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Cosmic-Ray neutron sensors are widely used to determine soil moisture on the hectare
scale. Precise measurements, especially in the case of mobile application, demand
for neutron detectors with high counting rates and high signal-to-noise ratios. For a
long time Cosmic Ray Neutron Sensing (CRNS) instruments have relied on 3He as an
efficient neutron converter. Its ongoing scarcity demands for technological solutions
using alternative converters, which are 6Li and '9B. Recent developments lead to a
modular neutron detector consisting of several 1°B-lined proportional counter tubes,
which feature high counting rates via its large surface area. The modularity allows for
individual shieldings of different segments within the detector featuring the capability of
gaining spectral information about the detected neutrons. This opens the possibility for
active signal correction, especially useful when applied to mobile measurements, where
the influence of constantly changing near-field to the overall signal should be corrected.
Furthermore, the signal-to-noise ratio could be increased by combining pulse height
and pulse length spectra to discriminate between neutrons and other environmental
radiation. This novel detector therefore combines high-selective counting electronics with
large-scale instrumentation technology.

Keywords: CRNS, neutron, detector, soil moisture, readout electronics, boron-10, helium-3 alternative

1. INTRODUCTION

The hydrological cycle and energy transfer at the land-atmosphere interface strongly depend
on soil moisture. It is therefore a key variable in the effort to understand the Earths
climate system. However, soil moisture detection methods are either locally restricted to
point measurements or large-area sensitive, satellite-based techniques with shallow depth
resolution (Mohanty et al., 2017). In recent years Cosmic-Ray Neutron Sensing (CRNS) has
become a prominent method for non-invasive soil moisture determination, although the basic
principles are known for decades (Kodama et al., 1985; Zreda et al., 2008). It measures the
environmental hydrogen content within a footprint of several hectares and penetration depths
of up to 80 cm (Kohli et al., 2015), which enables CRNS to close the gap between large area and
local measurements (Robinson et al., 2008). Further methods with larger support for soil moisture
sensing include GNSS-R (Rodriguez-Alvarez et al., 2011) and gamma-ray spectroscopy (Strati
etal.,, 2018). CRNS relies on the inverse relationship between the above-ground epithermal-to-fast
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FIGURE 11 | Installation at the Marquardt test site of the Leibniz Institute for Agricultural Engineering and Bioeconomy with CRNPs compared in Figure 12. (a)
Preliminary setup of sensor 9 in its camouflage box with external solar panel and GSM antenna. (b) Bird’s eye view of the site. The neutron detectors are located with
overlapping footprints (50 m radius, white circles). Background image, map data: Google imagery.
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FIGURE 12 | Comparison of different CR probes installed at the Marquardt site (ATB Potsdam). The time series show raw data from the probes, which are tagged
using the same color code as in Figure 11. The integration time of the probes was set to 20 min, however, a moving average of +6 h has been applied to the neutron
count time series. As a result the count rate errors are in the order of the plotted line width, yet, the averaging leads to an error of the given time scale. Rainfall with a
maximum of 8 mm is indicated at the top, however the uncorrected rate changes are mainly due to atmospheric pressure changes plotted in gray. The inset shows 2
weeks of data with all probes scaled to each other.

5. CONCLUSION suggested. The ideal moderator thickness was found to be a

compromise between count rate enhancement and avoiding
This study examined critical properties of neutron detectors  contamination of neutrons that do not carry information about
designed for Cosmic Ray Neutron Sensing and introduced a  the environmental hydrogen content. The typical value of 25 mm
large-scale detector setup tested in situ at an experimental field  accompanied with a thermal neutron shield firstly introduced
site. Extensive Monte Carlo studies using both URANOS and by Desilets et al. (2010) was confirmed to be appropriate for a
MCNP 6.2 were conducted and detector design implementations  universal detector approach. However, slightly better results were
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obtained for 22.5mm. For some settings a thinner moderator
and thermal shield combination were identified to increase the
neutron measurement precision. In general, the importance of
a thermal shield was demonstrated, as it significantly increases
the detector’s signal-to-noise ratio. If no thermal shield is
applied the optimum moderator thickness is slightly larger,
lying between 27.5 and 30mm. The measurement precision
may be further increased by adapting the spatial dimensions of
the moderator housing and thereby increasing the count rate.
Changing the dimensions alters both the response functions
magnitude and the total neutron flux impinging the detector
surface with opposed effects on the count rate. Here, the
ideal configuration strongly depends on the neutron counter’s
thermal sensitivity. Overall, high count rates are found to be
achieved for large detector systems with large neutron counters.
At last, the signal induced by non-neutron radiation and its
influence on the overall signal quality was discussed. A novel
detection system based on these design considerations was
presented. It combines a moderate detection efficiency with a
large surface area and achieves count rates that are higher by
multiple times than usual systems. An appropriate selection
of materials minimizes the relevant intrinsic background of
radioisotopes to < 70 events per day per neutron counter.
The readout electronics combines pulse height and length
analysis to suppress the detection of non-neutron particles. It
was shown that a reduction of the counter gas pressure to
250 mbar leads to a reduced efficiency to beta and gamma
radiation of about 10~°. Neutron events are recorded with a
time resolution of milliseconds that allows for studying the
“ship effect.” The large-area detector is composed of several
neutron counters. This modularity allows for adaptable response
functions of the different counter tubes. Spectral information
can then be retrieved and used for signal correction or
biomass investigations.

The benefits for the standard soil moisture retrieval are
two-fold. Firstly, a high signal-to-noise ratio increases the
relative change in neutron detection rate per hydrogen content
change. Secondly, high count rates lower the relative statistical
uncertainty and the neutron detection rate can be resolved more
precisely. Hence, the high signal-to-noise ratio and high count
rates of the large-scale boron-lined detector lead to precise soil
moisture measurements in short time frames.
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APPENDIX

DETAILED CALCULUS OF SOIL MOISTURE
UNCERTAINTY

This article aims at analyzing the most relevant neutron count
uncertainty sources for gaseous neutron detectors tailored for
CRNS. In section 3.1 it is indicated how this uncertainty
propagates onto the uncertainty of soil moisture as this is the
desired variable. Here the corresponding calculus is shown in
more length. For the calculation we use Equation (1) and its
inverse:

a
N@©® =No| ——+a (7)
(7 + )
Pbd
We use simple uncertainty propagation and neglect

the influence of other uncertainty sources on the soil
moisture content:
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For simplicity we omitted the determination of the absolute value
in the second step. Replacing N with Equation (7) to obtain oy
dependent on 6 results in:
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This result is presented in section 3.1.

ACCOUNT OF DETECTOR COSTS

Besides the benefits mentioned above boron-lined neutron
detectors are likewise a cost-effective alternative to *He-based
CRNPs. Boron-lined systems require enriched '°B as the
absorption cross section of the naturally more abundant !B is
lower by three orders of magnitude. Contrary to helium-3 which
is extracted from refurbished thermonuclear warheads, boron
is widely used as a semiconductor dopant. For radiation hard
applications it needs to be depleted in 1B in order to make it
more resilient against neutron-induced damages. '°B enriched
boron is therefore a by-product of the semiconductor industry.
The price is subject to fluctuations that can be as high as 50%
and by the time this article was written amounted to 1,500$
per 100g. Enriched boron is sputter deposited as °B4C with a
thickness of 1.5 um on a copper substrate. The current price of
such a 96% enriched 1°B4C coating amounts to approximately
2,500 $ per m?> with the sputter deposition being the most
substantial item in the cost budget. Absorption cross section
comparison shows that 1m?x 1.5um has the absorption, and
thus neutron conversion, capability of approximately 5 barliters
of 3He. However, approximately 43% of the reaction products
do not leave the boron layer and thus can not be detected, as
indicated in section 3.2. Moreover some of the reaction products
may not be distinguished from other radiation when depositing
small amounts of energy in the counters gas. This leads to a
factor of 2.5 in neutron detection efficiency between 1 m? of B
to 1 barliter of 3He, which for example can approximately be
found in CRS-1000 counter tubes. In order to compare neutron
count rates the total surface of the CRNP has to be taken into
account (see section 3.2.2). The stationary detector introduced in
section 4.3 incorporates a total of approximately 1 m? of 1.5 pm
boron-lined copper substrate.
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