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Abstract: Thunderstorm influence on a muon flux is well known phenomenon and has been observed on many
stations. We have firstly found gamma-rays increasing accompanying precipitations during all seasons (winter
and summer) in the Arctic region. This paper presents the results of a series of new experiments on the advanced
detection system of gamma radiation in Apatity. Series of experiments shows that this additional radiation is
Bremsstrahlung one. Energetic electrons produce it. Electrons are from decay of muons in the atmosphere. During
precipitation muons get additional energy when pass through electric fields of clouds. Via muon decay additional
energy is partially transferred to electrons, then converted by Bremsstrahlung to electromagnetic form. Energy
balance was calculated on measuring of the additional radiation flux. Taking to account the muons flux density at
sea level and the average thickness of the cloud this additional energy flux could be provided at the field strength
in the cloud about 3.6 kV/m.
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1 Introduction
There is a complete registration system of secondary cosmic
rays on Apatity cosmic rays station. The system consists
of three units measuring radiation coming from the atmo-
sphere: small and large scintillation detectors with crystals
NaI(Tl) as well as the charged particles one on the basis of
Geiger-Muller counters. Gamma-ray flux in ranges >20,
>100, >200, >1000 keV is measured. It is well known that
gamma-radiation, coming from the upper hemisphere, is
mainly produced by secondary cosmic rays. During pre-
cipitation increases of gamma radiation up to 50% were
observed. We call them events. The events occur both a
summer and a winter. More than four hundreds of events
were registered after beginning of radiation monitoring in
2009. Series of experiments has shown there is absent ra-
dioactive contamination in the precipitations [1]. Also there
is absent significant increase on charged particles compo-
nent. The same events we observed on Barentsburg station
at Spitzbergen. There is more about our registration system
and increase features in [2, 3] too. It has been suggested
therein that charged particles take an additional energy into
electric fields of clouds and emit it via Bremsstrahlung in
the low layer. It would be necessary to study event origin
more details and find real process producing these events.

2 Instrumentation and results of previous
studies

Modernization, which included a set of a multichannel
pulse-height analyzer, greatly expanded the possibilities of
installation. The analyzer gave to carry out measurements
the differential spectrum of gamma rays additionally to the
main measures. The accumulation time of one spectrum is
30 minutes, the energy range is 200-5000 keV. Spectrum
measurements are performed continuously. Direct measure-
ments of the spectrum of background gamma radiation com-
ing from the upper hemisphere showed that the radiation
has the Bremsstrahlung nature [4]. Firstly, the spectrum
shape is commonly power law dependence. Secondary, the

spectrum is continuous, there is absent any radionuclide
line. An example of the differential spectrum of background
gamma radiation is shown in Figure 1a. Spectral index is -
1.8, which is close to Bremsstrahlung one [4]. There is also
the spectrum during an event. The naked eye can see that at
energies above 3 MeV spectra are merging. This sets the
upper energy limit: a gamma-rays increase in event occurs
only at energies up to 3 MeV. This is the first and most im-
portant result of direct measurements of the spectra.

The difference between the differential spectrum mea-
sured during the event, and the spectrum obtained in clear
weather just time before is an additional radiation spectrum
(ARS), the flux of which is imposed on the background and
recorded as an increase. Due to the fact that the differences
in the spectra are small, the difference between them has a
strong fluctuations and ARS is measured with big error. We
developed special techniques that significantly improve the
accuracy of the ARS. Firstly, we make spectrum averaging
obtained during some time. Secondly, we apply a mathe-
matical treatment. The result is a ARS with good accuracy
for any event, if the amplitude of the event is not less than
10%.

According to developed technique all events were pro-
cessed (about a hundred) with an amplitude more than 10%.
A fundamental difference between the background spec-
trum and ARS was carried out. The latter has an exponential
dependence in the range 200-3000 keV. Above the upper
energy limit ARS falls abruptly. Figure 1b shows a typical
spectrum of the ARS and its approximation of the exponen-
tial function of the form:

I(E) = J0 · exp[−E/E0] (1)

where J0 is the initial intensity of the flux, E0 is the
characteristic energy.

Based on these results the study of relation between the
exponential spectrum parameters and an amplitude increase
was conducted. Figure 2 shows the result. It may be noted
that the parameter J0 (Fig. 2a) has a linear dependence on
the amplitude, while the value of E0 (Fig. 2b) is like cloud
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Figure 1: Differential energetic spectra of gamma-ray. a) Background spectrum is shown black line; during an event one is
shown green line; approximation power law function is red line. b) Difference between the event and background spectra. It
is proper additional radiation spectrum (red) and its approximation exponential function (black).

of points with big scatter. We conclude that the precipitation
affect on the strength of the process which generates the
ARS, but not on the physical mechanism, since the E0 is
about constant.

3 Discussion
The essence of the problem is in the contradiction. A
characteristic of the detected radiation corresponds to a
Bremsstrahlung. It is known there are electric fields in rain
clouds [5, 6]. It is natural to assume that the appearance of
an additional radiation during precipitation is associated
with a getting of additional energy by charged particles in
electric fields of clouds. A similar effect with thunderstorm
activity is observed on the muon detectors for a long time at
[7, 8], when the electric fields in clouds reaches hundreds of
kV/m. However, the effective electron acceleration in such
dense medium, like the lower atmosphere, is only possible
at extremely high fields [9]. Such electric fields are very
unlikely in the Arctic region while the events are observed
along year with precipitation both in the form of rain or
snow.

In the present work estimation of electric fields, mini-
mum required to produce additional radiation, is made bas-
ing on the energy balance. Evaluation is performed with the
following assumptions: muons accumulate energy in the
electric fields and then the additional energy is transferred
to the light particles via muon decay. The point is that the
energy losses of light particles to Bremsstrahlung propor-
tional to their energy [4]. It is caused the electrons can’t ac-
cumulate energy in the electric field in a dense medium ex-
cepting in the cases of thunderstorm electric fields near elec-
tric disruption. During the motion in the atmosphere due to
its large mass muon loses energy only to ionization. Value
of these losses depends only on the density of the medium.
Muon lifetime is 2.2 microseconds. Then muon decays into
three particles and one of them is an electron (positron). At
the decay all muon energy is transferred to these particles.
As a result, the electron gets an average a third part of the
total energy of the muon. Electron moves in the atmosphere
and quickly spends its energy on Bremsstrahlung. Let’s a
muon with the energy E1 is born deeply in the atmosphere

and its speed is directed to the ground. Some time later it
decays at the point X . Distance between X and point of
birth is determined by the muon lifetime and its velocity
(energy). At the decay the energy is equal to E2, and elec-
tron gets the value of 1/3×E2 in average. If on the way to
the ground the muon passes through a cloud layer with an
electric field, it accumulate an additional energy ∆E

∆E = e ·χ ·L (2)

where e is electron charge, χ is electric field strength
in the cloud, L is thickness of the cloud layer. Hence the
value of ∆E is less than 0.01×E2 or E1, so ∆E has too little
effect on the muon path length, it decays around the same
point X . (Calculation based on the relativistic equations of
motion, which we omit due to space lack, shows that the
muon with 200 MeV initial kinetic energy with increasing
energy dE increases speed as ∼ 0.035×dE). Consequently,
after muon decay, electron gets the third part of additional
energy ∆E and then emits it in the form of Bremsstrahlung
quanta. It would be noted that even soft muons with energy
∼200 MeV produce electrons with energy higher than
characteristic energy of the air, so the ionization loss of
electrons can be neglected [4].

Taking into account all of assumed above the electric
field of cloud could be estimated. Using the dimensions
of the charged particles detector of our installation and its
count rate we calculate the absolute flux of charged particles
n in the lower atmosphere in this place. Basically it is the
muon flux [4, 10]. At the same time, the absolute values
of ARS give us to calculate total energy flux, creating an
increase. This flux at 15% increase is σ = 23 keV/cm2·s.
The average thickness of the cloud layer of rain clouds
is assumed to be L = 600 m [7]. As previously it was
assumed the additional energy flux appears during energy
accumulation by muons in electric field of cloud, we have
the following

σ

n
=

1
3
· e ·χ ·L (3)

and it is easy to transform

χ =
3 ·σ

n · e ·L
(4)
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Figure 2: a) Dependence of J0 parameter on increase magnitude. b) Dependence of E0 parameter on increase magnitude.

All quantities on the right side of (4) are defined, as
a result turns χ ≈ 2 kV/m. The factor 3 in (4) is shown
that electron gets in average 1/3 of the additional energy
accumulated by the muon. This estimate was made for ideal
conditions of cause. Really this value may increase slightly
when one takes into account side effects. However, it is
remarkable that our estimation of the electric field in the
rain clouds, based on energy balance, is close to the values
obtained by direct measurement in clouds: typical 5-10
kV/m and sometimes up to 16 kV/m [5]. We consider it to
be real way of ARS producing during precipitation. In the
electric fields in the atmosphere direct energy accumulation
by electrons is impossible.

4 Conclusions
We propose the real physical way to explain the increase in
gamma radiation during precipitation. On its basis strength
of the electric field in the cloud has been estimated. These
fields are caused of producing increase events with the ob-
served amplitudes. These estimates are in good agreement
with experimental measurements of the electric fields in the
rain clouds.
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