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Featured Application: A portable neutron-monitoring system can be effectively applied to veri-
fication of the models used for estimating cosmic radiation intensities over a wide range of alti-
tudes in a harsh environment such as in Antarctica.

Abstract: Many ongoing studies for predicting the production rates of cosmogenic nuclides, fore-
casting changes of atmospheric compositions and climate, assessing the cosmic-radiation exposure
of aircraft crew, and the effects on precise electronic devices use numerical models that estimate
cosmic-radiation intensities in the atmosphere. Periodic verifications of those models are desirable to
be performed for assuring the reliability of the study outcomes. Here, we investigated an application
of a portable neutron-monitoring system composed of an extended-energy-range neutron monitor
and a small data logger for monitoring of cosmic-neutron intensities in a polar region. As a result
of measurements in the east Antarctica region covering a wide range of altitudes (from 30 m to
3762 m) and comparisons with the model calculations performed with an analytical model based on
comprehensive Monte Carlo simulations (PARMA), it was demonstrated that the portable neutron-
monitoring system could be effectively applied for periodic verification of cosmic-neutron intensities
that would improve the reliability of related studies.

Keywords: Antarctica; cosmic rays; atmosphere; radiation detector; neutron measurement; portable
monitoring system

1. Introduction

Primary cosmic radiations or cosmic rays are composed of highly energetic particles,
mainly protons. Those particles can be classified by origin to two main components:
galactic cosmic rays (GCRs) that come from outside our solar system and solar energetic
particles (SEPs) that originate from an eruptive process on the sun. The high-energy cosmic-
ray particles that enter the Earth’s atmosphere cause nuclear spallation reactions with
atmospheric atoms, mainly oxygen or nitrogen atoms, in the stratosphere and the upper
troposphere. The electromagnetic cascades produce various secondary radiations such as
electrons, pions, neutrons, etc.

These nuclear reactions also produce many cosmogenic nuclides such as 3H, "Be, 10Be,
14C, and 3°Cl that fall out onto the ground with almost constant rates. Those nuclides
provide useful information related to geoscience, and much research has actively been
performed in the relevant field [1-5]. Particularly, cosmogenic nuclides in snow and ice
in polar regions at high geomagnetic latitudes can tell us about the long history of solar
activities, including extreme solar particle events that affect cosmic radiation intensities
and resultant cosmogenic production rates [6-8]. Production rates of cosmogenic nuclides
in the earth’s atmosphere have been estimated by model calculations, and many models
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have been developed for this purpose over the past 70 years. The first models [9-11] were
based on simplified functions expressing the cosmic-ray-induced cascade process. Since
the 1980s, Monte Carlo simulation codes were developed to describe the stochastic process
of the spallation reactions in more detail [12-17]. In addition, an analytical model based on
comprehensive Monte Carlo simulations has been lately developed [18,19].

Cosmic radiation can change the physical-chemical properties of the atmosphere,
such as ion balance and temperature, and may subsequently affect regional climate vari-
ability [20-23]. It has been considered that ionizations induced by cosmic radiation in
the atmosphere contribute to the production of many ions that are followed by various
reaction processes that may cause different climate parameters. More accurate prediction
of long-term climate change needs a more reliable model that can precisely describe the
atmospheric ionization processes in the atmosphere, especially in the polar regions.

Aside from the effects on the atmospheric compositions, direct exposure of humans to
cosmic radiation at high altitude has become a subject in view of health [24]. According
to the fact that the dose level of the cosmic radiation is elevated with altitude and reaches
a level about 100 times higher at the cruising altitude of a commercial jet aircraft than
that on the ground, the International Commission on Radiological Protection (ICRP) has
recommended that exposure to cosmic radiation of aircraft crew should be managed as an
occupational exposure [25,26]. ICRP recommended in a recent publication [27] that frequent
flyers also be informed of their dose levels in aviation. Following these recommendations,
the individual doses received from cosmic radiation onboard aircraft have been assessed by
using numerical models. Several easy-to-use program tools for aviation-dose calculations
were developed based on those models and have been provided by different groups. Those
are CARI [28], PCAIRE [29], SIEVERT [30], AVIDOS [31], EPCARD [32], JISCARD EX [33],
and other models [34]. Periodic verification of the accuracies of those programs including
intercomparisons [35,36] is crucially important for reliable dose assessments of aircraft crew
and frequent flyers.

Furthermore, there are concerns about possible errors by many avionic electronic
systems during a flight due to the hits by cosmic radiation, particularly high-energy neu-
trons [37,38]. A secondary high-energy neutron collides with an atom of the semiconductor,
which produces an ionization charge that can cause an unfavorable reaction of a semicon-
ductor device. To prepare adequately for such errors, a reliable, well-verified model that
can predict the probabilities of the hits is needed.

Regarding observations of cosmic radiation intensities related to the fields above,
ground-based neutron monitors have played an important role for up to 70 years. The
ground-based neutron monitors detect secondary particles produced in the atmosphere as
a product of spallation reactions caused by primary cosmic-ray particles. While two types
of standardized detectors (IGY and NM64) are generally operated, both types consist of gas-
filled proportional counters surrounded by a moderator, lead producer, and reflector [39].
The incident cosmic protons and neutrons cause nuclear reactions in the lead, and the
secondary neutrons slow down by the moderator, and thermal-energy neutrons are detected
by the proportional counter tubes. Many stations of the ground-based neutron monitors
were built worldwide since the 1950s and have been operated for space sciences and space
weather applications [40]. The monitoring data acquired at these stations are publicly
available in some repositories and data sources to observe the cosmic-ray variations and
incident energetic solar particles, and also to estimate the global-scale change of cut-off
rigidity, i.e., the minimum magnetic rigidity that a vertically incident particle can have and
still reach a given location above the Earth [18].

While the ground-based neutron monitors have provided accurate and stable data,
these large-scale instruments can hardly be carried and thus have been employed for
fixed-point observations. It should be noted that, in addition to the solar activities and
global geomagnetic field condition, local meteorological factors as well as the atmospheric
pressure, such as clouds and snowfall, could affect the cosmic-radiation intensities at a
specific site. Moreover, a notable change in the Earth’s geomagnetic field originating
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from the core has lately been observed [41,42]. According to the awareness on the spatial
variation of cosmic-radiation intensity, we have investigated the application of a portable
neutron-monitoring system composed of an extended-energy-range neutron monitor and a
small data logger for model verifications, with the on-site measurements covering a wide
area of interest. The designed monitoring system is preferably to be tested in a polar region
where the cosmic-radiation intensities are the highest on the Earth.

2. Materials and Methods
2.1. Locations of Measurements

Measurements of cosmic neutrons were performed from a coastal to a plateau region
in East Antarctica where the Japanese crew usually conducts their activities. A snow vehicle
with the instruments for neutron measurement left Syowa Station (69.0° S, 39.6° E) in the
coastal area in November 2018, moved to Dome Fuji Station (77.5° S, 37.5° E) at 3765 m
in altitude in the inland area, and then back to the Syowa Station in January 2019. This
period was in the solar minimum. The neutron measurements along the inward (coast to
inland) route were performed at 16 locations from 17 November 2018 to 7 December 2018,
and those along the outward route were performed at 17 locations from 31 December 2018
to 19 January 2019. The time for monitoring at each location ranged from 7.2 h to 88 h. The
locations of these measurements are shown with circle points in Figure 1.
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Figure 1. Locations in the Antarctica Continent where the measurements of cosmic neutrons were
performed with a portable neutron monitor (WENDI-II) from November 2018 to January 2019. The
points on the inward route are indicated with blue, those on the outward with white. The time for
monitoring at each location was more than 7 h. Long-term stays were made at three points shown in
red; among them, a continuous neutron monitoring for about 20 days was performed at the end of
the inward route near Dome Fuji Station (location A).

In addition to the repetitive measurements along the inward and outward routes, long-
term monitoring for about 20 days was performed at the end point of the route (location
A in Figure 1); the measured data were recorded with 12 h intervals at these fixed-point
measurements.
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2.2. Methods of Measurements

For cosmic-neutron measurements, we employed an extended energy-range rem
meter coupled with a tungsten-powder-mixed moderator (FHT762 Wendi-2, Thermo Fisher
Scientific K.K., Franklin, MA, USA). WENDI-II has functions of continuously counting
the pulses generated from the *He(n, «)Li reaction with moderated thermal neutrons and
calculating the hourly rate of 1 cm ambient dose equivalent, H*(10), multiplying the one-
hour integrated pulse counts and a constant conversion coefficient. Selected properties of
WENDI-II are indicated in Table 1. More details on the dosimetric properties of WENDI-II
were presented by Olsher et al. [43,44].

Table 1. Selected properties of the portable neutron monitor WENDI-II.

Detector $2.5 cm 3He Proportional Counter
Moderator Polyethylene with tungsten powder shell
Applicable neutron energy 0.025 eV to 5 GeV
Applicable temperature range —30°Cto 50 °C
Applicable atmospheric pressure 500 hPa to 1500 hPa
Dimensions $23 cm x H32 cm
Weight 13.5kg

WENDI-II has been employed by the authors for measurements of cosmic neutrons
on high mountains and onboard aircraft [45-49] and was carefully calibrated with the
monitoring data acquired through the repeated neutron measurements at the high-altitude
station at Mt. Fuji (altitude: 3776 m) in Japan [46,48]. It was confirmed that WENDI-II had
negligibly low sensitivity to photons from ®*Co and '37Cs sources and thus its threshold
for n/vy discrimination was set as a default value. In addition, its negligible response to
energetic protons (~230 MeV) was roughly confirmed at the Heavy Ion Medical Accelerator
in Chiba (HIMAC) in Japan.

WENDI-II was connected to a small, battery-powered data logger (NM10) with dimen-
sions of W21 cm x H6.6 cm x D16 cm and weight of 2.4 kg. NM10 was originally made by
the authors for long-term mobile use in recording the pulse counts from WENDI-II with
adjustable time intervals [45,49]. A set of WENDI-II and NM10 was placed on the desk
near a front window of the snow vehicle (Figure 2) over the whole monitoring period. The
signals of neutron-induced pulses from WENDI-II were automatically recorded by NM10
with 1 h intervals and converted to the hourly H*(10) rates. The temperature at the location
where the neutron-monitoring system was placed varied from —10 °C to 20 °C during the
measurement period (i.e., November 2018 to January 2019); this variation was within the
temperature-applicable range of WENDI-II (—30 °C to 50 °C) indicated in Table 1.

Snow vehicle

Figure 2. A photograph of the snow vehicle (left) and the portable neutron monitor (WENDI-II)
connected to an exclusive data logger (NM10) (right) originally made for mobile use. The neutron
monitor was placed near the front window inside the snow vehicle.
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2.3. Model Calculation

For discussion about the effectiveness of the portable neutron-monitoring system in
comparison with model estimates, we employed a recent model named “PHITS-based
Analytical Radiation Model in the Atmosphere (PARMA)” [18,19], which was originally
developed in Japan and has been incorporated into the program (JISCARD EX) for calculat-
ing the crew doses of selected Japanese airlines [33]. Those companies have responsibility
for calculations of individual doses of aircraft crew from cosmic radiation to keep their
annual doses below 5 mSv y~! by voluntary efforts; they are also requested to prepare for
an additional dose increase due to a solar flare by utilizing possible prediction measures
such as space weather forecasts.

The PARMA comprises several theoretical or empirical functions with parameters
whose numerical values were fitted through the least square method to the results of
the comprehensive Monte Carlo air-shower simulations performed by using the Particle
and Heavy Ion Transport code System (PHITS) [50] coupled with the Japanese Evaluated
Nuclear Data Library/High Energy file JENDL/HE), which contains differential cross-
sections of neutrons and protons over a wide range of energy up to 3 GeV [51]. In the
air-shower simulation, cosmic rays were assumed to be incident from the top of the Earth’s
atmosphere, i.e., from the altitude of 86 km. Though the atmospheric atoms slightly exist
over 86 km actually, it was judged that the effects of such a high-altitude atmosphere had
little influence on the spallation reactions. As incident particles, the protons and heavy ions
of galactic cosmic rays (GCRs) with energies up to 1 TeV per nucleon and charges up to
28 (nickel) were considered. The GCR fluxes at 1 astronomical unit (1 AU, around the Earth)
were obtained from their local interstellar (LIS) fluxes considering the modulation due to
the solar-wind magnetic field, so-called solar modulation. Effects of the solar modulation
were evaluated from the count rates of several neutron monitors located all over the world,
using the force-field formalism.

According to its analytical calculation procedures, PARMA can instantaneously es-
timate terrestrial cosmic-ray fluxes of neutrons, protons, and ions with charge up to
28 (nickel), muons, electrons, positrons, and photons anywhere in the Earth’s atmosphere;
the covered energy ranges are from 0.01 eV to 100 GeV for neutrons and from 1 keV to
100 GeV for other major particles such as protons, helium ions (per nucleon), muons,
electrons, positrons, and photons. While the first version of PARMA was applicable to
20 km or lower in altitude [18], the lately updated version can deal with a wider altitude of
nearly the top of the atmosphere [19].

3. Results and Discussions
3.1. Time Change of Neutron Dose Rates

Figure 3 shows the time change of atmospheric pressure measured with a barome-
ter and neutron-dose rates measured with WENDI-II near Dome Fuji Station (77.735° S,
39.114° E, 3762 m in altitude; location A in Figure 1). Each plot was obtained as an average
of continuous measurements at the same location for 12 h. Total counts of neutron pulses at
each location were around 7000, and thus the standard deviation of each value was derived
as less than 2%. A clear, inverse correlation was observed between the neutron-dose rate
and atmospheric pressure, which was considered to result from the nuclear spallation reac-
tions with atmospheric atoms such as nitrogen and oxygen. The fact that this relationship
was confirmed even for a small fluctuation (~10 hPa) of atmospheric pressure indicates
that the employed portable system (WENDI-II and NM10) can be appropriately used for
on-site monitoring of cosmic neutrons in Antarctica.
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Figure 3. Time course of the neutron dose rate measured with WENDI-II (circle marker/solid line)
and atmospheric pressure (square marker/dotted line) measured with a barometer near Dome Fuji
Station (location A in Figure 1) at 3762 m in altitude in December 2018. The standard deviation of
each dose-rate plot was less than 2%.

3.2. Neutron Dose Rates as a Function of Atmospheric Pressure

Figure 4 shows the relationships of the measured neutron dose rates versus the baro-
metric atmospheric pressures along the inward and outward routes between the areas
near Syowa Station and near Dome Fuji Station in the period from 18 November 2018 to
23 January 2019. The counts of neutron signals obtained at each plot ranged from 1300 (for
7.2 h) to 25,000 (for 35 h), and thus the standard deviation of each point was calculated to
be less than 3%.
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Figure 4. Relationship of the measured neutron-dose rates and barometric atmospheric pressures
along the routes between the coastal and inland areas (shown in Figure 1) in the period from
November 2018 to January 2019. The standard deviation of each dose-rate plot was less than 3%.
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As seen in the figure, the quite reproducible relationships were obtained between
the cosmic-neutron intensities and atmospheric pressures, regardless of the measurement
timings; as mentioned above, there was a time interval of about 20 days between the end of
the inward route measurements and the start of the outward route ones. These results imply
that the employed portable system can stably work for measuring the cosmic- neutron
intensities with good accuracy even in a harsh environment such as Antarctica.

3.3. Comparison with Model Calculation

The relationships between the neutron-dose rates calculated by using the analytical
model (PARMA) and those measured with the portable neutron-monitoring system are
plotted in Figure 5. Overall good agreements of the calculated and measured neutron-dose
rates were produced for both routes covering a wide range of altitudes. Since the model
calculations did not consider the shielding effects of the structure of the snow vehicle and
onboard equipment, it was assumed that the slightly smaller measured values in the range
of low dose rates (i.e., at lower altitudes) were due to the attenuation of the lower-energy
secondary cosmic radiation inside the vehicle.
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Figure 5. Relationship between the calculated neutron-dose rates (X-axis) using PARMA [18,19] and
the measured neutron-dose rates (Y-axis) along the routes shown in Figure 1 for the period from
November 2018 to January 2019. The standard deviation of each plot was less than 3%.

On the other hand, some discrepancies (~10%) were seen at the high dose rates, i.e., at
high-altitude areas. Since no major space weather events were reported in the respective
period (i.e., from late December 2018 to January 2019) [52], this discrepancy is attributable
to short-term changes of environmental factors such as atmospheric parameters (other than
barometric pressure), heliospheric modulation by the solar wind, and geomagnetic cutoff
rigidity at the monitoring location.

It can be pointed out that the chronological variations of meteorological conditions
such as clouds and snowfall affected the energy spectra of the cosmic neutrons, and those
changes altered the responses of the neutron detector as the efficiency of WENDI-II varied
depending on the neutron energy [44,45]. However, this possibility is low since it is
known that the shapes of cosmic-neutron-energy spectra in the atmosphere do not notably
change with altitude. In a previous monitoring performed at Mt. Fuji, Japan, covering



Appl. Sci. 2023,13, 3297

8of 11

similar altitudes (40 to 3700 m) [53], the energy spectra of cosmic neutrons measured by
using a Bonner multi-sphere neutron spectrometer were quite identical in their shapes,
irrelevant to the altitude. This finding has been well-reflected in our model calculations.
For example, the neutron-energy spectra calculated by PARMA at three locations along
the routes (indicated with red points in Figure 1) are shown in Figure 6. It is seen that the
shapes of neutron-energy spectra are nearly the same while the overall level of neutron flux
decreases with increasing atmospheric pressure, i.e., decreasing altitude. Thus, the relative
response of WENDI-II would be stable, regardless of the atmospheric pressure.
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Figure 6. The neutron-energy spectra calculated by the model PARMA [18,19] at three locations along
the route (indicated with red points in Figure 1) in the period from December 2018 to January 2019.

Regarding the effect of geomagnetic-field variation surrounding the Earth, it was
confirmed that the count rates of the ground-based neutron monitors (South Pole: SOPO
and South Pole Bare: SOPB) placed at 90.0° S reduced by a few percent during the respective
period [52]. As PARMA simply described the azimuth and zenith dependences of the cut-
off rigidities assuming a dipole magnet [19], it can be assumed that, as a result of such
simplification of the model structure, the observed count reductions of ground-based
neutron monitors were overly reflected in evaluation of solar activities expressed as the
values of heliocentric or force field potential, i.e., they caused the smaller cosmic-neutron
intensities at the high-latitude and high-altitude area. This possibility should thoroughly
be investigated with more comprehensive data in further research.

These findings indicate the need for further studies for improving the reliability of
model calculations of cosmic-radiation intensities in the atmosphere and imply that the
portable neutron-monitoring system employed in the present study would be useful for
achieving this task.

4. Conclusions

In the present study, we confirmed that cosmic-neutron intensities could be measured
over a wide range of altitude (from 30 m to 3762 m) in Antarctica by using a portable
neutron-monitoring system composed of an extended-energy neutron detector and an
originally made data logger. While the cosmic-neutron intensities measured for more than
two months agreed well with those calculated with one of the most recent models overall,
some discrepancy (~10%) was observed at a high-altitude area, which implies further need
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for improving the reliability of the model calculations of cosmic-radiation intensities in the
atmosphere.

In view of technological application, it is considered that the employed portable
system for neutron monitoring will be effectively applied to verifications of the models
that describe the nuclear spallation reactions in the atmosphere. It is expected that the
data from such on-site measurements covering a wide area at different altitudes in harsh
environments will improve the soundness of many ongoing studies on various subjects,
such as the production of cosmogenic nuclides, changes in atmospheric properties/climate,
the cosmic-radiation exposure of aircraft crew, and the stability of precise electronic devices,
that rely on models for calculating the complex nuclear reactions in the atmosphere. More
investigations to explain the reasons of observed discrepancies between the measurements
and the model calculations are to be conducted in future studies.
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