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Abstract

A new yield function of a standard neutron monitor 6NM64 for solar neutrons is presented
and tabulated in the attached lookup tables. It corresponds to a wide range of altitudes of the neutron
monitor locations and angles of incidence for neutrons entering the Earth’s atmosphere. The computations
were made by Monte Carlo using the GEANT4-based PLANETOCOSMICS tool. The yield function was
validated against the measured data for solar neutron events of 3 June 1982 and 24 May 1990, and good
agreement was found within a wide range of the altitudes of the neutron monitor location and angles of
incidence of solar neutron arrival. The sensitivity of the world neutron monitor network for registration of
solar neutron events was reassessed. The neutron monitor network is shown to be, in addition to other
methods, a sensitive tool for monitoring of high-energy solar-ﬂare neutrons with ≈95% probability to detect
statistically signiﬁcantly (> 5𝜎 ) a solar neutron event similar to that of 3 June 1982.

1. Introduction
Received 6 OCT 2015
Accepted 7 JAN 2016
Accepted article online 13 JAN 2016
Published online 30 JAN 2016

©2016. American Geophysical Union.
All Rights Reserved.

ARTAMONOV ET AL.

Occasionally, during eruptive events, such as solar ﬂares, nucleons, mostly protons and 𝛼− particles, can be
accelerated up to high energies in the solar atmosphere and interact with the matter in nuclear reactions.
As a result, neutrons can be produced locally, which may escape into the interplanetary space [e.g., Chupp,
1988; Chupp and Ryan, 2009; Dorman, 2010; Vilmer et al., 2011]. Such neutrons are conventionally called “solar
neutrons.” Since transport of neutrons is not aﬀected by magnetic ﬁelds, they propagate straight from the
Sun. Free neutrons are unstable with the mean lifetime of about 887.7 s [Yue et al., 2013], which is comparable
to the time of ﬂight of energetic neutrons from Sun to Earth, but if their energy is suﬃciently high, a major
fraction of the escaped neutrons can survive until reaching the Earth’s orbit at 1 AU and can be detected by
space-borne detectors. Because of the thick atmosphere, only a very small fraction of the primary particles can
penetrate through it. If the energy of a solar neutron exceeds several hundred MeV, the nucleonic cascade in
the Earth’s atmosphere becomes essential, leading to enhanced ﬂux of secondary nucleons near the ground,
similar to cosmic rays. Products of such cascades, initiated by solar neutrons, can be detected, as solar neutron
events (SNEs) by the ground-based network of neutron monitors (NMs). It is important that not the primary
solar neutrons, but mostly, secondary nucleonic products of the atmospheric cascade are detected by the
ground-based NMs. During the past 35 years, 12 such solar neutron events have been detected by the NM
network [Debrunner et al., 1983; Eﬁmov et al., 1983; Chupp et al., 1987; Smart et al., 1990; Pyle and Simpson, 1991;
Shea et al., 1991; Debrunner et al., 1993; Struminsky et al., 1994; Muraki et al., 1995, 2008; Watanabe et al., 2003,
2007; Bieber et al., 2005], with the average rate of several events per solar cycle. However, no strong SNE has
been detected during the present solar cycle # 24.
Information on the energy spectrum of solar neutrons complemented by the measurements of the
𝛾−radiation produced in the solar atmosphere during solar ﬂares and by solar energetic particles (SEPs) in
the interplanetary space can be useful in studying of acceleration and transport of nucleons with energy
above 100 MeV/nucleon in the solar atmosphere [e.g., Dorman, 2010, and references therein]. Solar neutrons
can be studied indirectly via 𝛾−emission of the 2.223 MeV neutron-capture line [e.g., Hua and Lingenfelter,
1987], providing information on neutrons (energy <20 MeV) interacting in the photosphere, and/or via detection of neutron-decay protons [e.g., Evenson et al., 1990] and electrons [Dröge et al., 1996] produced as a
result of decay of escaped solar neutron (energy below 100 MeV) in the interplanetary space. Direct observations of neutrons in space were limited to lower (about 100 MeV) energy [e.g., Chupp et al., 1987; Kocharov
et al., 1998; Kuznetsov et al., 2011], but modern space-borne missions Alpha Magnetic Spectrometer-02
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[Aguilar et al., 2013] and Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics [Adriani et al.,
2014] have full capacity to directly measure solar neutrons. The high-energy tail of the solar neutron population can be also measured on ground by a dedicated network of high-altitude solar neutron telescopes
[Matsubara et al., 2005], which are tuned to directly measure solar neutrons, attenuated in the atmosphere,
and have sensitivity of about 30% [Valdes-Galicia et al., 2009]. These methods are well developed and lie
beyond the scope of this work.
The high-energy solar neutrons were often measured by NMs [Yu et al., 2015], especially in earlier years. The
worldwide network of NMs, which was not originally designed for such studies, can provide without any
additional investments, useful information on this, complementing other dedicated measurements, such as
𝛾−emission or direct detection of neutrons in space or high altitudes. A new method considering the NM network as a whole instrument was proposed by Usoskin et al. [1997] which increases the signal-to-noise ratio for
study of SNEs. Here we revisited this method using the new yield function of a NM and reassess the sensitivity
of the existing NM network to solar neutrons.
For an analysis of a SNE detected by the NM network one needs to know the yield function of a ground-based
NM to primary neutrons impinging on the top of the atmosphere. The yield function is deﬁned as the response
of a standard NM to the monoenergetic unit ﬂux of the primary particles entering the Earth’s atmosphere
with a given angle of incidence. The use of a yield function is a usual way to study the spectral and temporal variabilities of the galactic cosmic rays (GCR) and solar particle events (ground-level enhancements)
using the NM network [e.g., Clem and Dorman, 2000; Vashenyuk et al., 2007; Mishev et al., 2013; Caballero-Lopez
and Moraal, 2012; Aiemsa-ad et al., 2015]. The validity of the yield function and, in particular, the account for
energy-dependent eﬀective area of the NM [Mishev et al., 2013] was conﬁrmed by achieving good agreement
between model results and measurements [e.g., Gil et al., 2015]. In these cases, the primary particles initiating
the atmospheric cascade are protons and 𝛼−particles [Mishev et al., 2013], but to study SNEs one needs the NM
yield function for primary neutrons. An important diﬀerence between solar neutrons and GCR/SEP is the angular distribution of the primary particles. The GCR ﬂux is almost fully isotropic, and SEP ﬂux is either isotropic
or with a ﬁnite wide angular distribution around the magnetic line connecting Earth to the Sun, because of
the scattering on magnetic inhomogeneities along the path in the interplanetary space. Conversely, the solar
neutrons arrive as a single-directional beam coming straight from the Sun.
Thus, the relative Sun-Earth geometry is important for the detection of a SNE. Since the atmosphere attenuates
the ﬂux of secondary nucleons of the cascade, the response of a NM to SNE is higher when the atmospheric
depth in the solar direction is smaller. The most eﬀective is a high-altitude NM measuring the event at the
local noon, when the solar zenith angle is the smallest, and a wide network of such NMs is needed so that,
when the event occurs, at least some detectors can see the Sun at small zenith angle [Usoskin et al., 1997].
Therefore, a set of NM yield functions for primary neutrons, calculated for a wide range of neutron angles
of incidence and diﬀerent atmospheric depths, is necessary for a proper analysis of the SNEs. Until present,
such yield functions were available only for a very limited set of angles of incidence and depths [Chupp et al.,
1987; Eﬁmov and Terekhov, 1988; Eﬁmov, 1997; Shibata, 1994; Debrunner et al., 1997]. Moreover, as discussed in
Usoskin et al. [1997], earlier computations disagree between each other. Accordingly, empirical relations were
often in use [e.g., Usoskin et al., 1997; Dorman et al., 1999].
In this work we present a newly computed yield function of a standard NM for solar neutrons in a wide range of
the incidence angles and atmospheric depths. The sensitivity of the world NM network as a single instrument
to study SNEs is calculated.

2. The Response of a NM to Solar Neutrons
A NM always counts (variable within a solar cycle) galactic cosmic rays impinging on the atmosphere. A SNE
would be observed as an excess above the background, related to a solar ﬂare, during local daytime, especially
at high-altitude and low-latitude NMs. The time proﬁle of such an excess represents a convolution between
the neutron injection time proﬁle and the ﬂight-time and decay distributions, which are related to the energy
spectrum of injected neutrons. In combination with information from other types of detectors (𝛾−detectors
and space-borne instruments), it can help disentangling the energy spectrum from the emission time proﬁle.
ARTAMONOV ET AL.

SOLAR NEUTRONS BY NEUTRON MONITORS

118

Journal of Geophysical Research: Space Physics

10.1002/2015JA021993

Since the count rate of a NM is mostly caused by particles of the atmospheric cascade, it is not straightforward
to evaluate the physical ﬂux of primary particles, which is particularly necessary when comparing with other
types of measurements. One needs the NM yield function, which is presented here, to do that.
2.1. Formalism
The response of a given NM to solar neutrons depends on the geographical location, the ﬂux of solar neutrons
at the Earth’s orbit, the type and number of NM counters and physical properties of NM station, and the local
time of occurrence of the SNE. The time-integrated response of a NM, Nn , during a SNE is deﬁned as
Nn =

∫ ∫

Fn (E, t) ⋅ Sn (E, h, 𝛼) ⋅ dE ⋅ dt

(1)

where Fn (E, t) is the ﬂux of solar neutrons at the Earth’s orbit, E is the solar neutron kinetic energy, Sn (E, h, 𝛼)
is the yield function of a NM to primary neutrons, h is the altitude (atmospheric depth) of the NM location, 𝛼
is the solar zenith angle during the SNE. Integration is over the time of the SNE and energy of solar neutrons.
The expected ﬂux of solar neutrons at the Earth’s orbit is given by the following expression:
Fn (E) =

D(E)
⋅ Ps (E)
R2E

(2)

where D(E) is the ﬂux of solar neutrons ejected from the Sun toward the Earth with the kinetic energy E ,
R2E = 2.24 ⋅ 1022 m2 /sr is the area of one steradian on a sphere with radius RE = 1 AU, Ps (E) is the survival
probability of a solar neutron to reach the Earth:
(

R
Ps (E) = exp − √ E
𝜏c 𝛾 2 − 1

)
,

(3)

where 𝜏 is the neutron mean life time, 𝛾 is the Lorentz factor, and c is the light speed in vacuum.
The response of a NM to solar neutrons is a function of the solar zenith angle which can be approximated as
cos 𝛼 = sin 𝜑 ⋅ sin (2𝜋𝜂) ⋅ sin 𝜀 + cos 𝜑 ⋅

√
))
( (
T
𝜆
+
−1
1 − sin2 (2𝜋𝜂) sin2 𝜀 ⋅ cos 𝜋 ⋅
12 180

(4)

where 𝜑 and 𝜆 are the latitude (varying from −90∘ to 90∘ ) and longitude (from 0∘ to 360∘ ) of the NM location,
respectively, 𝜀=23.5∘ is the inclination of the equator relative to the ecliptic plane, 𝜂 is the fraction of the year
since the vernal equinox, and T is the time UT in hours (0–24 h). The yield function Sn gives the response of a
NM to the monoenergetic unit ﬂux (one neutron per unit area) of solar neutrons at the Earth’s orbit.
According to equations (1)–(4), the response of a given NM to solar neutrons is a function of the altitude above
the sea level, the zenith angle of the Sun at the time of the SNE occurrence, the NM location, and the energy
of solar neutrons.
2.2. Neutron Monitor Yield Function for Solar Neutrons
In order to compute the response (count rate) of a NM to primary particle ﬂux, one needs to know the NM’s
yield function (for details see, e.g., Hatton [1971], Clem and Dorman [2000], and references therein) described
as Sn in equation (1). The NM yield function incorporates the full complexity of the atmospheric cascade development and secondary particle propagation through the Earth’s atmosphere as well as the eﬃciency of the
detector itself to register the secondary particles of the atmospheric cascade. The expression for computing
the yield function Sn is
Sn (E, h, 𝛼) =

∑
i

∫ ∫

Ai (E ′ , 𝜃 ′ )Φi (E, h, 𝛼; 𝜃 ′ , E ′ )dE ′ dΩ′

(5)

where Ai (E ′ , 𝜃 ′ ) is the detector’s eﬀective area (the geometrical area corrected for the eﬃciency of the NM to
detect particles of type i), Φi is the ﬂux, at the detector’s location, of the secondary particles of type i (neutrons,
protons, muons, and pions) produced in a cascade initiated by the primary neutron with kinetic energy E and
the angle of incidence (on the top of the atmosphere) 𝛼 , E ′ is kinetic energy of the secondary particle, 𝜃 ′ being
the angle of incidence of secondaries, dΩ′ the solid angle over which the secondaries impinge on the detector.
ARTAMONOV ET AL.
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Figure 1. The yield function of a standard 6NM64 neutron monitor to primary solar neutrons (unit ﬂux at the Earth’s orbit) with various incidence zenith angles,
namely, 0∘ , 30∘ , 45∘ , and 60∘ at several altitudes: (a) ≈5000 m asl (500 g/cm2 ); (b) ≈3000 m asl (700 g/cm2 ); (c) sea level (1000 g/cm2 ). The curves are smooth ﬁts
of the computed data points. The corresponding lookup tables are given in the appendix.

Here we report a new computation of the yield function of a standard NM (6NM64) for solar neutrons. We
use the approach similar to that for the NM yield function for primary protons and 𝛼−particles [Mishev et al.,
2013]. Full extensive Monte Carlo simulations of the atmospheric cascade caused by energetic neutrons
impinging on top of the Earth’s atmosphere were performed using the GEANT4 (GEometry ANd
Tracking)-based [Agostinelli et al., 2003] PLANETOCOSMICS code [Desorgher et al., 2005] with the use of
QGSP_BIC_HP hadron interaction model and the atmospheric model NRLMSISE 2000 [Picone et al., 2002]. We
considered energy between 50 MeV and 10 GeV and various incidence angles. The geometrical correction of
the yield function due to the ﬁnite lateral distribution of the atmospheric cascade, which is important for cosmic ray protons [Mishev et al., 2013], was neglected in this case, because of the relatively low energy range
of solar neutrons (the correction plays a role at energies above 10 GeV for vertical incidence, being unlikely
for solar neutrons) and features in the cascade development [Debrunner and Brunberg, 1968; Shibata, 1994;
Agostinelli et al., 2003; Engel et al., 2011]. This leads to a more conservative estimation (slight underestimation)
of the sensitivity of the world NM network for registration of solar neutron events.
Using the Monte Carlo simulations, we calculated ﬂuxes of the secondary particles at the ﬁxed atmospheric
level and then convoluted them with the registration eﬃciency (equation (5)). We used an updated version
(J. Clem, B. Gvozdevsky, and E. Maurchev, private communication, 2011–2012) of the NM registration eﬃciency, originally introduced by Clem and Dorman [2000], considering neutrons, protons, positive and negative
pions, and muons that contribute to the count rate of the device [Clem and Dorman, 2000; Mishev et al., 2013].
The results of the computations are given as lookup tables in the appendix (Tables A1–A3). Figure 1 presents
some results of the new computations of the yield function of a standard 6NM64 neutron monitor to primary
neutrons for several altitudes (atmospheric depths) of the NM locations: h = 1000 g/cm2 (about the mean sea
level), 700 g/cm2 (corresponding to a mountain NM at ≈3000 m above sea level, a.s.l., altitude) and 500 g/cm2
(a high-mountain NM at ≈5000 m above the sea level). These levels encompass the majority of NMs locations
[Mavromichalaki and et al., 2011].
One can see that the expected response of a NM to solar neutrons increases as a function of the altitude
above the sea level. It also changes with the angle of incidence so that the response is maximal for neutrons
with vertical incidence and quickly declines for larger zenith angles. For example, the yield function for 30∘
incidence neutrons with energy 500 MeV is by a factor 2.5 smaller than that for vertical incidence neutrons, at
the sea level.
A comparison of the new yield function with some earlier calculations [Eﬁmov and Terekhov, 1988; Debrunner
et al., 1997; Bieber et al., 2005] for speciﬁc NMs and events is shown in Figure 2. One can see that, while the
new model is in general agreement with the earlier result, in particular with Debrunner et al. [1997] and Bieber
et al. [2005], it is systematically lower than that by Eﬁmov and Terekhov [1988].
ARTAMONOV ET AL.
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Figure 2. Comparison of the yield function calculated for some speciﬁc events and NMs using the present model (lines)
with earlier computations (symbols). Red color corresponds to the 12IGY Climax NM during the SNE of 24 May 1990
(stars—computations by Debrunner et al. [1997]). Blue color corresponds to the 18NM64 Tsumeb NM during the SNE of
28 October 2003 (dots—computations by Bieber et al. [2005]). Black color corresponds to the 8NM64 Lomnický Stit NM
during the SNE of 3 June 1982 (squares—computations by Eﬁmov and M. Terekhov [1988]).

2.3. Response of a Neutron Monitor to a Solar Neutron Event
Next we evaluated the NM response to a SNE using the approach described above and the newly computed
yield function. As the energy spectrum of the solar neutrons ejected from the Sun, we adopted a theoretical spectrum of neutrons produced in the solar matter by energetic nucleons with a power law spectrum
(with the proton spectral index 3.5), as calculated by Hua et al. [2002, see Figures 7b and 8a therein].
We assumed the isotropic ejection of neutrons from the Sun. We note that the reference SNE spectrum used
here is close to that obtained for the event of 3 June 1982 [Chupp et al., 1987, equations (3) and (4)] in the
energy range 200 MeV–2 GeV. The corresponding diﬀerential energy ﬂuence at the Earth’s orbit is shown as
the blue solid line in Figure 3. It was calculated for the reference SNE spectrum corresponding to the total of
1033 protons with energy above 30 MeV accelerated in the solar atmosphere. For a comparison, we also show
(the red dashed curve) the ﬂuence of injected neutrons, reduced to the Earth’s orbital distance, without considering the neutron decay. One can see that the decay hardens the spectrum. Figures 3b and 3c show the
diﬀerential response (deﬁned as Fn × Sn , viz., the integrand of equation (1)) of the standard 6NM64 to a SNE
for diﬀerent heights of the NM location and diﬀerent solar zenith angles at the time of the SNE.
The energy range for eﬀective registration of solar neutrons by NMs (80% of the integral in equation (1)) is
between 200–400 MeV and 2–5 GeV, depending on the zenith angle and the altitude. NMs located at higher
altitude are more sensitive to lower-energy part of solar neutrons, because of the reduced atmospheric attenuation. In addition, low-latitude NMs possess higher signal-to-noise ratio, because of the high geomagnetic
cutoﬀ reducing the GCR background. Therefore, the optimum location of a NM for solar neutron detection is
a high mountain at low-middle latitude where the solar zenith angle may be small (see section 3).
2.4. Validation of the Computed NM Response
In order to verify the computations of the new yield function, we have compared the real responses
of diﬀerent NMs with those computed using the new yield function, for two strong SNEs of 3 June 1982 and
24 May 1990, detected by many NMs located at diﬀerent atmospheric depths and seeing the Sun in a
wide range of solar zenith angles. First, we calculated the expected responses of the NM using the method
described in section 2.1 and applying the reference neutron ﬂuence, as shown in Figure 3a, keeping its functional form and only scaling it. Accordingly, this is not an analysis of the event but only an indirect validation
of the method.
The SNE of 3 June 1982 occurred at about 12 UT and was observed mostly by the European and South
African NMs. The highest response was detected by the Lomnicky Stit NM located at the atmospheric depth
of 765 g/cm2 and saw the Sun at the zenith angle of 30.6∘ . Other NMs considered here are Jungfraujoch IGY
(h = 677 g/cm2 , 𝛼 = 24.9°), Rome (h = 1033 g/cm2 , 𝛼 = 21.6°), Kiel (h = 1033 g/cm2 , 𝛼 = 33.2°), Tsumeb
(h = 903 g/cm2 , 𝛼 = 43.8°), and Alma-Ata B (h = 680 g/cm2 , 𝛼 = 63.6°). The 6IGY-type neutron monitor is
considered as a 0.07 fraction of the 6NM64 one [Usoskin et al., 1997]. Here we compared the actual 5 min peak
ARTAMONOV ET AL.
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Figure 3. (a) Diﬀerential energy ﬂuence of solar neutrons at the Earth orbit. The red dashed line is the ﬂuence without
neutron decay taken into account. The calculated ﬂuence F (blue solid line) of solar neutrons at the Earth’s orbit. (b) The
diﬀerential response function of a 6NM64 at 3000 m asl for diﬀerent zenith angles, 0∘ , 30∘ , and 45∘ , as denoted in the
legend; (c) The diﬀerential response function of a 6NM64 for the 30∘ incidence (zenith angle) of solar neutrons for
several altitudes: 1000 g⋅cm−2 (near-ground level), 700 g⋅cm−2 (about 3000 m a.s.l.) and 500 g⋅cm−2 (about 5000 a.s.l.),
as denoted in the legend.

(11:45–11:50 UT) count rates (data from Table 1 of Chupp et al. [1987], Stoker [1987], and Zusmanovich and
Shwartsman [1987]) with the model predictions for these angles and depths as shown in Figure 4. The best
ﬁt scaling factor for the reference SNE spectrum was found to be 1.1, implying that the reference spectrum is
close to that estimated earlier for the SNE of 3 June 1982.
The SNE of 24 May 1990 took place around 21 UT and was detected mostly by North American NMs. The
highest response was by the Mexico NM (h = 790 g/cm2 , 𝛼 = 32.5°); other considered NMs were Calgary
(h = 895 g/cm2 , 𝛼 = 34.2°), Inuvik (h = 1023 g/cm2 , 𝛼 = 47.8°), Deep River (h = 1020 g/cm2 , 𝛼 = 52.1°),
Durham (h = 1029 g/cm2 , 𝛼 = 56.6°), Climax (h = 680 g/cm2 , 𝛼 = 30.2°), Mt. Washington (h = 820 g/cm2 ,
𝛼 = 56.3°), Newark (h = 1030 g/cm2 , 𝛼 = 52.7°), Goose Bay (h = 1027 g/cm2 , 𝛼 = 63.8°), and Magadan
(h = 988 g/cm2 , 𝛼 = 65°). The 5 min (20:50–20:55 UT) peak count rates were taken from Table 1 of Usoskin
ARTAMONOV ET AL.
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Figure 4. The comparison between the calculations and measurements (dots with error bars) of solar neutron responses
(5 min counts with the GCR background removed) for the events of 3 June 1982 and 24 May 1990.

et al. [1997]. The comparison of the modeled and measured peak responses is shown in Figure 4 for the scaling
factor to the reference spectrum being 8.
One can see that, despite a wide range of the atmospheric depths (from 680 to 1030 g/cm2 ) and zenith angles
(from 22∘ to 65∘ ), the agreement between the model and the data is good within the uncertainties. This
implies that the model and the new yield function works well for diﬀerent depths of NM locations and angles
of incidence of the solar neutrons.
We note that we do not pretend to make a full analysis of the SNEs [cf. Chupp et al., 1987; Kocharov et al., 1994,
1996; Debrunner et al., 1997] but only test the validity of the new yield function.

3. Sensitivity of the NM Network to a Solar Neutron Event
By using the new yield function, we have estimated, in a way similar to Usoskin et al. [1997], the sensitivity of
the worldwide NM network to a potential SNE depending on the time it may occur. As the reference event we
took the one with the spectrum as in Figure 3a corresponding to the reference spectrum (section 2.3) which
is comparable to the event of 3 June 1982. This aims solely for the purpose of illustration of the abilities of the
NM network.
We considered the existing NMs with optimal or suitable locations to observe a SNE. The NMs are listed
in Table 1 along with their parameters (location, type, geomagnetic rigidity cutoﬀ, and the UT time of the
local noon). Figure 5 shows the geographical distribution of NMs from Table 1. For each NM we have computed
its expected response to the event depending on the time (day of the year and time UT) of the event occurrence as it deﬁnes the solar zenith angle (and thus the angle of incidence for the neutrons), see equation (4).
The eccentricity of the Earth’s orbit was not taken into account. The response of each NM was quantiﬁed in
signal-to-noise ratio N∕𝜎 , where N is the 5 min count rate (above the background) due to the solar neutrons,
√
and 𝜎 = 2 NGCR is the statistical noise (the factor 2 appears because of the multiplicity of the NM count rate
[Belov et al., 1987]) due to the GCR background count rate. Thus, it quantiﬁes the ability of a NM to detect,
with high statistical signiﬁcance, the SNE above the GCR background. The highest possible response of each
NM (if the SNE occurred when the solar zenith angle was minimum possible for a given location) is also listed
in Table 1.
An example of the sensitivity of individual NMs to the reference SNE is shown in Figure 6a for two NMs of
Tsumeb (South Africa) and Mexico City (Mexico). They are 18NM64 instruments located nearly 120∘ apart at
moderate height in tropical regions. Each of them covers, with good sensitivity, several hours of day time and
several months of the year, thus covering ∼6% of the time. The two NMs far apart complement each other,
and they together cover ∼12% of the time with high sensitivity.
ARTAMONOV ET AL.
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Table 1. The List of High-Mountain Neutron Monitors Used Here Along With Their Geographical Coordinates (Latitude
and Longitude), Geomagnetic Rigidity Cutoﬀ Pc , Altitudes of NMs Above the Sea Level, Type of NM, UT Time of Local
Noon Tnoon , and the Signal-to-Noise Ratio Nn ∕𝜎 for the Reference SNE (See Text) if It Occurred at the Local Noon During
the Local Summer (the Highest Response)
Pc ,

Altitude,

Type

Tnoon ,

Nn ∕𝜎 ,

Name

Latitude

Longitude

(GV)

(m)

(UT)

Max

Chacaltaya

−16.31

291.85

13.10

5200

12 NM

16.5

56.7

Tibet

30.11

90.53

13.71

4300

28 NM

6.0

53.3

Haleakala

20.72

203.75

12.91

3030

18 NM

22.4

26.1

Inthanon

18.59

98.49

16.8

2560

18 NM

5.4

23.7

Erevan

40.5

44.17

7.6

3250

18 NM

9.1

22.1

ALMA B

43.25

76.92

6.61

3340

18 NM

6.9

21.1

Mt.Norikura

36.11

137.55

11.36

2770

12 NM

2.8

17.6

Tsumeb

−19.20

17.58

9.15

1240

18 NM

10.8

12.0

Mexico

19.33

260.82

9.53

2274

6 NM

18.6

10.5

Erevan 3

40.5

44.17

7.58

2000

18 NM

9.1

9.7

ESOI

33.3

35.78

10.8

2055

6 NM

9.6

9.3

CaLMa

40.38

3.9

6.07

708

15 NM

11.7

9.0

Jungfraujoch NM

46.55

7.98

4.49

3475

3 NM

11.5

8.2

Lomnický Štit

49.20

20.22

3.84

2634

8 NM

10.7

7.5

Bure

44.63

5.91

5.00

2252

3 NM

11.6

7.4

Irkutsk3

51.29

100.55

3.64

3000

6 NM

5.3

7.1

Tbilisi

41.43

44.48

6.73

510

18 NM

9.0

6.9

Irkutsk2

52.37

100.55

3.64

2000

12 NM

5.3

6.7

Baksan

43.28

42.69

5.6

1700

6 NM

9.2

6.1

Beijing

40.08

116.26

9.56

48

18 NM

4.20

5.9

Jungfraujoch IGY

46.55

7.98

4.49

3475

18 IGY

11.5

5.3

Rome

41.9

12.52

6.32

60

17 NM

11.2

5.1

Santiago

−33.48

289.29

11.0

570

6 NM

16.7

4.7

Hermanus

−34.25

19.13

4.58

26

12 NM

10.7

4.6

Irkutsk1

52.47

104.03

3.64

435

18 NM

5.1

4.1

Athens

37.98

23.78

8.53

260

6 NM

10.4

3.9

Climax

39.37

253.82

2.99

3400

12 IGY

19.1

3.4

−26.68

27.10

6.94

1351

12 IGY

10.2

1.5

Potchefstroom

However, the abilities of the NM network to detects a SNE is greater than just a sum of individual detectors’
responses. The network can be considered as a united detector. For that, responses from diﬀerent NMs to the
event can be complied using the weighted summation as described in Usoskin et al. [1997].
Let Ni and 𝜎i be the count rate due to SNE and the noise due to the GCR background, respectively, for ith NM
from the list (Table 1). Then the total response of the network X and its uncertainty 𝜎X are deﬁned as
X=

1 ∑
p ⋅N
P i i i

√
𝜎X = 1∕ P,

(6)

∑
where pi = 1∕𝜎i2 and P =
pi . We note that the signal-to-noise ratio X∕𝜎X as detected by the network is
greater than that for any of the individual NM, since information from all the individual detectors is used.
The sensitivity of the NM network to the reference SNE as function of time/date of its occurrence is shown
in Figure 7b. One can see that almost all the time is well covered by the high detection ability. Overall, the
existing NM network can reliably (at the level of 5𝜎 or better) detect a SNE, similar to that of 3 Jun 1982, with
95% probability. This implies that the NM network is a suitable tool for monitoring strong SNE events, complementing other methods. The network is dominated by two NMs very sensitive to solar neutrons because
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Figure 5. Map of the locations of the NMs considered here (see Table 1). Red circles represent the existing NMs, while
the blue diamonds correspond to the proposed new NM stations (Canary islands and New Zealand). The Earth’s
terminator corresponds to epoch of 24 May 2000, 20:49 UT.

of their location (tropics, high altitude—more than 4000 m a.s.l.) and large size—Chacaltaya and Tibet.
They are at least twice more sensitive to solar neutrons than all other NMs in the network. However, just to
illustrate the possibilities of the network as a whole, we show (Figure 7a) its sensitivity without these two
most sensitive NMs. The region at around 16 UT is not covered in this case since Chacaltaya NM is crucially
important for that region, but the removal of the Tibet NM hardly modiﬁes the overall network ability.
One can see that there are two periods when a SNE, if occurred, would remain poorly or not measured. It is
a gap at midnight around midwinter, corresponding to the Southern Paciﬁc and a gap in the UT afternoon
in the middle of spring-autumn, corresponding to the Atlantic Ocean. Here we propose two new NMs
(or solar neutron telescopes) to be located on the Canary Islands and in New Zealand, which might partly cover
these gaps. We took as an example locations of the existing facilities of Roque de los Muchachos Observatory
(coordinates: 28.76∘ N 17.89∘ W, altitude: 2396 m a.s.l.) and Mount John University Observatory (coordinates:
43.59∘ S 170.29∘ E, altitude: 1029 m a.s.l.). Figure 6b shows the eﬀect of possible addition of these two NMs
(of 12NM64 type) to cover the Atlantic and the Southern Paciﬁc region.

Figure 6. Examples of sensitivity of the individual neutron monitors to the reference SNE as a function of time of
occurrence of the event. (a) Mexico NM (1) and Tsumeb NM (2). (b) Possible improvement in world NM network
sensitivity with a hypothetical 12NM64 at Canary islands (3) and New Zealand (4).
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Figure 7. Sensitivity of the world NM network to the reference SNE as function of the time/date of the event occurrence.
The sensitivity is calculated for the NM network as a whole, not for individual NMs. (a) The world neutron monitor
network without Chacaltaya and Tibet NMs. (b) The world neutron monitor according to Table 1.

4. Conclusions
We have presented a new computations of the yield function of the standard neutron monitor (6NM64) for
solar neutrons for a wide range of the altitudes of the NM location and angles of incidence of neutrons entering the Earth’s atmosphere. We provided lookup tables for the newly computed NM yield function for several
atmospheric depths of 1000 g/cm2 (about the sea level), 700 g/cm2 (≈3000 m above the sea level), and
500 g/cm2 (≈5000 m above the sea level). The computations were performed using the GEANT4 code PlANETOCOSMICS Monte Carlo tool and a realistic atmospheric model. The yield function was validated against
measured data for the solar neutron events of 3 June 1982 and 24 May 1990, and good agreement was found
within a wide range of the altitudes of the NM location and angles of incidence of solar neutron arrival. On
the basis of the new solar neutron yield function for a standard 6NM64 neutron monitor, the sensitivity of the
world NM network for registration of solar neutrons was reassessed. It is shown that NM network is a suitable
tool for monitoring of high-energy solar-ﬂare neutrons with good detection eﬃciency (≈95% probability to
detect an event similar to that of 3 June 1982 with a high statistical signiﬁcance) and complements other
techniques to study solar neutrons.

Appendix A: Neutron Monitor Yield Function for Solar Neutrons Lookup Tables
Here lookup tables are presented for the computed neutron monitor (6NM64) yield function for solar neutrons. The tables are for the atmospheric depths of the NM location at 1000 g/cm2 (sea level), 700 g/cm2
(≈3000 m above the sea level), and 500 g/cm2 (≈5000 km above the sea level) and several various angles of
incidence. The normalization is for the unit ﬂux (one neutron per square meter) at the Earth’s orbit which is
equal to the ﬂux at the top of the atmosphere for the vertical angle of incidence.
Table A1. The Yield Function (in Counts⋅m2 ) of a 6NM64 to Solar Neutrons (Unit Flux at the Earth’s orbit), for the
Atmospheric Depth of 1000 g/cm2 (Sea Level) for Diﬀerent Incidence Angles
0∘

15∘

30∘

45∘

60∘

0.3
0.5
0.7
1
3

1.75 × 10−4
8.75 × 10−4
1.59 × 10−3
2.86 × 10−3
2.23 × 10−2

1.54 × 10−4
6.15 × 10−4
9.22 × 10−4
2.15 × 10−3
1.84 × 10−2

7.84 × 10−5
3.45 × 10−4
5.79 × 10−4
1.32 × 10−3
1.03 × 10−2

4.33 × 10−5
8.24 × 10−5
2.03 × 10−4
3.49 × 10−4
2.58 × 10−3

1.52 × 10−5
7.81 × 10−5
1.05 × 10−4
1.27 × 10−4
4.14 × 10−4

5

4.93 × 10−2

4.46 × 10−2

2.07 × 10−2

6.53 × 10−3

8.75 × 10−4

7

1.02 × 10−1

7.38 × 10−2

3.72 × 10−2

9.79 × 10−3

1.43 × 10−3

10

1.02 × 10−1

9.07 × 10−2

5.24 × 10−2

1.38 × 10−2

1.59 × 10−3

E (GeV)
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Table A2. The Yield Function (in Counts⋅m2 ) of a 6NM64 to Solar Neutrons (Unit Flux at the Earth’s Orbit), for the
Atmospheric Depth of 700 g/cm2 (≈3000 m Above Sea Level) for Diﬀerent Incidence Angles
0∘

15∘

30∘

0.05

6.70 × 10−6

3.63 × 10−6

2.29 × 10−6

–

–

0.1

1.54 × 10−4

1.34 × 10−4

7.77 × 10−5

1.49 × 10−5

9.23 × 10−6

0.3

3.98 × 10−3

3.18 × 10−3

1.93 × 10−3

8.89 × 10−4

3.74 × 10−4

0.5

1.26 × 10−2

1.05 × 10−2

6.06 × 10−3

2.36 × 10−3

1.03 × 10−3

0.7

1.93 × 10−2

1.61 × 10−2

9.23 × 10−3

4.16 × 10−3

1.75 × 10−3

1

3.01 × 10−2

2.14 × 10−2

1.59 × 10−2

6.03 × 10−3

2.94 × 10−3

3

1.35 × 10−1

1.13 × 10−1

7.57 × 10−2

2.93 × 10−2

9.95 × 10−3

5

2.32 × 10−1

2.05 × 10−1

1.36 × 10−1

5.47 × 10−2

1.65 × 10−2

7

3.41 × 10−1

2.97 × 10−1

2.07 × 10−1

7.36 × 10−2

2.05 × 10−2

10

3.66 × 10−1

3.29 × 10−1

2.26 × 10−1

9.84 × 10−2

2.64 × 10−2

E (GeV)

45∘

60∘

Table A3. The Yield Function (in Counts⋅m2 ) of a 6NM64 to Solar Neutrons (Unit Flux at the Earth’s Orbit), for the
Atmospheric Depth of 500 g/cm2 (≈5000 m Above Sea Level) for Diﬀerent Incidence Angles
0∘

15∘

30∘

45∘

60∘

0.05

1.75 × 10−4

8.87 × 10−5

6.46 × 10−5

2.01 × 10−5

7.45 × 10−6

0.1

3.98 × 10−3

2.15 × 10−3

1.27 × 10−3

5.40 × 10−4

2.55 × 10−4

0.3

3.31 × 10−2

2.74 × 10−2

1.75 × 10−2

8.33 × 10−3

3.45 × 10−3

0.5

7.08 × 10−2

5.72 × 10−2

4.05 × 10−2

1.85 × 10−2

1.04 × 10−2

0.7

9.50 × 10−2

8.82 × 10−2

5.83 × 10−2

2.78 × 10−2

1.24 × 10−2

1

1.38 × 10−1

1.18 × 10−1

8.06 × 10−2

3.96 × 10−2

1.81 × 10−2

3

4.03 × 10−1

3.55 × 10−1

2.69 × 10−1

1.43 × 10−1

5.62 × 10−2

5

5.84 × 10−1

5.37 × 10−1

4.29 × 10−1

2.26 × 10−1

1.02 × 10−1

7

7.59 × 10−1

7.03 × 10−1

5.54 × 10−1

2.91 × 10−1

1.38 × 10−1

10

8.09 × 10−1

7.72 × 10−1

6.09 × 10−1

3.51 × 10−1

1.67 × 10−1

E (GeV)
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