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Abstract. Ground-based experiments with scintillator gamma-spectrometers were conducted to study the spectral, temporal and spatial 
characteristics of TGEs as well, as to search the fast hard X-ray and gamma-ray flashes possibly appearing at the moment of lightning. The 
time of each ganuna-quantum interaction was recorded with ~15 us accuracy together with detailed spectral data. The measurements are 
similar to ones reported at TEPA-2015 but some important improvement of the instruments was done for 2016 season. First, GPS module 
was used to synchronize the instrument time with UTC. The accuracy of such synchronization allows one to look at the gamma-ray data at 
the moment of lightning fixed by radio-wave detector or any other instrument. Second, the energy range of gamma-spectrometers was 
shifted to higher energies where the radiation of natural isotopes is absent. In this case one can see background changes connected with 
particles accelerated in thundercloud together with the background increases during the rain caused by Rn-222 daughters.
Long-term measurements with two instruments placed in different points of Moscow region were done in 2016 season. First one based on 
Csl (Tl) 80x80 nun has energy range 0.03-6 MeV. The range of the second one based on Csl (Tl) 100x100 nun is 0.05-10 MeV. A dozen 
of thunderstorms with increase of Rn-222 radiation were detected but no significant increase of gamma-ray flux above 3.2 MeV was 
observed at these periods.
A lot of data was obtained from the experiment with small gamma-ray spectrometer (40x40 nun Nal (Tl) at mountain altitude in Armenia 
at Aragats station. The analysis of readings during the TGE periods indicates on the presence of Rn-222 radiation in low-energy range 
(E<1 MeV). The detector was improved during TEPA-2016. New 50x50 nun Nal (Tl) crystal was used and the energy range was prolonged 
up to 5 MeV. Exact timing with GPS-sensor was added and fast recording of the output signal at the moments of triggers from UV flash 
detector was provided. The first results of measurements with tliis spectrometer in autumn 2016 as well as the data of a new Csl (Tl) 
rectangular detector working with similar electronics will be discussed in the final part of the paper.

1. INTRODUCTION

The gamma-radiation additional to constant background 
often appears during thunderstorms. The detected gammas 
are mostly described as the bremsstrahlung radiation of the 
electrons accelerated in large electric fields existing in 
thunderclouds. Spectral characteristics can be described in 
general by the model of relativistic electrons avalanche 
(Gurevich, 1992, Dwyer, 2012a).

Phenomena in gaimna rays connected with atmospheric 
electricity are observed in wide range of time scale including 
fast flashes in sub-millisecond range (so-called Terrestrial 
gamma flashes (TGFs) (Briggs et al, 2013) and such slow 
phenomena as so-called Thunderstorm ground enhancements 
(TGEs) lasting up to several hours (Chilingarian, 2014, 
2015a). TGFs are usually studied in orbital experiments with 
gamma spectrometers working in “classical” energy range 
from several hundreds of keV to several MeV, but there are 
several observations of TGFs from lightning 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. Other fast 
phenomenon observed in past few years is the termination of 
TGE at the moment of lightning (Chilingarian et al, 2015b). 
The flux of hard radiation drops to pre-TGE level during 
several seconds or even less.

The best conditions for study of TGEs are present in 
mountains because of low distance between the clouds and 
the detector leading to less absorption of measured radiation. 
Many measurements of gaimna-ray and electron flux 
variations were made with large detectors based on organic 
scintillators specialized for cosmic ray study (Chilingarian, 
2015a). These detectors usually measure count rates in high 
energy range from MeVs to GeVs and unfortunately can’t

provide accurate spectral measurements of gamma radiation 
in energy range of several hundred keV and below 
(Chihngarian et.al. 2013). To complete the observations in 
low energy range well-calibrated detectors based on 
scintillator crystals are needed. It is very important because 
a lot of gaimna-ray flux variations in the range E<2.5 MeV 
is caused by changes of Rn-222 concentration connected 
with rainfalls during thunderstorms (Bogomolov et.al. 2015). 
Energy resolution must be suitable for detection of discrete 
gaimna-ray lines produced by the decay of radioactive 
isotopes in order to control Rn-222 and its daughter 
concentration and to make on-line calibration of the 
spectrometer during the experiment with background lines. 
The instruments must have stable (up to ~1%) characteristics 
for long-lasting measurements as well as enough time 
resolution to detect possible short flashes.

In this paper the results of measurements in Moscow 
region and in Armenia made with gaimna-ray spectrometers 
produced in SINP MSU will be presented and discussed.

2. DESIGN AND CHARACTERISTICS OF
GAMMA-RAY SPECTROMETERS

All of the instruments used in this work are scintillator 
gaimna-ray spectrometers based on common non-organic 
scintillators Nal (Tl) or Csl (Tl). Electronic circuits used in 
these spectrometers can work with single-crystal detectors as 
well as with phosvich multilayer detectors providing 
determination of the crystal where interaction took place by 
pulse-shape analysis. Such kind of analysis also allows one 
to remove imitations of gaimna-events by lightning electric 
pulses. One can read the detailed description of the 
instrument design in proceedings of TEPA-2015 
(Bogomolov et al., 2015)
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Figure 1. Structural diagram o f scintillator gamma-ray spectrometer.

The structural diagram of electronics of gamma- 
spectrometer is presented at figure 1. It consists o f “Power 
supplying unit” providing high voltage (-1000V) for PMT 
and low voltage for analog and digital electronics, “Event” 
card containing analog electronics for event triggering and 
pulse-shape analysis, and “Data collecting card” based on the 
board STM32F4DISCOVERY with Cortex M4 
microcontrollr. GPS module with PPS is used for exact 
timing providing synchronization of gamma-ray 
spectrometer readings with the world time with accuracy -10  
microseconds. Every second the output data are recorded to 
SD card. The data are recorded in gamma-by-gamma mode 
containing detailed time and amplitude data for each 
interaction in the detector.

Detailed spectral information present in the data allows 
one to make calibration with use of background gamma-ray 
lines observed just during the measurements. The algorithm 
of data processing finds the position of usually well seen 1.46 
MeV background gaimna-ray line of K-40. The actual 
instrumental channel o f K-40 is calculated and stored in 
memory every 300s. Then the energy of each gamma- 
quantum is calculated in units of energy from correspondent 
linear formula. Such procedure allows one to minimize the 
effects of false variations caused by temperature drift o f the 
detector characteristics. It is important 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.

Several gaimna-ray spectrometers were produced. Two 
of them were used for the study of TGEs and the search for 
gamma-flashes from lightning in Moscow region. First one 
has detector based on 80x80 lmn CsI(Tl) crystal coupled 
with Hammamatsu R1307 PMT. Results of the experiment 
with this spectrometer in low energies (<3000 keV) in 2015 
were presented and discussed in TEPA-2015 proceedings 
(Bogomolov et.al., 2015). In May, 2016 the range was 
extended up to 6000 keV and GPS module was added. So in 
2016 it provides measurements in 30-6000 keV energy range 
with energy resolution 7.2% at 662 keV. The rotating 
platform and collimator mentioned in (Bogomolov et.al. 
2015) were not used in 2016 season.

Second spectrometer with even bigger Csl (Tl) crystal 
was produced. Its energy range is from 50 keV to 10 MeV 
with ~10% energy resolution. The results of experiments

with both spectrometers placed in summer, 2016 in two 
different points of Moscow region will be discussed below.

The spectrometer with considerably small Nal(Tl) 
detector with size 40x40 lmn coupled with Russian PMT 
FEU-176 was used for independent measurements of TGEs 
on Aragats. It was designed for 20-1000 keV range. The 
resolution of this instrument is -12%  at 662 keV. A lot of 
data was obtained from October, 2015 to September, 2016. 
Several TGEs were detected and preliminary conclusion of 
presence of Rn-222 component was done. Then during 
TEPA-2016 the detectorwas improved. New Nal (Tl) crystal 
was used as the detecting element and the energy range was 
extended up to 5 MeV. The output analog signal was 
prepared for fast recording by “picoscope” device by the 
trigger from UV flash detector or any other instrument.

One more set of electronics was designed for work with 
one of detectors used by the team of Aragats station. In this 
case no pulse-shape analysis is done and two ADCs are used 
for measurements with different amplification in order to 
extend the working range. All other principles of the device 
functioning are the same as described above. This electronic 
set was coupled with rectangular Csl (Tl) 100 x 100 x 200 
mm detector. The range of the signal from the preamplifier 
designed by Armenian engineers corresponds to energy 
range up to 2 MeV. In future the range should be extended 
to make possible the study of TGEs in the range >3MeV 
where gaimna-radiation from natural radioactivity is absent.

Photos of the detectors are presented at figure 2. All of 
gamma-ray spectrometers were calibrated with a number of 
radioactive sources. Some of energy spectra obtained during 
calibrations are presented at figure 3 ,4 . One can see similar 
background peaks corresponding the most intensive 
radiation of naturally occurring isotopes of K-40, Tl-208 
(daughter of Th-232) and Bi-214 (daughter o f Rn-222)

Figure 2. A) Photo o f  the gamma-spectrometer equipped with 50mm NaI(Tl) 
detector, B) Photo o f  the gamma-spectrometer equipped with collimated 80 
mm CsI(Tl) detector. GPS sensor is placed on the detectors head.
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Figure 3. Calibration spectrum o f  Cs-137 (E—662 keV) obtained with 10 cm 
CsI(Tl) detector. Lines 1.46 M eV and 2.614 M eV correspond to naturally 
occurred isotopes K-40 and Tl-208.
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Figure 4. Background spectra obtained with 80mm CsI(Tl) detector in Moscow region (left) and 50mm NaI(Tl) detector at Aragats station (right).

3. RESULTS OF TGE MEASUREMENTS

The measurements in Moscow region were made in two 
points -5 0  km North and North-west from Moscow. There 
were several thunderstorms in summer of 2016 so it was 
possible to compare temporal and spectral characteristics of 
radiation for TGEs caused by the same thunderstorm in 
neighbor regions. The behavior of hard radiation with energy 
E>3 MeV is o f special interest because there is no gamma- 
quanta from Radon daughters.

The spectrogram and time sequence of gaimna-ray 
fluxes measured from 13.06.2016 to 17.06.2016 are 
presented at figure 5. The intensive thunderstorm occurred 
on 16.06.2016. TGE was observed from 16h to 20h UTC. It 
can be seen on the spectrogram that intensive additional 
radiation in 609-keV gamma-ray line of Bi-214 appeared 
during the thunderstorm. It leads to the conclusion that in this 
case changes of Rn-222 concentration caused by the shower 
are responsible for observed TGE in low energy range. One 
can see that no change of the gamma-ray flux is observed in 
3200-6000 keV energy channel.

One more TGE was observed on 18.07.2016. Its time 
profile in different energy channels are presented at figure 6. 
One can see the increase of gaimna-radiation for more than 
3 hours. In most o f low-energy channels the amplitude of this 
TGE reached 100%. The energy spectra obtained fo r-10000 
s during the flux maximum and during the quite period 
before TGE are presented on the upper panel at figure 7. 
Down panel of figure 7 demonstrates the spectrum of TGE 
cleaned by subtraction of the background. One can see a lot 
of Bi-214 gaimna-ray lines and conclude that most o f low 
energy radiation was connected with Rn-222 daughters.

The difference between the mean values for TGE and 
background periods in the most hard channel is <1.4% that

corresponds to not significant value of 1.8 sigma. The upper 
limit (3-sigma level) o f TGE gaimna-ray flux in 3200-6000 
keV energy range is 2.4* IO 4 cm 2*s"1.

In autumn, 2016 two instruments equipped with SINP 
electronics started measurements of gamma-ray flux 
variations on Aragats station. There were no thunderstorms 
with lightning in October-December period, but several 
rainfall and snowfall events took place.

Time variations of gaimna-radiation measured during 
rainy weather on October, 17-18 are presented at figure 8. 
Upper panel demonstrates the result o f long-time TGE 
observation with Nal (Tl) detectors of Erplii group. The 
variations of the readings of 5 cm Nal (Tl) detector are 
presented on down panel of figure 8. One can see 4-hour 
increase of readings in different energy channels. Energy 
spectra of the TGE presented at figure 9 demonstrate the 
presence of 609-keV line that indicates the presence of Rn- 
222 radiation. Low panel of figure 9 shows that the flux of 
radiation with energy E>3200 keV remains unchanged.

The time sequences presented at figure 10 show the 
variations observed during the winter storm. One can see that 
the flux increase starts together with snowfall and is 
observable in all detectors demonstrating similar behavior 
The energy spectrum of the TGE obtained by Csl (Tl) is 
similar to the background one. Poor energy resolution of the 
detector and possible intrinsic background of the crystal do 
not allow one to conclude about the presence of Rn-222 
daughters or other radioactivity. The upper limit of the 
energy range of Csl (Tl) detector is 2 Mev that is too low to 
make measurements in the range where the natural 
radioactivity is absent. It is planned to increase this energy 
limit in future.

Figure 5. Spectrogram (left) and timeprofde in several energy channels (right) o f  gamma radiation measured during thunderstorm in Moscow region.
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Figure 6. Time profile o fT G E  observed 18.07.2016
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Figure 7. Energy spectra obtained at the period o f thunderstorm 18.07.2016 in Moscow region.

Figure 9. Energy spectra obtained by 5-cm NaI(Tl) detector during 4-hour period o f  TGE 17-18 o f  October, 2016.

Figure 8. Time variations o f  gamma-radiation measured during rainy weather on October, 17-18. Rightrpanel: readings ofNal(Tl) detectors o f  ErPhIgroup. 
Left panel: readings o f  5 cm NaI(Tl) detector described in this paper.
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Figure 10. Variations o f  gamma-ray f lu x  observed during the winter storm o f 30.11.2016 -  01.12.2016 by Aragats NaI(Tl) detectors (top left), STAND  
detectors in different coincidence configuration (top right) and rectangular CsI(Tl) detector equipped with SINP M SU electronics (down).

4. DISCUSSION

One can see that most of energy spectra obtained in 20- 
3000 keV energy range during thunderstonns in Moscow 
region show the presence of gamma-ray lines associated with 
Rn-222 and daughters. The measurements made on rainy 
days without thunderstorm demonstrate similar variations of 
Rn-222 concentration. The measurements made on Aragats 
Mountain also allow to conclude the appearance of Rn-222 
background. The variations of Rn-222 gaimna-ray 
background are much greater than ones expected from 
bremsstrahlung from the electrons accelerated in 
thunderclouds in the same energy range. However variations 
of natural radioactivity do not influence on gaimna-spectra 
in the high energies above 3 MeV.

A number of thunderstonns were observed in Moscow 
region in 2016. All of them do not demonstrate TGE 
radiation above 3.2 MeV.

Upper limit is plotted together with TGE spectrum, 
measured by Nal (Tl) detector on Aragats station 
(Chilingarian et. al, 2015a) at figure 11. One can see that the 
limit of TGE flux in 3.2-6 MeV range for Moscow region is 
of the same order as the flux measured on Aragats. These 
results do not contradict because the distance to 
thunderclouds in Moscow region is several times greater 
than one in Aragats region.

Another way to measure TGE spectrum over wide 
energy range is to compare the readings before and after the 
lightning abruptly terminating TGE (A. Chilingarian et.al. 
2015b). It is important to make fast recording of the readings 
of gaimna-detector around the lightning by triggering from

radio-burst or optical burst detector. Such installation was 
prepared on Aragats during TEPA-2016. The UV-flash 
detector DUV (Chilingarian et.al, 2015c) was used as a 
triggering instrument for “picoscope” electronic device 
providing the recording from 4 channels one of which was 
connected with the analog output of 5 cm Nal(Tl) detector 
described above. The example of fast record is presented at 
figure 12. Each negative pulse on the ls-long oscillogram 
corresponds to an event in gaimna-ray detector. This 
installation will be used for study fast behavior of TGE 
radiation at the moments of lightning as well as for the search 
of fast gamma-flashes in the thunderstorm season of 2017.

Figure 11. Upper lim itfor the gamma-ray flu x  o f  TGE observed 18.07.2016 
in Moscow region (red) and TGE spectrum, measured28.08.2015 by NaI(Tl) 
detector on Aragats station (Chilingarian et.al.„ 2015a) (black)
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Figure 12. Example o f  1-second fast record o f  5-ctn NaI(Tl) detector readings on Aragats
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