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Abstract The advance of the cosmic ray neutron (CRN) sensing method for estimating field scale
soil moisture relied largely on simulations of the footprint properties of epithermal neutrons (~0.5 eV-
100 keV). Commercially available CRN probes are usually additionally equipped with a thermal neutron
(<0.5 eV) detector. The potential of these measurements is rarely explored because relevant features of
thermal neutrons, such as the footprint and the sensitivity to soil moisture are unknown. Here, we used
neutron transport modeling and a river crossing experiment to assess the thermal neutron footprint. We
found that the horizontal thermal neutron footprint ranges between 43 and 48 m distance from the probe
and that the vertical footprint extends to soil depths between 10 and 65 cm depending on soil moisture.
Furthermore, we derived weighting functions that quantify the footprint characteristics of thermal
neutrons. These results will enable new applications of thermal neutrons.

Plain Language Summary Cosmic ray neutron (CRN) sensing is a method for estimating
field-scale soil moisture. It relies on measuring epithermal neutrons above ground. Many CRN detectors
allow the measurement of both epithermal and thermal neutrons. However, the thermal neutron data are
rarely used because key properties have not been investigated yet. To improve the interpretation of the
thermal neutron signal, it is crucial to understand the volume of influence in terms of the areal extent
and penetration depth of the soil (i.e., the footprint). We used thermal neutron measurements made
while crossing a river with a mobile detector and neutron interaction simulations to assess the footprint
of thermal neutrons. Our results showed that 86% of the measured thermal neutrons originate within
43-48 m distance from the CRN detector and from the soil surface down to depths between 10 and 65 cm
depending on soil moisture. Furthermore, horizontal and vertical weighting functions were obtained from
the simulation results. These findings will enable new applications of thermal neutron detectors, such as
the quantification of biomass and snow.

1. Introduction

Cosmic ray neutron (CRN) sensing is a non-invasive method for intermediate scale soil moisture meas-
urements (Zreda et al., 2008). This method relies on the inverse dependence of aboveground epithermal
neutrons (energy range from ~0.5 eV to 100 keV) on the environmental hydrogen content in a footprint of
130-240 m radius and soil depths ranging from 15 to 83 cm (K6hli et al., 2015; Schron et al., 2017). In terres-
trial environments, most hydrogen is stored in water in soils. Therefore, it is possible to infer soil moisture
content from the amount of aboveground epithermal neutrons. Secondary hydrogen pools, such as biomass,
have a large impact on the measurement accuracy, especially when they are not constant in time. For reli-
able soil moisture estimation, these secondary pools thus need to be considered (Baatz et al., 2014; Bogena
et al., 2013; Franz, Zreda, Rosolem, et al., 2013). Recently, it was found that by additionally considering the
thermal neutron intensity below ~0.5 eV, aboveground biomass can be inferred using the ratio of thermal
to epithermal neutrons (Jakobi et al., 2018; Tian et al., 2016).

CRN sensors are currently installed in approximately 200 locations worldwide (Andreasen et al., 2017).
Many of these locations are also instrumented with thermal neutron detectors. However, these extensive
data sets are rarely explored because key properties of the thermal neutron signal, such as the footprint of
thermal neutrons, are not well defined. Preliminary investigations suggest that the thermal neutron footprint
is smaller than the epithermal neutron footprint and in the order of tens of meters (Bogena et al., 2020). For
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the improved interpretation of the epithermal neutron signal, horizontal and vertical weighting functions
were of great importance. However, such weighting functions are still lacking for thermal neutrons. In ad-
dition, the dependence of the thermal neutron footprint on soil moisture and chemical composition is still
under debate (e.g., Andreasen et al., 2016; Jakobi et al., 2018; Tian et al., 2016; Zreda et al., 2008).

In this study, we present CRN measurements as well as Monte Carlo simulations using the neutron trans-
port model URANOS (Ultra Rapid Adaptable Neutron-Only Simulations, Ko6hli et al., 2015). In a first step,
we show that URANOS can describe measured thermal neutron fluxes. In a second step, we derive horizon-
tal and vertical weighting functions that describe the thermal neutron footprint from URANOS simulations.

2. Materials and Methods
2.1. River Experiment

According Zreda et al. (2012), coastal transect experiments with mobile CRN detectors are useful to obtain
a coarse understanding of CRN footprints and to evaluate neutron intensities simulated with neutron trans-
port models. We measured the changes in neutron intensity along an approximately 1 km long transect with
a ferry crossing over the approximately 400 m wide Rhine river near Cologne (central coordinates: 51.056,
6.918) on two days in 2020 (9 September with dry conditions and 21 November with moist conditions). For
this, we used the Jiilich CRN rover consisting of an array of nine detector units, each holding four °BF;
filled neutron probes (Hydroinnova LLC). Commonly used neutron detectors are far more sensitive to ther-
mal neutrons than to epithermal neutrons. To increase the sensitivity to epithermal neutrons, the detectors
are surrounded with high-density polyethylene (HDPE) that moderates a large fraction of the arriving neu-
trons to lower energy levels. During the experiment we measured neutron intensities with five moderated
(with HDPE) and four bare (without HDPE) detector units. To reduce the uncertainty associated to the
number of neutron counts (Jakobi et al., 2020), we crossed the river four and six times during the dry and
moist conditions, respectively. The maximum driving speed during data acquisition was ~5 km/h. The time
interval between two readings was set to 10 s. In addition to accumulated neutron counts, pressure, humid-
ity and GPS position were recorded. All measurements were assigned to half of the driven distance between
two readings. We linearly interpolated hourly incoming neutron counts obtained from the neutron monitor
located on the Jungfraujoch (JUNG, available via the NMDB neutron monitor database at www.nmdb.eu)
to the measurement times and used these alongside the pressure and humidity measurements to obtain
corrected moderated neutron counts. Neutron counts measured with the bare detector were only corrected
for pressure and humidity (cf. Jakobi et al., 2018). We also measured soil moisture content in the top 6 cm of
the soil on both sides of the river using HydraProbe sensors (Hydra Go Field Version, Stevens Water Moni-
toring Systems, Inc.). In total, ~300 measurements were made in dry conditions and ~200 measurements in
moist conditions. Along the measuring transect, different amounts of biomass (i.e., bushes and trees) were
present on both sides of the river at distances >~70 m from the shores.

2.2. Neutron Transport Modeling

We used the URANOS Monte Carlo neutron interaction code for neutron transport modeling (Kohli
et al., 2015). The neutron physics of URANOS is based on a ray-casting engine with a voxel geometry. It
considers all relevant interaction processes between neutrons and atomic nuclei, such as absorption and
evaporation as well as elastic and inelastic collisions in the fast, epithermal and thermal neutron energy re-
gime (Kohli et al., 2015). Several previous neutron modeling studies used simplified approaches where neu-
trons were launched from within the ground (e.g., Desilets et al., 2010; Zreda et al., 2008) or only secondary
neutrons were launched (e.g., Franz, Zreda, Ferré, & Rosolem, 2013; Rosolem et al., 2013). Here, neutrons
are launched from a horizontal layer above the soil surface using a realistic energy spectrum (Sato, 2015;
Sato & Niita, 2006) for the given geographic location and height above ground (K6hli et al., 2015). The
model domain used in this study represents an area of 2,000 X 2,000 m with the source layer having an
edge length of 2,600 m and a height that extends from 50 to 80 m. The cutoff rigidity was set to 10 GeV and
for each model run, 10° source neutrons were simulated. The air medium extended to 1,000 m height and
consisted of 78%,, nitrogen, 21%,, oxygen and 1%y, argon at a pressure of 1,020 mbar. The soil extended to
5 m depth and was a homogeneous silica soil consisting of 50%,, solid material, of which 75%,, was SiO,
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and 25%y, Al,O3, The soil bulk density was 1.43 g/ cm?® and the pore space of the soil was filled with H,0 and
air with the same composition as in the atmosphere. All neutrons that passed a horizontally infinite detec-
tor layer between 1.75 and 2 m above ground were recorded if they had prior soil contact. Using a detector
layer instead of a dedicated volume detector is equivalent to many detectors located side-by-side (cf. Kohli
et al., 2015), and dramatically decreases the number of neutrons that need to be simulated.

2.3. Evaluation of Model Results

Neutrons exhibit different sensitivity and behavior depending on their energy level, which needs to be con-
sidered when evaluating neutron modeling results. Here, we consider neutrons <0.5 eV and define these as
thermal neutrons. This cutoff energy allows for a comparison with earlier modeling results with the Monte
Carlo N-Particle Extended (MCNPX) model (e.g., Andreasen et al., 2016, 2020; McJannet et al., 2014).

The kinetic energy of epithermal neutrons decreases monotonically with the number of scattering inter-
actions. In contrast, the kinetic energy of thermal neutrons can increase due to interactions with the envi-
ronment. Therefore, it is possible that the energy of a thermal neutron increases above 0.5 eV again after
the initial thermalization. We do not consider the scattering interactions above 0.5 eV for the presented
footprint calculations because we expected different behavior due to their higher energies. Thus, scatter-
ing interactions of neutrons with energies above 0.5 eV that subsequently have energies below 0.5 eV are
considered as if the energy threshold were never exceeded. If the kinetic energy between two interactions
increased by >1 eV, we assume that it was absorbed and that a new neutron was released by the target nu-
cleus (i.e., via evaporation).

Following earlier studies describing the epithermal neutron footprint (Desilets & Zreda, 2013; Kohli
et al., 2015; Schron et al., 2017), we define the horizontal footprint (Rgs) as the lateral distance that 86%
of the thermal neutrons traveled from their first soil contact (as thermal neutron) until the passing of the
detector layer. The vertical footprint (Dgs) is defined as 86% of the depth of all scattering interactions in soil
that thermal neutrons experienced before passing the detector layer.

3. Results
3.1. River Experiment

Figure 1 shows the results for the measured transect across the Rhine River. On the first measurement day,
the soil along the river was significantly drier (red dots; ~0.06 m3/m3) than on the second day (blue dots;
~0.23 m3/m3). As expected, significantly lower neutron intensities were measured on the river compared
to the shore areas for both moderated and bare detectors. This difference is less pronounced for moderated
detectors than for bare detectors. In addition, the moderated neutrons at the shore showed a clear soil mois-
ture dependence, while the neutrons measured with the bare detectors were less affected by soil moisture.

Figure 1 also shows URANOS simulation results for different soil moisture contents of the shores ranging
from 0.10 to 0.50 m3/m3. For this, air humidity (8 g/m®) and air pressure (1,011 mbar) were set to the average
conditions during the experiment with dry conditions. The cutoff rigidity was set to 3.15 GeV and obtained
from the COSMOS Cutoff Rigidity Calculator (http://cosmos.hwr.arizona.edu/Util/rigidity.php). Neutrons
passing the detector layer were accumulated in 50 m distance intervals from the river center. Moderated
neutron counts were assumed to constitute of 70% epithermal neutrons (1 eV-1 MeV) and 30% thermal
neutrons (McJannet et al., 2014), which is a first order estimate because the actual mixing ratio measured
by a moderated detector also contains up to 40% neutrons with energies above 1 MeV and also depends on
ambient hydrogen content (Kohli et al., 2018). To consider the energy-dependent sensitivity of the neutron
detector, we approximated the neutron counts of a bare detector by weighting the neutrons passing the
detector layer with +/Energy I (Weimar et al., 2020). We observed variable amounts of biomass along the
driven transect and assumed this to amount to up to 23 kg/m> To account for the influence of aboveground
biomass (Franz, Zreda, Rosolem, et al., 2013; Jakobi et al., 2018), we reduced the modeled moderated neu-
tron intensities by 0.925% per kg/m?* (Baatz et al., 2015).
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Figure 1. Moderated (upper subplot) and bare (lower subplot) neutron intensity measured (blue and red dots) along an approximately 1 km long transect with
the Rhine river in the center (blue zone). In comparison, neutron intensity obtained from Ultra Rapid Adaptable Neutron-Only Simulations (URANOS) for
shore soil moistures (orange zones) ranging between 0.10 and 0.50 m*/m? are shown. For this, moderated neutron intensity was obtained using 70% epithermal

neutrons and 30% thermal neutrons. Bare neutron intensity was obtained by weighting neutrons passing the detector layer with / Energy ) (black line in Figure
3a in Weimar et al., 2020).

The URANOS model was able to reproduce reasonably well the trends in both moderated and bare neutron
intensity along the transect. A simulated soil moisture of 0.2 m3/m3 provided the best agreement with the
measured moderated neutron intensity during the dry experiment, which is higher than the measured value
of 0.06 m3/m3 of the upper 6 cm. We attributed this to higher soil moisture at greater depths, resulting in
a higher effective soil moisture within the penetration depth of the CRN detector. Similarly, the measured
moderated neutron intensity during the wet experiment showed the best agreement with a simulated soil
moisture content of 0.40 m3/m3 (measured soil moisture was 0.23 m3/m3 in the upper 6 cm). Both the
measured and modeled bare neutron intensities showed stronger gradients than the moderated neutrons
near the riverbanks and no clear dependence on soil moisture. The stronger near-shore gradients confirm
that the thermal neutron footprint is substantially smaller than the epithermal neutron footprint. However,
the footprint cannot be accurately identified with such experimental setups, as it is deformed and biased to
drier areas and thus lacks the radial symmetry required to derive a meaningful footprint (K&hli et al., 2015;
Schattan et al., 2019). The reasonable agreement between the observed and simulated neutron intensities
shows that the relevant physical processes are sufficiently considered in URANOS. Therefore, it will be used
to assess the footprint characteristics of thermal neutrons in the following.

3.2. Horizontal Thermal Neutron Footprint

Figure 2 shows the simulated thermal neutron intensity as a function of the radial distance from the first
soil contact after thermalization until passing the detector layer for soil moisture contents ranging from 0.06
to 0.50 m*/m* and for a constant air humidity of 10 g/m>. In addition, Figure 2 shows Rgs and an analytical
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Figure 2. Horizontal intensity of simulated thermal neutrons as a function of distance from the first interaction in the soil to detection for different soil
moisture contents ranging from 0.06 to 0.50 m*/m’ and constant absolute humidity of 10 g/m®. The dotted lines indicate the 86% cumulative contribution
quantile (Rg) for a specific soil moisture content and the solid lines show an analytical fit to the horizontal intensity (W, — Equation 1).

function that was fitted to the neutron intensity and can be used to obtain the radial weights (W,, horizontal
weighting function):

r*F5+Fg

2 *

W, = rfi [e" e QJ , 0<r" <300 ey
r

where F, - F; are parametric functions that all depend on soil moisture [m?*/m’] (see Appendix A). For
obtaining r*, the radial distance from the detector, r in m, can be rescaled for the influence of pressure (p
[mbar]) using the approach from K6hli et al. (2015, Equation 5):

-1
. 05
r= r[o 86 — e—p/lOle @

However, we suggest to only apply the pressure rescaling to radii > 5 m as we found no evidence that the
geometrically controlled peak within the first meters (compare Figure 2) is influenced by air pressure.

We found that more than 45% of the thermal neutrons originated from within 5 m distance from the detec-
tor. As in the case of epithermal neutrons (K6hli, 2019), a peak in neutron intensity occurred at these short
distances, which is geometrically controlled by the height of the detector above the ground. We also found
that the detector height affects Rgs but not Dgs (see supporting information). The radial neutron intensity de-
pended on soil moisture and this dependency was more pronounced at shorter distances from the detector.
In addition, Rgs increased slightly with increasing soil moisture. Within the considered soil moisture and air
humidity range from 0.01 to 0.50 m*>/m*and 1 to 21 g/m?, Rgs ranged between 43 and 48 m. In contrast to the
strong dependence of the epithermal neutron footprint on air humidity (K&hli et al., 2015), an increase in
air humidity from 1 to 21 g/m3 for a soil moisture of 0.20 m’/m? only resulted in a decrease in Rgs of thermal
neutrons by ~2 m. This weak dependence on air humidity can be explained by the shorter travel paths of
thermal neutrons and the associated lower probability of interaction with water vapor nuclei compared to
epithermal neutrons (Desilets & Zreda, 2013). Because of this weak dependence, we did not consider air
humidity as a parameter in Equation 1.

3.3. Vertical Thermal Neutron Footprint

Figure 3 shows the contribution of scattering interactions of detected thermal neutrons as a function of
depth in the soil for soil moisture contents ranging from 0.06 to 0.50 m*/m® with a constant air humidity of
10 g/m3 and for various distances from the detector. Furthermore, Figure 3 shows Dg (i.e., the penetration
depth) and the fitted analytical function (W, vertical weighting function):
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Figure 3. Vertical contribution of all scattering interactions of thermal neutrons to the total neutron flux at 1, 5, 10, and 30 m distance from the first interaction
in the soil to detection for different soil moisture contents ranging from 0.06 to 0.50 m*/m® and constant absolute humidity of 10 g/m’. The dotted lines
indicate the 86% cumulative contribution quantile (Dss) for a specific soil moisture content and the solid lines show an analytical fit to the vertical contribution

(Wy;—Equation 3).

dFiy+Fi
F
W, =d" (ed SFyd +%) , 1<d<150 3)

where F, - F;, are parameter functions dependent on soil moisture [m*/m’] (see Appendix A) and d in cm
is the soil depth.

The simulations for the vertical thermal neutron footprint indicate that the penetration depth decreases
from 65 to 10 cm with increasing soil moisture from 0.01 to 0.50 m*/m? (not all shown) and decreases
slightly with increasing radial distance (Figure 3). Compared to epithermal neutrons, the radial decrease of
Dy, with distance was far less pronounced for thermal neutrons (cf. Kohli et al., 2015; Schron et al., 2017).
Figure 3 also shows a strong dependence on soil moisture for the contribution of the scattering interactions
to the overall measured signal. For short distances (i.e., at ~1 m distance), the normalized contribution to
the overall signal in the soil strongly varied within the first centimeters. In contrast, the vertical weights of
epithermal neutrons decrease monotonous (Franz et al., 2012; Kohli et al., 2015; Schron et al., 2017). There
was only a small radial dependence of the vertical contribution. Therefore, this was not considered in the
vertical weighting function (Equation 3). The best agreement between the modeled contribution to the total
signal and W; obtained from Equation 3 was found at ~5 m distance from the detector (Figure 3). Consid-
ering that soil moisture measurements for calibration are usually generated from mixed samples in 5 cm
intervals (e.g., Zreda et al., 2012; Scheiffele et al., 2020) or from distributed sensor networks with the first
measurement in a soil depth of ~5 cm (e.g., Bogena et al., 2013), the weighing function fits the simulation
results well enough for practical applications.
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4. Discussion

The footprint definitions used in this study have shown good results for the weighting of reference soil
moisture measurements in many experimental studies with epithermal neutrons (e.g., Bogena et al., 2020;
Scheiffele et al., 2020; Schron et al., 2017). We therefore expect that these definitions are also appropriate for
thermal neutrons. Furthermore, the use of the same definitions allows for easier comparison with previous
work. Nonetheless, it is worth mentioning two issues with the used definitions for the thermal neutron
footprint. First, the use of 86% quantiles to summarize the footprint characteristics provides a favorable
impression of the size of the footprint. In reality, a large fraction of both epithermal and thermal neutrons
is expected to originate from a region close to the detector (Kohli et al., 2015, Figure 2). Second, the use of
the first soil contact of a neutron to determine the horizontal intensity and all scattering interactions to
determine the vertical contribution is a simplification that not necessarily represents the neutron signal
measured by the detector. In future studies, an attempt should be made to formulate the definitions for the
lateral and vertical footprint more consistently.

In our opinion, defining the origin of a thermal neutron by its first soil contact with kinetic energies <0.5 eVis
a meaningful choice, because this is in proximity to the kinetic energy (~0.17 eV) where the dominant phys-
ical response of neutrons changes from elastic scattering interactions to absorption (cf. Khli et al., 2018;
Weimar et al., 2020). Nevertheless, it is unclear to which extent the sensitivity of thermal neutrons to soil
moisture depends on soil interactions with higher energies before a neutron is moderated down to thermal
energies. Thus, defining the first soil contact as thermal neutron as origin may provide biased results.

The density of aboveground thermal neutrons not only depends on the rate of higher energy neutrons that
are thermalized, but also on the absorption by nuclei mainly in soils (Desilets et al., 2010; Zreda et al., 2008).
For instance, Andreasen et al. (2016) found that the gadolinium concentration in soils needed to be con-
sidered to simulate realistic thermal neutron intensities. In this study, we did not explicitly consider the
effect of modified soil chemistry on the footprint properties of thermal neutrons. However, we found only
a reduction in Rgs by ~2 m and a reduction in Dgs by ~5 cm when adding 107° g/cm® '°B to the soil in the
model domain (for a soil moisture of 0.20 m*>/m?). This '°B content approximately represents the camulative
absorption cross section (Sears, 1992) of the European median amounts of the most important soil elements
(Salminen et al., 2005). Consequently, we assume that the influence of soil chemistry on the thermal neu-
tron footprint is small in most cases.

Standard neutron detectors that use HDPE for moderation typically show a contribution of ~20%-30%
thermal neutrons to the moderated signal (Kohli et al., 2018; McJannet et al., 2014). Similarly, epithermal
neutrons also influence the signal of a bare detector, but to a lesser degree (Andreasen et al., 2016). For fu-
ture studies, it would be important to investigate the contribution of thermal and epithermal neutrons to the
moderated and bare neutron detectors in more detail. This would allow a complementary use of the weight-
ing schemes from Schron et al. (2017) for epithermal neutrons and the weighting scheme (Equations 1-3)
proposed in this study for thermal neutrons to more accurately describe the total measured neutron signals
of moderated and bare detectors.

5. Conclusions and Outlook

This study presents for the first time a detailed assessment of the thermal neutron footprint of cosmic ray
neutrons using the neutron transport model URANOS. Our neutron transport simulations showed that
the horizontal footprint of thermal neutrons (<0.5 eV) depends only slightly on soil moisture and ranges
between 43 to 48 m for soil moisture contents between 0.01 and 0.50 m3/m3. In contrast, we found that the
penetration depth of thermal neutrons strongly depends on soil moisture and ranges from 10 to 65 cm for
soil moisture contents between 0.01 and 0.50 m3/m3. Furthermore, we found a low influence of air humid-
ity on the footprint of thermal neutrons. In addition, we measured neutron intensity along a transect that
crossed a river using a highly sensitive cosmic-ray rover. Since the URANOS neutron transport model was
able to adequately reproduce the measured bare neutron intensities of the transect across the river, we are
confident that it is suitable for the thermal neutron footprint simulations presented here. Our results should
enable new applications using thermal neutrons, such as the improved correction of biomass for soil mois-
ture determination or the detection of biomass changes. For future studies, we suggest to investigate the
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dependence of the thermal neutron footprint on soil chemistry, vegetation, detector height above ground
and soil bulk density in more detail. In addition, future research should investigate the contributions of ep-
ithermal and thermal neutrons to the measured signals of different types of bare and moderated detectors.
Furthermore, the applicability of the pressure, air humidity and incoming cosmic ray neutron standard
correction models for thermal neutrons should be investigated.

Appendix A

The parameter functions F; all depend on soil moisture (8 [m*/m?]) and can be subdivided into a set of linear
functions (Equation A1) and a set of power functions (Equation A2):

F, By B, Fg By, Fy = pi0 + ps (AD)

Fy, F5,F;,Fo, By, Fy = p0™ (A2)

The parameters that apply to the functions F; are provided in Table Al.

Table Al

Parameters for the Functions F;

Parameter-function P 23

F, —1.90331 18.33714
F, 0.03771 —0.34645
F; —0.04252 1.55665
F, 1.44161 0.00355
Fs 0.00767 —0.01029
Fs —1.86707 18.32828
F, —164.3489 0.12357
Fg —-0.107 —0.79174
Fy 0.49036 5.19522
Fj 1.01168 —0.00738
Fj; 0.10415 0.79743
Fj, —164.80664 0.12448
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