individual configuration
maximizes the detection of neutrons with different energies.

Configuration #1 provides the most compact method to simply
ascertain the ratio of thermal to higher energy (mainly epithermal)
neutron fluxes, which is shown in Experiments 1–4 in Fig. 15. For
this configuration, the predicted and measured ratios are very close,
demonstrating our ability to model the detection process and extract
the original neutron signal. Note that the value of the ratios in Exper-
iment 2 is extremely low because the moderated 252Cf source created

Fig. 15. Plotted are the ratios of the neutron detections by MND 2 and MND 3 to
the neutron detections by MND 1 for each scenario for both measured and modeled
results. Models were in good agreement with the measured results.

a large number of thermal neutrons, which moved the 𝐹𝑒𝑓∕𝐹𝑡ℎ ratio
towards zero.

Configurations #2 and #3 start to show larger mismatches between
the predicted and the measured ratios. The overall measured neutron
signal, however, is much larger, which might be an advantage depend-
ing on the environment being mapped, as necessary integration times
for the measured signals to achieve desired statistical certainty will
be reduced. Furthermore, further work and calibration of this type of
instrument will allow us to better model the response of the instrument,
thereby, improving the modeling of the neutron detection process.
Regardless of configuration, interpreting the neutron ratios will require
modeling of the instrument system, which is typical for space-based
instruments that map neutron emission (see, for example, [39]).

Because of the difficulty of delivering spacecraft to deep space,
such missions are resource-limited, where much of the resources are
allocated to the launch system and spacecraft. To maximize the scien-
tific return of such a mission, instruments must deliver the maximum
amount of scientific data with the lowest possible requirement for
resources, such as mass, volume, and power. For a neutron detection
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system whose scientific return is defined by its capability to detect the
presence of water-equivalent hydrogen, the key metric is the capability
to measure the highest possible neutron count rates, RN (e.g., due to a
large detection volume, or a high neutron-detection efficiency), while
limiting the demand on spacecraft resources. In designing this neutron
detection system, we have striven to minimize the mass and volume of
the instrument to maximize the merit of the instrument for a given set
of observations.

There are a number of future human and robotics planetary missions
that would benefit from this type of instrument. For small satellites,
e.g. CubeSats, in orbit over airless bodies, like asteroids, our compact
neutron detection system can provide a simple method for mapping
subsurface moderators, like hydrogen and water. For human explo-
ration of the moon and asteroids, our compact neutron detection system
can be used during field surveying, in order to map the possible exis-
tence of subsurface water, which would then help drive the planning of
ongoing in situ science operations on a human mission to a planetary
body.

Our tests demonstrate that the MSND detectors can be used to
detect thermal and epithermal neutrons and to differentiate the thermal
neutrons from the higher-energy neutrons. However, a version of this
instrument designed specifically for spaceflight will have to address
additional design requirements. Whether in orbit on the surface of a
planet, the neutrons will not be arriving from a single direction, as as-
sumed in our analysis [12]. Furthermore, if the instrument is embedded
in a spacecraft, the interaction of neutrons and other particles with the
spacecraft will create other sources of neutrons that will be measured
by our instrument and will affect the interpretation of the results.

These challenges are not unique to our design. Previous neutron
spectrometers have required extensive calibration before flight as well
as detailed modeling, using the information from the calibration, to
interpret the measurements (e.g., [8,8,40,41,41]). For more than two
decades, planetary neutron spectrometer data has been processed in
this way, therefore the community has extensive expertise that would
be applied to analyzing the data from any future version of our instru-
ment. With the proper configuration of detectors and moderating/back-
scattering material along with calibration and instrument modeling, our
neutron detection system will be capable of mapping subsurface water
and other neutron moderators on airless planetary bodies.
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