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Abstract. SINP MSU provided a number of experiments with scintillator gamma-spectrometers for study of spectral, temporal and spa-
tial characteristics of TGEs as well as for search of fast hard x-ray and gamma-ray flashes probably appearing at the moment of lightning. 
The measurements were done in Moscow region and in Armenia at Aragats Mountain.  

Each instrument used in this work was able to record data in so called “event mode”: the time of each interaction was recorded with ~15 
mcs accuracy together with detailed spectral data. Such design allowed one to look for fast sequences of gamma-quanta, coming at the 
moments of discharges during thunderstorms. The pulse-shape analysis made by detector electronics was used to separate real gamma-
ray events and possible imitations of flashes by electrical disturbances when discharges occur.  

During the time period from spring to autumn of 2015 a number of TGEs were detected. Spectral analysis of received data showed that 
the energy spectrum of coming radiation in 20-3000 kev range demonstrate a set of gamma-ray lines that can be interpreted as radiation 
from Rn-222 daughter isotopes. The increase of Rn-222 radiation was detected during rainfalls with thunderstorm as well as during rainy 
weather without thunderstorms. Variations of Rn-222 radiation dominate in low energies (<2.6MeV) and must be taken into account in 
the experiments performed to measure low energy gamma-radiation from the electrons accelerated in thunderclouds. 

In order to determine the direction from which the additional gamma-quanta come the experiment with collimated gamma-spectrometer 
placed on rotated platform was done. The results of this experiment realized in Moscow region from august, 2015 will be presented as 
well as the results of comparison of different TGEs measured in Moscow region and in Armenia. 

1. INTRODUCTION 

It is known from many experiments that sometimes the 
gamma radiation additional to constant background appears 
during thunderstorms. The nature of detected gammas is 
usually explained by the acceleration of electrons in large 
electric fields existing in thunderclouds. Spectral character-
istics can be described in general by the model of relativ-
istic electrons avalanche (Gurevich, 1992, Dwyer, 2012a). 

Phenomena in gamma rays connected with atmospheric 
electricity are observed in wide range of time scale includ-
ing such fast flashes as so-called Terrestrial gamma flashes 
(TGFs) lasting for less than 1ms (Briggs et al, 2013) and 
such slow phenomena as so-called Thunderstorm ground 
enhancements (TGEs) lasting up to several hours (Chil-
ingaryan, 2014). TGFs are usually studied in orbital exper-
iments with gamma spectrometers working in “classical” 
energy range from several hundreds of keV to several MeV, 
but there are several observations of TGFs from lightnings 
at the ground level (Dwyer et al, 2012b). It must be noted 
that the radiation from TGFs is hard up to several tens of 
MeV. The best conditions for study of TGEs are present in 
mountains because of low absorption of measured radiation 
in atmosphere and low distance between the clouds and the 
detector. Many measurements of gamma-ray and electron 
flux variations were made with large detectors based on 
organic scintillators specialized for cosmic ray study (Chil-
ingaryan, 2014). These detectors usually measure count 
rates in high energy range from MeVs to GeVs and unfor-
tunately can’t provide accurate spectral measurements of 
gamma radiation in energy range of several hundred keV 
and below (Chilingaryan et.al. 2013). To complete the ob-
servations in low energy range well-calibrated detectors 
based on scintillator crystals are needed. The instruments 
must have stable (up to ~1%) characteristics for long-
lasting measurements and enough time resolution to detect 

possible short flashes. Energy resolution must be suitable 
for detection of discrete gamma-ray lines.  

In this paper the design and characteristics of couple of 
such gamma-ray spectrometers produced in SINP MSU will 
be described. Then the results of measurements made with 
these instruments in Moscow region and in Armenia will be 
presented and discussed. 

2. DESIGN AND CHARACTERISTICS OF GAMMA-
RAY SPECTROMETERS 

The instruments used in this work are scintillator 
gamma-ray spectrometers based on common non-organic 
scintillators. Electronic circuits used in these spectrometers 
can work with single-crystal detectors as well as with phos-
vich multilayer detectors providing determination of the 
crystal where interaction took place by pulse-shape analy-
sis. Such kind of analysis also allows one to remove imita-
tions of gamma-events by thunderstorm electric discharges 
because the shape of the imitated pulse will differ from one 
produced by scintillation.  

The design of the detector electronics is very similar to 
one of DRGE instrument developed in SINP MSU for 
space experiment RELEC on-board “Vernov” satellite 
(Panasyuk et.al. 2015). Such transient phenomena as TGFs, 
GRBs and some other were studied during the space exper-
iments with this instrument. 

The structural diagram of electronics of gamma-
spectrometer is presented at fig.1.  It consists of three 
boards. First one is “Power supplying unit” providing high 
voltage (~1000V) for PMT and low voltage (+/-5V) for 
analog and digital electronics. Second board is “Event” 
card, containing analog electronics such as preamplifier, 
discriminator producing event trigger pulse and circuits for 
pulse shape analysis. The switch controlled by delayed trig-
ger signal is used for separate integrating of first and last 
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parts of PMT current pulse. The signals of so-called “fast 
component” and “slow component” proportional to corre-
spondent part of PMT pulse are formed and then digitized 
by two ADCs of microcontroller located on “Data collect-
ing card” 

 
Figure 1. Design of scintillator gamma-ray spectrometer 

“Data collecting card” is based on the board 
STM32F4DISCOVERY with Cortex M4 microcontroller. 
The program of microcontroller provides the next works:  

 Producing time data with accuracy 1s. Stability of 
internal timer is ~1s/day 

 Forming data frames for each second.  
 Producing ~15 mcs timer data starting from the 

beginning of the frame 
 Interrupting on the request from “Event” card and 

digitizing pulses of fast and slow components 
 Digitizing signal on the additional analog input at 

the beginning of the frame 
The output data are recorded to SD card for each sec-

ond. The data frame format is presented in table 1. For reli-
ability it was decided to group data frames to automatically 
numbered files with size ~10Mb. A new folder is automati-
cally created for every new session when power is on.  

Table.1. Data frame format 

Two gamma-ray spectrometers were produced for the 
study of TGEs and the search for gamma-flashes from 
lightnings. First one has detector based on 80x80 mm 
CsI(Tl) crystal coupled with Hammamatsu R1307 PMT. It 
provides measurements in 20-3000 keV energy range with 
energy resolution 7.2% at 662 keV. Second spectrometer 
has considerably small NaI(Tl) detector with size 40x40 
mm coupled with Russian PMT FEU-176. It is designed for 
measurements in 20-1000 keV range. The resolution of this 
instrument is ~12% at 662 keV. 

The spectrometer with 80 mm crystal was modified for 
experimental determination of the predominant direction of 
detected gamma-radiation if this radiation if not uniform. 
The instruments detector was collimated by lead layer 
shielding half of its FOV and placed to the platform rotated 
with frequency 2 min-1. The sensor of the direction was 
made as a resistive divider, changing output voltage in de-
pendence on the instrument orientation. The voltage from 
the divider was recorded in data frames for every second as 
ADC data for external analog input (see tab.1).  
Photos of both small instrument equipped with 40mm 
NaI(Tl) detector and large one equipped with collimated 80 
mm CsI(Tl) detector placed on the platform are presented at 
fig.2. 

Both gamma-ray spectrometers were calibrated with a 
number of radioactive sources. Some of energy spectra ob-
tained during calibrations are presented at fig. 3, 4.  

 
 Figure 2. A) Photo of the gamma-spectrometer equipped with 40mm 
NaI(Tl) detector, B)  Photo of the gamma-spectrometer equipped with 
collimated 80 mm CsI(Tl) detector placed on the rotating platform 
(without cover) 

 
Figure 3. Energy spectra of several radioactive sources obtained during 
calibration of gamma-spectrometer equipped with 40mm NaI(Tl) 
detector  

Autocalibration algorithm was used during large detec-
tor data processing: every 300s of the data the computer 
program determined actual position of well seen 1.46 MeV 
background gamma-ray line of K-40, then the energy of 
gamma-quanta in keVs was calculated. Such procedure 
allowed minimizing the effects of false variations caused by 
temperature drift of the detector characteristics. It is im-
portant for long-lasting observation series because day and 
night temperature can differ more than 20 degrees. The 
temperatures taken during sunny day and thunderstorm can 
also greatly differ.  

It must be noted that 1.46 MeV line can’t be used for 
auto-calibration of small detector because it is out of its 
range. There were attempts to use 609 keV background line 
from Bi-214 for auto-calibration but the results appeared to 
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be not enough reliable because this line is not bright and 
stop-factor of small NaI(Tl) detector described above is not 
enough high. 

Measurements of radiation of Cs-137 source placed ~3 
m far from rotating spectrometer were used to estimate its 
angular characteristics. The source was positioned at three 
different angles from the ground plane: 0o, 30o and 70o. 
Then the data from the rotating instrument were recorded 
and the numbers of events in 662 keV peak were compared. 
Correspondent modulation curves are presented at fig. 5. 
One can see that the depth of modulation is about 2 times 
for all three positions of the source. 

 
Figure 4. Energy spectrum of Cs-137 gamma-ray source (E=662 keV) 
placed far from detector obtained during calibration of gamma-
spectrometer equipped with 80mm CsI(Tl) detector. Background lines 
from K-40 (E=1.46 MeV) and Tl-208 (2.6 MeV) are seen 

 
Figure 6. Modulation curves of Cs-137 radiation measured with 80 mm 
CsI(Tl) collimated detector placed on rotating platform. 

3. RESULTS OF MEASUREMENTS IN MOSCOW 
REGION 

The measurements in Moscow region were made ~50 
km North from Moscow from July to September of 2015 
with 80 mm CsI(Tl) collimated detector. The detector cov-
ered by thin film for rain protection was placed in the gar-
den. The data were recorded continuously. The data of the 
experiment contain considerably long segments of sunny 
weather, some segments with continuous rain and several 
segments with showers and thunderstorms.  

An example of Moscow region data is presented at 
fig.7. These data were taken from late 27 to 30 of July, 
2015. There were two local thunderstorms correspondent to 
the peaks at the first day of the data (28.07.2015). These 
thunderstorms were accompanied with lightnings and inten-
sive showers. Then the weather became fine for next three 
days. Narrow peaks appearing during the thunderstorms in 

gamma-ray data are well seen. The amplitude of the en-
hancements reaches ~30% of common gamma-ray back-
ground. 

Energy spectrum for thunderstorm interval correspond-
ent for the second peak at fig.7 is presented at fig.8 together 
with the spectrum obtained during the sunny weather inter-
val. One can see a lot of gamma lines over all energy range 
of the spectrometer. Background lines from K-40 (E=1.46 
MeV) and Tl-208 (2.6 MeV) are seen with the same bright-
ness for thunderstorm and sunny weather time intervals. 
Other lines are connected with Rn-222 isotope being one of 
the most important sources of natural gamma-ray back-
ground. Radon is a daughter isotope of Ra-226 appearing 
from its decay in the ground. The lifetime of Rn-222 is 3.9 
days so this heavy radioactive gas has enough time to get to 
the atmosphere. After series of Rn-222 decay some short-
living isotopes, in particular Bi-214 with half-life ~20 min, 
appear producing linear gamma radiation that is observed.  

Gamma-ray lines from Rn-222 are seen during all time 
intervals but their amplitudes are much greater during the 
thunderstorm than during the fine weather segments. The 
result of subtraction of thunderstorm and sunny weather 
spectra, presented at fig.8, shows that most of the additional 
gamma-ray flux can be explained by radiation of Rn-222 
and its daughters. Some small increase of gamma-ray rate 
above 2.6 MeV seen at fig.8 is much less than one from Rn-
222 radiation. 

 
Figure 7. Monitoring data for 27-30 of July, 2015 obtained in Moscow 
region. Readings in several energy channels are plotted. The sawtooth 
line displays the time of the day (right scale) 

 
Figure 8. Energy spectra for 27 of July, 2015 obtained in Moscow 
region.  

Monitoring data at fig. 9 and energy spectra at fig. 10 
correspond to the data of measurements made 05.09.2015. 
There was a rainy day with cloudy sky and there was no 
thunderstorm. However one can see large variations of 
gamma-ray count rate. Comparison of spectra obtained for 
regions of large and small flux leads to the conclusion, that 
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the observed variations are connected with changes of Rn-
222 concentration near the instruments.  

 
Figure 9. Monitoring data obtained 05 of September, 2015 in Moscow 
region 

Figure 10. Energy spectra obtained 05 of September, 2015 in Moscow 
region.  

The conditions of observations on 27 of September, 
2015 provided the possibility to estimate the rate of addi-
tional Rn-222 appearance near the detector. Detailed moni-
toring data curves are presented at fig.11. There was a clear 
weather more than for a day, then the thundercloud sudden-
ly appeared and thunderstorm with rain shower rapidly 
started for ~5 min. After that there was ~5 min pause when 
there was no rain. Then the thunderstorm with intensive 
shower started again. The rain with thunderstorm continued 
for ~1.5 hours and then stopped and the sun appeared. 

The spectrum of the observed enhancement is similar 
to one presented at fig. 8. That means that the additional 
radiation was produced by radon and its daughters. One can 
see a step at the front of the curve at fig. 11 that shows that 
Rn-222 appears together with rain. Possible explanation of 
the details of its behavior is that Rn-222 was solved in the 
water of raindrops. Radon could be collected from air dur-
ing the movement of the storm cloud. Other way of experi-
mental data description is to propose that near-ground con-
centration of Rn-222 is changed with the change of the 
conditions of Rn-222 escape from ground. However it is 
difficult to explain the observed speed of Rn-222 by this 
way. 

After the rain stopped the intensity of radiation 
dropped with characteristic time ~0.5-1h. It can be ex-
plained by the decay of daughter isotopes of Bi-214 and Pb-
214. Other processes leading to the fall of the experimental 
curve are the diffusion of gaseous radon in the air and the 
leakage of the rain water to the ground. 

The monitoring data selected for the time intervals cor-
respondent to definite orientation of the instrument are pre-

sented at fig.12. There is no significant difference in the 
shape of the curves so one can conclude that the observed 
radiation is omnidirectional. 

 
Figure 11. Monitoring data for 27 of September, 2015 obtained in 
Moscow region 

 
Figure 12. Monitoring data selected for the time intervals correspondent 
to definite orientation of gamma-ray spectrometer 

In order to search for the short bursts possibly appear-
ing at the moment of lightning gamma-by-gamma data of 
thunderstorm 27.09.2015 were processed. The moments of 
the short burst candidates with >7 gammas occurring in 1 
ms were determined. They are plotted with yellow triangles 
at fig.13. It is seen that most of the burst candidates group 
inside the thunderstorm segment of data. However the 
probability of random imitation for this segment also in-
creases because of the increase of background rate in this 
time. 

 
Figure 13. Monitoring data of gamma-ray spectrometer(curves) and the 
moments of short burst candidates  with >7 gammas occurring in 1 ms 
(triangles) 

 
The graph of expected number of imitations versus thresh-
old value for thunderstorm region and before it is plotted at 
fig. 14. It definitely shows that probably all candidates 
pointed on the fig. 13 are random and the criterion must be 
some harder with threshold of 9 gammas per 1 ms. such 
events were not observed. 
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Another way to detect gamma-ray flashes from light-
nings is to look at the detailed data of gamma-spectrometer 
at the moment of lightning. Several nearby lightnings hap-
pened during the thunderstorm of 27.09.2015. The time 
between lightning and thunder sound for some of them was 
less than 1 s. Data analysis shows that there was no signifi-
cant fast data increase on the millisecond scale within sev-
eral seconds around these moments. 

 
Figure 14. Expected number of 1 ms pulse imitations versus threshold 
value. 

4. RESULTS OF MEASUREMENTS IN ARMENIA 

A ~2 hour long TGE was observed 22.09.2014 by the 
instrument with 40 mm NaI(Tl) detector in Nor-Amberd 
during TEPA-2014 conference. The measurements were 
made from the balcony of the building during the thunder-
storm located considerably far from the instrument in the 
Erevan direction. Monitoring data sequence for this TGE is 
presented at fig. 15. Non-intensive rain started approxi-
mately at the same moment when the rise of gamma-ray 
data readings was observed. 

 
Figure 15. Monitoring data sequence for TGE measured 22.09.2014 in 
Nor-Amberd. 

The spectra measured 22.09.2014 in Nor-Amberd are 
presented at fig. 16A. The comparison of the spectra at 
fig.16A with calibration spectra presented at fig. 16B al-
lows one to propose that the peculiarity near 1200 channel 
is connected with 609 keV gamma-ray line of Bi-214. This 
line is not seen in the spectrum of the difference between 
TGE and background segment taken before TGE. But the 
statistics is very poor and there is no reason to conclude that 
no 609 keV line is present in additional radiation from TGE 
source.  

The energy spectra of the background gamma-radiation 
without TGEs were measured at the site of Aragats cosmic 
ray station (h=3200m) in several places. These spectra (see 
fig.17) were measured inside one of the buildings and out-
side near the lake. Also a spectrum measured with fiber 
absorption block between the concrete of the building and 

detector was measured. The peculiarity seen some above 
600 keV can be associated with 609 keV line from Bi-214. 
It is visible on all graphs having different intensity. One can 
see that this line is very contrast on the spectrum of differ-
ence between spectra measured in the building and near the 
lake. It is possible to conclude that some part of the radia-
tion in the building comes from isotopes generated in decay 
cascades of Ra-226 existing in concrete.  

 
Figure 16. A) Spectra obtained before TGE and during TGE measured 
22.09.2014 in Nor-Amberd. B) Calibration spectra of several gamma-ray 
sources. The scale is the same as at Figure16A. 

.  

 
Figure 17. Energy spectra of the background gamma-radiation without 
TGEs measured at the site of Aragatz cosmic ray station (h=3200m) in 
several places. 

A segment of long-time monitoring data from Aragats 
are presented at fig. 18. There are variations of gamma-
spectrometer readings of different nature. Regular maxima 
appearing almost every day at 8h time can be described as 
the reaction of the detector on temperature. Such changes 
can be removed by auto-calibration method described about 
if the detector has enough energy range and resolution. 
There is a channel considerably non-sensitive to such varia-
tions (from 230 keV to 450 keV). One can see a peak with 
considerably hard spectrum that appeared at ~18h on 
11.11.2015. The energy spectrum of this increase is pre-
sented at fig 19. The peculiarity around 600 keV allows one 
to propose that Rn-222 is responsible for this gamma-ray 
flux variation. 
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Figure 18. Monitoring data for period from 07.11.2015 to 14.11.2015 
obtained with 40mm NaI(Tl) gamma-ray spectrometer on Aragatz 
mountain (3200 m). 

 
Figure 19. Energy spectra obtained during thunderstorm 11.11.2015 
with 40mm NaI(Tl) gamma-ray spectrometer on Aragats mountain  
(3200 m) 

5. DISCUSSION 

All energy spectra obtained in 20-3000 keV energy 
range during thunderstorms in Moscow region show the 
presence of gamma-ray lines associated with Rn-222 and 
daughters. Radon radiation is well-known background 
component. The results of measurements allow one to con-
clude that the concentration of Rn-222 near the ground has 
great variations usually increasing at the periods of rain. 
Dynamic of the background increase probably can be ex-
plained by coming of Rn-222 from the cloud with rain wa-
ter. Maybe atmospheric Rn-222 is solved in this water dur-
ing the formation of the cloud and its movement above the 
ground surface. The measurements made on rainy days 
without thunderstorm demonstrate similar variations of Rn-
222 concentration. 

The measurements made on Aragats Mountain also al-
low to conclude that additional Rn-222 background appears 
during thunderstorms. The amplitude of such variation must 
depend on various weather conditions such as speed of 

wind and rain intensity. It is obvious that variations of Rn-
222 gamma-ray background are much greater than ones 
expected from bremsstrahlung of the electrons accelerated 
in thunderclouds in the same energy range. However varia-
tions of natural radioactivity do not influence on gamma-
spectra in the high energies above 3 MeV. It is important to 
use an instrument with wide energy range lasting for more 
than 3 MeV for TGE study. It must have good stop-factor 
and energy resolution in order to estimate the amount of 
radiation connected with Rn-222. The amplitude of 609 keV 
line on the energy spectrum can be a good indicator for it. 

There were no indications on gamma-flashes observed 
at the moments of lightning. Instruments with larger effec-
tive area placed in mountains will improve the quality of 
measurements. 
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