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During the past decade, cosmic-ray neutron sensing technology has enabled

researchers to reveal soil moisture spatial patterns and to estimate landscape-average

soil moisture for hydrological and agricultural applications. However, reliance on rare

materials such as helium-3 increases the cost of cosmic-ray neutron probes (CRNPs) and

limits the adoption of this unique technology beyond the realm of academic research. In

this study, we evaluated a novel lower cost CRNP based on moderated ultra-thin lithium-

6 foil (Li foil system) technology against a commercially-available CRNP based on BF3
(boron trifluoride, BF-3 system). The study was conducted in a cropped field located in

the Konza Prairie Biological Station near Manhattan, Kansas, USA (325m a.s.l.) from

10 April 2020 to 18 June 2020. During this period the mean atmospheric pressure

was 977 kPa, the mean air relative humidity was 70%, and the average volumetric

soil water content was 0.277 m3 m−3. Raw fast neutron counts were corrected for

atmospheric pressure, atmospheric water vapor, and incoming neutron flux. Calibration

of the CRNPs was conducted using four intensive field surveys (n > 120), in combination

with continuous observations from an existing array of in situ soil moisture sensors. The

time series of uncorrected neutron counts of the Li foil system was highly correlated (r2

= 0.91) to that of the BF-3 system. The Li foil system had an average of 2,250 corrected

neutron counts per hour with an uncertainty of 2.25%, values that are specific to the

instrument size, detector configuration, and atmospheric conditions. The estimated

volumetric water content from the Li foil system had a mean absolute difference of 0.022

m3 m−3 compared to the value from the array of in situ sensors. The new Li foil detector

offers a promising lower cost alternative to existing cosmic-ray neutron detection devices

used for hectometer-scale soil moisture monitoring.

Keywords: soil moisture, large-scale monitoring system, cosmic-ray neutron probe, vadose zone, lithium foil,

in situ soil moisture, proximal sensing
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INTRODUCTION

The strong inverse relationship between epithermal neutron
intensity 1–2m above the ground and the hydrogen pool in
the upper decimeters of the soil has provided the basis for an
emerging non-invasive method for quantifying soil moisture
at the hectometer horizontal scale. Cosmic-ray neutron probes
(CRNPs) have a large (∼12 hectares) footprint that fills the spatial
niche between remote sensing soil moisture products (i.e., several
kilometers) and traditional point-level (i.e., several decimeters)
soil moisture sensors (Zreda et al., 2008; Desilets et al., 2010;
Bogena et al., 2015). Stationary CRNPs have been widely adopted
to quantify soil moisture conditions in forests (Bogena et al.,
2013; Lv et al., 2014; Heidbüchel et al., 2016; Vather et al., 2019,
2020), cropland (Rivera Villarreyes et al., 2011; Zhu et al., 2015)
and grassland (Hawdon et al., 2014; Montzka et al., 2017), and
have also been used in data assimilation studies to improve soil
moisture estimates of a land surface model at the watershed
level (Shuttleworth et al., 2013). Because of the large sensing
footprint and non-invasive nature of this technology, large-
scale (e.g., catchment scale and national scale) environmental
monitoring networks in the USA (Zreda et al., 2012), Australia
(Hawdon et al., 2014), and the UK (Evans et al., 2016) have
adopted CRNPs for monitoring soil moisture conditions. The
large sensing footprint and the possibility to develop powerful
roving detectors (Desilets et al., 2010) have also enabled the
monitoring of soil moisture across landscapes with intermixed
land covers with potential for validating remote sensing soil
moisture products (Chrisman and Zreda, 2013; Dong et al., 2014;
Franz et al., 2015; Montzka et al., 2017; Dong and Ochsner,
2018). However, a primary barrier for the widespread adoption
of CRNPs for soil moisture sensing in and beyond the realm of
academic research is the cost of the instrument.

Most CRNPs used in soil moisture research consist of gas-
filled proportional counters containing either 3He or BF3.
Proportional counters are tubes containing a thin axial wire that
transmits electrical pulses generated by the interaction of thermal
neutrons with the gas in the tube (Zreda et al., 2012; Schrön
et al., 2018). Those pulses are translated by pulse counters into
counts of thermal neutrons. These proportional counters are
typically shielded by a layer of high density polyethylene (HDPE)
to suppress incoming thermal neutrons andmoderate epithermal
neutrons so that they enter the tube as thermal neutrons (Köhli
et al., 2018). The limited global supply of 3He, which is a
byproduct of nuclear weapons, and the increased demand for this
rare isotope from homeland security, nuclear safeguards, oil well
exploration, and medical applications (Shea and Morgan, 2011)
have dramatically decreased the stock of 3He and consequently
elevated the cost of 3He by about 10-fold. Therefore, there is
a substantial interest to find readily available and affordable
alternatives for neutron detection (Nelson et al., 2012; Weimar
et al., 2020). The use of BF3 proportional counters is perhaps
the most common alternative to helium-based neutron detectors
for soil moisture monitoring in agricultural and hydrological
applications (Hawdon et al., 2014; Franz et al., 2015; Evans
et al., 2016). But recently, researchers have investigated the
use of more affordable sensing technologies for cosmic-ray

neutrons detection. For instance, a group of researchers in Italy
assembled commercially-available plastic scintillators, flexible
neutron detectors, and photomultipliers to create a device called
Finapp that is capable of detecting epithermal neutron intensities
and gamma-rays for soil moisture monitoring in agricultural
fields (Stevanato et al., 2019). Similarly, a group of researchers in
Germany have developed stationary and roving CRNPs based on
modular boron-lined neutron detectors (Weimar et al., 2020) for
monitoring of soil moisture. Boron-lined proportional counter
tubes are highly modular and can be used to create systems with
high counting rates.

Recently, detectors made from ultra-thin (∼30–120 µm) 6Li-
enriched metal foils between multiple electrodes have shown
promise as a viable alternative to 3He proportional counters
(Nelson et al., 2012, 2015; Montag et al., 2019). Lithium-6
is a metal reactive to neutrons (see Nelson et al., 2012 for
detailed nuclear reactions), and new lithium foil manufacturing
technologies can be leveraged from the actively growing lithium
battery industry. This presents a unique opportunity to adapt
high-efficiency and low-cost Li foil multi-wire proportional
counters for the sensing of field-scale soil moisture (Fersch et al.,
2020). The objectives of this research were to (i) assess the ability
of a Li foil CRNP to measure field-level soil moisture and (ii)
compare the Li foil technology against a commercially-available
BF-3 neutron detection system and an array of permanent soil
moisture sensors.

MATERIALS AND METHODS

Study Area
The study was conducted in a cropped field located in the Konza
Prairie Biological Station (39.110N, −96.613 E, altitude 325m
a.s.l.) near Manhattan, KS, USA. The field has an area of 13
hectares and has been managed using conventional tillage for
over a decade. The soil is predominantly mapped as the Chase
series (Fine, smectitic, mesic Aquertic Argiudolls), rarely flooded
with <1% slope. Bulk density by the core method and particle
size analysis using the hydrometer method (Gavlak et al., 2003)
were determined from six undisturbed soil samples randomly
distributed across the field. The average bulk density was 1.33 g
cm−3 (SD = 0.036 g cm−3) and the soil textural class was silty
clay loam. The field-average clay content in the top 12 cm was
38% (SD = 6%) and the average sand content was 10% (SD =
1%). During the study period, the vegetation at the site was winter
wheat (Triticum aestivum L.) (Figure 1), which was planted in
October 2019, and was harvested at the end of June 2020. This
field is also part of the National Ecological Observatory Network
(NEON, KONA site), from which we obtained precipitation, dry
biomass at the time of harvest, and soil moisture records (NEON
data products are detailed in Supplementary Table 1).

Cosmic-Ray Neutron Detectors
Hourly cosmic-ray neutron intensities and environmental
conditions were monitored from 10 April 2020 to 18 June
2020 using two stationary CRNPs. The two stationary CRNPs
were co-located (i.e., 3.5m apart) near the center of the field
(Figures 1A, 2) to ensure that most of the sensing footprint
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FIGURE 1 | (A) Boron trifluoride system (left), Hydrosense hand-held soil moisture sensor (center), and Li foil system (right) in a field planted with winter wheat at the

Konza Biological Research Station near Manhattan, Kansas, USA. The two systems were located about 3.5m apart near the center of the field. (B) Front view of the

Li foil system mounted on a tripod without the front panel of the moderating high density polyethylene (HDPE) enclosure. The image shows the three Li foil modules

embedded in vibration dampening foam and the 2.5 cm thick, weatherproof HDPE enclosure. The enclosure is 60 cm in height, 30 cm wide, and 15 cm deep.

of each device was within the field boundaries. The first
CRNP consisted of a single gas-filled tube with Boron-10
trifluoride (10BF3, BF-3 system from now on) (Model CRS-
1000B, Hydroinnova LLC, Albuquerque, NM) shielded by a
high-density polyethylene and connected to a neutron pulse
module and a datalogger (Q-NPM and Q-DL-2100, Quaesta
Instruments LLC, Tucson, AZ, USA). The BF-3 system was
equipped with an air temperature and relative humidity sensor
(Model CS215, Campbell Scientific), two internal barometers,
and a cellular modem for data telemetry. The second CRNP
consisted of three individual modules of 6Li-enriched foils (Li
foil system from now on) (Radiation Detection Technologies,
Inc., Manhattan, KS) enclosed in a housing made of 2.5 cm-
thick high-density polyethylene (Figure 1B). Each Li foil detector
had its own neutron pulse module and electronic components
that were interfaced with a Raspberry Pi (Model Zero, Raspberry
Pi Foundation) micro-computer to log observations hourly.
The Li foil system was also equipped with a compact weather
station (Model MetSENS300, Campbell Scientific) to record air
temperature, air relative humidity, and barometric pressure at
hourly intervals. Both systems weremounted on tripods andwere
powered using 20W solar panels and 12V DC deep cycle marine
batteries (Figure 1A). A battery problem on 5 June 2020 in the
BF-3 detector resulted in the loss of 8 days of neutron counts and
environmental observations. One of the three detectors of the Li
foil system exhibited anomalous hourly neutron counts near the
end of the experiment, possibly due to temperature or moisture
effects on sensor electronics (Supplementary Figure 1). These
outliers were removed before further data processing. For clarity,

throughout the manuscript we use the term “Li foil system” to
denote the device using all three individual Li foil modules and
we reserve the term “Li foil module” to indicate an individual
neutron module.

Each individual Li foil module consists of multiple suspended
6Li metal foils (95% enrichment) between banks of anode wires
in an aluminum enclosure with an effective area of 885 cm2. Each
detector operates at a voltage of 3.3V and draws about 55–60mA
of current, which results in a power requirement of ∼180–200
mW per module (∼600 mW for the entire system with three
modules tested in this study without including the datalogger).
The Li foil modules have an intrinsic thermal neutron detection
efficiency (i.e., probability of detecting a thermal neutron) of
39.2%± 1% (Nelson et al., 2012) and a gamma ray rejection ratio
of 10−8 at 50 mR per hour of 137Cs (Montag et al., 2019). The
Li foil technology is based on elemental enriched lithium-6 layers
rolled into thin Li foils using the same process as Li-ion batteries.
The device configuration consists of a four-foil design with two
suspended foils and two wall foils (Montag et al., 2019). Each Li
foil multi-wire proportional counter is calibrated with a known
activity 252Cf source against a calibration standard Li foil counter.
A pulse height spectrum is collected from the Li foil calibration
standard held in a HDPE sleeve with a 252Cf source placed at
a standard distance from the device to achieve >103 measured
neutron counts under the full energy peak. Because lithium
is an alkali metal that can react with moisture and produce
heat, lithium hydroxide, and combustive hydrogen, handling
and shipping restrictions typically follow similar regulations as
common Li-ion batteries.
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FIGURE 2 | Map of the field located in the Konza Prairie Biological Station showing the location of the stationary cosmic-ray neutron probes (CRNPs) (for clarity, a

single marker was used to denote both CRNPs located only 3.5m apart), the five profile sensors of NEON KONA site, and the soil moisture observations (n = 180)

collected using a hand-held soil water reflectometer (Hydrosense II, Campbell Scientific) during the field survey on 21 May 2020. Approximately, 56% of the

observations were within a 50m radius of the CRNPs.

Neutron Corrections and Calibration
The observed neutron intensities for each CRNP were corrected
using average hourly records of air temperature, relative
humidity, and barometric pressure. The differences in weather
observations between instruments mounted on each tripod was
negligible, but to avoid entering a new source of error during
the correction of the neutron intensities for both devices, hourly
records of air temperature, relative humidity, and pressure from
the different instruments were averaged. Neutron intensities
were normalized to a reference pressure of 97.8 kPa using an
exponential model (Zreda et al., 2012) and an atmospheric
attenuation coefficient of 0.077 kPa−1 (e.g., Dong et al., 2014).
The selected reference atmospheric pressure represents the 3 yr
average pressure at the Ashland Bottoms station of the Kansas
Mesonet (Patrignani et al., 2020), which is located 2.7 km north of
the field. Neutron intensities were also corrected for atmospheric
water vapor using a correction factor as a function of the absolute
air humidity using a reference value of 0 gm−3 (Zreda et al., 2012;
Rosolem et al., 2013). To account for variations in the incoming
neutron intensity due to changes in solar activity, we used the
relative incoming neutron flux for the Irkutsk neutron monitor

(IRKT, Irkutsk, Russia, pressure and efficiency corrected), which
we obtained from theNeutronMonitor Database (NMDB; http://
www01.nmdb.eu/nest/). The IRKT neutron monitor is located at
a comparable cutoff rigidity (R = 3.64 GV) and elevation (435m
a.s.l.) as our field. The incoming neutron intensity correction
factor is simply the ratio of the measured neutron monitor
intensity at any given time to a specified reference intensity.
In this study we adopted the neutron counts on 10 April 2020
1700 h UTC (i.e., first hour of the experiment) as the reference
intensity. The three normalizing factors were applied to the raw
neutron intensities to obtain the final corrected counts (Zreda
et al., 2012) following:

N = Nr

(

fpfw

fi

)

(1)

where N represents the corrected neutron counts, Nr is the
uncorrected neutron counts as obtained from the datalogger, fp is
the correction factor for barometric pressure, fw is the correction
factor for atmospheric water vapor, and fi is the correction factor
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for incoming neutron flux based on the reference site with similar
elevation and cutoff rigidity.

Because our detectors were deployed in cropland with actively
growing vegetation, we also considered a correction factor to
account for the hydrogen pool in the vegetation water content
and the plant structural tissue. An approximate value of the wheat
biomass was obtained from the NEON data portal for the KONA
site (Supplementary Table 1). A total of 18 samples of dry above-
ground biomass from herbaceous clippings collected on 15 June
2020 (a few days before harvest) in the same wheat field revealed
an estimated maximum dry above-ground biomass of 1.14 (σ =
0.23) kg m−2. Using a large dataset from a network of CRNPs
in the Rur catchment, Germany, Baatz et al. (2015) found that
values of dry above-ground biomass ∼1.0 kg m−2 represent an
approximate reduction in the neutron counts of about 0.9%.
Thus, we assumed that the impact of winter wheat above-ground
biomass was negligible for the purposes of this study.

Conversion of Corrected Neutron Counts
to Soil Moisture
Corrected neutron counts were calibrated against measured
volumetric water content in the top 12 cm of the soil profile. The
surface soil layer is subjected to frequent and abrupt changes
in soil water storage caused by incident rainfall, drainage, and
evapotranspiration losses. Thus, monitoring soil moisture in
this layer presents a good test for comparing the sensitivity of
CRNPs to changes in the soil moisture conditions. The lower
limit of 12 cm was selected to match the rod length of the
hand-held soil water reflectometer used for the intensive soil
moisture surveys (see section FieldObservations for Calibration).
Corrected neutron counts for each device were converted into
volumetric water content in the top 12 cm depth using the
following calibration function (Desilets et al., 2010; Dong et al.,
2014):

θ(N) =

(

a0
N
N0

− a1
− a2 − wL

)

ρb (2)

where N0was assumed to be a device-specific fitting parameter
representing the hourly corrected neutron intensity over dry soil
at the same field; wL is the lattice water content (0.033 g g−1),
which was approximated as the water released at 1,000◦C (i.e.,
loss on ignition) preceded by drying the soil sample at 105◦C; the
a0, a1, and a2 are fitting parameters with values of a0 = 0.0808,
a1 = 0.372, and a2 = 0.115 (Desilets et al., 2010); and ρb is the
soil bulk density (1.33 g cm−3). The value of lattice water was
obtained from a composite soil sample analyzed by Activation
Laboratories Ltd. (Ontario, Canada).

TheN0 parameter was obtained by fitting Equation (2) to pair-
wise calibration points of corrected neutron intensities and field-
average volumetric water content in the top 12 cm obtained from
dedicated field-level intensive soil moisture surveys described
below. Because field surveys covered a limited range in field-
average soil moisture conditions, volumetric water content at
five additional points in time were added from an existing
array of five profile sensors that are part of the NEON KONA
site (Figure 2, Supplementary Table 1). This array of permanent

sensors was arranged along a transect spanning from ∼30–
200m to the south of the main tower (NEON tower and
CRNPs were about 10m apart) and consists of calibrated
capacitance-type sensors (TriSCAN, Sentek, Australia) providing
measurements at multiple depths (Roberti et al., 2018). For the
permanent array of sensors, the volumetric water content in
the top 12 cm was estimated as the average observations of the
sensors at 5 and 15 cm depth. This decision was made after
testing different depth-weighted averages of volumetric water
content obtained from the sensors at 5 and 15 cm from the
array of NEON sensors and the intensive soil moisture surveys
(Supplementary Figure 2).

To represent the field average soil moisture condition in
the top 12 cm for each calibration point, we weighted the
observations from each intensive survey and the observations
from the array of permanent sensors using the horizontal
distance weighting function proposed by Köhli et al. (2015) and
extensively tested with field observations by multiple researchers
(Heidbüchel et al., 2016; Schrön et al., 2017). The distance
to CRNPs was computed based on the geographic coordinates
of each field observation and a depth of 6 cm was assumed
to represent the 0–12 cm range. Thus, the calibration of the
stationary CRNPs consisted of a total of nine calibration points
(4 from intensive surveys and 5 from NEON sensor array)
spaced at approximately weekly intervals (except for the period
with missing data for the BF-3 system between 5 June and 13
June 2020).

Field Observations for Calibration
A total of four field surveys were conducted by intensively
(>120 observations) measuring the volumetric water content
in the top 12 cm of the soil profile using a calibrated hand-
held soil water reflectometer (Figure 1, Hydrosense II CD659
12 cm rods, Campbell Scientific, Logan, UT) (Table 1). The
Hydrosense is equipped with a display that includes a Global
Positioning System (GPS) receiver (±3m accuracy) and an
internal memory that stores the geolocation and raw sensor
variables for each measurement. Volumetric water content was
measured approximately every 10 meters along 150m radial
transects in each cardinal direction from the detectors (Figure 2).
While less accurate than the thermo-gravimetric method, light-
weight and portable soil moisture sensors facilitate intensive,
non-destructive field sampling (e.g., Vather et al., 2019). For
instance, field surveys using the portable sensor ranged between
123 and 180 observations per survey, a value that is about
five to 10 times greater than typical CRNP calibration surveys
using soil coring devices (Table 1) (e.g., Montzka et al., 2017;
Dong and Ochsner, 2018). In our study, the portable sensor
was calibrated by first taking field readings with the sensor and
then collecting undisturbed soil samples in the same location
with a soil core sampler 5 cm in diameter and 12 cm long (AMS
samplers, American Falls, ID, USA). Volumetric water of each
soil core was determined in the laboratory using the thermo-
gravimetric method. A linear model relating the volumetric water
content (θ) measured by soil sampling to the apparent dielectric
permittivity (Ka) measured by the sensor (e.g., Ledieu et al., 1986)
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TABLE 1 | Summary of field soil moisture surveys in the top 12 cm of the soil

profile, including the number of observations (n), the mean, the standard deviation

(SD), and the spatially-weighted mean.

Survey† Date n Mean (SD) Weighted mean‡

m3 m–3 m3 m–3

Survey 1 10 Apr 2020 140 0.211 (0.032) 0.217

Survey 2 17 Apr 2020 124 0.276 (0.030) 0.282

Survey 3 30 Apr 2020 123 0.290 (0.027) 0.296

Survey 4 21 May 2020 180 0.235 (0.033) 0.228

†Soil moisture surveys were conducted using a calibrated hand-held soil moisture sensor

(Hydrosense II, Campbell Scientific). Measurements were collected along a 150m radial

transect at 8 to 10 m intervals.
‡Distance-weighted field-average volumetric soil water content following the approach by

Köhli et al. (2015).

was fit to the calibration samples (Figure 3), resulting in:

θ = 0.093
√

Ka − 0.127 (3)

We then determined the soil moisture for each field survey
observation by converting the apparent dielectric permittivity
into volumetric water content using Equation (3).

Statistics and Error Metrics
Time series of neutron intensity were de-noised using an 11 h
Savitzky-Golay filter (polynomial degree 3, SG) (Savitzky and
Golay, 1964), which has been shown to better preserve the timing
of sharp changes in soil moisture caused by rainfall events than
does a simple moving average filter (Franz et al., 2020). The
volumetric water content from each CRNP was compared to
the average value from the array of soil moisture sensors from
the NEON network using the mean absolute difference (MAD)
(Willmott and Matsuura, 2005). When comparing time series
of volumetric water content, we use the term “difference” as
opposed to “error” to highlight that both the CRNPs and the array
of sensors from the NEON network likely contain measurement
errors. In all cases, the error metrics were computed after
applying the 11 h SG filter to the time series of corrected neutron
counts. Volumetric water content was estimated from the filtered
time series of corrected neutron counts.

RESULTS AND DISCUSSION

The field test of a novel Li foil CRNP for soil moisture
monitoring spanned a wide range of environmental conditions
from 10 April to 18 June 2020 (∼69 days). During this period,
air temperature varied between −5 and 35◦C, the relative
humidity ranged from 20 to 100%, and the barometric pressure
variations spanned about 70% of the typical range for the location
(Supplementary Figure 3). The site also received 287mm of
rainfall over the study period spread across 25 days, with daily
totals ranging from 0.5 to 60mm. Overall, the observation period
was adequate to test the performance of the new Li foil system
against a commercially-available BF-3 system under typical
spring and summer weather conditions for the central U.S.

Calibration
The apparent dielectric permittivity measured by the Hydrosense
probe was linearly related to the volumetric water content with
r2 = 0.84 and MAD = 0.032 m3 m−3 across the range from
0.13 to 0.41 m3 m−3 (Figure 3). The error of the calibration
curve is similar to previous studies using hand-held sensors in
the region (Cosh et al., 2005; Dong et al., 2014) and in an
agricultural field in northern Germany (Rivera Villarreyes et al.,
2011). Intensive soil moisture surveys using similar portable
soil water reflectometers (e.g., Hydrosense II, 20 cm rod model)
have been used to calibrate a roving CRNP in grassland and
forest fields in South Africa (Vather et al., 2019). The study
by Vather et al. (2019) did not include a site-specific sensor
calibration because the fields were dominated by sandy soils, in
which the manufacturer’s calibration is recommended, but in our
study, the presence of silty clay loam soils required a custom
calibration equation. In general, the manufacturer’s calibration
tended to overestimate the volumetric water content in our field,
particularly in moist soil conditions. For instance, using the
manufacturer’s calibration, a value of 0.429 m3 m−3 (Ka = 28.1)
obtained from the transect conducted on 17 April 2020 changed
to 0.365 m3 m−3 after applying site-specific calibration. Site-
specific calibration of electromagnetic soil moisture sensors may
be particularly beneficial in fine textured soils with moderate to
high levels of clay content (>20% clay).

The resulting field-averaged volumetric water content in the
top 12 cm from the Hydrosense surveys ranged from 0.211 to
0.290 m3 m−3 (Table 1). The within-survey standard deviation
averaged ∼0.031 m3 m−3 across all surveys, the standard
error of the mean averaged ∼0.0026 m3 m−3 (0.031/

√
140),

and the low to moderate horizontal spatial variability was
reflected by the coefficient of variation being <15% (Table 1).
Contrary to our initial expectations, the distance-weighted
field-average volumetric water content from the intensive
soil moisture surveys were only marginally (<1%) different
compared to a simple arithmetic average. Two potential reasons
for this similarity are the relatively homogeneous soil moisture
conditions across each field survey and the large number of
observations in each survey that, to some extent, implicitly
account for the radial distance weights due to the higher
concentration of observations near the CRNPs (Figure 2).

The calibration of the stationary Li foil and BF-3 systems using
the dataset of intensive (i.e., >120 observations) soil moisture
surveys and data from the array of permanent in situ soil
moisture sensors resulted in N0 = 3,767 cph for the Li foil system
and N0 = 3,486 cph for the BF-3 system (Table 2, Figure 4).
The two-way standard error of the mean for each calibration
observation and the point cloud using the permanent array of
soil moisture sensors reveal the variability implicit during the
calibration process (Figure 4). A portion of that variability is
likely due to the fact that the 12 cm maximum depth of the
calibration data was less than the sensing depth of the CRNP,
which may have reached 20-25 cm deep given the soil moisture
conditions during this study (Supplementary Figure 5; Köhli
et al., 2015). Under these circumstances, calibration observations
spanning a range of soil moisture conditions may be necessary to
provide a robust determination of the N0 parameter. Although
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FIGURE 3 | Site-specific calibration of volumetric water content for the 0–12 cm soil layer as measured by soil sampling vs. the square root of the apparent dielectric

permittivity (Ka) as measured by the portable soil water reflectometer.

the existing array of only five soil moisture sensors used here
may be sub-optimal, previous studies have successfully calibrated
stationary CRNPs using existing arrays of in situ soil moisture
sensors at a comparable depth. For instance, Rivera Villarreyes
et al. (2011) also used short periods of hourly volumetric
water content data from an array of 16 soil moisture sensors
(10 cm depth) distributed across an agricultural field in northern
Germany to calibrate a stationary 3He-based detector.

Neutron Intensity
The normalized (N/N0) uncorrected neutron intensities for
the Li foil and the BF-3 systems were highly correlated (r2

= 0.91, Figure 5), with virtually no discernible bias between
the two devices (Mean difference = 0.001). The time series
of normalized corrected neutron count rates for the new Li
foil system and the BF-3 system were comparable, with both
instrument neutron counts sharply decreasing with increasing
soil moisture conditions caused by rainfall events and slowly
increasing with drying of the soil profile between rainfall events
(Figure 6). Normalized neutron count rate for the Li foil system

ranged from 0.53 to 0.69 and for the BF-3 system ranged from
0.49 to 0.7 (Figure 6). The effective range of the Li foil system
was slightly lower compared to that of the BF-3 system. For
instance, during the 5 h precipitation event between 24 and 25
May 2020 that totaled 114mm, the lowest ratio for the Li foil
systemwas 0.54 and the lowest ratio for the BF-3 systemwas 0.52.
The reason for this minor discrepancy is unclear, but we speculate
that it could be attributed to calibration errors, a lower sensitivity
of the Li foil system to soil with temporary ponded water, or
microphonic errors. In the Li foil system microphonic errors
are mitigated by packing the individual modules in vibration
dampening foams and by specialized firmware that identifies
microphonic noise and rejects the associated counts, but it
is possible that our prototype and associated electronics need
further fine-tuning to reduce abnormal counts. Considering the
entire time series of corrected neutron counts, the Li foil system
ranged between 1,994 and 2,610 counts per hour, while the BF-3
system ranged between 1,720 and 2,439 counts per hour. The Li
foil system consisting of three individual Li foil modules yielded
an average corrected neutron count rate of 2,250 counts per
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TABLE 2 | Summary of mean uncorrected (Nuncorr) and corrected (Ncorr) neutron intensities, uncertainty, device-specific parameters (N0), mean absolute difference (MAD),

and coefficient of variation of estimated volumetric water content (CVvwc) for the Li foil and BF-3 stationary systems.

CRNP n Mean Nuncorr Mean Ncorr
† Uncertainty‡ N0 MAD¶ CV#

vwc

hours counts h–1 counts h–1 % counts h–1 m3 m–3 %

Li foil module 1 1,619 759 795 3.63 (3.82) 1,314 0.030 5.41

Li foil module 2 1,524 702 736 3.78 (3.97) 1,225 0.034 6.89

Li foil module 3 1,381 680 710 3.84 (4.01) 1,185 0.027 6.18

All Li foil module 1,276 2,159 2,250 2.16 (2.25) 3,767 0.022 3.70

BF-3 1,458 2,000 2,094 2.24 (2.35) 3,486 0.022 4.17

†Slight differences in the ratio between Nuncorr and Ncorr were caused by the different number of hours with observed neutron counts. For reference, the average correction factor,

which is the product of the correction factors for barometric pressure, atmospheric water vapor, and incoming neutron flux, for the 1,653 h of the experiment was 1.0492 (Jakobi et al.,

2020).
‡Uncertainty defined as the coefficient of variation of the Poisson distribution N- 0.5 computed using uncorrected neutrons. Values between parenthesis represent the propagated

uncertainty in the corrected neutrons using the product of the correction factors for pressure, humidity, and incoming neutron flux (Jakobi et al., 2020).
¶Mean absolute difference between volumetric water content estimated using the stationary cosmic-ray neutron probes and the permanent array of soil moisture sensors from the

NEON network.
#Median of 11 h moving coefficient of variation (i.e., ratio of moving standard deviation and moving mean) using the time series of volumetric water content for the entire study period.

The volumetric water content was computed from the filtered corrected neutron counts using an 11 h Savitzky-Golay filter (polynomial degree 3).

FIGURE 4 | Calibration curve of the Li foil (left) and BF-3 (right) systems. The calibration was accomplished using the average volumetric water content in the 0–12 cm

soil layer of four field surveys and five additional points of average volumetric water content obtained from a transect of five soil moisture sensors located across the

NEON KONA site. The volumetric water content of the NEON sensors is the average of the sensors at 5 and 15 cm depth. All observations of volumetric water content

from the NEON sensors were added in the background to show the variability of the data but were not included in the curve fitting exercise. Mean neutron counts for

each calibration point are the arithmetic average of a 12 h period of corrected unfiltered neutron intensities. Error bars represent ±1 standard error of the mean.

hour, which was about 7.5% higher than that of the shielded
single-detector BF-3 system with an average of 2,094 counts per
hour (Table 2). Analysis of the mean neutron counts for the
individual Li foil detectors showed a difference of about 10%
between detectors. While there could be a self-shielding effect
between Li foil detectors, we speculate that this difference is
mostly attributed to the calibration process with 252Cf.

The comparable neutron count rates for the BF-3 system and
the new Li foil system is relevant because neutron intensities
follow Poisson statistics, meaning that measurement precision
increases with neutron counts. The coefficient of variation for
the Poisson distribution is defined by N−0.5 (Knoll, 2000; Zreda

et al., 2012), therefore, the resulting uncertainty in the corrected
neutron counts for the Li foil system was 2.25% and for BF-
3 system was 2.35% (Table 2). The SG filter was effective to
remove part of the high-frequency noise while preserving the
sharp changes during rainfall events. However, close examination
of the time series of corrected neutron counts revealed that the
SG filter tended to preserve more of the high frequency noise
between rainfall events compared to using a moving average filter
with the same window length (see Supplementary Figure 4).
A moving average filter, however, has the undesirable effect of
delaying the timing of soil moisture peaks associated with rainfall
events (Franz et al., 2020). There may be benefits to further
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FIGURE 5 | Correlation between the normalized (N/N0) uncorrected neutron counts of Li foil and BF-3 stationary cosmic-ray neutron systems from 10 April 2020 to

18 June 2020 in a cropland field located near Manhattan, KS, USA. Gray markers in the background represent hourly neutron intensity and the blue markers represent

the filtered counts using an 11 h Savitzky-Golay filter (polynomial degree 3).

development of improved filters for smoothing inherently noisy
neutron count data.

Since the systems were deployed 3.5m apart, minor
discrepancies in the uncorrected neutron intensities could be
attributed to soil moisture variations in the surrounding soil,
the random nature of neutron scattering, instrument materials
and electronics, and instrument form factor (Schrön et al.,
2018). On a few occasions (e.g., 13 April 2020 0900 h), the
Li foil system seemed to exhibit slightly larger neutron count
variations compared to the BF-3 system. A potential cause
for these oscillations could be temperature effects in the Li
foil modules or supporting electronics. However, due to the
sporadic occurrence of the spikes, we were unable to confirm
the temperature effect on sensor electronics. Temperature effects
have been reported during field testing of a prototype of a
novel cosmic-ray neutron sensor based on scintillators called
Finapp, where air temperature was also inversely correlated
to neutron counts (Stevanato et al., 2019, 2020). In that case,
the researchers behind the Finapp device resolved temperature-
related issues by fine tuning the high voltage power supply

(Stevanato et al., 2020). On the other hand, the BF-3 system is
a well-established instrument that shows minimal temperature
effects, and the internal walls of the enclosure are covered
with insulated panels that reduce temperature fluctuations.
The interior of the Li foil enclosure was not insulated and
future models of Li foil-based systems may need to improve
hardware components, enclosure insulation, fine tuning the
power supply, or adopting firmware corrections to detect
spurious neutron counts. The Li foil system used in this study
was an advanced prototype, and we expect that improvements
in the manufacturing and configuration of the neutron modules
and associated electronics will be implemented based on this and
related research studies.

Volumetric Water Content
Both CRNPs produced comparable soil moisture time series with
a MAD = 0.017 m3 m−3 between the two systems (Figure 7).
The estimated volumetric water content with the CRNPs clearly
responded to the precipitation time series and closely followed
the average soil moisture observed with the array of in situ
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FIGURE 6 | Temporal dynamics of normalized (N/N0) corrected cosmic-ray neutron counts from the Li foil and BF-3 systems from 10 Apr 2020 to 18 Jun 2020 in a

cropped field located in the Konza Prairie Biological Station near Manhattan, KS, USA. The point-cloud represents hourly neutron intensity for each system and the

lines represent the 11 h moving Savitzky-Golay filter (polynomial degree 3). Hourly precipitation totals are shown as vertical bars.

sensors. Compared with the average of the in situ sensors, both
the Li foil and BF-3 systems had a MAD = 0.022 m3 m−3.
Occasionally, the volumetric water content estimated with the
Li foil and BF-3 systems reached near-saturation conditions or
even exceeded the estimated soil porosity of 49.8% after large
rainfall events. For instance, after a rainfall event totaling nearly
80mm on 25 May 2020, the estimated volumetric water content
with the Li foil system reached a maximum value of 0.443 m3

m−3, but the BF-3 system estimated a value of 0.546 m3 m−3.
This short time in which the BF-3 system resulted in a volumetric
water content exceeding the soil porosity might be attributable to
temporary local ponding in the vicinity (i.e., tripod area) of the
detector or due to errors in the calibration of the BF-3 system.
Although we did not make direct observations of soil hydraulic
properties, silty soils under frequent tillage events (i.e., disking) in
this region are prone to soil crusting and low aggregate stability,
which can greatly reduce the rate of soil water infiltration and soil
water redistribution (Stone and Schlegel, 2010).

The close agreement between the estimated soil moisture
from the CRNPs and the soil moisture from the array of in situ
sensors and the intensive field surveys provides support to our
assumption that land covers with ∼1 kg m2 of above-ground dry
biomass have a negligible impact on the neutron counts. Errors
in soil volumetric water content due to vegetation effects have
often been associated with CRNP measurements in vegetation

types having greater above-ground biomass, such as maize and
forests (Hornbuckle et al., 2012; Franz et al., 2013; Baatz et al.,
2015). However, localized discrepancies between the time series
of volumetric water content suggest that either vegetation alone
or the combined effect of vegetation and rainfall interception
by the canopy could be introducing some errors in the final
volumetric water content that would affect both CRNPs equally.

Because cost is an important factor affecting the adoption
of cosmic-ray sensing technology, we expanded our analysis to
determine the variability of count rates and estimated volumetric
water contents using a decreasing number of Li foil modules. In
other words, we compared combinations of one or two modules
against the Li foil systemwith threemodules and the BF-3 system.
Using the continuous time series of volumetric water content
from the array of in situ sensors as a benchmark, a single Li
foil module with an average of 747 corrected neutron counts
per hour resulted in a MAD = 0.030 m3 m−3 and average
11 h moving CV = 6.2% (Table 2). As expected, including data
from a second Li foil module doubled the average corrected
neutron counts, which resulted in a 14% improvement in the
precision (MAD = 0.024 m3 m−3, mean of the three possible
combinations of two Li foil detectors) compared to a single
module, and the variability of the estimated volumetric water
content was reduced with an average moving CV = 4.6%. The
inclusion of a third Li foil module further reduced the uncertainty
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FIGURE 7 | Estimated field-average volumetric water content using a Li foil cosmic ray neutron probe (CRNP), and a BF-3 CRNP, an array of five in situ sensors from

the NEON network, and four field surveys in which water content was measured using a calibrated hand-held soil water reflectometer. The data from the field surveys

were used for calibration of the CRNPs. Vertical dashed lines indicate the start of 12 h periods during which data from the array of NEON sensors were also included in

the CRNP calibration to cover a wider range of volumetric water content. The lines for the CRNPs represent the 11 h moving Savitzky-Golay filter (polynomial degree 3).

of corrected neutron counts (MAD = 0.022 m3 m−3) and the
variability in the estimated volumetric water content (CV =
3.7%), although these reductions were less pronounced than
those which occurred when stepping from one to two modules.
Based on our findings, Li foil monitoring systems with two
modules reaching an average of about 1,500 corrected neutron
counts per hour may provide a good balance between cost and
performance, and may provide adequate accuracy (MAD∼0.024
m3 m−3) for many agricultural and hydrological applications.
The precision would likely be greater in higher altitude regions
or regions characterized by drier soil moisture regimes, but in
lower altitude regions or regions with wetter soils, the count
rate provided by two Li foil detectors may be too low for
some applications.

At present time, the Li foil system tested in this study
costs about US$4.4 per average uncorrected hourly count
(Supplementary Table 2). This cost includes the three thermal
detectors, sensor electronics, and moderating HDPE enclosure.
In comparison, the BF-3 system tested in this study costs
about US$8.4 per average uncorrected hourly count and a
system based on 3He, with an average of 750 uncorrected
counts per hour, costs about US$26.5 per average uncorrected
hourly count. All estimates include the cost of the thermal
detectors, pulse counters, sensor electronics and datalogger,
and moderating HDPE enclosure. These costs are based on
prior purchases by the authors and provide only a gross
approximation because important differences exist between these
sensing systems regarding build quality, data logging systems,
and telemetry options. Compared to a similar 3He system,

the Li foil technology tested in this study could reduce costs
by about 80%.

One limitation of our study is the fact that the sensing
depth of the CRNPs likely extended below the depth of the
in situ measurements during the field calibration (i.e., 12 cm),
and this discrepancy in sensing depths likely influenced the
volumetric water content estimated with the CRNPs. To assess
the magnitude of the discrepancy in sensing depth, the effective
sensor penetration depth (D86, cm), defined as the depth within
which 86% of neutrons probed the soil (Köhli et al., 2015), was
computed as a function of the scaled radial distance from the
sensor (r∗, meters), the soil water equivalent (θT = θ + wL), and
the soil bulk density (ρb) following the approach described in
Appendix A of Schrön et al. (2017):

D86 =
1

ρb

(

p0 + p1

(

p2 + e−p3 r∗
) p4 + θT

p5 + θT

)

where p0 = 8.321, p1 = 0.14249, p2 = 0.96655, p3 = 0.01,
p4 = 20, and p5 = 0.0429. Across the study period, the
resulting penetration depth for both sensors ranged from 14 to
25 cm at a radial distance of 10m from the sensors and from
11 to 18 cm at a radial distance of 150m from the sensors
(Supplementary Figure 5). The median sensing depth was 18 cm
at 10m from the sensors and 13 cm at 150m from the sensors,
depths that are only 6 and 1 cm deeper than the sampling depth
used during the field calibration of the CRNPs, suggesting that
the calibration depth used in this study likely captured the main
field-level soil moisture dynamics sensed by the CRNPs. Our
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results are aligned with previous studies, in which CRNPs have
been effectively calibrated using data from depths as shallow as
0–5 cm (Dong et al., 2014).

CONCLUSIONS

We presented field data for a novel cosmic-ray neutron
proportional counter based on 6Li-enriched foil for soil
moisture monitoring. The Li foil monitoring system was
capable of providing comparable uncorrected neutron counts
and volumetric water content estimates to a neutron detector
based on boron trifluoride, which has been widely used
for monitoring soil moisture in hydrological, ecological,
and agricultural applications. The data indicate that a Li
foil detector capable of averaging ∼1,500 neutron counts
per hour could produce soil water content estimates with
acceptable accuracy for many agricultural and hydrological
applications. The results of this study suggest some promising
avenues for further research to enhance the stability
and design of Li foil based CRNPs, which show good
potential to increase the affordability and facilitate wider
use of cosmic-ray neutron sensing by researchers and end
users alike, enabling them to better monitor and manage
soil water.
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