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Abstract: In observatories of Polar Geophysical Institute in Apatity and on Spitsbergen a monitoring of X-radiation 
in the atmosphere over the range from 20 keV up to hundreds keV for about two years is carried out. Increases of X-
rays (up to 50%) during precipitations (rain, snowfall) without dependence on a season are revealed. The energy 
spectrum of this radiation with a maximum at 100-150 keV is measured. By additional studies it is established, that 
these X-ray increases are not related to any natural or anthropogenous radionuclides in precipitations. After analysis 
of the obtained data the following mechanism of generation of X-radiation is suggested. There is a background of 
low-energy electrons (about tens MeV) in the atmosphere created by secondary cosmic rays. Presence in the clouds, 
which produce precipitations, the considerable electric field reduces in acceleration of background electrons. These 
electrons generate a Bremsstrahlung X-radiation at altitude of clouds. A mathematical model of X-ray generation by 
the electrons accelerated in electric field into clouds, conversion of a spectrum of photons at their propagation to the 
ground is designed. The spectrum of an X-rays obtained in the model is well agreed with really observed spectrum. 
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1 Introduction 
The existence of excess radiations associated with thun-
derstorms is a known fact [1-3]. It was shown that the 
main cause of the excess radiation during thunderstorms 
is the particles accelerated by strong electric fields within 
thunderclouds [1, 2]. However, energetic photons studied 
in the given work are born not in a thunderstorm, but in 
typical rain clouds. 

We organized monitoring of low-energy gamma (X-ray) 
radiations on the ground level and recorded increases, 
usually associated with precipitations. It should be noted 
that in the subarctic (Apatity, Murmansk region) and 
arctic (Barentsburg, Spitsbergen) areas, where observa-
tions were made, thunderstorms are observed extremely 
seldom. Nevertheless, as the cause of the increases asso-
ciated with precipitations, we assume the electric field of 
the clouds (though not as strong as in thunderstorm 
clouds), which accelerates electrons and creates the 
Bremsstrahlung radiation penetrating to the ground level. 
Other possible sources of X-ray like natural (Ra226, Be7, 
K40, Th232 etc.) or anthropogenic (Cs137) radionuclides 
were excluded in the course of additional experiments. 

2 Instrumentation and observations 
To monitor gamma (X-ray)-background at the ground 
level in Apatity and Barentsburg, we used the scintilla-

tion spectrometer based on the NaI(Tl) crystal of 6 cm in 
diameter and 2 cm thickness. The signal after the photo-
multiplier and the amplifier is continuously recorded in 4 
integral channels with a threshold photon energies > 
20, > 60, > 100 and > 200 keV. Detection in integral 
channels allows us continuous estimation of the integral 
spectrum of high energy photons. Besides it, the spec-
trometer in Apatity is equipped with the 4096-channel 
pulse-height analyzer, based on the high-speed spectro-
metric ADC. It allows us to produce accurate measure-
ments of energy spectrum of X-rays. 

The instrumental set in the Apatity station includes also 
the second NaI(Tl) spectrometer for the checking expe-
riments, a detector of charged particles and a precipita-
tion gauge. All these instruments are installed at a loft 
under the 1 mm thick iron sheet roof. The NaI(Tl) detec-
tors are surrounded along the sides and bottom by lead 
bricks 50 mm thick for shielding from the surrounding 
radiation from building walls and the ground. The preci-
pitation gauge allows us to evaluate the intensity of pre-
cipitation in the form of rain and snow. The instrument is 
not calibrated and it allows identifying only the presence 
of precipitations and qualitative estimating their intensity. 
Therefore, the intensity of precipitations in the paper is 
given in arbitrary units. 

The detector of charged particles was installed in Apatity. 
The instrument consists of  eight  upper  and  eight  lower 
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Fig.1. X-ray increases detected in Apatity. a) June 26, 
2010; b) October 09,2010. NaI is X-ray NaI(Tl) detec-
tor, Geiger counter is detector of charged component 
(coincidence between upper and lower layers). There 
are no increases of muon or electron flux (charged 
component) during precipitations although the X-ray 
detector shows significant one. 

rows of Geiger counter tubes separated by aluminum 
absorber with a thickness of 7 mm. The effective area of 
these rows is 160 cm2. Three data channels are recorded: 
total count rates of the 1) upper and 2) lower counter 
rows and 3) total count rate in coincidence between the 
upper and lower layers (number of particles which cross 
simultaneously upper and lower counters and aluminum 
absorber between them). The upper and lower counter 
layers are sensitive to electrons >0.2 MeV, protons >5 
MeV and gamma rays with energy >20 keV (with a de-
tection efficiency of less than 1% [4]). The coincidence 
signal detects mainly electrons with energies >5 MeV, 
protons >30 MeV and muons with energies >20 MeV. 

Secondary muons are the main contribution to the third-
channel record, while the first and second channels detect 
mainly the electron-photon component of secondary 
cosmic rays. 

In Barentsburg the NaI(Tl) spectrometer is installed in-
doors a neutron monitor. The detector is placed inside the 
cylindrical steel "cup" with thickness of 16 mm, which 
allows registration of X-rays from top hemisphere only. 

Continuous monitoring of X-ray in Apatity and Ba-
rentsburg was started in the summer of 2009 and are till 
now. During the observations we detected increases of 
X-ray radiation (Fig.1). Increase events in Barentsburg 
are similar to Apatity ones. It was also noted that the 
increase events always were accompanied by intense 
precipitations, with dense and low altitude (200-600 
meters) cloudiness, so called “nimbostratus” [5]. It is 
significant strong wind comes to down increases: ~5 %. 

There were observed more than a hundred X-ray increase 
events by the end of 2010 on the Apatity station and 
about 50 on the Barentsburg one. The intensity increased 
from 5 to 50% of the background and duration of an 
increase varied from hours to two days. More than 95% 
of events were accompanied by precipitations of varying 
duration and intensity. The amplitude of increases differs 
for seasons. In a winter amplitudes of increases were on 
the average less; there was not fixed any increase greater 
than 25%. At a summer increases were up to ~50% 
sometimes. Two events are shown in Fig.1. These events 
are middle amplitude for a summer (26.06.2010) and 
extreme one for a winter (09.10.2010). 

Connection of the type of precipitation with the increase 
amplitude was noted. Fine, dry snow with the wind (bliz-
zard) or permanent drizzling rain were accompanied with 
a small increase. Large increase events were accompa-
nied by heavy rains or wet snowfall without wind. 

At the instrumental set in Apatity we also obtained ener-
gy spectra of photons during increases with the help of 
the 4096-channel pulse-height analyzer (the fine spec-
trometer). The calibration of this spectrometer was car-
ried out with the help of radioactive gamma-sources 
Am241 (lines of 26 and 60 keV) and Cs137 (660 keV). The 
spectrum of photons causing an increase was obtained by 
a subtraction from the measured spectrum during the 
increase of a quiet background spectrum before the in-
crease. In Fig. 2 by the line 2 is shown one of the expe-
rimental spectra obtained in the 27 % increase event on 
March 8, 2010. The spectrum has a gradual form. There 
are no sharp peaks character for radionuclide lines. 

3 Checking experiments 
For clearing up the nature of increases observed on de-
tectors it was required to carry out a series of additional 
checking experiments. We have the second identical 
spectrometer in Apatity. The first one (it would be called 
the operating detector) was in continuous monitoring, the 
second (it would be called the reference detector) was 
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Fig.2. Spectra of X-ray increases; 1 - modeled spectrum, 

2 - experimental spectrum. 

used for checking experiments. 

Upper limit of X-ray energy. The reference detector 
was shielded totally by 5 cm lead bricks. Such shield cuts 
off photons of energies up to ~5 MeV [6]. During preci-
pitation and large increases on the operating detector 
there were no increases on the reference one. 

Lack of radon contamination. Previous experiment 
revealed also X-ray increases are not produced from 
radioactivity of atmosphere gases. It is known, for exam-
ple, that rain scavenges radon progenies efficiently and it 
emits gamma radiation in the energy range of hundreds 
keV. Increases of Х -rays during precipitations in the 
winter season are observed with the same effectiveness 
as in the summer and exclude radon origin of one. 

Lack of radioactive contamination in the rainwater. 
Two liters of rainwater from the roof had been gathered 
during 25 % increase (2010.06.26) on operating detector, 
placed into the lead shield on the top of the reference 
detector. There was no increasing too. This is clear evi-
dence of lack of any radionuclide in rainwater to be 
measured. We have used the data of the regional labora-
tory of radiochemical control too. This laboratory carries 
out regular measurements of all radionuclides, both natu-
ral and anthropogenic origin for the last few years. 
Weekly samples of precipitations (all amount of precipi-
tation, collected for a week) are analyzed by high-
sensitive detectors. We compared the weekly records of 
radioactivity in precipitations in Apatity with increases 
on our detector. There is no correlation between the la-
boratory data and ours. 

Lack of charged component. The detector is sensitive 
both to the electromagnetic component of radiation and 
to the charged one. To clarify the relative contribution of 
the charged component radiation to the increases is poss-
ible with the help of the charged particle detector based 
on Geiger counters. It is known that sensitivity of these 
counters with regard to the charged component of radia-
tion is two orders of magnitude higher than to gamma-

ray quanta. Connection of two layers of counters on 
coincidence, as described in Section 2, ensures detecting 
the charged component of radiation only. In Fig.1 joint 
registration by these two detectors during two increase 
events is shown. There are no charged components (elec-
trons and muons) in the radiation causing the increase on 
the detector. 

Lack of barometric coefficient. It is well known that 
most of secondary cosmic rays have barometric coeffi-
cient β , i.e. a count rate of corresponding detector de-
pends on atmospheric pressure. For example, β  = 
0.72 %/mB for neutrons, β  = 0.14 %/mB for muons. 
Methodics to calculate a barometric coefficient is in [4]. 
It would be possible recognizing of nature of atmospher-
ic X-ray background via its barometric coefficient. Using 
our data array of X-ray background (about two years) we 
found the β  for it. It is zero! β  = 0! The fact is simple 
and clear: X-rays are generated in the lower atmosphere 
layer and have a local origin. Height of X-ray generation 
into the atmosphere is not more than one km according to 
X-ray absorption in the air. For example, β  = 
0.18 %/mB for our charge detector (the coincident chan-
nel of Geiger counter). 

X-rays anisotropy. The reference detector was placed 
into a deep “cup” which was built of 5 cm lead bricks. 
The detector view field was restricted cup sides about 30 
degrees cone. The cup together detector into it was 
slanted on 45 degrees to the horizon. By the slanted de-
tector about 10 increases were recorded and compared. 
Increase amplitudes of slanted detector are less than 0.4 
of operating detector. We interpret it as X-rays anisotro-
py: the flux is concentrated into small solid angle. 

Well, we have investigated the X-ray flux by specific and 
original experiments and found that the X-ray back-
ground flux are generated into the lower atmosphere 
layer about hundreds meters above surface. For fair the 
observed increases are connected with processes into rain 
clouds. Also X-rays downward flux has significant aniso-
tropy. 

The increases in the count rate of the detector during 
precipitations are not related with radioactivity of the 
atmosphere, including radon gas. They also are not 
caused by charged particles. Increases are caused by 
photons which upper energy limit is less than ~5 MeV. 
The probable source of these particles can be the X-rays 
Bremsstrahlung produced by electrons accelerated in a 
rain (snowfall) cloud. Near the Earth's surface the electric 
field in quiet weather is ~100 V/m. Inside the rain clouds 
the electric field strength is much higher and may reach 
kilovolts per meter and even tens of kV/m [7]. Of cause, 
this is not enough to accelerate electrons directly up to 
the energies to produce X-ray radiation, because electron 
energy loss into the air is more that 220 keV/m [6, 8]. 
But in the case of background energetic electrons are 
present into clouds, electric field can additionally accele-
rate them. Increase events are caused this process. Muon 
decay, Auger-electrons, electron-positron pair generated 
by energetic photons can produce background energetic 
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electrons flux along the atmosphere, which generates 
Bremsstrahlung X-ray background. In electric fields into 
clouds these electrons undergo additional acceleration 
and produce a Bremsstrahlung X-ray excess. 

4 Bremsstrahlung modeling 
We tried to simulate the observed X-ray spectra in the 
frames of our above suggestion about the Bremsstrahlung 
origin. The intensity of the photons is determined by the 
generation of energetic electrons and positrons in the 
form of Bremsstrahlung and the alternative process of 
absorption in the air. When passing through the matter, 
the electron loses energy due to ionization and radiation 
losses [6]. We assume that energetic electrons and posi-
trons are generated into the atmosphere by muon decay 
and have tens of MeV energy. Equilibrium electrons 
spectrum in the atmosphere has small slope up to hun-
dred MeV [9]. It is not large error to assume flat electron 
spectrum, i.d. a constant flux value till El ≈  50 MeV. 
We consider electron moving down from L altitude to 
surface. The Expression 1 gives number of hν  quanta, 
which are produced by electrons from hν  up to El ener-
gies on the altitude x and spread to the detector on the 
surface. 
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where: L - the height where electrons come in an electric 
field (it is called the source height); μ  - linear attenua-
tion coefficient of X-ray; x - current electron height; E - 
electron energy on coming in electric field; Q(Ec,hν ) is 
differential cross section of Bremsstrahlung [6], i.e. 
quantum hν  is produced by electron Ec; S(E) is electron 
spectrum on height L; Ec - current electron energy, it is 
solving of recursive equation: 

dyxEckEcEc mmmm ���	 )()(1 �         (2) 

where: ρ (xm) - atmosphere density on height xm; k - 
specific energetic losses of electron Ecm in the air 
(MeV·cm2·g-1); m is recursive step number; dy - thickness 
of layer, Ec0 is starting electron energy E. 

To approach a live situation we used real values: μ  and 
k are variable and depend on energies gamma quantum 
and electron respectively. NaI(Tl) detector effectiveness 
was took into account via Eff(hν ). When one calculate 
N(hν ) for different hν , it is X-ray energetic spectrum. 

The inner (right) integral in Equ.1 describes full flux of 
X-ray energy hν  which are produced on height x ener-
getic electrons from hν  up to El. The external one de-
scribes passing of X-ray energy hν  through the atmos-
phere from x to the surface. 

Equation 1 was solved numerically. Calculations are 
made in the energy range of X-ray hν  from 10 to 1000 
keV (step 4 keV) and for the electron source heights L 
from 100 to 1000 m (step 50 m). We assumed electric 
field 5 kV/m in the top half of height L. The second half 
had no electric field. It was found that X-ray spectrum 
does not depend on El in wide energetic range, but it is 
strongly determined by the L. X-ray spectrum is enriched 
with higher energies and differs more from observed one 
when the L ≈  500 m or more. Modeled spectrum of X-
ray increase for L = 350 m is shown as Line 1 on Fig. 2. 
It would be mentioned there are the energetic spectra of 
X-ray increase in Fig.2. The line 2 in Fig.2 is experimen-
tal spectrum of X-ray increasing on the Apatity winter-
2010 season. Modeled spectrum is in accordance to expe-
rimental one. 

5 Conclusion 
Continuous measurements (monitoring) by X-ray detec-
tors in the atmospheric surface layer of the arctic (Spits-
bergen archipelago) and subarctic (Apatity) regions dis-
covered systematic relationships between increases in the 
low-energy gamma (X-ray) background and precipitation 
as rains and snowfalls at a low and dense cloudiness. 

By using of the pair of identical detectors, which meas-
ured X-ray flux simultaneously and were placed in dif-
ferent conditions, it was revealed that the increase events 
were not result from any radionuclide contamination into 
rain water or into the atmosphere. It was additionally 
found X-ray flux has a local origin and significant aniso-
tropy. 

As the reason of X-ray increases the Bremsstrahlung X-
ray radiation produced by electrons, additionally accele-
rated in electric fields inside rain clouds is suggested. 
The calculated X-ray spectrum, obtained in the model 
assumptions, is in satisfactory agreement with measure-
ments. 
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