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Abstract. In the interaction of cosmic rays (CRs)
with Earth’s atmosphere, neutrons are formed in a wide
range of energies: from thermal (E=0.025 eV) to ul-
trarelativistic (E>1 GeV). To detect and study CRs,
Polar Geophysical Institute (PGI) uses a complex moni-
toring system containing detectors of various configura-
tions. The standard neutron monitor (NM) 18-NM-64 is
sensitive to neutrons with energies E>50 MeV. The
lead-free section of the neutron monitor (BSRM) detects
neutrons with energies E~(0.1+1) MeV. Also, for shar-
ing with standard detectors, the Apatity NM station has
developed and installed a neutron spectrometer with
three energy channels and a particle reception angle of

15 degrees. The configuration of the device makes it
possible to study the degree of anisotropy of the particle
flux from different directions. We have obtained charac-
teristics of the detector (response function and particle
reception angle), as well as geometric dimensions
through numerical simulation using the GEANT4
toolkit [Agostinelli et al., 2003]. During operation of the
device, we collected database of observations and re-
ceived preliminary results.

Keywords: cosmic rays, nuclear physics, Monte
Carlo method, particle detection.

INTRODUCTION

Cosmic rays (CR) are fluxes of charged particles of
different energies, containing ~90 % high-energy pro-
tons. Sources of galactic CRs (GCRs) are in interstellar
space; GCRs come to Earth nearly isotropically. Solar
CRs (SCRs) also consist largely of protons, but their
source is the Sun. Penetrating into Earth’s atmosphere,
CRs interact with it in various ways, depending on en-
ergy of particles and density of ambient matter. In the
upper layers, the atmospheric matter is discharged and
charged particles lose their energy mainly during ioniza-
tion. Starting at an altitude 15-20 km above sea level,
the probability of nuclear reactions increases, producing
cascades of secondary particles containing electromag-
netic, hadronic, including neutron, components. Neu-
trons arising from these reactions have a wide range of
energies (up to tens of GeV) and propagate deep into the
atmosphere reaching Earth’s surface. Being distributed,
they lose energy. Thus, Earth has neutron fluxes of var-
ious energies, beginning with thermal (0.025 eV). How-
ever, low-energy neutron fluxes remain largely un-
addressed, though they are involved in nuclear reactions.

In PGI, the flux of neutrons of various energies is
monitored with a monitoring system [Maurchev,
Balabin, 2016; Germanenko et al., 2016]. It includes a
standard NM (SNM-15, 18-NM-64 counters, >50 MeV
energy), lead-free NM section (LFNM, 4 SNM-15; the
effective detection energy is from thermal energy to
units of MeV). To increase capabilities of the data ac-
quisition system, in addition to the existing equipment
we installed a narrow-beam neutron spectrometer
(NBNS). A characteristic feature of this device is a ra-

ther narrow beam (~ 15°), which is determined by the
configuration of the protection around the counters. The
NBNS comprises three counters separated by moderator
layers; hence there are three energy ranges. For more
detail see Section 1. It should be noted that this con-
struction has been calculated with the GEANT4 toolkit.
The model is demonstrated in Figure 1.

1. NARROW-BEAM NEUTRON
SPECTROMETER

The simulation has yielded geometric parameters of
the device the front projection of which is shown in
Figure 2. Helium counters SNM-18 are used as neutron
detectors with an ~70 % detection efficiency. With in-
creasing neutron energy, the counter efficiency decreas-
es sharply, high-energy neutrons pass through the coun-
ter undetected. The counters are mounted above each
other and are surrounded with a layer of paraffin 15 cm
thick, which effectively slows down neutrons with an
energy E<1 MeV. Between the counters and the paraf-
fin mass there is a layer of substance 4 cm thick, which
contains boron that absorbs thermal neutrons. As a re-
sult, this detector is practically inaccessible to thermal
neutrons coming into it at large angles and has a small
detection angle of 15°. Between the three counters there
is an additional layer of paraffin 5 cm thick, which
slows down the neutrons coming into NBNS through
the window. The upper counter, which is not closed
with the paraffin layer, detects neutrons of thermal en-
ergies; the middle counter, separated by a 5 cm paraffin
layer with an input window, neutrons with energies up
to E<100 keV. The lower counter, separated by a 10 cm
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Figure 1. Three-dimensional model of NBNS, obtained
from calculations with GEANT4. Yellow color indicates par-
affin; red, the absorber region providing protection against
thermal neutrons entering from the paraffin moderator. The
upper counter is shown in gray; green lines are tracks of neu-
trons entering the inlet of NBNS

Figure 2. Cross-section of the projection of the NBNS
model. The yellow color indicates paraffin acting as neutron
moderator; red color, boron-containing absorber providing
protection against thermal neutrons outside the receiving win-
dow; gray color, helium counters

paraffin layer with an input window, detects neutrons in
an energy range 0.1<E<1 MeV. Among advantages of
this detector is its mobility due to the use of SNM-18
with small dimensions (the length is 320 mm, the diam-
eter is 32 mm). Owing to the use of these counters,
NBNS does not have high statistical accuracy (its count-
ing error is 1.9 % for the upper counter, 3.2 % for the
middle one, and 4.7 % for the lower one). The counting
rate for each of the counters is very low, so we use daily
means to observe neutron flux variations.

As detecting objects we use proportional *He coun-
ters; the effective cross-section for neutron capture at
E~0.025 eV is 6=5400 barn. The reaction channel can
be expressed by the formula

*He,+n —> *H,+p+0. 765 MeV. (1)

This reaction produces a tritium nucleus and proton,
which cause secondary ionization. The reaction prod-
ucts, by ionizing the gas and accumulating on anode and
cathode of the detector, form an electric pulse whose
amplitude is proportional to the energy of this particle,
or, more precisely, to the energy the particle expends on
primary ionization of the detector medium [Shirokov,
Yudin, 1980]. If the primary neutron has an energy ex-
ceeding the thermal one (0.025 eV<E<1 MeV), it slows
down due to the reaction of elastic scattering by hydro-
gen atoms included in the paraffin. With one such inter-
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action the neutron loses up to half its energy. When E>1
MeV, the cross section of the scattering reaction de-
creases sharply and the neutron is most likely to fly
through the detector material.

2. CALCULATION OF NBNS
DETECTION EFFICIENCY

To calculate the geometric parameters, which deter-
mine the viewing angle, and the response function of the
device as a function of energy and particle arrival angle,
we employ the GEANT4 toolkit. In the simulation, we
specify the calculation of material parameters and the
configuration of the receiving window of the device in
such a way as to maximize the range of measured ener-
gies as well as to provide the narrow beam of the detec-
tor. The cross-sections of neutron interactions with mat-
ter up to E=10 MeV have been selected using the
ENDF/B-VII.1 database [Chadwick et al., 2011]. We
also use standard electromagnetic processes to simulate
the operation of the ®He counters.

The simulated experiment has two stages. At the
first stage, the upper counter is placed under the moder-
ator plate with different thicknesses (2, 4, 8 cm). The
particle generator is implemented so that the neutrons
fall strictly perpendicular, having a uniform distribution
over the window area. At the second stage of the exper-
iment, the plate is removed and the direction of particles
is generated at different angles (0, 15 and 45°) with re-
spect to the central part of NBNS. The detection effi-
ciencies obtained from these calculations are shown in
Figure 3, a, b. It can be seen that the presence of the
plate between the counters makes it possible to realize
the calorimeter function in the device, and the window
provides the narrow beam of the detector, excluding
neutrons entering at large angles.

3. ANNUAL VARIATIONS
OF NEUTRON FLUXES
OF DIFFERENT ENERGIES

Data were acquired from NBNS for a year from the
date of its implementation (from January 1, 2016 to De-
cember 31, 2016); findings were stored in the database
of the general monitoring system. Counting rates in
NBNS together with NM and LFNM depending on days
of year are shown in Figure 4. It can be seen (Figure 4
a, ¢) that readings of the NBNS upper counter agree
well with neutron detection results obtained with LFNM
and indicate the presence of seasonal variations in the
intensity of neutrons with energies from 0.025 eV to 1
MeV. There is no seasonal dependence in the counting
rate for the standard NM 18-NM-64, as for the NBNS
lower counter (Figure 4, d, e). This is attributed to the
sensitivity to more energetic neutrons. The NBNS mid-
dle counter has a weak seasonal variation (Figure 4, b).

CONCLUSION

The narrow-beam thermal neutron detector signifi-
cantly increases the capabilities of the complex data
acquisition system installed at the NM station. This device
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Figure 4. Annual dynamics in detector measurements: up-
per counter of the neutron spectrometer (a); middle counter of
the spectrometer (b); lead-free section of the neutron monitor
(c); lower counter of the spectrometer (d); standard neutron
monitor (e)

has been shown not only to have spectrometer func-
tions, including three detection channels, but also to
allow measurements of the degree of thermal neutron
flux anisotropy in the surface layer. With NBNS we
carried out observations over a year and acquired data
that confirm the complete correspondence of the actual
and calculated efficiency of the device.

It should be noted that the device can not only operate
as part of the existing data acquisition system, but can also
supplement knowledge of the thermal part of near-Earth
neutron spectrum obtained in [Pioch et al., 2011].
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