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From the editor: 
Thunderstorms and Elementary Particle Acceleration (TEPA-2018) 

10 Years of TGE Observation on Aragats 

The high-energy atmospheric physics (HEAP) is a rather new scientific discipline aimed to classify and explain 
thunderstorm correlated fluxes of electrons and gamma rays in the Near-Earth space (terrestrial gamma flashes, TGFs) in the 
troposphere (gamma glows) and on the earth’s surface (thunderstorm ground enhancements, TGEs). All three types of 
experiments (in space, in troposphere, and on earth’s surface) are accompanied with observations of lightning flashes and 
atmosphere electrification: TGEs and gamma glow - by detecting electric fields on the earth’s surface and high in the 
atmosphere; TGFs - by making synchronization with worldwide lightning location networks and by optical observations of 
lightning flashes by orbiting high-frequency cameras. The central engine initiating the TGE is believed to be the Relativistic 
Runaway Electron avalanches (RREA) which accelerate and multiply seed electrons from an ambient population of cosmic 
rays (CR) in the large-scale strong atmospheric electric fields, initiating a minute-long burst of radiation and electrons 
(sometimes also neutrons) with energies up to many tens of MeV. The complementary mechanism, Modification of electron 
energy spectra (MOS), leads to enhancement of gamma radiation from the atmosphere even in the weak electric fields. These 
enhancements can last for a very long time, up to hours. The recent observations of numerous TGFs, TGEs, and gamma 
glows prove that RREA and MOS are robust and realistic mechanisms for explaining HEAP physics. Models using CERN 
GEANT4 code and CORSIKA code from Karlsruhe Institute of Technology (now both supplemented by the atmospheric 
electric field option) support in situ measurements of electron and gamma ray energy spectra.  

The 7-th edition of TEPA symposia hold in Nor Amberd in September 2018, coincides with 10 years of TGE observations 
on Aragats. Nearly 500 TGEs detected at Aragats during last 10 years can be widely used for the validation of models aimed 
to explain high-energy phenomena in the atmosphere. The ground-based experiments have a huge advantage upon the space 
and atmospheric ones, because a “beam” of electrons is located directly above the particle detectors, and, usually on distances 
of few tens of meters. Thus, on Aragats, it was possible to measure the RREA avalanches initiated by a single CR electron, 
estimate the energy spectra of TGE electrons and gamma rays, and perform well synchronized measurements of lightning 
discharges and particle fluxes, explaining the phenomenon of the abrupt decline of high-energy part of TGE and get clues in 
the dynamics of atmospheric electric fields.  

The problem of thundercloud electrification is one of the most difficult ones in atmospheric physics. The structure of 
electric fields in the atmosphere still escapes from the detailed in situ measurements. Few balloon flights although providing 
us with overall knowledge on possible structures and strengths of the atmospheric electric fields, cannot reveal the dynamics 
of the intracloud electric field. Observing TGE origination and decline simultaneously with atmospheric discharges we can 
understand how the charge structure of the cloud is changing during a thunderstorm and how lightning itself is originated.  

Physicists and students from Russia, US, Italy, Japan, and Armenia discuss these and other problems of high-energy 
physics in the atmosphere through the 4-day long meeting. During a visit to the Aragats high-mountain research station, 
numerous particle detectors, lightning sensors, and field meters were demonstrated, the measurements of which are jointly 
analyzed to reveal the relationships between atmospheric discharges and particle fluxes.  

In the proceedings, 17 reports are collected, some of them are already published, and some are submitted for publication. 
We compile all under one cover to have a comprehensive picture of advances in the high-energy atmospheric physics reported 
at the TEPA-2018.  
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Catalog of 2017 Thunderstorm Ground Enhancement (TGE) 
Events Observed on  Aragats 
A. Chilingarian1,2,3, H. Mkrtchyan1, G. Karapetyan1, S. Chilingaryan1, B. Sargsyan1, A. Arestakesyan1 

1Alikhanyan National Lab (Yerevan Physics Institute), Yerevan 0036, Armenia 
2National Research Nuclear University MEPhI (Moscow Engineering Physics Institute),                                           

Moscow 115409, Russian Federation 
3 Space Research Institute of RAS, Moscow, Russia 

Abstract: The natural electron accelerator in the clouds above Aragats high-altitude research station in Armenia operates continuously in 
2017 providing more than 100 Thunderstorm Ground enhancements (TGEs). Most important discovery based on analysis of 2017 data is 
observation and detailed description of the long-lasting TGEs (LL TGE). 
We present TGE catalog for 2 broad classes according to presence or absence of the high-energy particles. In the catalog was summarized 
several key parameters of the TGEs and related meteorological and atmospheric discharge observations. For both classes (composed as 2 
separate tables), the selection criteria were a peak significance as minimum 4 standard deviations from the mean value of time series 
measured just before a TGE (>4 ı). The statistical analysis of the data collected in tables reveals the months when TGEs are more frequent, 
the daytime when TGEs mostly occurred, the mean distance to lightning flash that terminates TGE and many other interesting relations. 
Separately was discussed the sharp count rate decline and following removal of high-energy particles from the TGE flux after a lightning 
flash. The used methodology of data analysis provides tools to integrate a multitude of particle and geophysical observations into a system 
that fully utilized the scientific potential of investigated physical phenomena. ADEI multivariate visualization and statistical analysis 
platform make analytical work on sophisticated problems rather easy; one can try and test many hypotheses very fast and come to a definite 
conclusion allowing crosscheck and validation 

INTRODUCTION 
In recent years, the interest in using cosmic rays for 

obtaining information on atmospheric and extra-atmospheric 
processes is rapidly growing. Cosmic rays are modulated by 
the solar bursts and can be used as messengers carrying 
information on upcoming space storms. Precise and 
continuous monitoring of the secondary cosmic rays with 
networks of particle detectors can reveal the danger of agents 
of solar activity (Interplanetary coronal mass ejections and 
solar energetic proton events). Recently it was discovered 
that fluxes of cosmic rays detected on the earth’s surface also 
carry information on the parameters of atmosphere, 
primarily on very difficult to measure atmospheric 
electricity. Fluxes of gamma rays and electrons carry 
information on high-energy processes in the atmosphere and 
on the net potential of atmospheric electric fields related to 
emerging positive and negative charged layers in 
thunderclouds. In the thunderclouds, seed electrons from the 
ambient population of cosmic rays are accelerated and form 
electron-gamma ray avalanches, directed either downwards 
to the Earth’s surface or upwards into open space, depending 
on the direction of the electric field. Intense fluxes of gamma 
rays observed in space are called Terrestrial Gamma Flashes 
[1-3],  in the atmosphere, they called gamma glows [4-7], 
on the ground - Thunderstorm Ground Enhancements [8-14]. 
In the TGEs, also neutron fluxes were observed [15-17]. The 
duration of particle fluxes of the atmospheric origin ranges 
from milliseconds to minutes and hours and consists of 
billions of particles [18 - 19]. To explain very large intensity 
of gamma ray bursts observed by the orbiting gamma ray 
observatories, models were introduced suggesting a new 
source of seed electrons from very large electric fields in the 
vicinity of normal intra-cloud lightning leaders [20].  

Runaway Breakdown (RB, [21]), also referred to as 
Relativistic Runaway Electron Avalanche (RREA, [22-23]), 
is the main theoretical scheme satisfactory explaining 
electron accelerators  operated  in  the clouds.  Recently  the  

 
RB/RREA mechanism was supplemented by a new source 
of the electrons, accelerated in streamer tips of a developing 
lightning leader [24]. Electrons are accelerated up to 
characteristic energies of 65 keV and then runaway [25]. In 
any case, the lower dipole of the thundercloud formed by 
main negative charge and lower positive charge layer 
(LPCR) plays a key role in the downward electron 
acceleration, and the structure of electric field in the lower 
part of the thundercloud is crucial for lightning flash 
development. 

However, due to the scarcity of measurements and poor 
knowledge of the electric structures in the thundercloud, 
including the lower dipole where electron acceleration took 
place and lightning activity occurred, both phenomena are 
not well understood until now. Thunderstorms are a major 
player in the global atmospheric electrical circuit, the main 
components of which are the ionosphere, clear air, 
conducting earth, thunderstorms (especially the electric 
charge structure inside the storm) and lightning [26]. The 
atmospheric electric fields and atmospheric discharges in last 
decades were intensively investigated using radars, 3D 
lightning mapping arrays, worldwide lightning location 
networks, observations of wideband electric field 
waveforms, and by the wideband and narrowband VHF 
interferometer systems, all-synchronous with measurements 
of near-surface electric field changes. The lower dipole was 
the main source of lightning flashes on Aragats as well as on 
the Tibetan plateau. In [27] was established that larger than 
usual LPCR prevents negative cloud-to-ground lightning 
flashes (-CG) to occurred, and only in the late stage of the 
storm –CG discharges could be triggered frequently. Nag 
and Rakov describe various scenarios of atmospheric 
discharges dependent on the maturity of LPCR [28]. In [29] 
was stated that negative CG usually started as an inverted-
polarity intracloud discharge partly neutralized the lower 
positive charge so that a hole in the positive charge region 

1



 

was formed and eventually led to a negative CG. In turn, the 
intense TGE can provide enough ionization to facilitate 
intracloud discharge and usually discharges occurred just 
after the maximum of particle flux [30]. Thus, lightning 
flashes and TGEs are interconnected phenomena and should 
be studied comprehensibly. H.Tsuchiya in [31] suggested 
that warm winds moved from the sea originate winter 
thunderstorms in Japan with shortǦ lived tripole structures 
appeared in a thundercloud and accelerated CR electrons 
toward the bottom positive layer. Chilingarian and 
Mkrtchyan in [32] mentioned that only after the creation of 
the lower dipole in the thundercloud electrons can be 
accelerated and particle flux can be directed downward. In 
this paper the correlations between thundercloud 
electrification (near-surface electrical field and type of 
lightning discharge) and measured particle fluxes were 
studied, thus invoking in the atmospheric electricity research 
a new type of key evidence—temporal evolution of the 
TGEs, presenting and classifying simultaneous measure-
ments of the particle fluxes, disturbances in the near-surface 
electrical field, and lightning flashes of different types. In 
[33], it was mentioned that downward electron-accelerating 
electric field can be formed by the main negative charge in 
the cloud and its mirror image in the ground. This field is 
influenced by other charges in the cloud (and their images) 
and can be locally enhanced by the LPCR in the cloud and 
positive corona space charge near the ground. In [34] were 
considered different scenarios of lower dipole development 
assuming TGE and near-surface electric field observations. 
They mention that electron acceleration could take place 
between the LPCR and a negative charge layer above the 
LPCR and between negatively charged cloud base without 
any LPCR structure. Thus, there are different scenarios of 
TGE initiation and corresponding lightning type occurrence. 
However, they are dependent on each other and should be 
analyzed together for scrutinizing the structure and evolution 
of the lower dipole. 

In our recent papers [35, 36] we outline and classify 
TGE subsample abruptly terminated by the lightning flash. 
We found that nearly (~75%) of TGEs abruptly terminated 
by lightning flashes are associated with –CG flashes and 
normal-polarity intracloud flashes, signaling that charge of 
the main negative region is rather large and the lightning 
leader preferably makes its path to the upper positively 
charged region. Another ~25% of TGEs abruptly terminated 
by lightning flashes are associated with inverted-polarity 
intracloud flashes (IC) flashes and hybrid flashes (inverted-
polarity ICs followed by -CGs).  

 Appropriate scientific infrastructure and analysis 
methodology responding to these challenges was developed 
at the Cosmic Ray Division (CRD, [37]) of A. Alikhanyan 
National Scientific Laboratory (Yerevan Physics Institute). 
Based on continuous monitoring of particle fluxes, electric 
fields, and meteorological conditions on Aragats Mountain 
we present a catalog containing explanatory data on the 
TGEs and related measurements of corresponding key 
atmospheric parameters, measurements of near-surface 
electric fields and atmospheric discharges. 

Aragats is a circular, shield-like mountain composed of 
both lavas and tufa. There are four summits: North (the 
highest, 4090 m), West (4080 m), South (3879 m), and East 
(3916 m) forming the rim of a volcanic crater. The Aragats 
research station of the Cosmic Ray Division (CRD) of the 
Yerevan Physics Institute is located at flat highland of the 
volcanic origin on 3200m altitude near large ice lake Kari 

(latitude: 40.4713°N, longitude: 44.1819E). At the Aragats 
station, the average winter temperature is -15°C, with the 
minimum reaching down to - 40°C. The average summer 
temperature is 12°C with the maximum reaching up to 20°C. 
The average wind velocity in summer is 6 m/s, and in the 
winter, it is 10 m/s occasionally reaching as high as 25 m/s. 
Snow covers the ground 250 days a year with an average 
depth of 165 cm. Research stations are accessible by a car 
(Aragats - from May to November, Nor Amberd whole year). 

CRD operates on Aragats and Nor Amberd research 
stations the networks of detectors registering electrons, 
muons, gamma rays and neutrons round the clock, providing 
important information on various geophysical processes. 
Methods for visualization and analysis of multidimensional 
data are successfully used to research solar-terrestrial con-
nections and high-energy phenomena in the terrestrial 
atmosphere. Multivariate analysis of variations of electric 
and geomagnetic fields, radiation, and particle fluxes can 
provide new information on the development of 
thunderstorm in the atmosphere. Such analysis presents a 
challenge due to the large quantity of acquired data. A huge 
amount of time series should be processed and identified 
near on-line for forecasting and alert issuing, as well as for 
the reports and scientific papers. Usually, researchers have 
no time to access archives if the data stream is pressing and 
new interesting events appear each new day. 

To support researcher in data mining and finding “new 
physics” a multivariate visualization platform should be 
supplemented with tools of the statistical analysis 
(histograms, moments, correlations, comparisons); figure 
preparation; archiving, i.e. with a data exploration system. 
We connect the online stream of “big” data from ASEC to 
an exploration system developed in a collaboration with 
Karlsruhe Institute of Technology (KIT). The Advanced 
Data Extraction Infrastructure [38] helps researchers in 
exploring and understanding solar-terrestrial connections, 
solar modulation effects as well as in understanding high-
energy phenomena in the atmosphere. A user-friendly 
interface interactively visualizes the multiple time-series and 
selects relevant parameters for different research objectives. 
Time series from different domains are joining for 
multivariate correlation analysis. The developed software 
links a multitude of particle and geophysical observations 
into an integrated system and provides analysis tools and 
services to fully utilize the scientific potential of current 
space weather/geophysical observations. In this way, we try 
to fully utilize the new concept of “big” data when an 
enormous amount of relevant observations culminates in the 
“new” physics unprecedentedly fast and precise. 

RESULTS 
Long  Lasting  Low  Energy Thunderstorm  Ground  
Enhancements (Lll Tge) 
Hundreds of TGEs were observed at the Aragats re-

search station in Armenia during the last 10 years. Numerous 
particle detectors and field meters are located in three 
experimental halls as well as outdoors; the facilities are 
operated all year round providing continuous registration of 
the time series of charged and neutral particle fluxes on 
different time scales and energy thresholds. In 2017, Aragats 
facilities register more than 100 TGEs, most of them 
originate in cumulonimbus clouds due to charge separation 
triggered by the moisture updraft of orographic and lake 
effects see Fig.1. 
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Figure 1. The lake-effect: cloud origination due to an updraft of the moisture brought by wind from the warm lake surface. 

In the right side of Fig. 1, we present electron- gamma 
ray avalanche developed in the lower dipole of the 
thundercloud formed by the main negative charged region in 
the middle of the cloud and its mirror on the earth’s surface 
(long red arrow) and/or by the same negative charged region 
with LPCR (short red arrow). 

In Fig. 2 we present the time series of the particle 
detector counts and occurrences of lightning flashes inside 
radii of 10 km. The bottom curve was measured by 3 cm 
thick one m2 area plastic scintillator; the upper curve – by 20 
cm thick 0.25 m2 area plastic scintillator. The energy 
threshold of the first scintillator is ~3 MeV, of the second ~6 
MeV. In the top of Figure, the distance to lightning flash is 
depicted. The total number of registered lightning with 
distances to the detector site less than 10.5 km was 1450; 
thus, the frequency of lightning flashes nearby Aragats 
station was in 2017 ~5 per km2 per year. 

 

Figure 2. The time series of the particle detectors count rates: top curve –
upper scintillator of the STAND3 detector; bottom - thick scintillator 
of the CUBE detector. In the top – the distance to atmospheric 
discharges (indicated by the line segment ending) occurred nearer than 
10.5 km from the detector site of measured by the EFM-100 electric mill 
produced by the Boltek company. 

We can notice in the rather coherent time series 
(correlation of time series is ~ 98%) multiple small and large 
coincided surges that are more frequent in the spring. In the 
next Figures, we demonstrate zoomed versions of these 
surges, i.e. TGEs lasting from a minute to several hours. 

In Fig. 3 we show one of the TGE events, occurred on 
May 7, the month of the maximal thunderstorm and TGE 
activity. The one-minute time series are measured by a large 
(12 x 12 x 25 cm) NaI crystal located under the roof of the 
experimental hall; disturbances of near surface electric field 
and distances to the lightning flashes are measured with 
electric mills; and the outside temperature and dew point 
used for calculation of the distances to the cloud base are 
continuously measured by the Davis automated Weather 
station. The pattern of TGE is rather complicated, 
demonstrated several peaks and deeps directly related to the 
disturbances of the near surface electric field (superposition 
of the electric fields induced by several charged layers in the 
thundercloud). The first peak (from the left) started at ~9:00 
UT and prolonged to ~11:30 demonstrating sharp surge at 
9:57. The sharp particle outburst occurs when the near-
surface field was in the deep negative domain (~ -30kV/m) 
for ~20 minutes from 9:40 to 10:00.  
The calculation of the height of the cloud base uses the 
assumption that the air temperature drops 9.84 Cq per                   
1000 m of altitude and the dew point drops 1.82 Cq per 1000 
meters’ altitude. In WEB there are several calculators for the 
approximation of the  altitude of a cloud (see, for instance, 
http://www.csgnetwork.com/cloudaltcalc.html). 

 

Figure 3. In the bottom – one-minute time series of NaI crystal (energy 
threshold 0.3 MeV); in the middle - disturbances of near surface electric 
field; on the top - outside temperature, dew point and distance to the 
lightning flash. 
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The simplified estimate consists in the multiplying of 
spread (the difference between temperature and dew point) 
measured in Cq by 122 m. With this approach, we estimate 
the height of the cloud during the sharp peak to be                                   
(-1.2 – -1.6) *122 ~ 50 m. Relative humidity of ~97% also 
signaled the low cloud base. During the spring storms when 
clouds were, “sitting” on the station, the height of cloud base 
was 25-50 m during TGEs and RH was 96-98%. The nearest 
lightning flash was registered on 3.0 km from detector site. 

The second peak started at 12:05 is much smoother and 
no sharp outbursts occur; the electric field is in the negative 
domain of ~ -14 kV/m for 5 minutes (12:35 – 12:40) only. 

In Fig. 4 we show the time series of so-called p-values 
of the peak significance test (number of standard deviations 
from the mean value of time series measured just before a 
peak to the peak value). The integral of normal Gaussian 
distribution from the p-value to infinity equal to a chance 
probability that observed peak is a fluctuation of background 
only and not a genuine effect. 

 

Figure 4. Time series (in the number of ı) of 1, 3 and 5 cm thick 1 m2 area 
plastic scintillators. Energy threshold correspondingly ~0.8, 3 and 5 MeV. 

The p-value is the most convenient measure of the 
reliability of detected peaks in a time series. Large p-value 
corresponds to small chance probabilities that the observed 
peak is a background fluctuation and not a genuine signal. 
Therefore, we can safely reject the null hypothesis 
(background fluctuation) and confirm the TGE existence. 
Very large p-values not only prove the unambiguous 
existence of a particle flux from the cloud but also serve as a 
comparative measure of the TGE significance provided by 
different detectors. We show the time-series of particle count 
rates in p-values for comparative purposes only. Comparison 
of the detectors with different sizes and different energy 
threshold in absolute counts make no sense because all 
structure will be smoothed when measurements will be 
scaled in the picture. No structures for detectors with small 
count rates will be seen. However, showing time series in the 
p-values, as we see in Fig. 4. reveals the structures ever for 
scintillators with large energy threshold shown along with 
detectors with low energy threshold (the absolute count rates 
of both are drastically different). The mean value of the time-
series is calculated with one-third of the time shown in the 
picture (the right third of the whole X-axes). 

 In Fig. 4 we show time series of one-minute counts of 
three plastic scintillators with different energy thresholds. 
The 1-cm thick scintillator located outdoors near MAKET 
experimental hall has the lowest energy threshold (~0.7 
MeV), and correspondingly – the highest p-value of 47ı. The 
lowest p-value of 5.5 ı shows 5 cm thick scintillator located 
in the MAKET building (energy threshold ~7 MeV). 

In Fig. 4 as well are seen 2 nearby peaks in the TGE. 1-
minute time series cannot provide all details for exploring 
emerging structures in the particle flux; therefore, in Fig. 5 
we show the one-second time series of the same-type 1-cm 

thick plastic scintillator, along with disturbances of electric 
field measured at Aragats and Nor-Amberd stations (distance 
between stations ~ 13 km). 

The rise of count rate started at 9:50, followed by a sharp 
decrease related to the nearby lightning flash occurred at 
9:52:45. The polarity of lightning at Aragats was negative, 
increasing from -30 kV/m to -5 kV/m (amplitude 25 kV/m); 
polarity of lightning in Nor Amberd was positive, decreasing 
from 20 kV/m down to -30 kV/m (amplitude 50 kV/m). 
Thus, polarity was  reversed in Nor Amberd; we identify this 
kind of lightning flashes as a normal-polarity IC. Such a type 
of lightning flashes is observed in Aragats quite often. It can 
be considered as an evidence of mature LPCR, providing 
large potential drop for electron acceleration and preventing 
lightning leader to reach the ground. An example of such a 
flash (not associated with TGE termination) was shown in 
Figures 8 and 9 of Chilingarian et al., 2017. Due to the low 
height of the cloud, the reversal distance is small, and ~13 km 
between Aragats and Nor Amberd stations is sufficient to 
detect apparent polarity reversal. 

To find out the origin of the count rate decline we 
measure differential energy spectra of the TGE with the 
network of large NaI crystals. In Fig. 6 we show differential 
energy spectra of the gamma ray flux from the start (Fig. 6a) 
to the first maximum at 9:52 (Fig. 6b) terminated by the 
lightning flash at 9:52:45; then we show the second 
maximum at 9:56 (Fig. 6d) decaying at 10:58 (Fig. 6f). From 
Figs 6b and 6c, we see that lightning “kills” flux of high-
energy particles (HEP). Before lightning flash, the maximal 
energy reaches 30 MeV (Fig. 6b) and after lightning (Fig. 6c) 
only 6 MeV. We can see from Fig. 6 that for the smaller peak 
maximal energy reaches ~30 MeV, and for the second, larger 
– ~40 MeV. It is worth to note that for the NaI crystals 
maximal achievable energy that can be recovered by the 
energy release histograms is ~50 MeV. The intensity of 
higher energies is so small that ever large NaI crystals hardly 
will detect at least 5 particles in the histogram bins above 50 
MeV. Therefore, inherent background fluctuation will not 
allow reliable energy recovering. Another spectrometer with 
larger size (Aragats Solar neutron telescope, ASNT) is used 
for attaining TGE energies up to ~100 MeV. 

 

Figure 5. From top to bottom: distance of lightning flash to Aragats 
station; disturbances of near-surface electric field measured in Nor 
Amberd and  Aragats; one-second time-series of the one-cm thick outdoor 
plastic scintillator. 

Another important question in the establishing of long 
lasting TGE as the radiation of Radon progenies contributing 
to the TGE flux in the low energy domain (below 3 MeV). 
Nonstable nuclides comprise a significant portion of the low 
energy gamma ray flux measured by particle detectors and 
spectrometers at Aragats station. Fair-weather (background) 
low energy gamma ray spectra measured on Aragats is a 
mixture of the continuous spectrum produced by galactic 
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(and, sometimes, also solar) cosmic rays in interactions with 
the atmosphere and emission lines of long-lived nonstable 
nuclides that originated in violent mergers in the Universe 
(238U, 235U, 232Th, etc.). The half-life of the radon isotope 
222Rn is 3.82 days thus it can be transported to the 
atmosphere due to the diffusion mechanism. Although we 
demonstrate that the hypothesis of the precipitation as a 
source of gamma ray radiation initiated TGE is not valid 
[39], it was proposed that Rn-222 can be concentrated in the 
clouds above Aragats research station and radiation of its 
daughter isotopes can lead to the observed prolonged low 
energy part of TGE [40]. To identify the role of the gamma 
radiation from Radon progenies in the long lasting TGE flux, 
differential energy spectrum was measured with various 
spectrometers, including precise 3” x 3” NaI(Tl) 

spectrometer of ORTEC firm (FWHM ~ 7.7% at 0.6 MeV). 
Measurements demonstrate that Radon progenies radiation 
significantly contributes to the “Winter TGEs” in the energy 
range below 3 MeV [41]. However, both Monte Carlo 
simulations [42,43] and measurements of gamma ray flux 
with large detector setups demonstrate that TGEs are 
originated in the intracloud electric fields. Modeling with the 
Weather Research and Forecasting (WRF) code uncovers the 
existence of charged layers above the station simultaneously 
with TGE detection [44]. Thus, the electrical origin of both 
low energy and high-energy parts of TGEs is supported by 
theory, modeling and observations of particle fluxes, electric 
fields, atmospheric discharges and hydrometeor 
concentrations (microphysics). 

 
Figure 6. Differential energy spectra of the 7 May TGE measured by the NaI crystals (NN 1 and 2). 

STATISTICAL ANALYSIS OF TGE EVENTS 
OBSERVED IN 2017 

We present TGE catalog for 2 broad classes according 
to presence or absence of the high-energy particles (>3 
MeV). In Tables 1 and 2 we summaries several key   
parameters of the TGEs observed in 2017 and related 
meteorological data. For both Tables, the selection criteria 
were a peak significance as minimum 4 standard deviations 
from the mean value of time series measured just before a 
peak. In the first column, we put the date of the TGE and 
time of the occurrence of the largest peak (the NaI scintillator 
one-minute time series was used for the peak identification, 
energy threshold ~0.3 MeV); in the second column – 
occurrence time of the second peaks (if any); In 3-6 columns 
– the significances of the peaks (in percent/and in number of 
standard deviations) for particle detectors with different 
energy threshold: 

 first NaI crystal, energy threshold 0.3 MeV;  
 NaI crystal with energy threshold 3 MeV;  
 The upper plastic scintillator of the STAND1 

stacked detector located outdoors nearby MAKET 
experimental hall (energy threshold ~ 0.8 MeV);  
 

 The upper scintillator of SEVAN detector located in 
MAKET hall, energy threshold 7 MeV.  

In columns 7-10, we show the duration of TGE observed 
by all 4 mentioned above detectors; all durations are 
calculated from the start of the enhancement of count rate 
until its recovery to pre-TGE value. In the 11-th column we 
show the distance to lightning flash (if any) estimated by the 
EFM-100 electric mill; in the 12-th column- distance to the 
cloud base calculated from outside temperature and dew 
point; in the13-th – outside temperature. And in last 2 
columns - the maximal negative strength of the near-surface 
electrostatic field measured during TGE and amplitude of 
electrostatic field changes. In 2017 Aragats facilities register 
more than 100 TGEs, proving that Mount Aragats is a stable 
electron accelerator for atmospheric high- energy physics 
research [45]. TGEs varied significantly in intensity and 
continuation; nonetheless, we can outline some newly 
discovered features of the TGE, and confirm Aragats 10-year 
observations. Catalog (Tabs 1and 2) contains useful 
information for further comparisons of time series and 
discovering of new correlations.  
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Table 1. TGE events containing High-Energy particles 
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Apr. 7 14:20 - 7/16 12/7 16/17 3.5/4.4 180 10 180 10 3 134 -3.1 24 65

Apr. 9 11:00 - 12/21 12/7 18/19 5/6 20 25 15 20 11 85 -4.8 22 33

Apr. 9 12:00 - 15/27 19/11 24/21 7/9 50 25 30 20 12 85 -4.1 29 40

Apr. 14 12:00 - 13/22 12/9 17/18 4.5/7.6 150 3 104 3 3 37 -0.6 18 39

Apr. 15 11:52 - 13/22 7/5 15/15 3/4 220 15 180 20 12 36 -0.3 26 28

Apr. 16 15:00 - 8/18 6.4/4 14.5/16 3/4 130 20 130 20 6 85 -3.4 24 39

Apr. 23 21:08 - 10/20.5 9/8 23/26.5 3/4 120 15 140 5 4 49 -1.6 27 73

Apr. 23 23:58 - 5/7 11/6 16/9 3/4 100 10 150 10 7 49 -1.6 42 73

Apr. 24 1:46 - 2.6/4 10.6/8 10.9/6.4 - 10 5 20 - 4 49 -2.2 34.5 52

Apr. 29 11:54 - 15/28.3 27.5/17.4 48.2/47 7.9/9 136 22 134 21 4 37 -0.6 22.8 58

May 3 01:08 - 8.5/10 13.2/10.6 23.8/21.2 5/6.8 170 25 30 27 16 37 0.2 31 36

May 3 13:53 13:59 42.7/48 73.3/39.5 45/38 7.2/8.4 110 4 120 22 3 50 0.4 22.9 70

May 6 12:40 - 11.1/21.5 26/17.9 44/36 8.8/10.8 231 45 220 30 3 98 0.7 33.8 80

May 6 14:00 - 14.4/15 9.5/5.6 27/17 3.8/4.3 95 20 25 10 10 60 0.1 40 54

May 7 9:56 9:53 11.4/21.7 09/10 40/30 4.3/4.8 120 5 120 20 4 50 -1 26 58

May 8 0:0 - 4/6.9 11.3/8.2 25.8/23.1 4.3/5.2 51 21 83 21 7 61 -2.4 21.2 67

May 14 14:48 - 11.7/15.7 14.2/8.9 15.8/16.9 - 100 15 110 - 3 159 1.9 19.5 60

May 19 17:13 - 5.9/5.1 8.3/5 9.8/5.4 3.2/4.2 139 30 112 31 2 159 2.1 23.6 64

May 20 02:25 3:49 11/21 4.5/3.1 18/13.4 3/4.4 180 8 190 15 9 25 1.8 19 24

May 20 7:50 - 10.4/18.6 7.1/4.9 4.7/4.8 - 80 5 85 - 6 37 2 22 36

May 21 14:15 - 6/5 10/6 22/16 4/5.5 170 15 25 20 7 49 -1.2 30 43

May 26 16:49 17:25 2.4/4.7 5.5/3.7 - 3.7/4.7 110 16 - 13 2 159 2.8 29.1 61

May 27 14:25 15:18 1/6.7 7/4 - 3.1/4.2 136 10 - 11 2 49 1.1 29.7 74

June 1 4:23 5:18 8/17 7/4.1 13/16.2 - 106 10 10 - 16 150 -0.3 32.9 58

June 1 08:16 9:06 8.9/15.4 7.5/5.1 10/13 4.1/5.7 155 20 19 19 12 120 0.7 19.6 51

June 15 23:56 - 3/4 4.5/4 - 3/4.5 70 20 - 30 14 135 2.8 17 25

June 21 20:53 - 8.4/17.2 3.4/3.5 06/13.0 2.4/3.8 140 - 138 - 7 219 4.1 9.56 33

June 22 13:52 14:12,14:16 7.5/16.2 15.1/10.1 18.1/23 10.4/14.9 165 42 130 41 7 170 4.4 32.4 54

July 7 13:23 13:44,13:49 6/10 6/4 - 3/5 123 20 - 20 5 280 7.2 15 43

July 15 6:28 6:57, 8:00 23/11 15.6/10.7 - 7/9.6 180 - - 13 6 195 7.8 16.8 32

July 24 18:40 18:54 13/16 9/6 - 4/6 180 15 - 20 9 220 7 22 51

July 31 16:04 16:09 23/49 16/12 45/41 5.8/8.2 240 6 273 14 8 130 7.4 24 31

Aug. 17 11:00 - 4.9/7.2 5.5/8.8 7/6.1 4.2/5.3 90 8 73 7 5 268 7.6 23.6 42

Aug. 17 18:55 18:57 19.8/46 52.7/32.5 6/5.6 16.4/27 210 6 180 14 2 200 8.4 21 49

Sept. 29 21:52 - 12/22 7/5 12/21 6.1/8.1 120 4 11 18 16 25 0.4 15 25

Oct. 1 5:58 - 8/20 13/9 14/9 7/9.3 60 6 12 13 15 200 2.9 22 44

Oct. 1 20:33 - 16.6/21.8 5/3.5 21.3/13.2 3/5 140 10 135 5 5 85 0.7 26 53

Oct. 2 8:04 - 7/12 11/7 18/15 7/11 60 5 60 4 16 50 -0.7 21 42

Oct. 10 12:18 - 4.9/11 6.5/4.3 9.3/10.8 9.5/13 110 15 85 10 2 85 1.3 14 36

Oct. 10 14:08 14:10 10/13.7 25/20 13/11 12.8/12.4 120 8 155 15 2 150 0.5 22 48

Oct. 10 22:04 22:12 6.3/11 12.5/8 12/16.4 8/10 160 15 160 20 13 37 -0.2 8 22

Nov. 7 7:12 8:00,08:30 7/8.5 6/7.4 - - 191 188 - - 19 25 -0.2 10.4 32

Nov. 8 5:30 - 5/5.9 6.2/7.1 3.8/3.5 - 107 120 104 - 21/1 25 -0.1 9.8 16

Nov. 30 3:45 - 7/12 9.5/14.5 51/49 11.1/19 124 150 180 24 14 98 -7.2 5.38 15
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Table 2. TGE events that do not contain High-Energy particles 
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Apr. 8 14:00  5.2/11 - 6/7.5 - 480 - 310 - 13 85 -4.7 9 22 

Apr. 9 21:02  3/4.5 - - - 65 - - - 12 60 -3.8 24 37 

Apr. 17 16:41 - 6.7/7.7 - 12/7.7 - 80 - 100 - 4 85 -2.3 28 43 

Apr. 30 13:53  2.9/5.8 - 4.6/4.8 - 160 - 30 - 23 49 0.5 22 22 

May. 5 11:25  8.4/12.7 - - - 160 - - - 4 134 0.5 30 41 

May 6 02:10  6.7/10.8 - 8.1/9 - 140 - 300  16 37 -0.7 22 24 

May. 6 09:10  21.9/30 - 18.4/18.5 - 160 - 240 - 33 60 0.4 11 19 

May 8 13:46  9/10 - 13/12 - 240 - 160 - 5 25 -0.1 7.5 8 

May 9 16:26  12/27 - 14/14 - 160 - 120 - 16 60 1.4 14 38 

May 10 14:10  2.3/4.4 - - - 25 - - - 7 160 2.9 11 20 

May 10 20:31  3.1/4 - 4/4.6 - 80 - 70 - 20 200 3 7 20 

May 10 22:21  8.5/11 - 10/10 - 90 - 100 - 6 170 2.8 11 32 

May 12 14:06  7/17.6 - 9.4/12 - 60 - 90 - 3 195 1.6 23.6 62 

May 14 8:53 8:56 7.6/13.2 - 7.5/11.3 - 105 - 180 - 24 110 1.5 7.8 14.5 

May 14 13:22  4.3/7.9 - 16.9/16.4 3.4/4.5 90 - 70 15 16 85 1.9 24 28 

May 15 12:05.  12.3/8.5 - 18.2/19.7 3.7/4.7 278 - 267 32 7 85.4 -0.1 34.7 69.4 

May 19 13:48 13:51 4.6/7 - 50/66 - 30 - 12 - 10 120 3.8 21 46 

May 19 15:34 15:39 4/4 - 6/3.5 - 56 - 54 - 6 130 2.9 18.5 35 

May. 22 14:57  5.1/11.7 5/3.0 37.9/23.4 4.7/6.7 80 10 38 13 5 48.8 -0.1 21.5 42 

May 23 07:55  16/30 - 15/13 - 360 - 120 - 6 61 -0.4 16 16 

May. 23 13:35 14:17 8.7/12.5 - 8.5/9.5 - 160 - 200 - - 85 1.4 3 7 

May 23 20:26  8.8/16.9 - - - 360 - - - 23 37 -0.8 6.9 18 

May 24 15:18  2.3/4.6 - - - 120 - - - 10 37 -1.3 12 12 

May 27 3:36  11.8/15.4 - - - 100 - - - 16 37 -0.1 11 15 

May 29 5:14  3/6 - - - 30 - - - 15 120 -0.2 16 22 

May 29 16:30  2/4.5 - 4.5/5 - 65 - 60 - 12 310 4 18 50 

June 6 17:35  2.7/4 - 5.5/4.7 - 104 - 199 - 3 790 8.1 22.8 43 

June 11 15:30.  3.3/6 - 4.2/5.4 - 99 - 132 - 27 350 4.7 3 7 

June. 12 15:22 16:30 3.8/7.3 4/3.0 5/5.3 - 131 8 180 - 20 180 4 12.3 32 

June 16 10:56  10/12.5 - 7/10 - 200 - 180 - 25 110 2 14 24 

June 20 10:23  8/15 - 4/5.4 - 110 - 180 - 27 120 6 5 10 

June 20 12:55  7/21 - 5/6.5 - 80 - 60 - 14 300 7 5 21 

June 29 09:25  17.2/23.7 - - - 300 - - - 4 330 8.4 23 49 

July 13 10:12  6.9/9.2 - - - 210 - - - 6 160 9.6 7 20 

July 13 13:51  11.8/15.7 - - - 110 - - - 10 240 7.5 3.5 16 

July 13 18:18  11.7/15.5 - - - 180 - - - 18 120 4.7 5 17 

July 14 16:17  3.5/7.3 - -  160 - -  25 440 9.3 16 16 

July 15 16:16 18:00 4.7/4 - - - 63 - - - 5 232 7.6 18.2 34.5 

July 15 18:21  4.8/9.2 - - - 160 - - - 6 250 7.1 25 46 

Aug. 2 9:25  15/10 - 8.2/7.7 - 60 - 150 - 7 500 13 2 15 

Aug. 2 10:20  21/14.4 - - - 250 - - - 10 610 15 7 16 

Aug. 10 9:20 10:28 10.1/9.5 - - - 180 - - - 6 780 12.4 11.9 35 
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Aug. 11 10:00 11:11 7.7/9 - 4/2.8 - 558 - 75 - 7 561 12.9 4.8 14 

Aug. 15 10:34  8/8.4 - 7/5.7 - 40 - 40 - 25 340 10.4 4 8 

Aug. 15 11:36 11:49 10.6/11 5/3.6 14/11 - 70 8 60 - 14 270 4 5 31 

Aug. 15 12:51  19/20 - 25/20 - 35 - 40 - 7 290 10.7 3.6 16 

Aug. 15 13:55  22/24 - 29/23 - 55 - 35 - 12 270 10.2 7 21 

Aug. 16 0:00 1:16 16.3/35 - 21/29 - 383 - 393 - 16 195 8.2 23.7 54 

Aug. 27 22:46  6/9 - 7/8 - 130 - 110 - 16 720 9.9 19 34 

Sept. 27 15:37 - 12/24.4 - 19.3/28.2 3.2/4.2 140 - 150 13 4 219 3.2 22.3 41 

Sept. 28 15:10  2.1/4.3 - 3.4/4.7 - 120 - 75 - 25 170.8 2 0.8 1.5 

Sept. 28 19:17  3/5.9 - 4.3/5.5 - 33 - 42 - 20 110 0.6 15 17 

Sept. 28 17:59  2.5/4.8 - 2.9/3.8 - 60 - 45 - 25 134 1.2 10.5 17 

Sept. 29 18:40  13/26 - 13/12 - 100 - 95 - 17 25 0.3 7 24 

Sept. 29 20:20 20:37 6/13 - 12/10 - 50 - 105 - 14 37 0.3 12 21 

Oct. 1 17:58  20/26.6 4/2.7 22/12.6 6-Apr 150 10 140 10 10 85 17 24 36 

Oct .1 17:58  20.3/28.6 5.4/3 20.1/26.5 3.8/6.9 150 10 140 10 10 85 1 17 24 

Oct.2 06:59  13/17 - 11/14 2.6/4 70 - 60 15 15 25 -0.6 13 25 

Oct.2 9:33  12/15 - 8.2/11 4/6.4 90 - 20 25 12 37 0 19 45 

Oct.28 10:30  16.2/29 - 11.6/15.2 - 370 - 339 - 33 85.4 -1.4 0.5 2.3 

Nov.29 18:00  3.6/7.1 3.4/7.5 - - 81 203 - - 33 85.4 1.18 1.23 43 

 
In Fig. 7 we show distribution of TGE significances for different particle detectors. Obviously, detectors with lower energy 
threshold demonstrate highest significances. 

 

Figure 7. Statistical significance of TGE events containing HEP (44 selected events) registered by particle detectors with different energy thresholds. 
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In Fig. 8 we demonstrate the duration of TGE events and distance to the lightning flash that terminates TGE. In Fig. 8a 
and 8c by bold black we denote TGE events with HEP, by gray – without HEP. Apparently, events containing HEP are shorter 
in duration, because the probability of lightning is higher. 

 

Figure 8. Duration a), c) and distances b), d) of TGEs terminated and not terminated by the lightning flash. Black –measured by NaI detector with Eth 
>3 and gray- with Eth >0.3. 

In Figs. 8b and Fig. 8d we show the distance to lightning flash for both kinds of TGE events. Only nearby lightning 
flashes (<10 km) terminate the particle flux. 

 

Figure 9. Outside temperature during TGE events with and without  HEP. 

In Fig. 9 we show the distribution of outside temperature for events containing HEP (9a) and without HEP (9b). 
Distribution of duration of TGE with HEP is more compact comparing with distribution of TGE without HEP. Most of largest 
TGEs occurred when temperature is with in -3 - +3 C°. 
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Figure 10. Distribution of TGEs by months. Solid line - TGEs without 
HEP; dotted line – with HEP 

In Fig. 10 we can see that both kinds of TGEs are 
strongly peaked in May, when the temperature fluctuates 
around 0 C° and clouds are very low above surface. In June 
– July number of TGE declines to recover for TGEs 
containing HEP in August (start of autumn on Aragats), and 
in October for TGEs without HEP. 

In Fig. 11 we show the daily frequencies of TGE 
occurrence. Maximal frequency was observed at 18-19 local 
time (UT+4). 

 
Figure 11. TGE “daily wave”; frequencies of TGE occurrence during the 
day time.  

DISCUSSION 
We publish the first TGE event catalog. TGE events are 

very rare and usually, in publications, only one-two observed 
events are analyzed and discussed. For the first time, we 
present the statistical analysis of the whole TGE collection 
observed on Aragats mountain in April-November 2017. The 
natural electron accelerator in the clouds above Aragats 
station operates continuously in these months providing 
more than 100 TGEs. All TGEs were analyzed and classified 
according to the presence or absence of high-energy 
particles. We present the distribution of the TGE evens by 
months of the year and by hours of the day. The maximal 
frequency of TGEs occurred in May and at 14:00 UT (18:00 
local time). Strong TGEs happened mostly when the outside 
temperature is in the (-3 – 3) Cq limits. Only lightning flashes 
within 10 km can terminate TGE. 

Based on our analysis, we can outline new foundlings 
made in 2017 and confirm our previous   conclusions from 

the decade of observations. Most important founding based 
on analysis of 2017 data is observation and description of the 
long-lasting TGE (LL TGE); TGE started with low energy 
flux of several tens of minutes, turning to short (1-5 minutes) 
intense peak containing high-energy particles; the decay of 
TGE extended several hours. LL TGE is related to 
development in the thundercloud strong positive electric 
fields accelerating electrons downward in the direction of 
earth. The flux of high-energy particles from the avalanches 
reaches detectors on earth’s surface and originates bursts of 
intensity. High-energy part of TGE is extending few minutes 
and usually abruptly terminated by a nearby lightning flash. 
Thus, in 2017 we discover the “threshold” nature of the high-
energy emission from thunderclouds. Lightning flashes that 
occurred within 10 km, dropping the electric field within the 
dipole, and terminate the acceleration of electrons to high 
energies. The long-lasting part of TGE is connected with 
Compton scattered gamma rays from remote avalanches and 
with bremsstrahlung emission of electrons gaining additional 
energy from the intracloud electric fields (MOS process, 
[42]). The gamma radiation from the Radon daughters 
brought by rain also can contribute to the low energy part of 
TGE. Mentioned results confirm our statement about 
“radioactive” thunderclouds full of enhanced fluxes of 
electrons, gamma rays and neutrons [36]. Raw data that was 
summarized in tables 1 and 2 is available via the ADEI 
interactive WEB platform  (http://adei.crd.yerphi.am/adei); 
slides of each-month analysis of TGE data are located in 
CRD seminars site (http://www.crd.yerphi.am/Slide). 

METHODS 
Neutral and charged particle fluxes are measured on 

Aragats with various elementary particle detectors. Count 
rates are measured with plastic scintillators, proportional 
chambers, and NaI and CsI crystals. The data are 
transformed to the time series of particles intensities on 
different time scales from tens of milliseconds to days. 
Energy release histograms measured each minute with NaI 
crystals and every 20 seconds with 60-cm thick plastic 
scintillators are transformed to the differential energy 
spectrum of gamma rays and electrons. We measure also 
the near-surface electrostatic field with a network of four 
electric field mills, located on Aragats. The wideband fast 
electric field is measured by 3 circular flat plate antennas 
attached to fast digital oscilloscopes which are triggered 
by the signal from active whip antennas. The 
oscilloscopes are used also to record the waveforms from 
the particle detectors to distinguish between the genuine 
particle signals and the electromagnetic interferences from 
nearby lightning flashes. 

The detector network used to measure the particle 
energy spectra consists of 7 NaI crystal scintillators packed 
in a sealed 3-mm- thick aluminum housing. The NaI crystal 
is coated by 0.5 cm of magnesium oxide (MgO) by all sides 
(because the crystal is hygroscopic) with a transparent 
window directed to the photo-cathode of an FEU-49 PMT, 
see Fig. 12. The large photocathode (15 cm in diameter) 
completely covers the window and provides a good light 
collection. The spectral sensitivity range of FEU-49 is 300–
850 nm, which covers the spectrum of the light emitted by 
NaI(Tl). The sensitive area of each NaI crystal is a0.0348m2. 
A significant amount of substance above the sensitive 
volume of NaI crystals (0.7 mm of roof tilt, 3 mm of 
aluminum, and 5 mm of MgO) removes electrons with 
energy lower than a3 MeV.  
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Figure 12. NaI(Tl) crystal assembly. 

The energy resolution of spectrometers is ~30% at 662 
KeV. The big advantage of used large NaI crystals is the 
possibility to measure high-energy particles. Large count 
rate allows reliably measure rather week flux of high-energy 
electrons and gamma rays – up to 50 MeV.  

The NaI(Tl) spectrometers are located just below the 
tilted roof of the SKL experimental hall on Aragats station, 
at 3200 m above sea level (Fig.13). The pulses from 
photomultiplier (PMT) optically connected to the crystal are 
fed through a preamplifier to an amplitude-to-digital 
converter (ADC).  

 

 
Figure 13. NaI(Tl) spectrometers installed beneath the tilted roof of the SKL experimental hall at Aragats station 

The slab assembly is covered by the white paper from 
the sides and bottom and firmly kept together with special 
belts. The total thickness of the assembly is 60 cm. Four 
scintillators of 100 x 100 x 5 cm3 each are located above the 
thick scintillator assembly to indicate charged particle 
traversal and separate the neutral particles by “vetoing” 
charged particles (the probability for the neutral particle to 
give a signal in 5 cm thick scintillator is much lower than in 
60 cm thick scintillator).    

A scintillator light capture cone and PMT are located on 
the top of the scintillator housings. 

The main ASNT trigger reads and stores the analog 
signals (PMT outputs) from all 8 channels if at least one 
channel reports a signal above threshold. The frequency of 
triggers is ~ 10 KHz due to incident secondary cosmic rays 
(SCR) – products of the interaction of galactic cosmic rays 
with atmosphere; at the altitude of 3200 m on Aragats, the 
intensity of SCR is ~ 500 /m2/sec. The flux of particles from 
thundercloud (TGE) can be 5 times larger than SCR 
(background) intensity. 

Huge advantage of ASNT is large size of detector (4 m2) 
that gives possibility to register TGE particles up to 100 
MeV; to measure separately gamma ray and electron energy 
spectra and - angles of particle incidences.   

A 52 cm diameter circular flat-plate antenna was used to 
record the wideband (50 Hz to 12 MHz) electric field 
waveforms produced by lightning flashes. The antenna was 
followed by a passive integrator (decay time constant ~ 3 
ms); the output of which was connected via a 60 cm double- 
shielded coaxial cable to a Picoscope 5244B digitizing 
oscilloscope. The antenna calibration for electric field 
amplitude is presently not available, so the amplitude of 
recorded waveforms is given in voltage units of   oscil-
loscope. The oscilloscope was triggered by the signal from a 
commercial MFJ-1022 active whip antenna that covers a 

frequency range of 300 kHz to 200 MHz. The record length 
was 1 s including 200 ms pre-trigger time and 800 ms post-
trigger time. The sampling rate was 25 MS/s, corresponding 
to 40 ns sampling interval, and the amplitude resolution was 
8 bit. The trigger out pulse of the oscilloscope was relayed to 
the National Instruments (NI) myRIO board which produced 
the GPS time stamp of the record (detailed description of our 
fast data acquisition system based on the NI myRIO board 
can be found in Pokhsraryan, 2015). The flat-plate and the 
whip antennas were installed at the same location, within 
80m of particle detectors and two electric field mills. The 
distance from the antennas to third field mill was 270 m. The 
near-surface electrostatic field changes were measured by a 
network of five field electric mills, three of which were 
placed at the Aragats station, one at the Nor Amberd station 
at a distance of 12.8 km from Aragats, and one at the Yerevan 
station, at a distance of 39.1 km from Aragats. The distances 
between the three field mills at Aragats were 80 m, 270 m, 
and 290 m. The electrostatic field changes were recorded at 
a sampling interval of 50 ms. The lightning optical image is 
captured by a video camera at a frame rate of 30 frames/s. 
We used also data from the World-Wide Lightning Location 
Network (WWLLN), which detects very low frequency 
(VLF, 3-30 kHz) emissions from lightning. Electric mills 
also provide estimates of the distance to lightning. 

The relationship between the electrification of a 
thundercloud, lightning activity, broadband radio emission 
and particle fluxes can be immediately evaluated by 
researchers using an advanced multidimensional 
visualization system ADEI (Advanced Data Extraction 
Infrastructure).  ADEI is a WEB data analysis platform to 
handle large amounts of data stored for a long time 
assessable for users worldwide. The overall time interval of 
measurements is ~ 20 years, and the frequency of data stream 
from particle detectors now reaches hundreds of KHz. 
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Interactive tools are working in real time and quickly extract 
important information from this huge amount of data and 
provide users with analysis tools. To achieve this, the ADEI 
constantly monitors incoming data flows, performs 
preprocessing and caches important information in the 
database. 

With the ADEI system, a catalog of TGE events 
registered in 2017 for two broad classes of events depending 
on the presence or absence of high-energy particles (> 3 
MeV) was compiled. The summary tables 1 and 2 show 
several key parameters of the TGE, and associated 
meteorological data. In Fig. 15, we show frames visualizing 
several data analysis options. 

In the frames a1, a2, 13 we show the large TGEs 
registered in 2017 with various particle detectors. The energy 
threshold of detectors varies from 0.3 to 7 MeV. Thus, the 
few minute peaks, corresponding to particle avalanches 
accelerated electrons to energies up to 50 MeV demonstrate 
all detectors. The long-lasting, low energy part – only 
particle detectors with low energy threshold. 

 
Figure 14. Assembly of ASNT with the enumeration of 8 scintillators and 
orientation of detector axes relative to the North direction.  

Figure 15. Visualization of the information on TGE observed in 2017 and posted in Tables 1 and 2. 

To visualize all very different count rates in one and the 
same frame we use p-values instead of absolute values of 
count rates. In frames b1, b2, b3 we show relation of the 
same TGEs (now count rates are in the absolute numbers) to 
disturbances of the near surface electric field. All TGE are 
related to the large disturbances reaching-20kV/m. The 
corresponding strong electric field in the thunderclouds 
originate electron – gamma ray avalanches, in which 
electrons are accelerated and multiplying. 

In frames c1, c2, c3 we show the relation of 
meteorological parameters to TGEs. In the middle of frames, 
we locate outside temperature and dew point. The rough 
estimate of cloud base height made with these parameters 
proves a rather close location of thunderclouds on Aragats 
(50-200 m) in Summer-Autumn season [36].  The distance 
to lightning flash is shown in the top of frames. The close 
lightning flashes (2-5 km) from detector site prove the strong 
electric field above Aragats station. 
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Abstract: To identify the role of the gamma radiation from Radon progenies in Long Lasting TGE flux, differential energy spectrum was 
measured with various spectrometers, including precise 3” x 3” NaI(Tl) spectrometer of ORTEC firm (FWHM ~ 7.7% at 0.6 MeV). 
Measurements demonstrate that Radon progenies radiation significantly contributes to the count rate enhancements measured in winter 
2018-2019 in the energy range below 3 MeV. However, performed Monte Carlo simulations and observation of Long Lasting TGEs with 
plastic scintillators of various thickness and energy thresholds shown that TGEs are originated in the intracloud electric fields. Radon 
progenies (mostly 214Bi spectral lines) contribute to count rate in the low energy domain. 

1. INTRODUCTION  

The emerging field of High Energy Atmospheric 
Physics (HEAP, [1]), studies processes producing high 
energy particles in the terrestrial atmosphere, such as 
thunderstorm ground enhancements (TGEs, [2,3]), terrestrial 
gamma-ray flashes [4] and gamma-ray glows [5,6]. 
Understanding these phenomena requires developing of 
appropriate models of the interaction of electrons, positrons, 
and photons with air and electric fields [7,8,9]. It is widely 
accepted that all 3 processes are mainly driven by electric 
fields, ionization, scattering and bremsstrahlung. One of 
underlying processes, namely Runaway Breakdown (RB, 
[10]), now mostly referred as Relativistic Runaway Electron 
Avalanche (RREA, [11,12]) is a “threshold” process 
controlled by the strength of the electric field. RB/RREA is 
responsible for the development of electron-gamma ray 
avalanches in the atmosphere and, consequently, for the 
large-scale multiplication of the particles detected on the 
earth surface or observed in the atmosphere by spectrometers 
located on balloons and aircraft. The second process, 
Modification of the electron energy spectra (MOS, [13, 8]) 
operates on much less scales however is effective for almost 
all strengths of atmospheric electric fields.  

Although a lot of TGEs were observed in mountain-top 
and sea-level experiments (see references in [14]), spatial 
structure of electric fields and time evolution of the electron 
acceleration in atmosphere are poorly understood. The 
“electric” origin of the ionization radiation from clouds itself 
is sometimes put under question.  Bogomolov et al., [15] 
argue that the significant contribution to the low energy part 
of TGE spectrum was originated by the Rn-222 decay chain, 
including daughter isotopes 214Bi and 214Pb, that are clearly 
identified in the spectrum of the background radiation. 
Although we demonstrate that the hypothesis of the 
precipitation as a source of gamma ray radiation is not valid 
[16], it was proposed that Rn-222 can be concentrated in the 
clouds above Aragats research station and radiation of its 
daughter isotopes can comprise low energy part of TGE [15]. 

However, recent measurements by Armenian and 
Japanese researchers [17, 18] reveal much more details about 
the relations of TGEs and electric fields inside the cloud. 
Numerous TGEs observed on Aragats are an ideal target to 
investigate the source of the ionization radiation from the 

clouds because low altitude of thunderclouds enables us to 
detect both electrons, gamma rays and neutrons 
simultaneously [2,3] and observe each individual avalanche 
originated by a CR electron (seed particle) entering high 
electric field region [19]. The interplay of TGEs and 
lightning flashes (see [20], Figs 6 and 7) shows ultimate 
causal relation and dependence of TGEs on atmospheric 
electric fields. 

Nonstable nuclides comprise a significant portion of the 
low energy gamma ray flux measured by particle detectors 
and spectrometers at Aragats station. Fair weather 
(background) gamma ray energy spectra measured on 
Aragats is a mixture of the continuous spectrum produced by 
galactic (and, sometimes, also solar) cosmic rays in 
interactions with the atmosphere and emission lines of 
several isotopes (lines are turned to distributions with finite 
width dependent on the spectrometer resolution). It is very 
difficult to see any “isotope-produced “structures in the 
resulting spectra of TGE with low-resolution large size 
spectrometers used for the 7-24 monitoring of gamma 
radiation on Aragats (see details of the NaI spectrometers 
network on Aragats in [20,21]. To prove that TGE can 
originate from radioactive isotopes inside cloud it is 
necessary to find and enumerate peaks in TGE spectrum with 
high-resolution spectrometers (started to operate on Aragats 
in December 2018).  

 Analyze the background radiation spectrum 
measured on Aragats and in Yerevan by precise 
ORTEC spectrometers; 

 Investigate the fluctuations of the measurements of 
spectral lines 214Bi (0.609 MeV) and 40K (1.46MeV) 
with the precise spectrometer located indoors and in 
the open air; 

 Present results of Monte Carlo modeling of the 
MOS process, as an origin of the long lasting TGE. 

 Critically examine the methodology of energy 
spectra recovering and possible emerging 
methodical errors. 

 Perform analysis of the gamma ray flux 
enhancements observed in Winter 2018-2019 with 
emphasis to most pronounced spectral lines, namely 
214Bi (0.609, 1.12 and 1.76 MeV).   
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2. POSSIBLE SOURCES OF LOW ENERGY                  
(BELOW 3 MEV) GAMMA RAYS REGISTERED 
ON THE EARTH’S SURFACE  
Natural radioactivity measured on the earth’s surface 

can be explained by following main sources:  

1. Rather stable primary particle flux coming mostly 
from super-novae stars’ explosions in our Galaxy 
and from numerous extragalactic sources. 
Neutrinos, gamma rays, and ultra-high energy 
nucleons can come from very distant violent 
explosions in the Universe (like neutron star 
mergers or black hole jets). CR particles incident on 
earth’s atmosphere originate in the atmosphere 
extensive air showers (EAS) containing billions of 
electrons, muons and gamma rays. Thus, EASs 
sustain rather stable energy spectra of these and 
another species of CR specific for each geographic 
coordinate (sure, meteorological effects can modify 
the spectra in the low energy domain). 

2. Transient radiation from periodically activated 
solar accelerators.  

3. Cosmogenic nuclides that are generated by the 
nuclear reactions during the interaction between 
cosmic radiation and stable isotopes in the 
atmosphere (for example, 14C and  3H). 

4. Long-lived nonstable nuclides (238U,  235U,  232Th, -
40K, etc.) that originated in the neutron star (or 
neutron star and black hole) mergers. The original 
radionuclides disintegrate to the secondary radio-
nuclides and form the decay chains i.e., uranium-
radium decay chain (starting from 238U to 226Ra, 
222Rn, 218Po, 214Bi…), thorium decay chain (starting 
from 232Th to 224Ra, 222Rn, 212Pb, 212Bi…), actinium 
decay chain (starting from 235U to 223Ra, 219Rn, 
211Bi…), that are present in the open air. Several 
isotopes emit radiation in form of gamma rays 
(spectral lines). However, dependent on limited 
resolution and sizes of spectrometers these lines 
broadened and are seen as more or less pronounced 
peaks with finite width. For the measurements with 
large crystals, spectral lines are smoothed and the 
contribution from isotope decay we can notice only 
as a broad bump at low energies.    

5. Additional radiation from the CR electrons 
accelerated in the emerging in atmospheric electric 
fields. Gamma ray emission is governed by 
RB/RREA and MOS processes. Both processes 
originate continuous spectra of gamma rays in the 
energy range 0.3-100 MeV. 

6. Additional radiation in the 0.3-3 MeV range from 
nonstable nuclides occurred during TGEs; from this 
process, we can expect the enhanced intensity of 
spectral lines.   

The first manifestation of TGE is a large narrow (for the 
detectors with high-energy threshold) or broad (for the 
detectors with low energy threshold) peak in the time series 
of count rates of measured by particle detectors (see Figs. 4, 
9 of [16]). As a rule, in the same time, we observe huge storm 
with many lightning flashes and disturbances of the near 
surface electric field above detector site (see Figs 1 and 3 of 
[16]). In the TGE analysis procedures, we select the minutes 
to recover energy spectra (usually at the location of the 
largest peak and around, see for instance Fig. 5 in [20]). The 

techniques of differential energy spectra recovering is 
described in the Instrumentation section of [20]. The most 
important in recovering TGE energy spectra is to obtain as 
much as possible “pure” signal without background 
contamination to avoid “fake” peaks. We have to use 
measurements of the “stable background” just before TGE 
and subtract it from the minutes when the peak is detected. 
Then, look for the significant enhancements in the intensity 
of spectral lines in the obtained after subtraction histogram; 
make calibration; enumerate peaks position and intensity, 
etc. These techniques should work perfect if the background 
(points 1-4) is stable. Unfortunately, CR radiation (point 1) 
cannot be accepted as stable in low energy range (below 3 
MeV). The meteorological effects (atmospheric pressure and 
temperature gradient in the atmosphere, see [13]) can highly 
change the low energy particle flux. The radiation from 
nonstable isotopes on earth’s surface (point 4) also is very 
variable, changing significantly on the hour-to-hour scale 
due to the same meteorological effects and wind when 
spectrometer is located outsides (the case of the spectrometer 
used in the [15]). 

Thus, proving the origin of flux enhancement in the low-
energy range is a very difficult task. Usually, we should 
make a trade-off between statistical significance and possible 
biases of background spectra estimates. Due to the small size 
of the NaI crystal (5 x 5 x 5 cm) of the spectrometer, 50 
minutes’ data collection time was required to get appropriate 
statistical significance [15]. During another 50 minutes, 
before TGE was the sample of “pure” background 
accumulated. However, as mentioned above, due to the high 
variability of isotope concertation in the air, in these 2 
samples the mean intensity of the background can be 
different leading to “fake” peaks.    

Radon (222Rn) is the immediate daughter of 226Ra and is 
continuously produced wherever 226Ra exists. 226Radium is 
itself nearly abundant in rocks and soils and in the materials 
derived from them. Because it is a noble gas, radon is 
relatively much more free to migrate than either it's parents 
or daughters, all of which are metals. 

The half-life of the radon isotope 222Rn is 3.82 days thus 
it can be transported to the atmosphere due to diffusion 
mechanism. Mean concentrations of Radium can be assumed 
to be constant at Aragats, near research station surrounded 
by rocks, however, the concentration of daughter nuclides in 
ambient air should follow strong variations due to fast 
changing meteorological conditions. The ratio of maximum 
to minimum of the diurnal variations of the atmospheric 
radon measured in four countries is approximately in the 
range of 2-5 [22]. The concentration of 222Rn in surface air 
was measured in 1989 at Sacavem-Lisbon, Portugal. The 
sampling station, located at 38° 47'N 09° 06'W, concen-
trations of Radon highly fluctuated between 1 and 40 Bqm-3 
[23]. The average daily course of 222Rn concentration 
measured during the years 1991-1994 in Bratislava, Slovakia 
has waveform with a maximum between 4 and 6 a.m and 
with a minimum between 2 and 4 p.m. [24]. The ratio of the 
maximum to minimum radon equals 1.7. The variation of the 
indoor Radon concentration is much smaller, being maximal 
in the basement and decreasing at higher floors of the 
building. Atmospheric radon exhibits a vertical concen-
tration profile, which normally ranges from a maximum at 
the air-soil interface to an unmeasurably low value in the 
stratosphere [22]. The vertical profiles of 222Rn concentration 
measured by aircraft flying above the west-central portion of 
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the continental United States demonstrate rapidly decrease 
of concentration with altitude (Fig. 3 in [25]).  

Thus, world data on Radon concentration in the 
atmosphere demonstrate large variability during the day, fast 
decline with altitude above earth surface and with the 
decrease of the outside temperature.  

3. NATURAL GAMMA RADIATION (NGR) 
MEASUREMENTS ON ARAGATS AND IN 
YEREVAN WITH HIGH-RESOLUTION 
SPECTROMETERS 
For the investigation of hour-to-hour variations of 

Radon progenies and for enumerating the spectral lines we 
perform monitoring of the of the NGR of Rn-222 daughter 
chain on Aragats and in Yerevan with ORTEC firm 
spectrometers [26]:  

 NaI(Tl), type 905-4 (ORTEC), 3” x 3” – diameter 
and length), 1024 channels, very high stability, 
MAESTRO software for spectral lines identify-
cation. Relative energy resolution (FWHM ~ 7%)    

 HPGe (High-Purity Germanium Coaxial Detector 
System), Model GEM15P4-70 (ORTEC). Relative 
energy resolution (FWHH ~ 1%)    

The goal of measurement was to measure the diurnal 
variations of the background on Aragats in the building 
where the NaI network is located and outdoors near the 
spectrometer used to obtain the data plotted in fig 2 in [15]. 
In Fig. 1a we show the background spectrum measured at 
Aragats beneath the roof of the SKL experimental hall. In 
Fig. 1b we show the background spectrum measured in 
Yerevan indoors by high-resolution HPGe spectrometer (to 
be transported to Aragats in Spring 2019). The overall 
picture of 238U chain isotope gamma radiation is very well 
expressed by the measurements made by the HPGe 
spectrometer. It resolved very close 214Bi and 214Pb decay 
spectral lines, that NaI(TL) spectrometer cannot resolve and 
measured as one broad peak at 0.609 MeV (the same peak as 
in Fig. 2 in [15]). We will use this peak, which was claimed 
to have maximal significance in [15] for measurements of 
the diurnal variations. 

The recovering of spectral lines was performed 
according to standard procedure used in the isotope 
spectroscopy [27]. 

After measurement of the energy spectra, we choose the 
spectral line and outline the energy window around the peak. 
Then, subtract the background measurement taken just before 
TGE and from the corrected in this way histogram calculate 
the peak area as it is demonstrated in Fig, 2C. For investigation 
of the diurnal and daily variations of the 0.609 MeV spectral 
line we omit procedures shown in Fig. A and B. 

In Fig. 3 we demonstrate diurnal variations of the count 
rates of joint 214Bi and 214Pb decay gamma rays measured by 
NaI(TL) spectrometer (in the energy range 0.56-0.66 KeV). 
By diamonds, we show the diurnal variation of NaI (Tl) 
spectrometer positioned under the roof of SKL experimental 
hall where Aragats NaI network is located. As was 
demonstrated in [22] the indoor Radon concentration 
fluctuations have a vertical negative gradient. The 
fluctuations of 214Bi are much larger for the outdoor location 
of the spectrometer (relative range is ~47%); for the indoor 
location in highest position in the building, while the 
concentration is much higher but also much more stable 

(asterisks, the relative range is much less ~12%). Thus, the 
location of the NaI network on the maximal height in the 
building provides minimal diurnal variations. Open air 
location of the same spectrometer near the spectrometer used 
in [15] leads to much larger diurnal variations (diamonds in 
Fig. 3) as it is expected from world data on Radon 
concentration (see references in the previous section).  

 

Figure 1. Indoors background gamma-ray energy spectrum measured at 
Aragats and in Yerevan with various spectrometers: NaI (Tl) – a) and HP 
Ge b). 214Bi spectral line (peak) will be used for the investigation of diurnal 
variability of Radon concentration at Aragats. We also consider 
Potassium 40K isotope as a stable spectral line used for the calibration of 
fast variating 214Bi spectral lines.  

40K, Potassium-40 is a radioactive isotope of potassium, 
which has a very long half-life of 1.25×109 years.  It makes 
up 0.012% of the total amount of potassium found in nature. 
It decays to the gas argon-40 by electron capture with the 
emission of an energetic gamma ray of 1.46 MeV energy. 
Potassium-40 assimilated into the materials derived from 
rock and soil. 

As we can see in Fig. 4 Potassium-40 concentration do 
not variate with daytime and do not depends strongly on 
atmospheric conditions. The fluctuations of Potassium-40 
indoors and outdoors are approximately the same; the 
relative range is 5.8% and 3.7% correspondingly. As the 1.46 
peak is always is present in the natural gamma ray energy 
spectrum, it can be used for the calibration purposes. 
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Figure 2. The cartoon of the standard procedure of the background extraction and spectral peaks area calculation (A, B, C, from [27]) and routinely 
measured 1-hour  histograms of the spectral line 0.609 MeV from 214Bi decay enumerated by the NaI (Tl) ORTEC spectrometer (D). 

 
Figure 3. Diurnal variations of the intensity of the 0.609 MeV (214Bi); 
spectral line measured indoor and in the open air. Measurements 
performed in December 2018. 

 

Figure 4. Diurnal variations of the intensity of the 1.46 MeV(Potassium-
40); spectral line measured indoor and in the open air. 

Large fluctuations of the 214Bi spectral line (Fig. 4) pose 
limitations on the possibility of physical inference on Radon 
origin of TGE based on the observed peak in [15]. The 
enhancement of the gamma ray flux registered by 
spectrometers (signal) started at t1 can be attributed to 
several physical processes, main of which are summarized in 
the equation one:  

ܵ௧ଵ ൌ ܵ  	ܵெைௌ  ܵோ േ ܵெ						ሺ1ሻ, 
where Sav is an intense gamma-ray flux due to electron-

photon avalanche process started in the strong atmospheric 
electric fields; SMOS – is bremsstrahlung gamma ray flux also 
released in the atmospheric electric fields of much less 
strengths; SRN – is due to Radon daughter isotopes radiation 
from the clouds above the detector site, or from other yet 
unspecified source; and RM – is the influence of different 
meteorological effects (atmospheric pressure, gradient of 
temperature, etc.). For identification of the possible signal 
from Radon progenies the statistical fluctuations can be 
substantial. As we demonstrate in Fig. 2 the standard 
technique of the spectral analysis is subtraction of the 
background measured separately before TGE. See equation 
2, where we denote by ON the sample containing 
background with possible signal and by OFF “pure” 
background. 

ܱܰ ൌ 	ܵ௧ଵ  ௧ଵǢܤ	 ܨܨܱ ൌ  .ሺ2ሻ	௧ଶܤ	

However, as we can see in equation 3 by subtracting 
OFF sample from ON sample we do not obtain “pure” signal. 
For collecting enough events the time span  	߂௧ started at t1 
and t2 is rather large (50 minutes to obtain Fig. 2 in [15] ), 
and due to large fluctuations of the count rate measured by 
the gamma spectrometer located on open air (see Fig. 3b)  
௧ଵܤ ്  .௧ଶ, see Eq. 3ܤ	

ܱܰ െ ܨܨܱ ൌ ܵ௧ଵ  ௧ଵܤ	 െ 	௧ଶܤ	 ് ܵ௧ଵ  (3). 

Due to hourly fluctuations of the Radon concentration in 
the atmosphere we can obtain a “fake” signal of ~5-10% only 
because of difference in background samples measured at 
T1+ ߂௧ and T2߂௧ time spans. The fluctuations of the count 
rate measured by the spectrometer used in [15] are large and 
214Bi peaks are not well pronounced because of the small size 
of NaI(Tl) crystal used in their spectrometer. The NaI crystal 
is very sensitive to the temperature and responds nonlinearly 
on solar heating. Therefore, the energy spectra of gamma 
rays should be measured indoors on the highest floor of the 
building where Radon concentration is minimal. The NaI 
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network used for recovering energy spectrum is located 
indoors where fluctuations of background are minimal (see 
Fig. 3); due to large size of the NaI crystal background 
sample is collected during just few minutes before the event 
and large fluctuations are not probable; usually during TGE 
we register large energies of gamma rays far beyond ones 
possible from any radioactive decay. Additionally, to prove 
“electric” origin of TGE we perform a cycle of simulation 
experiments, described in the next section.  

4. MODELING OF THE RB/RREA AND MOS 
PROCESSES IN THE ATMOSPHERE TO REVEAL 
FEATURES OF THE GAMMA PHOTONS 
SPECTRUM MEASURED ON THE EARTH’S 
SURFACE 
The atmospheric gamma-ray energy spectrum initiated 

by Extensive air showers (EAS) from usually is presented 
within a model based on a power-law continuum (index of -
1.16 in the few MeV energy range, [28]). Gamma ray flux 
measurements clearly reveal the 511 keV line due to the 
annihilation of positrons produced in extensive air showers 
(EAS). After our observation of Long Lasting TGEs (LL 
TGEs, [17]) – hours extending flux of gamma rays observed 
at Aragats, we started a cycle of simulations to find out how 
the electric field of different strength and elongation can 
modify gamma ray spectrum in the atmosphere. The main 
goal of Monte Carlo simulations was to get answer if the 
MOS process [14] can provide such a long duration of 
gamma ray flux, or remote Extensive Cloud Showers (ECSs) 
can contribute to this flux, or we should consider another 
origin of gamma rays, say, Radon progenies gamma 
radiation (or all processes have a part in the additional 
particle flux). Thus, our simulations are always pairing with 
observations and with hypothesis testing.    

For a new series of simulations, we use the CORSIKA 
package, see details of used options of CORSIKA code in 
[29]. From the consideration of the ~500 TGE events in the 
last decade, we conclude that far not all TGEs are due to the 
intense RB/RREA process, for instance, winter TGEs were 
not accompanied with thunderstorms and large disturbances 
of the near-surface electric field. To investigate the “small 
fields” effect typical for the winter TGEs, we use in 
simulations rather low values of the atmospheric electric 
fields strengths starting from 0.1 MeV/cm. The overall 
scheme of the simulations is presented in Fig. 5.  

Each simulation set consists of 106 showers originated 
from vertically traversing CR electrons with energies in the 
interval 1÷300MeV. The differential energy spectrum of 
electrons follows the power law with spectral index Ȗ = 
í1.21. Avalanche particles were followed till the Earth’s 
surface (Hobs = 3200m a.s.l.) or till their energy become less 
than Ecut=0.05MeV. Electric field Ez>0 was introduced in a 
kilometer above the “cloud base” H, that was changed from 
50 to 1000 m.  

As we can see in Fig. 5 two fields are supporting 
electron acceleration downwards: the field between the main 
negative layer and its mirror on the earth and field between 
the same negative layer and small positively charged layer in 
the bottom of the cloud. Sure, it is a highly simplified 
structure, however, the most intense TGEs happened when 
both fields are in play and their superposition exceeds the 
avalanche initiating threshold. In the simulation, we make no 
difference between these fields, assuming the existence of 
constant field a kilometer length with fixed prechosen 
strength. Both such a field elongation and strength were 
routinely measured in balloon flights [30,31].  

 
Figure 5. The scheme of electron acceleration modeling in the 
atmosphere. 

In Tab. 1 we enumerate the gamma ray flux 
enhancement in the electric fields of the different strength. 
After reaching RB/RREA threshold the number of particles 
exponentially rose in the electron – gamma ray avalanches. 
However, ever for the small electric field we have a 
significant enhancement that can be reliably registered by the 
spectrometers and counters located on Aragats. 
Table 1. The number and relative enhancement of secondary photons 
reaching earth’s surface after traversing the electric field of 1 km located 
50 m above Aragats research station (3200 m a.s.l.)  

Ez (kV/cm) N(Ez) (N(Ez)-N(0))/N(0) (%) 

0. 370647 0 

0.1 387271 4.5 

0.2 405065 9.3 

0.3 425962 14.9 

0.9 626225 69.0 

1.7 1879136 407.0 

2.0 9052389 2342.3 

In Tab. 2 we post the particle flux enhancement 
(comparing with fair weather values) in different energy 
intervals. We see that most of the enhancement occurred at 
low energies (0.3 -2 MeV).  
Table 2 Enhancement (N(Ez)-N(0))/N(0) (%)) of secondary photons in 
different energy intervals. 

Ez (kV/cm) 0.3 - 2 MeV % 50 – 60 MeV % 70 – 80 MeV 
% 

0.1 5.6 5.7 3.7 

0.2 11.3 7.4 3.7 

0.3 17.7 11.8 4.7 

0.9 82.9 37.1 32.1 

1.7 547.4 109.7 94.1 

2.0 3412,3 157.3 133.9 

19



 

In Tab. 3 and Fig. 6 we demonstrate the influence of 
electric field height on the number of additional gamma rays 
reaching the earth’s surface. We can see that when distance 
of the electric field from particle detectors increases from 50 
m to 200 number of additional gamma rays decreases 2 
times, and – to 1000m – 3 times.  
Table 3. Number of gamma rays reaching earth’s surface from different 
heights above. 

 H=0m H=50m H=200m H=500m H=1000m 

NȖ 1106968 581764 466073 313161 185241 

 

 
Figure 6. The percentage of gamma rays reaching the earth’s surface 
after escaping from electric field at different heights (related to the case 
when the electric field is prolonged until earth surface). Ez=0.8kV/cm with 
elongation of 1 km. 

Thus, Monte Carlo simulations demonstrate that even 
very small intracloud electric fields can lead to sizable 
enhancements in gamma photons flux in the energy range of 
0.3 – 3 MeV. We assume that the electric fields in the 
atmosphere do not decline abruptly after cessation of the 
severe storm and for many tens of minutes can supply the 
cosmic ray electrons with additional energy that lead to the 
enhanced probability of radiating bremsstrahlung gamma 
rays.  

5. WINTER ENHANCEMENTS OF GAMMA RAY 
FLUX (“WINTER TGES”) 
The winter is very severe on Aragats; the temperature at 

Aragats usually reach -20 Cq and stay deep in the negative 
domain till May. There is a strong positive correlation 
between temperature and Radon emanation: at negative 
temperatures Radon concertation is highly decreased [32]. 
The thickness of snow covering Aragats usually reaches and 
exceed 1.5 m. that also may affect the 222Rn concentration 
[33]. Thus, the Radom emanation in the atmosphere is 
suppressed in winter. On the other hand, during snow storms 
in presence of strong winds, radon can easily diffuse and 
reach particle detectors. Electric fields in Winter are very 
weak, there are no lightning flashes, large disturbances of 
near-surface electric field and bursts of high-energy particles 
(gamma rays and electrons with energies up to 50 MeV). 
Thus, we do not observe any large enhancements in winters. 
However, after precise scanning of the count rate monitoring 
results, we outline 4 events with particle flux enhancements 
in the NaI network. The detector network used to measure 
the particle energy spectra consists of 6 NaI crystal 
scintillators with sensitive area ~ 0.0330 m2 each (~5 times 
than ORTEC NaI). The energy resolution of spectrometers 
is 30-40% at 662 KeV, thus we cannot resolve 222Rn 
progenies spectral lines with these crystals. The big 

advantage of used large NaI crystals is the possibility to 
measure high-energy particles. Large count rate allows 
reliably measure rather week flux of high-energy electrons 
and gamma rays in the energy range above 10 MeV. In Fig. 
7 we present one-minute time series of four “Winters TGEs” 
observed by NaI (Tl) network. In December OTEC 
spectrometer was located under the roof of SKL 
experimental hall nearby the NaI network (Fig 7c and 7d), 
i.e. the 214Bi isotope daily variations were minimal. In 
January ORTEC spectrometer was moved outdoor (Fig 7a 
and 7b) near the spectrometer used in [15]. For outdoor 
location, the variation of the 214Bi isotope concentration is 
significantly larger, see Fig. 3 (diamonds). NaI network, as 
well as, ORTEC spectrometer operates in 2 modes: 
measuring energy release histograms and, also, one-minute 
time series of count rates. Particle flux enhancement is 
apparently seen in all 4 events shown in Fig. 7.  

 
Figure 7. Winter TGE. On the top (black curves), we show disturbances 
of the near-surface electric field, below (blue curves) – 1-minute time-
series of count rates of particle flux measured by first NaI crystal located 
under the roof of the SKL experimental hall on Aragats.  
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In Fig. 8 we demonstrate the procedure of obtaining 
“pure” signal and demonstrate energy spectra for all four 
events. Subtracting background sample, we obtain an 
estimate of “pure” signal used for the recovering differential 
energy spectra with superimposed spectral lines originated 
from natural isotope gamma decay. The times of background 
(BT1) sampling and signal + background sampling (BT2+S) 
were 50 minutes. The resulting signals obtained by 

subtracting background from the signal + background are 
shown in the bottom of frames a-d of fig. 8. Obtained in a 
such way, peak corresponding to 0.609 KeV spectral line is 
seen in all 4 events. For the outdoor location of spectrometer 
(January events) the 0,609 MeV peak is better pronounced 
and the peaks corresponding to the 1.12 and 1,76 MeV also 
can be outlined. 

 
Figure 8. Differential energy spectra of the winter TGEs measured in open air (a, b) and in SKL experimental hall.   

The continuum spectrum from cosmic rays is obscured 
by Compton scattered gamma rays escaping from the NaI 
crystal forming another continuum spectrum to the left of the 
peaks corresponding to the spectral lines. There are no peaks 
corresponding to the stable 40K line in December events 
(inside spectrometer location, 8c and 8d), for the outside 
location of spectrometer (8a and 8b) a negative/positive 
profile of the 40K line is detected. We connect this difference 
with high diurnal fluctuations of the isotope radiation in the 
open air leading to the small random shifts in the bin-to-bin 
population. For energies above 1,76 MeV no spectral peaks 
for all 4 winter TGE events are seen. Thus, the measurements 
performed with ORTEC spectrometer demonstrate that 
Radon progenies radiation overwhelmingly contributes to 
the “Winter TGE” events. A more detailed analysis of the 
222Rn progenies contribution, as well as the contribution of 
the Compton scattered gamma ray’s spectral lines will be 
made after experiments with high precision HP Ge 
spectrometer on Aragats planned in May 2019. In the next 
section, we will show that particles that form TGEs have 
energies well above the energetic domain where isotope 
decays can contribute to TGE count rate, thus the origin of 
TGEs is connected with electron acceleration in the 

intracloud electric fields and not with gamma radiation from 
222Rn progenies. 

6. LONG LASTING TGES MEASURED BY THE 
PLASTIC SCINTILLATORS 
The particle flux monitoring on Aragats was performed 

by more than 200 detectors. Thus, we have the possibility to 
use several independent operated detectors to crosscheck the 
flux enhancements. The first long lasting TGEs observed on 
Aragats with 3-cm thick and 1 m2 area plastic scintillator in 
2015 were reported in [34], see Figs 7, 9, 10. We estimate 
energies of gamma rays responsible for the long-lasting 
enhancement with the notion of the “effective energy 
threshold” for gamma ray measurements introduced in [21]. 
According to this method the energy threshold of 3-cm thick 
plastic scintillator is ~3MeV (see Fig 10 of [21]). The 
contamination to TGE of Radon progenies decay gamma 
rays as we demonstrate in the previous section is essential 
for energies below 3 MeV. Thus, the TGE observed by the 
3-cm thick plastics can originate from intracloud electric 
fields only (MOS process). To confirm this observation, we 
present in Fig. 9 the same TGE measured by other 
scintillators: the 1 cm thick scintillator of the CUBE array 
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(effective energy threshold ~1 MeV) and by 25 scintillators 
of GAMMA surface array, 5-cm thick and 1 m2 area each 
(effective energy threshold ~5 MeV). The TGE presented in 
Fig. 9 well coincide with TGE published in 2016 and the 
enhancement of the count rate is proportional to the effective 
energy threshold. 

In Figs. 10 and 11 we present another TGEs measured 
by plastic scintillators along with disturbances of the near-
surface electric field obtained by the EFM-100 electric mills 
of the BOLTEK company. In both upper pictures 10a and 
11a we see that both TGEs are directly related to the large 
disturbances of the electric field. In Figs. 10b and 11b we 
demonstrate the TGE as measured by the NaI crustals and by 
plastic scintillators. The shapes of all curves measured by 
detectors with different energy thresholds are very similar, 
thus, we can conclude that the physical mechanism 
responsible for the TGE initiation is one and the same. And 
as the energy threshold of plastic scintillators (middle 
scintillator of STAND1, the lower curve in Fig. 10b and 
middle scintillator of STAND3, the lower curve in Fig, 11b) 
is above 3 MeV we can confirm the “electric” origin of the 
shown TGEs. In Figs 10 and 11 we can also see that 
enhancement of count rate starts simultaneously with 
disturbances of the electric field. For the TGE measured on 
May 30 (Fig. 11) abrupt rise in NaI crystal count rate 
coincides with the sharp decrease of electric field and 
occurrence of high-energy particles in the TGE.  

 
Figure 9. The TGE measured by the 1-cm thick and 1 m2 area plastic 
scintillator (upper of indoor CUBE detector) and by the 5-cm thick and 25 
m2 area plastic scintillators of GAMMA experiment.   

In Fig 12 we demonstrate the 3-minute time series of the 
maximal energies measured during the particle flux 
enhancement on 17 January, 2019 and during TGE occurred 
on March 4, 2016.   In previous section, we explain 17 
January event by the 222Rn progenies gamma radiation and 
in Fig. 12a we can see that the maximal energy of the spectra 
measured each 3 minute are beyond 3 MeV. On the other 
hand, the analogical time series of the TGE measured on 30 
May 2018 demonstrate that many of the maximal energies 
are well above the 3 MeV, reaching 30 MeV during short 
high-energy particle burst originated by the electron-gamma 
ray avalanche in the thundercloud above detectors. 

 
Figure 10. The disturbances of the electric field and count rate measured 
by the large crystal of NaI network (a); Comparison of the count rate time 
series measured by the same crystal and two 1 cm thick and 1 m2 area 
vertically stacked plastic scintillators of the STAND1detector located 
outdoors nearby MAKET experimental hall (b). 

 
Figure 11 The disturbances of electric field and count rate measured by 
the large crystal of NaI network(a). One-minute count rates of the same 
NaI crystal and count rates of the upper and middle of vertically stacked 
scintillators of the STNAD3 detector located indoors in the SKL 
experimental hall (b). The count rate in the frame b) is shown in the 
number of standard deviations from the mean count rate measured before 
TGE to fit in one picture time series of 2 detectors that are significantly 
different in the count rates. 

Thus, the electric nature of TGEs can be derived from 
the observations with plastic scintillators of various 
thickness and different energy thresholds, as well as, by 
observing energy spectra prolonged far beyond 3 MeV. The 
particle flux enhancement in presented TGE events can be 
explained by the electron acceleration in the electric field in 
the atmosphere above particle detectors. The Radon 
progenies contribute to the particle flux enhancements in 0.3 
– 3 MeV energetic domain only. 
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Figure 12. Differential energy spectra of recovered for several minutes of 
the strongest winter TGE occurred on January 17, 2019. 

CONCLUSIONS 
In the December and January months of 2018/2019 

winter we performed monitoring of the particle count rate 
with precise 3” x 3” NaI(Tl) spectrometer of ORTEC firm 
(FWHM ~ 7.7% at 0.6 MeV) and operated on Aragats recent 
years NaI crystals network. All spectrometers recorded 
prolonged periods of gamma ray enhancements. Two 
locations of ORTEC spectrometer were included in data 
analysis: under the roof of SKL experimental hall where 
Aragats NaI network is located and on open air nearby the 
spectrometer used in [15].  

The analysis of the four “Winters TGEs” allows 
confirming the overwhelming contribution of the gamma 
radiation from Radon progenies to the TGE count rate in the 
energy range below 3 MeV in the winter time.  

This result should be confirmed by observation of much 
more intense spring TGEs incorporating also precise HP Ge 
spectrometer. Comparing spectra measured by NaI and Ge 
spectrometers will allow estimating the portion of Compton 
scattered gamma rays forming continues spectra on the left 
of the isotope gamma radiation lines.    

By measurements with plastic scintillators and by 
performing Monte Carlo simulations we confirm “electric” 
nature of the long lasting TGEs. TGEs observed by the 
plastic scintillators demonstrate that the extended 
enhancements of the particle flux are related to the energies 
above the 3 MeV, where Radon progenies cannot contribute 
to the TGE counts.  

CORSIKA code was used to investigate the “small 
fields” effect on particle detector count rates. We show that 
ever for not very large values of the atmospheric electric 
fields strengths modification of the cosmic ray electron 
energy spectra (MOS process, [8]) lead to bremsstrahlung 
radiation sustaining additional gamma ray flux.  

Each TGE observed on Aragats is accompanied with 
disturbances of the near-surface electric field and, in turn, 
each disturbance of electric field has its roots in the enhanced 
concentration of hydrometeors above the station. Modeling 

with the WRF code, proves the existence of charged layers 
above the station simultaneously with TGE detection [35]. 
Thus, the electrical origin of TGE is supported by theory, 
modeling and observations of particle fluxes, electric fields, 
atmospheric discharges and hydrometeor concentrations 
(microphysics). 
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The problem of thundercloud electrification is one of the most difficult ones in atmospheric physics. The
structure of electric fields in clouds escapes from the detailed in situ measurements; few balloon flights
reveal these rather complicated structures. To gain insight into the problem of the charge structure of a
thundercloud, we use new key evidence—the fluxes of particles from a thundercloud, the so-called
thunderstorm ground enhancements—TGEs. TGEs originate from electron acceleration and multiplication
processes in the strong electric fields in the thundercloud, and the intensity and energy spectra of electrons
and gamma rays as observed on the Earth’s surface are directly connected with the atmospheric electric
field. Discovery of long-lasing TGEs poses new challenges for revealing structures in the thundercloud
responsible for hours-extending gamma ray fluxes. In the presented paper, we demonstrate that
experimentally measured intensities and energy spectra of the “thundercloud particles” give clues for
understanding charge structures embedded in the atmosphere. A rather short “runaway” process above the
detector site, which is consistent with the tripole structure of the cloud electrification, is changing to a much
less energetic emission that lasts for hours. Measurements of enhanced particle fluxes are accompanied by
the simulation experiments with CORSIKA and GEANT4 codes.
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I. INTRODUCTION

One of the main problems of the atmospheric electricity
is the study of the spatial-temporal structure of the electric
field in the thunderclouds. Precise measurement of the
electric potential within thunderclouds is extremely diffi-
cult because of the time variability and the need to make
spatially separated simultaneous measurements within the
highest field regions of the storm [1]. The charge structure
of a thundercloud can be viewed as a vertical tripole
consisting of three charge regions. The main positive
charge region is located at the top, the main negative in
the middle, and an additional positive below the main
negative [2]. Reference [3] observed a tripole charge
structure, with a large lower positively charged region
(LPCR) in the thunderclouds over the Tibetan plateau of
China, and noticed that the large LPCR prevents negative
cloud-to-ground (CG) flashes from occurring and, instead,
facilitates inverted-polarity intracloud (IC) flashes.
Different lightning scenarios that may arise depending
upon the magnitude of the LPCR have been examined
in [4]. Reference [5] examined different patterns of the
near-surface electric field occurring during the thunder-
storm ground enhancements (TGEs, [6,7]). A hypothesis
that electrons of the ambient population of cosmic rays are
accelerated and multiplied in the bottom dipole formed by

the main negative charge layer and the LPCR was pro-
posed. Reference [8] also considered the electric field of the
same direction formed by the main negative charge in the
cloud and its mirror image on the ground.
The possibility that the intracloud electric field could be

evaluated by ground-based measurements of the gamma ray
and electron spectra was considered in [9]. However, there
were only a few cases when electron energy spectra were
measured at the ground level [10] due to fast attenuation of the
electron flux in the air. Nonetheless, measured gamma ray
spectra are in good agreement with the RREAmodel [11,12].
The relation of particle fluxes and lightning flashes also

provides valuable information on the cloud electrification.
During the TGE, lightning flashes are suppressed, and,
when this happens, they usually abruptly terminate the
high-energy particle flux [13,14]. Simultaneous detection
of the particle fluxes and atmospheric discharges with
microsecond time resolution on Aragats enables us to
associate the lightning types abruptly terminated particle
fluxes with the electric structure within thundercloud [8].

However, the TGE-electric field relation is still far from
fully understood, and the study of various charge structures
that can initiate the TGEs should be accompanied by
Monte Carlo simulation of the passage of particles through
the region of the assumed intracloud electric fields.
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One of the main problems of the atmospheric electricity
is the study of the spatial-temporal structure of the electric
field in the thunderclouds. Precise measurement of the
electric potential within thunderclouds is extremely diffi-
cult because of the time variability and the need to make
spatially separated simultaneous measurements within the
highest field regions of the storm [1]. The charge structure
of a thundercloud can be viewed as a vertical tripole
consisting of three charge regions. The main positive
charge region is located at the top, the main negative in
the middle, and an additional positive below the main
negative [2]. Reference [3] observed a tripole charge
structure, with a large lower positively charged region
(LPCR) in the thunderclouds over the Tibetan plateau of
China, and noticed that the large LPCR prevents negative
cloud-to-ground (CG) flashes from occurring and, instead,
facilitates inverted-polarity intracloud (IC) flashes.
Different lightning scenarios that may arise depending
upon the magnitude of the LPCR have been examined
in [4]. Reference [5] examined different patterns of the
near-surface electric field occurring during the thunder-
storm ground enhancements (TGEs, [6,7]). A hypothesis
that electrons of the ambient population of cosmic rays are
accelerated and multiplied in the bottom dipole formed by

the main negative charge layer and the LPCR was pro-
posed. Reference [8] also considered the electric field of the
same direction formed by the main negative charge in the
cloud and its mirror image on the ground.
The possibility that the intracloud electric field could be

evaluated by ground-based measurements of the gamma ray
and electron spectra was considered in [9]. However, there
were only a few cases when electron energy spectra were
measured at the ground level [10] due to fast attenuation of the
electron flux in the air. Nonetheless, measured gamma ray
spectra are in good agreement with the RREAmodel [11,12].
The relation of particle fluxes and lightning flashes also

provides valuable information on the cloud electrification.
During the TGE, lightning flashes are suppressed, and,
when this happens, they usually abruptly terminate the
high-energy particle flux [13,14]. Simultaneous detection
of the particle fluxes and atmospheric discharges with
microsecond time resolution on Aragats enables us to
associate the lightning types abruptly terminated particle
fluxes with the electric structure within thundercloud [8].

However, the TGE-electric field relation is still far from
fully understood, and the study of various charge structures
that can initiate the TGEs should be accompanied by
Monte Carlo simulation of the passage of particles through
the region of the assumed intracloud electric fields.
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Thus, we use a new type of key evidence in the
atmospheric electricity research, namely, the particle fluxes
from the thunderclouds, to scrutinize the atmospheric
electricity problem. The origin of the fluxes of electrons,
gamma rays, and neutrons detected on the Earth’s surface
are the runaway breakdown (RB) processes [15] now
mostly referred to as relativistic runaway electron ava-
lanches (RREA, [16,17]). The electron acceleration in the
Earth’s direction is due to the electric field between the
main negative charge region in the middle of the cloud and
the positive charge that is induced on the ground. This field
can be significantly increased by the electric field between
the main negative region and the emerged lower positively
charged region (LPCR) in the bottom of the cloud. The
maximal intensity (and maximal energy of particles) of the
TGE is observed when the strength of the total electric
field in the cloud exceeds the “runaway” threshold in the
atmosphere and the RB/RREA avalanches start to develop
in the direction of Earth. Such a condition corresponds to
the maximum dimension and charge of the LPCR; thus, the
lightning leader cannot make its path through the LPCR,
and cloud-to-ground flashes are suppressed [4]. The decay
of the gamma ray flux and its termination by the lightning
flash indicates the degradation of the bottom dipole.
In the presence of weak electric fields in the atmosphere

(lower than RB/RREA threshold) when cosmic ray seed
electrons cannot “runaway” and originate avalanches, the
electric field effectively transfers energy to the electrons
modifying their energy spectra (MOS process, [18]) and
making the probability of emitting bremsstrahlung gamma
rays larger. In contrast to RB/RREA, the MOS process is

dominating in the energy range above ≈50 MeV; the
RREA process generates gamma rays with energies below
≈50 MeV although with a much larger count rate.
In the cartoon (Fig. 1), we show the electron–gamma ray

avalanche developed in the bottom of the thundercloud
above the Aragats high altitude research station of the
Yerevan Physics Institute [19]. The avalanche comes out of
the base of the cloud and illuminates various particle
detectors, measuring count rates of charged and neutral
particles and their energy. The distance to the cloud base
at Aragats in the spring and autumn seasons is usually
rather small H ¼ 25–100 m; in summer, it is larger,
H ¼ 50–500 m. In our simulation studies of TGEs, we
will assume the strength of the electric field in the cloud up
to 1.8 kV=m and elongation up to 1 km. Both values are
ordinary and have been measured in balloon flights [20].
The recently discovered phenomenon of long-lasting

TGEs [21] gives additional clues to understanding
embedded charged structures in thunderclouds. With
numerous observations of TGEs in the 2017–2018 seasons
and incorporated appropriate Monte Carlo simulations, we
will demonstrate how intracloud electric fields originate the
particle fluxes that continue for hours.

II. DISTURBANCES OF THE NEAR-SURFACE
ELECTRIC FIELD DURING TGES

The spring season on Aragats usually continues from
April to middle of May. It is characterized by low-lying
clouds (25–100 m); high relative humidity (RH) of 95%–
98%; large disturbances of the near-surface electric field

FIG. 1. Cartoon demonstrating electron acceleration and multiplication in the electric field of the lower dipole of the thundercloud and
in the electric field beneath the cloud.
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(sometimes dropping into the negative region down to
−30 kV=m for several minutes); intense lightning activity
(approaching the station for a few kilometers), and numer-
ous TGEs—see Fig. 2. Large TGEs occurred usually when
the outside temperature was in the range from −2 to þ2C°
degrees.
In Fig. 2, we see that TGE activity peaked in the first

days of May, providing multiple episodes of large fluxes of
electrons and gamma rays. The mean count rate of the
outdoor scintillator is increasing in May due to melting of
the snow covering it in winter months (mean count rate is
also dependent on the atmospheric pressure).
OnMay 22, 2018, thunderclouds approached the borders

of Armenia, moving as usual from the Armenian highlands
into Turkey. In Fig. 3, we show the approaching front of the
storm as mapped by atmospheric discharges registered by
the Boltek StormTracker lightning detector. At 16:00, the
electrified clouds reached the Aragats mountain environ-
ment, inducing large disturbances of the near-surface
electric field accompanied with lightning flashes; see Fig. 4.
In Fig. 4, we show the typical spring TGE with several

maxima of high-energy particle (HEP) emissions, coincid-
ing, as a rule, with the episodes when the near-surface
electric field dropped into the deep negative region for at
least several minutes. The emerging structures in the
measured time series of the near-surface electrostatic field
posted in the middle of Fig. 4 are reflecting the complicated
structure of charged layers in the thundercloud. We specu-
late that when the mature LPCR arrives (or emerges) above

the detector location, the strength of the electric field in the
lower dipole reaches the “runaway” threshold, and an
unleashed electron-photon avalanche provides the maxi-
mum flux of TGEs. The intensity of the particle flux reaches
the maximum if the LPCR is above the detector; when the
cloud moves away from the detector site, the TGE declines.
In Fig. 4, along with the disturbances of the electric field,

we also show the time-series of count rates of large NaI
crystals. After the peak, the prolonged tail of the TGE is
comprised of the low-energy gamma rays (with max energy
3 MeV or less). The NaI spectrometers have energy
threshold of ≈0.3 MeV, besides the fifth one, whose
threshold is ≈3 MeV. Thus, spectrometers with a higher-
energy threshold register only peaks of TGE; they do not
detect the long-lasting “pedestal” which comprises the low-
energy particles.
At 20:15–22:15, without noticeable disturbances of the

near-surface electric field, the NaI crystals continue to
register decaying gamma ray flux. To gain insight into these
two modes of the cloud radiation, we look at the electric
field disturbances in more detail.
In Fig. 5, we show a zoomed version of the near surface

electric field along with the count rate of the 1-cm-thick
outdoor plastic scintillator (rather good coinciding with
count rate of the NaI network), outside temperature, dew
point, and relative humidity. From the picture, it is
apparent that the most important feature, which is respon-
sible for the particle burst, is the sufficiently long time
period during which the near surface electric field remains

FIG. 2. At the top, vertical lines show the distance to lightning flash; in the middle, we show near-surface electric field disturbances
measured by EFM-100 electric mill; at the bottom, one-minute time series of 1-cm-thick 1 m2-area outdoor plastic scintillator located
outdoor nearby MAKET experimental hall.
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in the deep negative domain (≈ − 15 kV=m). We measure
the peak significance in the units of relative enhancement
(percent) and in numbers of standard deviations from the
mean value measured before the TGE started (critical

value of the peak significance test, Nσ). The critical value
(and corresponding p-value—integral of probability den-
sity distribution from the critical value to infinity) is the
most comprehensive estimate of the reliability of detecting

FIG. 3. The Google Map with lightning flashes shows the thunderstorm of May 22, 2018, approaching Armenia.

FIG. 4. LLTGE lasting approximately from 17∶00 to 22∶15; at the top, disturbances of the near-surface electric field measured by the
EFM-100 electric mill located on the roof of MAKET experimental hall; at the bottom, one-minute time series of the NaI network’s
spectrometers N 1 and 2 (energy threshold 0.3 MeV). The inset shows time series of NaI N5 spectrometer (energy threshold 3 MeV).
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FIG. 5. Triple peak structure of HEP TGE: in the top outside temperature, dew point, and relative humidity.

FIG. 6. The differential energy spectra of TGE particles registered by NaI network (N 1 and N 2 spectrometers); minutes 19:20–19:26.
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peaks in the time-series. Large critical values correspond
to small probabilities that the observed peak is a back-
ground fluctuation and not a genuine peak (TGE).
Therefore, we can safely reject the null hypothesis (back-
ground fluctuation) and confirm the TGE. Very large
critical values not only prove the unambiguous existence
of a particle flux from the cloud but also serve as a
comparative measure of the TGE observations using
different detectors. During first peak (significance
≈13%=13σ), near-surface field values were below
−10 kV=m at 18:52–19:01, 9 min; during middle largest
peak (significance ≈30%=30σ) at 19:15–19:28, 13 min;
for the third peak (significance ≈12%=12σ) at 19:34–
19:49, 15 min. These extended periods of negative field
were accompanied by small outbursts with field strength
of several kV=m. We speculate that these outbursts are
possibly connected with the LPCR emergence. However,
outbursts are small and, therefore, the LPCR is not mature.
The location of the cloud base estimated by the, so-called,
“spread” parameter [22] is ≈100 m.; the relative humidity
is ≈95%; the maximal count rate measured by the 1-cm-
thick and 1 m2 area outdoor plastic scintillator reaches
50,000 per minute.

For understanding the relation between HEP bursts and
long-lasting, low-energy emissions, we measure differ-
ential energy spectra during full duration of the TGE.
In Fig. 6, we show the energy spectra of the LL TGE. To
obtain a pure TGE signal, the cosmic ray background
(containing muons, neutrons, and other energetic particles)
measured at fair weather just before TGE should be bin-by-
bin extracted from the histogram containing both back-
ground and additional counts from the avalanches initiated
in the thundercloud. After background extraction, the
histogram is fitted by an analytical distribution function
(usually power law or exponential). For the recovery of the
differential energy spectra measured by the NaI network,
the spectrometer response function was calculated with the
CERN GEANT package.
The sizeable intensity TGE was observed during

3 minutes (19:20–19-22). At the beginning [Fig. 6(a)]
and in the end [Fig. 6(c)] of the high-energy TGE, the
maximal energy of the flux reached 20 MeV and, at the
minute of maximal flux [Fig. 6(b)], −40 MeV. The particle
flux was well approximated by the power law dependence
with spectral index ≈ − 2. After fading of the high-energy
particle, the shape of the flux spectrum abruptly changed to

FIG. 7. The disturbances of near-surface electric field measured by EFM-100 electric mills with a sampling rate of 1 Hz on Aragats
during LL TGE (6a), and during fair weather (6b).
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exponential dependence with maximal energy not exceed-
ing 3 MeV. Such an abrupt change of the flux shape
spectrum and maximal energy can be connected with
transient structure in the intracloud electric field. We
associate it with the lower positively charged region, which
significantly enhanced the total flux in the cloud for a few
minutes. The charge and size of the main negatively
charged region in the middle of the cloud is at least an
order of magnitude larger than the charge and size of the
LPCR. Thus, for a few minutes when the LCPR develops,
the field in the cloud exceeds the runaway threshold, and
the electrons which enter this enhanced field region are
accelerated and multiplied, producing the TGE on Earth’s
surface. As the cloud is rather high (≈100 m), due to the
attenuation of particle flux in the air, the significance of the
TGE does not exceed≈30% corresponding to ≈30 standard
deviations.

As we can see in Figs. 4 and 6, the gamma ray flux is
lasting for hours after the disturbance of the near-surface
electric field calms down. To check the exact pattern of
electric field fluctuations, we compare the electric field
measured by electric mill EFM-100 just after TGE and at the
same time during a fair weather period. In Fig. 7(a), we can
see that the disturbancesmeasured by the electricmill during
TGE are not very large, but not negligible, and have
excursions to the negative domain. For the fair weather,
the field value never goes below 0.1 kV=m, and variance is
much smaller [Fig. 7(b)]. For the post-TGE electric field, the
near-surface electric field values differ from the expected
value of ∼140 V=m typical for the fair weather [Fig. 7(b)].
The electric field strength difference of the fair weather and
post-TGE electric field is 0.9 kV=m. In the next section, we
will analyze small disturbances of the near-surface electric
field, which accompany the small TGE events.

FIG. 8. Small TGEs observed in April 2018. At the top of each frame, we show outside temperature and dew point; in the middle,
disturbances of the near-surface electric field; at the bottom, one-min count rate measured by the NaI crystal (energy
threshold—0.3 MeV).
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III. LOW-ENERGY LONG-LASTING GAMMA
RAY FLUXES FROM THUNDERCLOUDS

In the previous section, we outlined some specific
characteristics of the field disturbance pattern that are
supporting TGEs. The TGE observed in the low-energy
particle flux is very different from the one observed in the
high-energy flux. The high-energy particles (HEP) come
from RB/RRE avalanches unleashed above the detector
site; particles are accelerated in the lower dipole of the
cloud formed by the main negative layer and emerged
LPCR. As we have seen in the previous section, the
necessary conditions for the high-energy particle bursts
are the deeply negative near-surface electric field and the
closeness of the cloud base to the Earth’s surface. During
the high-energy phase of TGEs, the amplitude of disturb-
ances of the near-surface electric field can reach
60–70 kV=m. However, we observe also the TGE events
not connected with large disturbances of the electric field
and lightning activity. Both the amplitude of disturbances
and the significance of peaks are much smaller compared

with TGEs containing HEP. In Fig. 8, we show two such
events that occurred in April 2018.
Estimated parameters for the April 11 event [Fig. 8(a)]

are the following:
(i) Duration of TGE: 11:25–12:45, 80 min;
(ii) Duration of field disturbances 11:32–11:46, 13 min;
(iii) Estimate of the height of cloud base:

ð − 0.8–1.2ÞC° �122 m ≈ 50 m
(iv) Relative humidity (RH) ∼97%;
(v) TGE significance (NaI crystal)–4.8% (10.4σ).
TGE observed two days later was more prolonged and

larger:
(i) Estimated parameters for April 13 event [Fig. 8(a)]

are as following:
(ii) Duration of TGE: 11:25–12:45, 80 min;
(iii) Duration of field disturbances 11:32–11:46, 13 min;
(iv) Estimate of the height of cloud base:

ð − 0.8–1.2ÞC° �122 m ≈ 50 m
(v) Relative humidity (RH) ∼97%;
(vi) TGE significance (NaI crystal) −4.8% (10.4σ).

FIG. 9. Energy spectra of the TGE events coinciding with small disturbances of the near-surface electric field (possibly pure MOS
process).
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Neither TGE observed in April 2018 contained HEP or
was accompanied by lightning activity.
Thus, there are two independent processes related to

the particle fluxes from the thundercloud: the intense
burst of particles from RB/RRE avalanches connected
with LPCR development and prolonged low-energy
gamma ray flux due to a MOS process [11]. The first
one operates between the main negative charged layer and
the LPCR; the second operates between the same main
negative charged layer and the positive charge in the
ground induced by the main negative charge. Thus,
radiation processes in the clouds are not only connected
with avalanches unleashing in the presence of the electric
field above a threshold. Weak electric fields well below
the RB/RREA initiation threshold also enhance gamma
ray fluxes, although much less intensely than those with
RB/RREA. Such small events can be fitted by a simple
exponential dependence, with index varying from 1.5 to
1.9; see Fig. 9.

IV. TGES AND LIGHTNING FLASHES

In Fig. 10, we show the TGE observed by the one-cm-
thick, one-m2 area outdoor plastic scintillator on May 6,
2017. At 12∶35, the electric field fell into the deep negative
domain and remained there for ∼12 minutes. Thus, a lower
dipole was formed and started to accelerate electrons
downwards in the direction of the Earth. On the Earth’s
surface, all particle detectors register sizable TGE (the peak
p-value for 1-minute count rate detected by 1 m2 area
plastic scintillator was ∼50σ). Two lightning flashes

terminated the particle flux at 12∶42:22 count rate drops
from 665 to 547 in two s and at 12∶47:38 from 664 to 490 in
4 s. Both flashes were identified as a negative cloud-to-
ground (CG) (see Fig. 12 and explanation in the text
below). Thus, negative CG lightning partially destroyed the
lower dipole; however, it was recovered in a few seconds,
and the TGE was reestablished two times in five minutes.
In Fig. 11, we show the differential energy spectra as

one-minute histograms slices. The arrows denote lightning
flashes. Each time after lightning, the high-energy portion
of the TGE is declined. Thus, the lightning flash decreases
the strength of the electric field in the lower dipole and
electrons cannot “run away” anymore and accelerate to tens
of MeV. However, the electric field in the cloud is still
sizable to enhance gamma ray radiation by the MOS
process.
Electromagnetic emission produced by two mentioned

lightning flashes was detected by a fast wideband (50 Hz to
12 MHz) electric field measurement system. We used a
52-cm-diameter circular flat-plate antenna followed by a
passive integrator (decay time constant ¼ 3 ms), the output
of which was connected via a 60-cm double-shielded
coaxial cable to a Picoscope 5244B digitizing oscilloscope.
The sample interval of the oscilloscope was 40 ns, and the
recorded length was 1 s. The oscilloscope was triggered by
the signal from a commercial MFJ-1022 active whip
antenna that covers a frequency range of 300 kHz to
200 MHz.
The fast electric field record of the first flash that

occurred at 12∶42:23.501 shows characteristic return stroke
(RS) signatures, which are indicative of–CGs (Fig. 12).

FIG. 10. From top to bottom: distance to lightning flash; disturbances of near surface electric field; one-second time series measured
by 1-cm-thick outdoor plastic scintillator (energy threshold 0.7 MeV).
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Two RS pulses are observed at 177.6 ms and 210.8 ms after
the trigger. The fast electric field record of the second flash
that occurred at 12∶47:36.302 also shows characteristic
return stroke (RS) signatures, which are indicative of CGs.
Four RS pulses are observed at 462.7 ms, 474.2 ms,
587.1 ms, and 787.6 ms after trigger; see Fig. 12.

V. MONTE CARLO SIMULATION OF PARTICLE
PROPAGATION IN THE INTRACLOUD

ELECTRIC FIELD

In previous sections, we show that TGEs can last for
many hours and comprise short high-energy bursts and
extended lower-energy gamma ray flux. To check these
findings, we performed simulations with CORSIKA and
GEANT4 codes [23,24]. The theoretical bases of our sim-
ulation experiments are well-known processes of charged
and neutral particle interactions with the terrestrial atmos-
phere and very simple models of cloud electrification. We
assume the presence of the positive electric field of

FIG. 11. The differential energy spectra measured by the NaI
crystals minute-by-minute during TGE. By red arrows are
denoted lightning flashes terminated high-energy particle flux.

FIG. 12. Four RS pulses are observed at 462.7 ms, 474.2 ms, 587.1 ms, and 787.6 ms after trigger at 12∶47:36/302.
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different strength and spatial extent in the lower part of the
cloud; the cloud base height was selected according to
measurements on Aragats. Each simulation trial consists of
108 vertical gamma ray and electron showers with energies
in the interval 1–100 MeV. The differential energy spec-
trum of gamma rays from the ambient population of cosmic
rays follows the power law with spectral index γ ¼ −1.42
(on the heights 4–5 km). We follow the cascade particles till
their energy is above the energy cutoff of E ¼ 0.05 MeV.
The observation level Hobs ¼ 3200 m above sea level is the
Aragats research station elevation. In Fig. 13, we show the
dependence of enhanced particle flux on the strength of the
electric field in the cloud changing from 0.1 to 1, 8 kV=cm.
The spatial extent of the electric field was 1 km, and the
height of the cloud base above the detectors was 50 m; see
Fig. 1 for the arrangement of simulations.
In Fig. 13, we can see that although particle flux is

dramatically enhanced by reaching the RB/RREA thresh-
old (≈1.8 kV=m on 4000 m height above sea level), the
enhanced particle fluxes are nonetheless also evident for
smaller electric fields. We assume that these electric fields
originate in the cloud below the main negatively charged
layer and extend to Earth’s surface. Starting from the lowest
tested field of 0.1 kV=m, we can see small enhancements
of particle flux in good agreement with observations. Thus,
the low electric fields in the atmosphere above the detector
site can explain prolonged gamma radiation after the high-
energy phase of TGE.
Another possible explanation of the long-lasting gamma

ray flux is the detection of Compton-scattered gamma rays
from the remote RB/RRE avalanches. According to our
views, the RB/RRE avalanches are continuously emerging
in the different parts of the thundercloud filling it with
radiation [25]. To test the possibility of detecting remote
RRE avalanches, we investigate the radial distribution of
the gamma ray flux originated from large TGE. Each
simulation set consists of 108 vertical gamma ray showers
initiated by particles with energies in the interval 1–100MeV
(the differential energy spectrum was a power law, spectral
index γ ¼ −3), leaving the cloud on different heights

above Earth’s surface. The particles were followed until
Hobs ¼ 3200 m above sea level. The secondary particle
energy cut was E ¼ 0.05 MeV; the lowest energy threshold
of particle detectors operated on Aragats was 0.3 MeV. The
cloudwas located at four different heights:H ¼ 50 m,200m,
400m, and1000mabove the observation level. In Fig. 14,we
show the lateral distribution of gamma rays with energies
above 0.3 MeV born in the cascade initiated by gamma rays
leaving the thundercloud at different heights above the
particle detectors.
In Fig. 14, we can see that scattered gamma rays from

RRE avalanches can barely contribute to particle flux on
distances larger than 1 km. Furthermore, as we see in
Fig. 15, the zenith angle distribution for such gamma rays
peaked on very large angles, making registration of gamma

FIG. 13. Dependence of particle flux on the strength of the
1 km extended intracloud electric field.

FIG. 14. Lateral distributions of gamma rays leaving thunder-
cloud on different heights above the surface (located at 3200 m
above sea level).

FIG. 15. Angular distributions of secondary gamma-quanta at
distances R > 1000 m from the shower core.
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rays with stacked horizontal particle detectors very
problematic.

VI. VALIDATION OF MC SIMULATIONS

After verification of the simulation results performed by
using different MC programs with the same parameters (we
use CORSIKA and GEANT4 codes), the most important issue
is the model validation, i.e., checking if the models used
do more or less precisely describe the nature. The MC
simulations described in the previous section were vali-
dated with a TGE that occurred on May 30, 2018, one of
the four largest TGEs observed on Aragats in the last
decade; see Fig. 16.
On May 30, the outside temperature was 1.61C°, dew

point–0.86C°; thus, the estimated height of the cloud base
was ≈25 m. Very high humidity of 98% also confirms very
low location of the cloud base. The huge single peak (peak
value of particle flux 76,000 per m, per m2, significance
≈78%=126σ) shown in Fig. 16 occurred during the time
span when the field was mostly in the negative domain
(≈25 m, from 1∶15 to 1∶40). However, during the 4 minutes
coinciding with the particle outburst, the near-surface
electric field abruptly increased and remained in the
positive domain. In analogy with Fig. 5, where we show
theMay 22 TGE, we can assume that, during this 4 minutes,
a very strong LPCR was just above the detector site,
producing a large electric field in the lower dipole of the
cloud. Thus, the strength of the electric field in the lower
dipole for a few minutes exceeded the runaway threshold

and, due to the low location of the cloud, a huge particle
flux was registered.
The differential energy spectra of the May 30 TGE is

posted in Fig. 17. Here, again, similar to the May 22 event
(Fig. 6), we observe 3 minutes of HEP flux extrapolated
with “broken” power law dependence. The power index for
the low-energy (below 7–8MeV) particle is very hard−1.2,
changing after turnover to a very steep one of ≈ − 3. And,
again, before [Fig. 17(a)] and after [Fig. 17(c)] the minute
of maximal flux [Fig. 17(b)], we observe the maximal
energy of 20 MeV, at maximal flux −40 MeV. The
difference between the May 22 and May 30 TGEs is the
size of the LPCR deduced from the amplitude of the
positive field excursion during the deep negative near-
surface electric field. We can assume that because the
distance of the cloud base is very small (≈25 m) on May
30, compared with May 22 (≈100 m), the influence of the
LCPR on the total near-surface electric field is much larger.
Thus, we have on May 30 one of the largest TGEs ever
detected, with much larger intensity and significance than
the May 22 TGE. We can explain the broken power law
dependence as being due to a larger-than-usual LPCR that
produced multiple avalanches that reached the ground and
were registered. Thus, very large intensity of the TGE at
energies below 8 MeV changed to an abrupt decline at
higher energies (we already observed such a behavior; see
Fig. 4 of [18]); the cumulative differential energy spectra
measured by the MCAL calorimeter onboard the AGILE
satellite also demonstrated very steep turnover at high
energies [26]. After the decline of the TGE caused by the

FIG. 16. Super-TGE occurred on May 30, 2018. At the top, outside temperature, dew point, and relative humidity and the middle
disturbances of the near-surface electric field; at the bottom, 1-minute count rate of the 1-cmthick 1 m2 -area outdoor plastic scintillator.
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near lightning flash, the particle flux continued for 1 hour
with sizable count rate; however, the HEP particles dis-
appeared [Figs. 6(d)–6(f)], the same as on May 22.
In Fig. 18, we show the differential energy spectra of the

background gamma rays (obtained with WEB calculator
PARMA/EXPACS, [27]), mostly originated from the inter-
actions of the Galactic cosmic rays with the terrestrial
atmosphere, and the spectrum measured by three large NaI
crystals at 01∶25 on May 30, 2018.
From the plots and from integral spectra shown in the left

bottom corner, we see that overall TGE flux (mostly
gamma rays with very small contamination of electrons)
more than 2 times exceeds natural gamma radiation. Even
after turnover (knee) at ≈8 MeV, TGE flux continues to
exceed background until 20 MeV. Obtained integral spectra
for 5 and 6 MeV thresholds well coincide with the fluxes
observed by another particle detector—CUBE, supplied
with veto effectively rejecting charged particles [28].
To gain insight into the size of the radiation-emitting

region in the bottom of the cloud, we use measurements
from the STAND1 particle detector network located on the

FIG. 17. The differential energy spectra of TGE particles registered by NaI network (N 1 and N 2 spectrometers); minutes
1:24–1:30.

FIG. 18. Background spectrum and TGE spectrum observed on
May 30, 2018. In the left bottom corner, values of integral
spectrum calculated for different energy thresholds.
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Aragats station. In Fig. 19, we show the one-second time
series of the May 30 TGE as measured by the three-cm-
thick and one-m2-area outdoor plastic scintillators. The
detectors are arranged in a triangle with unequal sides as
shown in the inset in Fig. 19. Usually, the TGE measured
by all three detectors coincides very well, as shown in the
patterns of the one-second count rates displayed in Fig. 19;
thus, the size of the emitting region in the cloud is rather
large, exceeding at least 100 m.

We use the recovered energy spectra at 1∶25 on May 30
[Fig. 17(b)] for comparison and calibration of the simu-
lated events containing high-energy particles. In Fig. 20,
we present spectra of simulated events selected in differ-
ent rings around the shower axes. We can see that,
departing from the shower axes, the shape of the energy
spectra become exponential and the maximal energy
reduces in good agreement with observed energy spectra
posted in Figs. 6, 9, and 17. We assume that when
disturbances of the near-surface electric field calm down,
but sizable flux of the TGE continues [see TGE intensities
at 20:15–22:15, Fig 4. and Figs. 6(d)–(f) and 17(d)–(f)],
the electric field originated by the transient LPCR fades,
and we can detect only low-energy gamma rays according
to the MOS process and large-angle Compton scattered
gamma rays.
The comparisons with simulation for such a compli-

cated scientific domain as atmospheric electricity can
provide only quantitative results. We are not aware of
the localization and strength of intracloud electric fields.
In simulations, we use the simplest tripole model with
a uniform electric field between layers. The nature is
much more complicated; nonetheless, TGEs give us new
types of information (intensities and shapes of the
“thundercloud” particle spectra) that overall agree with
simulations.

VII. CONCLUSIONS

Observation of numerousTGEs by the Japanese, Chinese,
and Slovakian groups [28–32] proves that RB/RREA and

FIG. 19. One second time series of the STAND1 particle detector network count rates; in the inset, the map of detector units location.

FIG. 20. Energy spectra of simulated TGE estimated by the
particles fallen in the “rings” at different distances from the
shower axes coincided with detector location site.
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MOS are robust and realistic mechanisms for electron
acceleration and multiplication, confirming the correctness
of the model of TGE initiation [5,13,33].
However, there are observations of the alternative source

of thundercloud particles.
Physicists performing experiments at the Tien-Shan

Mountain Cosmic Ray Station, Kazakhstan (altitude of
3340 m), reported the existence of high-energy emissions,
i.e. the electron, gamma, and neutron fluxes that are directly
from the lightning bolt [34]. Another observation of the
lightning-induced gamma ray flux was reported by the
group from the International Center for Lightning Research
and Testing [35] in North Central Florida. The authors
claimed the observation of very intensive gamma ray flux
was associated with upward positive leaders approaching a
negative charge region. The systematic research of the
lightning-related x-ray radiation was made at the Lightning
Observatory in Gainesville (LOG), Florida [36]. During a
thunderstorm on February 6, 2017, in Japan, a γ-ray flash
with duration of less than one millisecond was detected
at monitoring sites 0.5–1.7 km away from the lightning.
The subsequent γ-ray afterglow subsided quickly, with an
exponential decay constant of 40–60 milliseconds, and was
followed by prolonged line emission at about 0.511 MeV,
which lasted for a minute [37]. Authors claimed conclusive
evidence of positrons and neutrons being produced after the
lightning. Few bursts of gamma ray showers have been
observed coincident with downward-propagating negative
leaders in lightning flashes by the Telescope Array Surface
Detector [38]. The authors claimed that the observed
energy deposit is consistent with forward-beamed showers
of 1012–1014 or more primary photons above 100 keV,
distributed according to a RREA spectrum. However, no
model was presented to justify such a huge number of high-
energy particles associated with a lightning flash.
During numerous storms observed from 2016 to 2018,

we did not observe on Aragats any lightning producing
relativistic particles in any of the continuously monitoring
detectors. However, we do not exclude that propagation
of lightning leaders and emerging of strong electric
fields around leader tips can produce x rays and additional
seed electrons involved in a runaway process. More
registered events associated with lightning flash are
needed to make a realistic model of such an exotic
phenomenon.
In the present paper, we scrutinize the TGE model and

propose the structure of the electric field in the thunder-
storm atmosphere that accelerates and multiplies electrons,
resulting in the huge particle fluxes reaching the Earth’s
surface.
The new key evidence, namely, intensities and energy

spectra of the TGEs, along with associated disturbances of
the near-surface electric field and lightning flashes, allows
us to develop the comprehensive model of electric fields in
the thundercloud. Discovered in 2017, long-lasting TGEs

prove that two independent mechanisms are responsible for
bursts of high-energy particles and prolonged emissions of
low-energy gamma rays.
HEP TGEs mostly occur when the near-surface electric

field is in the deep negative domain and when the cloud
base is 25–50 m above Earth’s surface. The maximal
energy of electrons in the RB/RREA avalanches can reach
and exceed 40 MeV. Proof of the runaway process is the
abrupt decline of the HEP bursts after the lightning flash,
reestablished several seconds later when the electric field
within the lower dipole again enhances the “runaway”
threshold. Hours-long, low-energy gamma ray fluxes can
be explained by the MOS process (modification of the
cosmic ray electron energy spectra) in rather weak electric
fields not triggering the RB/RREA process (low strength
field originated between the main negative layer and its
mirror on the Earth’s surface).
LL TGEs start with small-intensity, low-energy gamma

ray fluxes originated in weak electric fields between a
mature main negative charge region in the middle of the
cloud and its mirror on the Earth’s surface. After several
tens of minutes, or faster, with emerging of the LPCR
above the detector site, the cumulative field surpasses the
runaway threshold in the atmosphere, and the RB/REEA
avalanches start in the cloud. If the cloud base is close to the
Earth’s surface (the case of Aragats storms in spring and
autumn), TGE intensity can reach very high levels, exceed-
ing the background radiation many times, and the maximal
energy of the electrons and gamma rays reaches 40 MeV
and more. Because the size of the LPCR is much smaller
than the main negative region, the high-energy phase of the
TGE is prolonged for only a few minutes, changing again to
the low-energy gamma ray flux that can last for several
hours.
The electron acceleration model based on the “classical”

tripole charge structure of the thundercloud, which is used
in our analysis [5,9,25], is the simplest one; however, we do
not exclude more sophisticated scenarios of the electric
field emergence in the thundercloud. Nearly (50%) of
TGEs abruptly terminated by lightning flashes are asso-
ciated not with cloud-to-ground but with normal-polarity
intracloud flashes, signaling that charge of the main
negative region is rather large and the lightning leader
can make its path to the upper positively charged region.
Another ≈20% of TGEs abruptly terminated by lightning
flashes are associated with inverted-polarity intracloud
flashes. Observation of the TGE-terminating inverted-
polarity IC flash which occurs in the lower dipole proves
that the downward electron-accelerating electric field is
significantly enhanced by the field formed by the main
negative charge in the cloud and the LPCR and, thus,
enables the TGE development. The inverted-polarity IC
flash reduces the main negative charge and, thus, leads to
the reduction or elimination of this field inside the cloud.
As a result, the TGE is abruptly terminated.
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Numerous TGEs observed on Aragats and appropriate
Monte Carlo simulations confirm our model; however,
many questions remain unanswered, including

(i) The way of LPCR development;
(ii) The size and shape of the particle-emitting region;
(iii) The possible changes of radio emission patterns due

to TGE propagation in the atmosphere [39];
(iv) The influence of remote lightning flashes on dis-

turbances of the near-surface electric field;
(v) How the intracloud electric fields can be deduced

from the ground-based measurements of the near-
surface electric field.

In situ measurements of charge and field distribution in
cloudsbyaLightningMappingArray (LMA)or interferometer

facilities (operation on Aragats begins in 2018) will improve
our understanding of cloud electrification.
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a b s t r a c t 

We present the observational data on registration of atmospheric discharges simultaneously with the 

detection of elementary particles obtained during thunderstorms at an altitude of 3200 m above sea level 

on Mt. Aragats in Armenia. Throughout the 2016 summer and 2018 spring campaigns on Aragats, we 

monitored lightning occurrences and signals from NaI spectrometers, plastic scintillators and Neutron 

Monitor proportional counters, and analyzed the shape of registered pulses. Particle detector signals were 

synchronized with lightning occurrences at a few nanoseconds level. 

Analysis of shapes of the simultaneously detected pulses of the fast wideband electric field produced 

by a lightning flash and pulses from particle detectors discloses that all additional detector pulses reg- 

istered during lightning flash were the electromagnetic interference signals and not particles originated 

directly from the lightning bolt. Thus, we observe no evidence of the direct production of electrons, neu- 

trons or gamma rays during a lightning flash. We conclude that the entire particle fluxes detected on 

Aragats research station (more than 250 TGEs) can be explained by the generation of MeV electromag- 

netic cascades in the strong atmospheric electric fields. 

© 2018 Elsevier B.V. All rights reserved. 

1. Introduction 

Copious observations of the thunderstorm ground enhance- 

ments (TGEs) [7,8] , i.e. enhanced fluxes of electrons, gamma rays 

and neutrons detected by particle detectors located on the Earth’s 

surface and related to the strong thunderstorms overhead, posed 

the question of their origin. According to the TGE initiation model 

[11,16] , the electrical field of the lower dipole effectively transfers 

field energy to secondary cosmic ray electrons. Electrons generate 

copious gamma rays by a runaway breakdown (RB) [21] , now re- 

ferred mostly as relativistic runaway electron avalanches (RREA) 

[4,5,18] . High-energy gamma rays (with energies above 10 MeV) 

in interaction with atmosphere atoms generate neutrons by pho- 

tonuclear reaction [10] . Large TGEs usually occurred during large 

negative electric fields observed near the earth’s surface [9] . Mul- 

tiyear observations of particle fluxes and lightning occurrences on 

Aragats prove that during large TGEs the lightning activity is sup- 

pressed; lightning reduces particle fluxes and does not accelerate 

them [12,15] . 

Observation of numerous TGEs by the Japanese, Chinese, and 

Slovakian groups [6,26,27,30,31] proves that RB/RREA process re- 
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liably accelerates and multiplies electrons producing numerous 

TGEs. 

In contrast, there are observations of an alternative source of 

thundercloud particles. 

Physicists performing experiments at the Tien-Shan Mountain 

Cosmic Ray Station, Kazakhstan (altitude of 3340 m) in several pa- 

pers reported the existence of high-energy emissions, i.e. electron, 

gamma and neutron fluxes that are directly connected with yet un- 

known processes in the lightning bolt. Gurevich et al. [23] “report 

for the first time about the registration of an extraordinary high 

flux of low-energy neutrons generated during thunderstorms. The 

measured neutron count rate enhancements are directly connected 

with thunderstorm discharges”. Gurevich et al. [25] confirm that 

“the intensity both of electrons and gamma rays in lightning dis- 

charge prevail the background emission by 1.5 to 2 orders of mag- 

nitude”

Another group from the Lebedev Institute in Moscow, Russian 

Federation, reported the emission of neutrons in the energy range 

up to tens of MeV in a one-meter long high-voltage discharge pro- 

duced in laboratory [2] ; and that “neutrons were registered within 

the range from thermal energies up to the energies above 10 MeV. 

It was found that the neutron generation takes place at the initial 

phase of electric discharge and is correlated with the generation of 

x-ray radiation” [3] . 

https://doi.org/10.1016/j.astropartphys.2018.10.004 

0927-6505/© 2018 Elsevier B.V. All rights reserved. 
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Fig. 1. The fast synchronized data acquisition (FSDAQ) system for the research of particle flux–lightning relations. 

Another observation of the lightning-induced gamma ray flux 

was reported by the group from the International Center for Light- 

ning Research and Testing (ICLRT) [20] in north central Florida. 

The gamma ray flux intensity was able to saturate the electronics 

throughout 50 µs following the system trigger. The authors claim 

that the primary factor that triggered the very intensive gamma 

ray flux was the upward positive leader approaching a negative 

charge region. 

Despite these pieces of evidence, the physical model of the par- 

ticle origination in the thunderbolt is not yet well explained. Usu- 

ally, the physical model is not formulated at all; the only detection 

of particles is described: 

Ref. [24] : it is established that “the neutrons are generated dur- 

ing thunderstorm atmospheric discharges. Often the neutrons are 

emitted in short bursts; the burst width is 20 0–40 0 µs.”

Ref. [2] : “Currently, there is no reasonable model or mechanism 

to explain the generation of neutron bursts during atmospheric 

discharge in air. A special mystery is the origin of the neutrons 

with energies above 10 MeV.”

The systematic research of the lightning-related X-ray radiation 

was made at the lightning observatory in Gainesville (LOG), Florida 

[29] . The 7.6 cm long cylindrical NaI (Tl) scintillator, circular flat- 

plate antennas were used for correlated measurements of the X-ray 

photons, electric field, and electric field derivative. Measured X-ray 

radiation, lightning leader and return-stroke onset times, helped to 

establish a correspondence between leader steps and X-ray pulses. 

For 23 (8 first and 15 subsequent) strokes within 2 km of the light- 

ning observatory in Gainesville; X-rays were detected 88% of the 

time. The authors present the time series of gamma ray count rates 

before the lightning (Fig. 5 of [29] ) on a microsecond time scale. 

During a thunderstorm on 6 February 2017 in Japan, a γ -ray 

flash with duration of less than 1 ms was detected at monitoring 

sites 0.5–1.7 km away from the lightning. The subsequent γ -ray af- 

terglow subsided quickly, with an exponential decay constant of 

40–60 ms, and was followed by prolonged line emission at about 

0.511 MeV, which lasted for a minute [19] . Authors claim a conclu- 

sive evidence of positrons and neutrons being produced after the 

lightning. 

Few bursts of gamma ray showers have been observed in co- 

incidence with downward propagating negative leaders in light- 

ning flashes by the telescope array surface detector (TASD) [1] . 

The authors claim that observed energy deposit is consistent with 

forward-beamed showers of 10 12 –10 14 or more primary photons 

above 100 keV, distributed according to a RB/RREA spectrum. How- 

ever, no model was presented to justify such a huge amount of 

high-energy particles associated with a lightning flash. 

In summary, two models are suggested in the literature: 

(a) The RB/TGE model—electrons from the ambient population of 

CR accelerated in the strong electric field in the lower part of 

the cloud, runaway, generate bremsstrahlung gamma rays and 

the gamma rays produce neutrons via photonuclear reactions; 

(b) The lightning model—the electron, gamma, and neutron fluxes 

originate in the lightning flashes. The model of particle gener- 

ation in the lightning bolt, or around the lightning bolt is yet 

not well specified. 

To solve this controversy, we need to unambiguously answer 

the question: do lightning flashes emit high-energy electrons, 

positrons, gamma rays and neutrons with single energies of sev- 

eral tens of MeV? [28] . Therefore, we perform experiments with 

simultaneous recording of the pulse shape from particle detec- 

tors and from atmospheric discharges. During the summer 2016 to 

spring 2018 campaigns on Aragats completed by the staff of cosmic 

ray division (CRD) of Yerevan Physics Institute (YerPhI) hundreds 

strong storms with numerous lightning flashes were observed, and 

some of the most violent ones produced electromagnetic interfer- 

ences (EMI) in some of the particle detectors and data acquisition 

electronics (DAQ). Taking as examples the huge storms occurred on 

Aragats we demonstrate that with new fast electronics we can reli- 

ably distinguish EMI from genuine particle registration in a variety 

of particle detectors that are in operation on Aragats. No particle 

fluxes correlated with lightning flashes were detected at Aragats 

during the whole time of observations. 

2. Instrumentation 

The correlation analysis of the TGEs and lightning discharges 

poses stringent requirements on the time resolution and synchro- 

nization of the data flow from particle detectors, near surface elec- 

tric field sensors and sensors of the fast electric field. The recently 

developed fast synchronized data acquisition (FSDAQ) system (see 

Fig. 1 ) is triggered by a commercial MFJ-1022 active whip antenna 

that covers a frequency range from 300 kHz to 200 MHz. A flat- 

plate antenna followed by passive integrator is used to record fast 

electric field waveforms. The output of the integrator is directly 

connected to the digital oscilloscope (2-channel Picoscope 5244B) 

with 60 cm long RG58 coaxial cable. The data capture length is 1 s, 

including 200 ms pre-trigger time and 800 ms post-trigger time. 

The sampling rate is 25 MS/s, corresponding to 40 ns sampling in- 

terval, and the amplitude resolution is 8 bit. 

The trigger output of the oscilloscope is connected to the in- 

put of GPS timing system of the national instrument’s (NI) MyRiO 

board. Any event recorded by the oscilloscope generates an output 

trigger, causing the GPS card to trigger at the same instant and 

produce a timestamp. 
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Fig. 2. (a) Disturbances of the near surface electrostatic field, distance to lightning and 1 min count rate of STAND1 (MAKET) upper scintillator; energy threshold ∼1 MeV; 

(b) 1 s time series of the 3 cm thick plastic scintillator of the same detector. A strong lightning discharge is seen as a vertical line interrupted TGE. 

Fig. 3. Event on 11/6/2016, 11:44 UT. The 1 s time series of ArNM. Only time series corresponding to 0.4 µs dead time (upper curve) demonstrates large peak due to counting 

multiple secondary neutrons coming within time span ∼1 ms; the time series corresponding to 750 and 1200 µs dead time demonstrate no peak. 

The heart of the DAQ system is the NI-myRIO board. It in- 

cludes eight analog inputs, four analog outputs, 32 digital I/O lines, 

programmable FPGA, and a dual-core ARM Cortex-A9 processor 

(a high-performance processor implementing the full richness of 

the widely supported ARMv7-A architecture). With reconfigurable 

FPGA technology, we perform high-speed signal processing, high- 

speed control, inline signal processing, and custom timing and trig- 

gering. For the control systems, one can also run advanced con- 

trol algorithms directly in the FPGA fabric to minimize latency and 

maximize loop rates. “LabVIEW FPGA Module”, which extends the 

LabVIEW graphical development platform, provides an alternative 

to HDL (Hardware description language) graphical programming 
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Fig. 4. Synchronized waveforms of fast electric field and neutron monitor shown in different time scales along with a typical waveform of neutron signal from the propor- 

tional counter of NM. Lightning flash occurred on 11 June 2016 at 11:44 UT. 

Fig. 5. 50 ms time series of the bottom scintillator of STAND1 detector and electrostatic field disturbances. The negative change of electrostatic field of 69.3 kV/m is produced 

by an inverted-polarity lightning flash. 

approach that simplifies the task of interfacing to I/O and commu- 

nicating data. 

The commercial GPS receiver sends two types of data-stream 

to the board. The first is RS-232 ASCII data telling what time it 

is, at what latitude, longitude, and altitude the receiver is, and in- 

formation about the satellites the receiver is using. An embedded 

25 MHz counter on FPGA gives the exact time of the trigger. The 

1PPS (one pulse per second) stream of the 5 V, 100 ms pulses re- 

sets this counter at each second. The leading edges of 1PPS signals 

from GPS receivers are synchronized within the accuracy of the 

non-military GPS system (about 100 ns). This feature allows time 

synchronization with 100 ns resolution. 
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Fig. 6. Typical EMI signature from atmospheric discharges in the particle detector waveform. Synchronised time-series of the pulses of fast electric field and signals from 

the plastic scintillator. SKL trigger occurred on 23 September 2016 at 14:32:34.205 UT. 

Eight digital inputs of myRIO board are used for feeding signals 

from the variety of particle detectors operated on Aragats. Since 

the 2016 summer season, we connected to myRIO the STAND1 

detector comprised of three vertically stacked plastic scintillators 

(thickness = 1 cm, area = 1 m 

2 , energy threshold ∼0.8 MeV) and 

one stand-alone plastic scintillator (thickness = 3 cm, area = 1 m 

2 , 

energy threshold ∼2 MeV), proportional counters of Aragats neu- 

tron monitor (ArNM) and NaI crystal based spectrometers (energy 

threshold ∼0.3 MeV). Details on the performance of these particle 

detectors can be found in [ 13 , 14 ]. 

The myRIO pulse counting system can provide registration of 

very short time series (down to 1 ms) that enables the investiga- 

tion the dynamic of TGE development and its relation to the light- 

ning initiation (50 ms time series are stored currently). 

Signals from the electric field sensor (electric mill EFM-100) 

were fed to the myRIO board via the TCP-IP connection (WiFi). The 

electrostatic field changes were recorded at a sampling interval of 

50 ms; the amplitude resolution of electric field measurement was 

0.01 kV/m, and the lightning location accuracy was ≈1.5 km. The 

firmware application provided by Boltek has a feature to share the 

electric field data via a network (it acts as a server for a client run- 

ning under myRIO). The 8th channel is reserved for the synchro- 

nization pulse (the trigger) from a fast waveform recording device 

or from any of particle detectors. 

At any triggering signal, the MyRio board generates a special 

output containing current value of particle detector counts, near- 

surface electric field value and precise time of arriving of the trig- 

ger signal. Thus, the fast waveform patterns are synchronized with 

particle fluxes and with slow (20 Hz) near surface electric field 

measurements. 

The time series of particle detector count rates, electrostatic 

field measurements and service information (status of myRIO, time 

delays, a number of satellites used for GPS timing), as well as the 

files containing digital oscilloscope data, are transferred via online 

PC to the mySQL database on CRD headquarters in Yerevan. All in- 

formation is available via ADEI multivariate visualization code at 

the website http://adei.crd.yerphi.am ; explanations are located in 

the WiKi section [17] . 

Two DAQ systems are operated independently in MAKET and 

SKL experimental halls on Aragats; triggers issued by both fast DAQ 

systems usually coincide within few ms. However, an optical link 

can transfer the trigger signal from SKL to MAKET experimental 

hall located at a distance of 100 m for the joint triggering of 2 net- 

works of particle detectors and field meters. 

3. In situ measurements of the thunderstorm particles on 

Aragats 

Throughout this paper, we use the atmospheric electricity sign 

convention, according to which the downward-directed electric 

field or field change vector is considered to be positive. On 11 

June 2016, large disturbances of the near-surface electrostatic field 

started at 10:45 UT (see Fig. 2 (a)). The atmospheric pressure was 

690.8 mbar; relative humidity—75%; wind speed 3—4 m/s; temper- 

ature ∼5 °C; no rain was registered. In Fig. 2 (a) and (b) we show 

disturbances of the near-surface electric field; 1 min and 1 s time 

series of plastic scintillators of STAND1 array and distance to light- 

ning in the top of both Fig. 2 (a) and (b). Note the difference in 

the horizontal axes of Fig. 2 (a) and (b): for 1 min time series, it 

is half of the hour, for 1 s time series it is 12 min. The typical 

shape of the electrostatic field disturbances (the electrostatic field 

in the deep negative domain for several minutes possibly accom- 

panied by several short “bursts” touching positive domain and 1–2 

negative lightning flashes with large amplitude) shown in Fig. 2 (a) 
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Fig. 7. Registration of the lightning flash occurred on May 15, 2016, 12:48:25. Waveforms of the fast electric field (a); NaI detector output (b); in the inset (c) is shown a 

typical shape of NaI detector response to an incident particle. 

Fig. 8. TGE abruptly terminated by the lightning flash at 11:59:51.82; trigger was registered in MAKET and SKL hall at 11: 59:51.75; a surge of the electrostatic field started 

at 11:59:51.94; a decline of particle flux started at 11:59:51.83. 

indicates the establishment of the lower dipole, which accelerates 

the CR electrons downwards. Accelerated electrons unleash multi- 

ple relativistic runaway avalanches measured on the earth’s surface 

[7,8] . The enhanced particle flux (TGE) is shown in Fig. 2 (a) by the 

1 min time series of count rate of 1 cm thick plastic scintillator of 

STAND1 detector located nearby MAKET experimental hall (upper 

detector of 3 stacked above each other). The count rate enhance- 

ment was ≈25% corresponding to more than 35 standard devia- 

tions. From the recovery of the differential energy spectrum of TGE 

(see for instance Fig. 5 in [16] ) it is apparent that after lightning 

flashes high-energy particle flux is totally terminated, whereas the 

flux of low energy particles (below 3 MeV) continues. 

A strong lightning discharge that occurred at 11:45:22 abruptly 

terminated the TGE. However, the TGE restarted and was continu- 

ing ∼4.5 min until 11:50, when second strong lightning discharge 

finally terminated particle flux. The electrostatic field change 

caused by the lightning has a rise time of few hundreds millisec- 

onds and recovery time of several seconds. Abrupt termination of 

particle flux caused by first lightning is shown in Fig. 2 (b) with 

1 s time series of the 3 cm thick scintillator of the same STAND1 

detector. Count rate decreases from 731 at 11:45:22 down to 592 

(19%) at 11:45:23. The electrostatic field starts to rise from an ini- 

tial value of –30.6 kV/m at 11:45:22.48, and shows a maximum 

of 39.7 kV/m at 11:45:22.58; the amplitude of field change was 
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Fig. 9. The “Shower Burst” event detected on 14 April 2017 by 1 cm thick and 3 cm thick 1 m area plastic scintillators located in the experimental hall MAKET. The signal 

shapes were synchronized with lightning flash (atmospheric discharge trigger was detected at 11: 59:51.75). The “bursts” are denoted by 4 small arrows in (a). The zoomed 

version of the first burst is shown in (b). 

70.3 kV/m reached in 100 ms. Field recovery took much longer time 

∼10 s. 

The lightning discharge is a powerful wideband radio-wave 

emitter, which produces electric pulses in the cables, DAQ elec- 

tronics, and power lines. To check if the registered pulses are elec- 

tromagnetic interferences (EMI) or signals from relativistic parti- 

cles born in the lightning bolt we performed synchronized mea- 

surements of the waveforms of fast electric field caused by at- 

mospheric discharges and signals from particle detectors. The Ara- 

gats neutron monitor (ArNM, see details in [14] ) measures the 1 s 

time series of count rates from 16 proportional counters filled with 

Boron gas. Neutrons and protons incident the detector’s 5 cm thick 

lead absorber generate in nuclear reactions numerous secondary 

neutrons, which are detected by the proportional counter. 

In Fig. 3 we show three time series of detector count rates 

recorded with 3 different dead times. For the shortest dead time of 

0.4 µs, all secondary neutrons that enter the proportional counter 

are detected. For larger dead times of 750 µs and 1250 µs the par- 

ticle count is suppressed after detecting the first neutron. Thus, a 

hypothetic particle burst from the lightning will be registered by 

ArNM as a large peak in the 1 s time series of ArNM count rate 

corresponding to 0.4 µs dead time, and will not be registered with 

750 µs and 1250 µs dead times, as it is shown in Fig. 3 . 

To prove that detected peak is due to burst of neutrons we need 

to examine the pulse shapes recorded by the oscilloscope. In Fig. 4 , 

we demonstrate fast electric field waveforms from flat plate an- 

tenna and pulses from one of the proportional counters of ArNM 

and their zoomed versions. As a reference, a typical shape of the 

genuine neutron pulse is also shown. 

By detecting the large peak at 11:45:23 in time-series of ArNM 

shown in Fig. 3 only, we can erroneously conclude that simulta- 

neously with atmospheric discharge a large number of neutrons is 

generated in the lightning bolt. However, comparing the detailed 

pattern of the detected lightning bipolar pulses with the typical 

unipolar pulse that neutron generates on the output of the propor- 

tional counter ( Fig. 4 ) we should reject the hypothesis of neutron 

production in the lightning bolt. All additional counts detected by 

the proportional counter at 11:45:23 are due to EMI. 

On 23 September 2016 on Aragats station, a severe storm was 

observed with strong lightning activity and heavy rain at 13:50–

14:50 UT. The temperature dropped from 3.6 °C to 1.3 °C; rela- 
tive humidity was very high—98%, rain rate for 20 min touched a 

level of 1 mm/h. In Fig. 5 we show the trigger time, the estimated 

lightning flash time (by the large EMI pulse registered by one of 

the particle detectors) confirmed by the World-Wide Lightning Lo- 

cation Network (WWLLN) observation and the time series of the 

electric field rearrangement. 
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During the time span of several tens of ms after the trigger and 

before the lightning stroke, numerous atmospheric discharges in- 

duce plenty of pulses in a 52 cm diameter circular flat-plate an- 

tenna and simultaneously we observe bipolar pulses from particle 

detector ( Fig. 6 ). A large number of bipolar “fake” signals (“trains”

of pulses) from the 3 cm thick plastic scintillator of STAND1 de- 

tector mimicked a particle burst correlated with lightning. If one 

counts the number of particles in a burst only, it is possible to 

come to an erroneous inference that a registered peak is due to 

particles from the lightning bolt. However, the pulse from the 

charged particle registered by the scintillator has a typical unipolar 

shape (right bottom corner of Fig. 6 ). Using a fast digital oscillo- 

scope, we can reliably distinguish bipolar pulses from atmospheric 

discharges and unipolar pulses from the particle detectors. 

In Fig. 7 (b) we show bipolar pulses registered by another de- 

tector, NaI crystal based spectrometer [13] produced by the strong 

atmospheric discharge ( Fig. 7 (a)). Signals from charged or neutral 

particles detected by NaI spectrometer are always unipolar. 

Thus, we observe that all examined particle detectors (plastic 

scintillators, NaI crystals and proportional counters) can be trig- 

gered by a strong nearby lightning. However, by examining the 

shape of registered pulses we can easily discriminate EMI from the 

genuine particle pulse. 

To confirm our results on the nature of “bursts” in the parti- 

cle detectors we perform the pulse shape analysis from 3 parti- 

cle detectors operated on Aragats Mountain. Two FSDAQ systems 

located in MAKET and SKL experimental halls separated by a dis- 

tance of ∼100 m were triggered by two independent whip anten- 

nas. Several particle detectors were connected to both FSDAQ sys- 

tems; data files with 1 s capture length and 40 ns sampling in- 

tervals were stored after each trigger (200 ms before and 800 ms 

after trigger). In April–June 2017 we detected numerous lightning 

flashes, which triggered the both FSDAQ systems; ∼250 joint trig- 

gers of MAKET and SKL DAQ system were registered. Careful exam- 

ining of the shapes of output signals from flat plate antenna and 

from particle detectors proves that there was no genuine signal 

from any of the 3 particle detectors. All output “bursts” were bipo- 

lar and can be easily distinguished from the unipolar signals from 

particles traversing the detector. As an example of 2017 observa- 

tions, we present the April 14 TGE, the first TGE of 2017 abruptly 

terminated by a lightning flash ( Fig. 8 ). The outputs of the 2 plas- 

tic scintillators synchronized with trigger worked out by the whip 

antenna are shown in Fig. 9 . We can detect 4 “Shower Bursts” in 

the Fig. 9 (a); however, examining of the zoomed version shown in 

Fig. 9 (b) proves that bi-directional signals from the DAQ electronics 

are EMIs and not genuine unipolar particle signals. 

4. Discussion and conclusion 

New emerging field of atmospheric high-energy physics is still 

lacking firmly established theoretical model. Our paper is an at- 

tempt to clarify one of the often-discussed problems: the origin of 

extremely rare particle “bursts” coinciding with a lightning flash. 

During numerous storms observed from 2016 summer to 2018 

spring we did not observe any lightning producing relativistic 

particles in any of continuously monitored detectors. There were 

no intense particle bursts in monitored particle detectors within 

200 ms before atmospheric discharge trigger and 800 ms after. 

However, as we mentioned, in our previous papers, we do not ex- 

clude that propagation of lightning leaders and emerging of strong 

electric fields around leader tips can produce X-rays and additional 

seed electrons involved in the runaway process. 

For many years of observations, there are not more than a half- 

of-dozen reported events of possible lightning origin. In contrast, 

only on Aragats we detect hundreds of TGE events comprising 

of millions and millions of “ECSs”—extensive cloud showers [11] ; 

or Micro Runaway Breakdowns (“MRBs”) [22] . All these alterna- 

tive terms (Shower Burst [1] , Inverse TGF [20] , ECS [8] , and MRB 

[22] ) are related to one and the same entity—a runaway cascade 

developed in the strong electric field in the thunderstorm atmo- 

sphere. Continuum of gamma rays detected in Japan, China, Arme- 

nia, Slovakia and other countries can prolong till the return stroke 

and obviously include as well few gamma ray showers that coin- 

cide with the stepped leader propagation. Routinely observed co- 

pious gamma ray bursts integrated into a prolonged TGE can be 

explained by a standard RB/RREA theory with cosmic ray electron 

seeds [11,16,21] . 

If thunderclouds are high above particle detectors (1–2 km), like 

in Utah and Florida most gamma rays and all electrons are ab- 

sorbed in the atmosphere. This is why the detection of TGEs at 

such sites is so rare. In contrast, thunderclouds at Aragats can be 

as low above particle detectors as 25–50 m. Only when the elec- 

tric field in the cloud is extremely large the runaway electrons can 

collect from the electric field energy enough to unleash cascades 

so large, that gamma rays from RB/RREA cascades can be observed 

1–2 km below the cloud on the earth’s surface. It is why the re- 

ported “lightning origin” events are so rare and so short. 

To finally resolve the enigma of the lightning correlated high- 

energy particles we need more observation at many sites with var- 

ious particle detectors and improved time resolution. 
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Thunderstorm ground enhancements (TGEs) comprise large particle fluxes coming from the clouds that
usually coincide with thunderstorms. Most of TGEs observed at the Aragats research station in Armenia
during the last ten years originated from “beams of the electron accelerator” operating in the thunderclouds
above the research station. Observed TGEs contain high-energy electrons and gamma rays (as well as
neutrons) and usually last a few minutes. Starting from 2014, we use particle detectors tuned for the
registration of lower energies particles coming from thunderclouds (starting from 0.3 MeV). In 2016, we
already noticed that TGEs measured by particle detectors with a low energy threshold demonstrated a
drastically larger duration. The flux of the high-energy particles (with energies up to 40 MeV) lasts
1–10 min; the lowest ones (less than 3 MeV)—more than two hours. All intense TGEs contain a high-
energy peak and a prolonged low-energy extension lasting 2–3 h. In the presented paper, we describe
examples of long-lasting TGEs and discuss correlations of enhanced particle fluxes with disturbances of the
electric field and with precipitation.

DOI: 10.1103/PhysRevD.98.022007

I. INTRODUCTION

The bulk of information on particle fluxes correlated
with thunderstorms (thunderstorm ground enhancements,
TGEs, [1–3]) can be used to better understand the electrical
structure of thunderclouds and high-energy processes in the
atmosphere. In the strong intracloud electric fields, seed
electrons from the ambient population of secondary cosmic
rays gain such an amount of energy that they surpass the
electron energy losses and “run away”, giving rise to
electron-photon avalanches. Thus, the bulk of runaway
electrons and gamma rays results in a runaway breakdown
(RB, [4]), recently referred to as a relativistic runaway
electron avalanche (RREA, [5–7]).

In the last decade, TGEs were investigated at the Aragats
research station of the Yerevan Physics Institute. The
Aragats research station is located at an altitude of
3200 m on the plateau near a large lake, and the height
of the cloud base above the ground is typically 25–50 m
in spring, increasing to 100–200 m in the summer. In the
2017–2018 campaigns on Aragats, we paid special atten-
tion to the long lasting low energy TGEs (LLL TGE). NaI
spectrometers and large area plastic scintillators were used
to detect enhanced fluxes of low energy fluxes (less than
3 MeV) of gamma rays. A concern is that it is very
important to distinguish particle avalanches initiated by
runaway electrons, from the radiation of environmental
isotopes; those fluxes are also possibly increased during a
thunderstorm [8,9].

Analysis of TGE data allows us to associate the particle
flux enhancement with the acceleration of electrons in the
strong electric fields emerging in a thundercloud [10].
However, even without noticeable disturbances of the near
surface electric field, the flux of the low energy gamma rays
is observed. We relate this phenomenon to the detection
of Compton scattered gamma rays from remote electron-
gamma ray cascades and/or randomly emerging small size
stochastic electric fields above the detector site [11].
Neutral and charged particle fluxes are measured on

Aragats with various elementary particle detectors. Count
rates are measured with plastic scintillators, proportional
chambers, and NaI and CsI crystals on the time scale from
tens of nanoseconds to minutes. Energy release histo-
grams are measured each minute with NaI crystals and
each 20 s with 60-cm thick plastic scintillators. Energy
release histograms are transformed to differential energy
spectra using a detector response function calculated
by GEANT simulations. Details of the particle detector
operation and spectra deconvolution can be found in [12].
We also measure the near-surface electrostatic field with
four electric field mills EFM-100 produced by the Boltek
company. The stormy weather is usually accompanied by
precipitation that possibly brings the radioactive isotopes,
lightning flashes, strong wind, and fast changes of the
atmospheric pressure. Abrupt decrease of atmospheric
pressure can also increase the flux of most species of
cosmic rays (although not exceeding ∼−0.5%=mb).
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operation and spectra deconvolution can be found in [12].
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Thus, several meteorological factors can be responsible
for the measured enhancements of the particle flux. One
of the goals of this paper is to find out which of these
factors is responsible for the long-lasting TGEs. That is
why, in addition to the particle flux measurements, we are
continuously monitoring a set of meteorological param-
eters with the Professional Davis Instruments Vantage
Pro2 weather station (http://www.davisnet.com/). Also,
we trace the evolution of the stormy weather on Aragats
by mapping the approaching storm front with a sequence
of atmospheric flashes registered by the lightning detector
of the Boltek company (Boltek’s StormTracker Lightning
Detection System, powered by the software from
Astrogenic systems, http://www.boltek.com/stormtracker).
The wideband fast electric field is measured by three

circular flat plate antennas attached to fast digital oscillo-
scopes, which are triggered by the signal from active whip

antennas [13]. The oscilloscopes are also used to monitor
signals from particle detectors. In our first papers on TGE
measurements [1,2,14,15], we used particle detectors
from the MAKET surface array [16], registering the
electron content of extensive air showers (EAS). The
energy threshold of these detectors was ∼7 MeV, suitable
for the EAS research. In the presented paper, we analyze
measurements obtained with particle detectors having a
significantly smaller energy threshold of ∼0.3 MeV and
∼0.7 MeV that allows us to discover new important
features of TGE.

II. DETAILED ANALYSIS OF THE SUMMER TGE
EVENT OCCURRED ON AUGUST 17, 2017

August 2017 was very stormy on Aragats with numerous
lightning flashes, and the first snow appeared on mountain

FIG. 1. Pattern of the storm in Armenia mapped by lightning flashes showing the approaching storm front; the Aragats station position
on the map is flagged.

52



peaks. On August 17, 2017, a storm started as usual in the
Armenian highlands in Turkey, southwest from Aragats,
and rapidly moved to Armenia’s border, see Fig. 1. The
meteorological environments on August 17, 2017 changed
abruptly as the storm reached Aragats, see Fig. 2, where we
show in the top of the picture the outside temperature and
dew point, the rain rate in the bottom, and atmospheric
pressure and disturbances of the near surface electric field
in the middle. The height of the cloud is estimated by the
measured “spread” parameter—the difference between the
air temperature and the dew point. The calculation of
the height of cloud base is based on the assumption that the
air temperature drops 9.84 °C per 1000 m of altitude and
the dew point drops 1.82 °C per 1000 meters’ altitude.

There are several WEB calculators for the estimation of
the altitude of a cloud (see, for instance, http://www.csg
network.com/cloudaltcalc.html). The simplified estimate
consists in multiplying the spread measured in °C by
122 m. With this approach, we estimate the height of
cloud before the start of the storm to be ð9.1–6.0Þ �
122 ∼ 400 m; sharply decreased to ∼130 m on the start
of the storm ð7.0 − 5.9Þ � 122. Relative humidity also
increased from 81% up to 92%, which signaled the
decreasing of the height of the cloud base. During the
spring storms when clouds were “sitting” on the station,
the height of cloud base was 25–50 m and RH 96%–98%.

Atmospheric pressure increased from 694.8 at 18∶40
up to 695.9 at 18∶58 and back to 684.9 at 20∶10,

FIG. 2. Meteorogical parameters measured on August 17, 2017. On the top of the picture, one-minute time series of the outside
temperature and dew point are shown; in the middle—the atmospheric pressure and the disturbances of electric field; in the bottom—the
rain rate.

FIG. 3. The lightning activity during a large summer storm on Aragats was coherently detected by the network of the four electric mills
EFM-100 of the Boltek company (see inset in the top right corner of the picture).
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precisely coinciding in time with the disturbances of
the near-surface electric field (from −25 to 30 kV=m)
measured by the electric mill located on the roof of
the MAKET experimental hall. No rainfall was detected

by the Davis weather station located in the same
place.
The storm started on Aragats at 18∶36; the near-surface

electric field remained disturbed for 1 h 42 min until 20∶20,

FIG. 5. The differential energy spectra of four subsequent minutes of TGE, recovered from the energy release histograms measured by
the N1 and N2 crystals of the NaI network.

FIG. 4. Thunderstorm ground enhancement (TGE) as measured by the first and second crystals of the NaI network (see inset, energy
threshold 0.3 MeV).
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see Fig. 2. The storm was accompanied with numerous
lightning flashes (which produced abrupt changes of the
electrostatic field of positive and negative polarity) detected
by all four electric mills located on the Aragats station,
see Fig. 3.
The rise of the particle flux measured by large NaI

crystals (12.5 × 25 cm, energy threshold 0.3 MeV, see inset
in Fig. 4) started at 18∶40; after 13 min there occurred a
2-min long huge burst of particles coming from the cloud.
At 18∶55–18∶56, the flux enhancement was 120%, corre-
sponding to 43 standard deviations from the flux mean
value measured before TGE. At 19∶00–21∶00, the particle
flux enhancement was 3%–10%. In Fig. 4, we see that after
the short burst, the particle flux continued to rise until the
disturbances finished at ∼20∶20. After the storm calmed
down at ∼20∶20, the flux started to decay and finally
declined at ∼22∶00. Thus, the enhanced flux continued for
∼2.5 h and during the last hour—without any detectable
disturbance of the electric field.
From Fig. 2, it is obvious that precipitation plays no role

in this TGE origination. As there was no rain through the
∼4-h duration of the TGE, we cannot connect the enhanced
flux with the Radon daughter’s decays. The observed
enhancement of the atmospheric pressure also cannot
explain the TGE: the change of 1 mb can lead only to

an ∼0.5% enhancement of the gamma ray flux, and only if
the atmospheric pressure is decreasing and not increasing
as we see in Fig. 2.
Also, we can notice that the flux enhancement coincides

with disturbances of the electric field (a proxy of the
intracloud electric field) and with a low location of the
cloud base. According to the standard TGE model [17,18],
the main negatively charged region with the emerged lower
positively charged region (LPCR) formed a dipole which
accelerates cosmic ray electrons downwards to the particle
detectors located on the Earth’s surface. If the electric field
is strong enough, a RREA process is unleashed resulting in
the large TGE. The explanation of the TGE decay phase
that started at 20∶20 in the absence of disturbances of the
electric field needs additional simulation and experimental
efforts and will be discussed in the Conclusions section.
In Fig. 5, we show the energy spectra of the TGE

measured during the particle burst and just before and after
it. The energy release histograms were measured with the
same NaI crystals (N1 and N2); those count rates are posted
in the Fig. 4. The differential energy spectra were recovered
taking into account the spectrometer’s response function for
each of NaI crystal (see, for details, the supplement to [12]).
As we can see in Fig. 5, for 2 min only, the particle flux

contains particles with energies up to 40 MeV. We identify

FIG. 6. Recovery of gamma rays and electron fluxes with the CUBE detector. Scintillators N7 and N8 are 20 cm thick 0.25 m2 stacked
plastics. In the Table inset, the recovered fluxes measured by both thick scintillators are shown.
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the high-energy particle flux with the RB/RRE avalanches
released just above the particle detectors site. After the
avalanche process stopped (or moved away), the energy
spectra resumed to the lower energies, not exceeding few
MeV. The cover of the NaI crystals stopped the electrons
with energies below ∼3 MeV; thus, the particle registered
by the NaI spectrometers before and after the 2-min burst
were gamma rays only.
The RB/RREA cascade after leaving the lower dipole

propagates in the air and, depending on the cloud height,
the fraction of the electrons reaching the Earth’s surface
will dramatically change due to a much larger attenuation
of electrons (see Fig. 19 of [14]). Usually, the RB/RREA
flux as measured on the Earth’s surface consists mostly of
gamma rays contaminated by a small fraction of electrons.
To estimate the electron fraction, we use a CUBE detector
(inset in Fig. 6; see, for details, the supplement of [12]).

The CUBE detector consists of two stacked 20 cm thick
plastic scintillators of a 0.25 m2 area surrounded by the
“veto” that consists of six 1 cm thick and 1 m2 area plastic
scintillators. A CUBE detector registered 1-min count rates
of all eight scintillators and counts of the inner thick
scintillators under the condition of the absence of an
electronic signal from anticoincidence shielding. Because
the 1 cm thick scintillators have a nonzero probability to
miss the registration of a charged particle as well as to
register a neutral particle, we develop a special method
to estimate “true” intensities (integral energy spectra) of
gamma ray and electron fluxes (see Appendix A of [14]). In
Fig. 6(b), we show the count rates of thick scintillators with
and without the veto option. In Fig. 6(a), we show the same
count rates but in the units of standard deviation (the
number of). In the inserted table, we show the mean values
of the count rates and variances before a particle burst and

FIG. 7. One-second count rates of the STAND1 detector located nearby the MAKET experimental hall.

TABLE I. The characteristics of short burst of high-energy particles occurred on August 17, 2017.

Name Mean σ 18∶55∶33 Sign. peak Nσ % of drop

STAND1 MAKET Ch. 1 571.4 25.4 1002 17 76
STAND1 MAKET Ch. 2 456.3 22.7 741 14 62
STAND1 MAKET Ch. 3 329.7 18.1 553 12 67
STAND1 MAKET Ch. 4 510.9 22.3 932 21 75
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during the minute of maximal flux, recovered intensities,
and electron fractions for both inner 20 cm thick scintilla-
tors. The energy thresholds of thick scintillators are
estimated to be 5.8 and 6.4 MeV (scintillator N7 is above
N8, see Table 1 in [19]). For a lower energy threshold
(scintillator N7), the electron contamination is ∼4% and
vanishing at higher energies (scintillator N8).

To understand the dynamics of TGE and to investigate
the relation of the particle fluxes and lightning flashes, we
need to register the time series of the TGEs and electric
field disturbances in much more detail. Fast electronics
provide the registration of TGEs on time scales of 1 sec
and 50 ms, compatible with the fast processes in thunder-
storm atmospheres. In Figs. 7 and 8, we demonstrate the

FIG. 8. The 50-ms time series of the STAND1 upper scintillator count rate (located outdoors nearby the MAKET experimental hall)
and of the near surface electric field measurements. The asterisk indicates the time of lightning flash registered by the World-Wide
Lightning Location Network (WWLLN, detection at 18∶55∶33.630). The horizontal axes started from 18∶55∶32; each tick on the axes
corresponds to 100 ms.

FIG. 9. One-minute time series of the count rates of the 1 cm thick 1 m2 area plastic scintillator. In the bottom of the frames, we show
rain rate in mm per hour.
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possibilities of TGE and lightning analysis at these time
scales. The abrupt decay of the TGE is better shown in the
one-second time series of the STAND1 detector shown in
Fig. 7. The network of the STAND1 detectors comprises
three identical units located on Aragats station, each of
which consists of three stacked 1 cm thick and 1 m2 area
plastic scintillators and one stand-alone 3 cm thick plastic
scintillator of the same type (inset in Fig. 7; see, for
details, the supplement of [12]).
In Fig. 7(b), we show the one-second count rates of the

stacked and stand-alone scintillators. In Fig. 7(a), we show
the same count rates, but plotted in units of the standard
deviations from the mean value measured just before the
TGE. In Table 1, we demonstrate the numerical values,
significances of peaks (in), and count rate drops for each
scintillator. The sharp decay of particle flux that occurred at
18∶55∶33 is enforced by a lightning flash which stopped
the RB/RREA process in the cloud [20,13]. In [21], we
demonstrate that strong particle fluxes usually precede
lightning flashes.
For the in-depth research of the lightning-particle flux

relations, we use a fast data acquisition system based on
the National Instruments myRIO board, which produced
the GPS time stamp of the record and provided registra-
tion of the 50 ms time series of detector count rates (see
details in [22]).

In Fig. 8, we can see that the rearrangement of the
electric field started at 18∶55∶33.600 The near surface
electric field of −1.6 kV=m after 50 ms reached a value of
22 kV=m, i.e., the amplitude was. ∼23.6 kV=m The abrupt
decay of the particle flux started at the same time; the flux
decreased from 50 to 23 particles, i.e., by 54% in 50 ms.
This flash was registered by the World-Wide Lightning
Location Network (WWLLN, detection at 18∶55∶33.630).

III. LONG LASTING TGES AND RAINFALLS

In Fig. 9, we summarize typical shapes of TGEs
observed in May 2018, when an GEespecially rich harvest
of TGEs was collected. We consider only TGEs accom-
panied with rainfall to examine its possible influence on the
particle flux. The one-minute time series of count rates
were measured by a 1 cm thick 1 m2 area plastic scintillator
(energy threshold ∼0.7 MeV, [19], Fig. 10, Table 1) located
outdoor nearby the MAKET experimental hall; the rain rate
was measured by the Davis weather station located on the
roof of the same building.
Displayed TGEs contain a high-energy part (sharp

peaks—gamma rays and electrons with energies up to
∼40 MeV) lasting a few minutes and a low-energy part
(gamma rays below 3 MeV) lasting several hours; see an
example of the energy spectra in Fig. 5. In Fig. 9, we can
see that TGEs are not connected with rainfall. In Fig. 9(a),

FIG. 10. TGE events registered by the NaI detector. In the top of figures, we show disturbances of the near surface electric field; in the
bottom—the rain rate. In the middle—the one-minute count rate of the NaI detector.
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the rain started only at the end of the TGE; in Figs. 9(b),
9(c), and 9(d) strengthening of the rainfall coincides with
the decay phase of the TGE. Many other TGEs were not
accompanied with rain at all. The TGEs of May 2018
occurred at a highly disturbed near-surface electric field.
For the clarity of the displayed information, we do not post
the time series of the near surface electric field in Fig. 9 (it
is similar to one shown in Fig. 4).
In Fig. 10, we show the count rate enhancement,

disturbances of the near-surface electric field, and the rain
rate of two TGE events that occurred in the May 2018. The
May 3, 2018 event [Fig. 10(a)] is rather small: ∼10%
enhancement of the count rate of the NaI detector. Rainfall
that started after the TGE reached the maximum did not
influence the count rate; the decay of the TGE continued.
A large event (∼100% count rate enhancement) occurred
on May 30, 2018 [Fig. 10(b)], again accompanied by a
rainfall at the decay phase of TGE. For both TGEs, rain
apparently does not influence the count rate. The atmos-
pheric pressure was not strongly disturbed during both
events; the fluctuation does not exceed 1 mb. Thus, we can
connect the initiation of a TGE only with disturbances of
the electric field and not with precipitation or atmospheric
pressure variations.

IV. CONCLUSIONS

Each year, Aragats facilities register more than 100
TGEs, proving that Mount Aragats is a stable electron
accelerator for atmospheric high-energy physics research
[23]. TGEs varied significantly in intensity and continu-
ation; nonetheless, we can outline some important features
confirming Aragats 10-year observations [1,14,18]:
(i) TGEs occurred during strong storms approaching

Armenia mostly from the Armenian highlands in
Turkey, southwest from Aragats, which disturbed
the near surface electric field at a particle detector
location.

(ii) A strong TGE started with a low energy flux (less than
3MeV), turning to a short (1–10 min) and intense peak
containing high-energy particles (up to 40 MeV).

(iii) After an abrupt decline of the high-energy part of the
TGE, usually forced by a lightning flash, the low-
energy flux continued with a prolonged decay. Thus,
we detected a sizable flux of gamma rays during the
hours of the “fair weather” when the near surface
electric field was not disturbed.

(iv) The radioactive decay from radon isotopes contained
in the rain, as well as the variations of atmospheric
pressure (barometric effect) are not the cause of TGEs.

There are two main hypotheses about the origin of
the prolonged gamma ray flux in the absence of sizable
disturbances of the near-surface electric field:

(i) TGEs originated in the thunderstorm atmospheres
due to an emerging strong electric field between
differently charged layers in the clouds [14,18,24].
Seed electrons from the ambient population of
secondary cosmic rays “run away” [4], accelerated,
and form electron-gamma ray avalanches reaching
and detected at the Earth’s surface. If the cloud with
a strong electric dipole inside migrates from the
detector site, Compton scattered gamma rays can
reach the detector under large zenith angles and be
registered for an extended time span.

(ii) Small-scale stochastic electric fields randomly
emerging in a thundercloud accelerate electrons
and enhance the probability of bremsstrahlung
radiation and boosts the low energy gamma ray flux.
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Monitoring of the atmospheric electric field and cosmic-ray flux for the inter-
pretation of results in high-energy astroparticle physics experiments.
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Abstract. Atmospheric electric fields influence experiments using the atmosphere as a detector for very weak
fluxes of highest-energy gamma rays and protons/nuclei coming from galactic and extragalactic sources. Multi-
plication of electrons and gamma rays in strong atmospheric electric fields change particle numbers and energy
spectra of the secondary shower particles and consequently influence the reconstructed properties of the primary
particles. Here, we present a MC study using the CORSIKA package to explore and quantify these effects.

1 Introduction

Atmospheric electricity is always present in the atmo-
sphere, enabling natural acceleration of charged parti-
cles. Potential differences in or nearby thunderclouds and
between the Earth’s surface and clouds accelerate ever-
present free charged particles from interactions of gamma
rays and cosmic rays with atoms of the atmosphere. The
direction of the acceleration depends on the charge of par-
ticles and the field strength and orientation. The most
prominent effects of strong atmospheric electricity are
thunderstorm ground enhancements (TGEs) - huge fluxes
of gamma rays, electrons and neutrons which can be de-
tected on Earth’s surface. On Mount Aragats in Armenia,
the rather stable flux of secondary particles from cosmic-
ray air showers are often multiplied many times for a sev-
eral minutes in the presence of strong electric fields (see
[3], [4], [5]), and the energy spectra of secondary particles
can be changed significantly. Recently, even long-lasting
TGEs of several hours duration have been discovered [8].
Thus, electric fields and processes in the atmosphere can
have important consequences on experiments which mea-
sure very-high-energy gamma rays and cosmic rays from
galactic and extragalactic sources. At high energies, such
experiments use large volumes of atmosphere as an “am-
plifier” that transforms each of the rare primary particles
into a particle shower of numerous lower-energy electrons,
gamma rays, mesons, protons and neutrons, which is much
easier to detect than the primary particles alone. Very-
high-energy gamma rays, are detected with so-called at-
mospheric Cherenkov telescopes (ACTs) with effective ar-
eas of 104-106 m2. Cosmic rays are detected with gigantic
arrays of particle detectors on the Earth’s surface, which
register the secondary particles of extensive air showers
(EAS) on up to 3x109 m2. In all air-shower experiments,
the number of secondary particles in a shower is the basis

∗e-mail: chili@aragats.am

for the reconstruction of the energy of the primary particle
and the longitudinal shower development is the key for the
determination of the primary particle type. We discussed
that these observables are susceptible to the atmospheric
electric fields, and biases can occur not only during thun-
derstorms, but also several hours after storm ceased, due
to the permanent presence of weak electric fields in the
post-storm atmosphere. Crucial to the understanding of
possible biases of the EAS parameters is the knowledge of
the atmospheric electric fields. As was stated in [18], the
intensity of EAS are radically changed after propagation
in the atmospheric electric fields. To estimate their possi-
ble influence, we performed an initial Monte Carlo study
with the CORSIKA code which shows that atmospheric
electric fields should be considered in EAS physics.

2 The electrical atmosphere and particle
fluxes

We use a new observable in the atmospheric electricity
research, namely, the steady particle fluxes from the
clouds to ground. The origin of the fluxes of electrons,
gamma rays and neutrons detected on the Earth’s surface
are Runaway Breakdown (RB) processes [12], nowadays
mostly referred to as Relativistic Runaway Electron
Avalanches (RREA, [19], [10]) and MOdification of the
energy Spectra of the electrons (MOS, [6]). Simultane-
ously to the measurements of cosmic-ray particles, also
near-surface electrostatic fields and lightning strikes are
recorded. The combination of detailed measurements of
particle fluxes and spectra at ground and electric fields
and lightning flashes, first investigated on Aragats, allows
monitoring the formation of charge accumulations in the
overhead atmosphere. The electron acceleration towards
Earth is due to the electric field between the main negative
charge region in the middle of the cloud and the positive
charge that is induced by it on the ground. This field is
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Figure 1. EAS development in an atmosphere with electric field.

significantly increased by the electric field between the
main negative region and an emerging Lower Positive
Charge Region (LPCR) still within the cloud. The maxi-
mal intensity (and maximal energy of particles) of TGEs
is observed when the strength of the local electric field in
the cloud exceeds the “runaway” threshold and RB/RREA
avalanches start to develop downwards. Such conditions
are met above the LPCR. The lightning leader cannot
make its path through the LPCR, and cloud-to-ground
flashes are suppressed [15].

The gamma-ray flux attenuates due to lightning
flash that brings free electrons from the main negatively
charged region to LPCR (inverted intracloud flash) or to
the ground (cloud to ground flash). Thus, the charge in
the layers, and consequently the electric field decreases
and RB/RREA cascades vanish (see Figure 5 of [8]).
However, the electric field in the cloud still remain
disturbed and low energy gamma-ray flux continue.

In the cartoon (Figure 1) we show the electron-gamma
ray avalanche developing in the bottom of the thunder-
cloud above the Aragats high-altitude research station of
the Yerevan Physics Institute [2]. The avalanche comes
out of the base of the cloud and illuminates various parti-
cle detectors measuring count rates of charged and neutral
particles and their energies. The distance to the cloud base
in spring and autumn is rather short H1=25-50 m; in Sum-
mer, it is H1=50-500 m. In our simulation studies of TGEs
we assume the strength of electric field in the cloud up to
1.8 kV/m extended over up to H2-H1=1 km. Values of
electric field and elongation used in simulation have been
measured in balloon flights [14].
In the Figure 2, we show two long-lasting TGEs occurred

on August 17 and October 10, 2017. The particle flux re-
mained higher for ∼1.5 hours after the decline of the thun-
derstorm. Electric field sensors, so called electric mills, lo-
cated near the particle detectors do not record any signifi-
cant disturbances and only by the particle detectors counts,
we can deduce that there is still a small electric field in
the atmosphere that can affect characteristics of air show-

Figure 2. Near-surface electric field (black) and count rates
(blue) of NaI detectors with energy threshold of 300 keV, for
two long-lasting, low-energy TGEs.

Figure 3. Red:outside temperature and dew point; black: near-
surface electric field in kV/m; blue: one-minute time series of
the count rate in a 1 m2 plastic scintillator (1 cm thick, energy
threshold 0.7 MeV).

ers (number of electrons and gamma rays reaching Earth’s
surface). Thus, the monitoring of the near-surface electric
field at the detector site is necessary, but it is not a suffi-
cient condition for evaluating the intracloud electric field.
A simple NaI crystal based spectrometer that monitors par-
ticle flux on one second time scale and stores histogram of
energy released each minute will not only provide data for
correction of EAS parameters, but will also give valuable
data on one of the most complicated and most important
topics of atmospheric physics: the atmospheric electricity.
By the intensity and energy spectrum of TGE, it is pos-
sible to roughly estimate the potential drop in the cloud -
[20], [9]. Electric field effects of 1-2 hours’ duration are
not the limit for the electrically disturbed atmosphere. In
Figure 3 we show enhanced particle fluxes prolonged for
∼6 hours, thus demonstrating prolonged electrical activ-
ity in clouds above detector site. Estimated distances to
cloud base do not exceed 50 m. Note that the variations
of the near-surface electric field were rather small from -5
to 1 kV/m. In Figure 1, disturbances were -20 kV/m to
10 kV/m. Thus, a small near-surface electric field corre-
sponds to low energy prolonged gamma-ray fluxes.

2
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Figure 4. Energy distributions for the secondary elec-
trons/positrons.

Figure 5. Energy distributions of secondary gamma rays in a
shower, recorded at the ground level.

in the Earth’s atmosphere drastically changes the number
of charged and neutral particles of an air shower. This ef-
fect is essential for the estimation of EAS primary particle
energy. Usually the energy of primary particle is esti-
mated by the number of electrons and muons observed on
ground level. For the CASA-MIA detector [21] (energies
1014 eV - 1016 eV) a combination of measured EAS pa-
rameters (Ne∗ + 25Nµ) has been found [22] to be logarith-
mically linear with energy (the subscript “e*” emphasizes
that the quantity Ne does not simply denote the total num-
ber of electrons at the ground, but also includes a fraction
of the abundant shower photons). For comparison, we use
the parametrization:

logE0[GeV] = 1.03 ∗ log(Ne + 25Nµ) (1)

Here, Ne is the number of electrons and positrons, and the
coefficient 1.03 takes also gamma rays contamination into

3
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Table 1� $YHUDJH QXPEHU RI VKRZHU SDUWLFOHV PHDVXUHG RQ 
JURXQG SHU ���� H9 YHUWLFDO SURWRQ VKRZHU� 

Table 2. 5HODWLYH FKDQJHV RI VKRZHU SDUWLFOHV QXPEHUV 
�FRPSHUHG WR WKH Ez = � FDVH�� 

E =0z kV/cm
E =1.8z kV/cm at

3250<H<4250m

1H
54.03·10 57.25·10 54.34·10 54.08·10

1�
311.48·10 311.73·10 312.09·10 311.70·10

1γ
61.91·10 62.86·10 62.26·10 61.95·10

E =1.8z kV/cm at

4200<H<5200m

E =1.0z kV/cm at

4200<H<5200m

0.80 0.08 0.01

0.02 0.05 0.02

¨1 �1H H

¨1 �1� �

¨1 �1γ γ 0.50 0.18 0.02

E =1.8z kV/cm at

3250<H<4250m

E =1.8z kV/cm at

4200<H<5200m

E =1.0z kV/cm at

4200<H<5200m

3 Simulation of air showers with electric 
fields in the atmosphere using the 
CORSIKA code 

7R VWXG\ WKH LQIOXHQFH RI DWPRVSKHULF HOHFWULF ILHOGV RQ 
([WHQVLYH $LU 6KRZHUV �($6� SDUDPHWHUV� ZH GHYHORSHG 
D VLPSOH PRGHO IRU WKH SURSDJDWLRQ RI VKRZHU SDUWLFOHV 
LQ WKH DWPRVSKHUH WDNLQJ LQWR DFFRXQW HOHFWULF ILHOGV� $LU 
VKRZHUV KDYH EHHQ VLPXODWHG ZLWK &256,.$ >��@ YHU�
VLRQ ���� ZLWK 4*6-(7,, >��@ DQG *+(,6+$ >��@ DV 
KDGURQLF LQWHUDFWLRQ PRGHOV� )RU HOHFWURPDJQHWLF LQWHU�
DFWLRQV� WKH (*6� RSWLRQ >��@ ZDV XVHG� 7KH HOHFWULF 
ILHOG RSWLRQ �(),(/'� RI &256,.$ ZDV XVHG� $Q HOHF�
WULF ILHOG RI VWUHQJWK Ez -::f:- � VWDUWV DW D KHLJKW +� DERYH 
WKH JURXQG DQG H[WHQGV WR KHLJKW +�� (DFK VLPXODWLRQ 
WULDO FRQVLVWV RI SURSDJDWLRQ RI KXQGUHG RI YHUWLFDO SUR�
WRQ VKRZHUV ZLWK IL[HG SULPDU\ HQHUJ\ RI ����

 H9� 7KH 
VKRZHUV VWDUW RQ WKH WRS RI DWPRVSKHUH �ILUVW LQWHUDFWLRQV 
DUH PRVW SUREDEOH RQ KHLJKWV RI �� NP�� WKH VHFRQGDU\ 
SDUWLFOHV DUH SURSDJDWHG DQG UHFRUGHG DW WKH DOWLWXGH RI 
���� P �0W� $UDJDWV VWDWLRQ�� 6KRZHU SDUWLFOHV DUH IRO�
ORZHG GRZQ WR ��� *H9 IRU KDGURQV DQG PXRQV� DQG WR 
��� 0H9 IRU HOHFWURQV DQG JDPPD UD\V� 7KH VLPXODWLRQV 
VKRZ D VLJQLILFDQW LQIOXHQFH RI WKH HOHFWULF ILHOG RQ WKH LQ�
WHQVLW\ RI SDUWLFOHV DW WKH JURXQG OHYHO� ,Q 7DEOH �� ZH VKRZ 
WKH PXOWLSOLFDWLRQ RI WKH VKRZHU SDUWLFOHV HQWHULQJ HOHFWULF 
ILHOGV RI GLIIHUHQW VWUHQJWK DQG ORFDWLRQ LQ WKH DWPRVSKHUH� 
7KH SDUWLFOHV UHDFKLQJ WKH (DUWK
V VXUIDFH DUH UHJLVWHUHG 
LI WKHLU HQHUJ\ H[FHHGV �� NH9� 7KXV� LI WKH HOHFWULF ILHOG 
H[WHQGV GRZQ WR RQO\ �� P DERYH JURXQG �D FRPPRQ FRQ�
GLWLRQ IRU WKH 6SULQJ 72(V RQ $UDJDWV�� WKH PXOWLSOLFD�
WLRQ RI HOHFWURQV DQG JDPPD UD\V LV UDWKHU VLJQLILFDQW� ,Q

 

7DEOH �� WKH UHODWLYH FKDQJHV LQ SDUWLFOH QXPEHU DUH SUH�
VHQWHG� 7KH FKDQJHV LQ WKH QXPEHU RI FKDUJHG SDUWLFOHV 
RI DQ DLU VKRZHU GHSHQG RQ WKH VWUHQJWK RI WKH ILHOG DQG 
RQ WKH KHLJKW RI WKH HOHFWULF ILHOG� )LJXUHV � DQG � LOOXV�
WUDWH WKH HIIHFW RI HOHFWULF ILHOG RQ SDUWLFOH LQWHQVLW\ DW WKH 
JURXQG OHYHO� 7KXV� ZH VHH WKDW WKH HOHFWULF ILHOG ORFDWHG

 

63



Table 3. Average number of shower particles measured on
ground per 1015 eV vertical proton shower.

account. The true and recovered energies according to eq.
1 are presented in Table 3.
With a field strength of Ez=1.8 kV/cm, the errors of the

primary particle energy reconstruction are 54% (electric
field at 3250 m < H < 4250 m, i.e. the cloud just 50 above
ground); and 10% (electric field at 4200 m < H < 5200
m). With a field strength of Ez=1.0 kV/cm, the bias of the
primary particle energy reconstruction is 5% (electric field
at 4200 m < H < 5200 m).

4 Conclusion
To study the influence of atmospheric electric fields on
EAS parameters, we use a simple model of the propagation
of shower particles initiated from a primary proton with
energy of 1000 TeV. Observing particle fluxes from thun-
derclouds with electrical fields inside helps to estimate the
influence of atmospheric electricity on the size of shower
particles. The recent discovery of long-lasting TGEs ex-
tends the expected time of atmospheric electric field ef-
fects to several hours; thus, the influence of atmospheric
electricity on the secondary cosmic-ray particles is poten-
tially a long-lasting phenomenon. MC results prove that
atmospheric electric fields should be considered in EAS
physics.
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Termination of Thunderstorm Ground Enhancements by Lightning Discharges 
A. Chilingarian,  Y.Khanikyants  and  S.Soghomonyan 

Yerevan Physics Institute, Alikhanyan Brothers 2, Armenia, 0036 

Abstract. We present measurements of Thunderstorm Ground Enhancements (TGE) that are abruptly terminated by lightning discharges. 	
The measurements were performed at an altitude of 3200 m above sea level on Mt. Aragats (Armenia). We identified the TGE-
terminating lightning types for nearly 50 events detected during 2012-2018.  We found that for a80% of analyzed events the termination 
of flux enhancement was associated with negative cloud-to-ground (-CG) or normal-polarity intracloud (IC) flashes, and for a18% - with 
inverted-polarity IC flashes. Occurrence of the inverted-polarity IC flash provides a direct proof of existence of the lower positive charge 
region (LPCR) at the bottom of the cloud. Observation of TGE-terminating inverted polarity IC flash confirms the hypothesis that LPCR 
plays important role in the origination of TGE. Analysis of the observational data allows us to conclude that two downward electron-
accelerating fields are responsible   for the TGE:  field formed by the main negative charge and its mirror image in the ground, and field 
formed by the   main negative charge and the LPCR. 
TGE-terminating lightning flashes can produce strong electromagnetic interference (EMI) signals in particle detectors. However, usually 
these signals are well below the operating threshold of these detectors. Based on the analysis of synchronized measurements of wideband 
electric field waveforms and signals from particle detectors we found no evidence of particle flux enhancement produced by lightning 
flash.  

1. INTRODUCTION 
In recent years there has been considerable interest in 

the Thunderstorm Ground Enhancements (TGEs), i.e., 
enhanced fluxes of electrons, gamma rays, and neutrons 
detected by ground-based particle detectors during strong 
overhead thunderstorms [Brunetti et al., 2000; Alexeenko et 
al., 2002; Khaerdinov et al., 2005; Torii et al., 2002, 2009, 
2011; Tsuchiya et al., 2007, 2009, 2011, 2012, 2013; 
Kuroda et al 2016;  Kelly et al., 2015; Chilingarian et al., 
2010, 2011, 2012,2013, 2015a, 2016, 2017]. The high-
energy portion of enhanced fluxes of particles (with 
energies up to 40 MeV) detected by the ground-based 
detectors typically last for a few tens of seconds to a10 
min, whereas the low-energy fluxes (with energies less than 
3 MeV) can last for several hours [Chilingarian A. (2018)].  
Some of the TGEs are abruptly terminated by lightning 
discharge clearly indicating an association to the electric 
field of the thundercloud.	 

In [Chilingarian et al., 2012] a hypothesis was 
proposed that the downward electron-accelerating electric 
field responsible for the TGE is formed by the main 
negative charge in the cloud and the lower positive charge 
region (LPCR).  Chilingarian et al., (2017) identified the 
types of TGE-terminating lightning flashes for 24 observed 
events and came to a conclusion that the downward elect-
ron-accelerating electric field can be formed by the main 
negative charge in the cloud and its mirror image in the 
ground.  

This field can be locally enhanced by the LPCR in the 
cloud and positive corona space charge near the ground.  

To get better understanding of electric fields, which are 
responsible for the TGE, we extend here the work of 
[Chilingarian et al., 2017] via detailed analysis of a50 
TGEs terminated by lightning discharges. The analyzed 
events were observed during 2012-2018 by using various 
radiation and particle detectors.  

In (Chilingarian, 2017), for the registration of particle 
decay we used the count rates of the 3-cm thick plastic 
scintillator, and the criteria used to identify the TGE 
termination was a10% abrupt decrease of the flux 
coinciding with the lightning flash. The detection efficiency 
of the 3-cm thick plastic scintillator for the gamma rays is 
3-5%, thus we could miss some not very large declines of 
particle flux. In the present study we use 60-cm thick 
plastic scintillator, the detection efficiency of which for 
gamma ray is approaching 80%. 

The use of this detector allowed us to observe another 
type of lightning flashes that terminate the particle flux, 
namely, the  inverted polarity IC,. which occur between the 
main negative charge region and the LCPR. Thus, 
improvement of sensitivity of particle detector allowed us 
to discover a new tool for research of not very well 
understood problem of LPCR emerging in the bottom of the 
cloud. 

The rest of the paper is organized as follows. Section 2 
gives a brief overview of the instrumentation and the 
methodology used for lightning type identification. 
Examination of the observational data for 50 events  is 
presented in the  third section, where we analyze typical 
examples of TGEs abruptly  terminated by lightning flashes 
of different types. In the Section 4 we summarize the 
identified lightning types  and  parameters for 50 analyzed 
events. In the Section 5 we analyze synchronized 
measurements of wideband electric field waveforms and the 
waveforms of particle detectors. Our conclusions are drawn 
in the final section. 

2. INSTRUMENTATION AND METHODOLOGY 
Data analyzed in this paper were acquired during 2012-

2018 at the ASEC located at an altitude  of 3200 m  above 
sea level on Mt. Aragats. The fast wideband electric field 
waveforms produced by lightning flashes were recorded 
with a circular flat-plate antenna followed by a passive 
integrator (Fig.1).  

The output of the integrator was directly connected 
with a 60 cm double-shielded coaxial cable to the 
Picoscope 5244B digitizing oscilloscope. The oscilloscope 
was triggered by a signal from a commercial MFJ-1022 
active whip antenna that covers a frequency range of 300 
KHz to 200MHz. The record length was 1 sec including  
200 ms pre-trigger time and 800 ms post-trigger time. The 
sampling frequency was 25 MS/s, corresponding to 40 ns 
sample interval, and the amplitude resolution was 8 bit. The 
trigger out of the oscilloscope was relayed to the National 
Instruments (NI) myRIO board which produced the GPS 
time stamp of the record.  

The near-surface electrostatic field changes were 
measured by a network of five field mills (Boltek EFM-
100), three of which were placed in Aragats station, one in 
Nor Amberd station at a distance of 12.8 km from Aragats, 
and another one in Yerevan station at a distance of 39.1 km 
from Aragats.  
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Figure 1.	Wideband electric field measurement system 

The particle fluxes analyzed in the present study were 
continuously monitored with 3cm thick and 60cm thick 
plastic scintillators  with  sensitive area of 1 m2 each, and 
energy threshold 2-3 MeV and 5-6 Mev for the 3cm 
thick and 60cm thick  detectors, respectively. The time 
resolution of particle flux detection  was 1s and 2µs for the  
3cm thick and 60cm thick scintillator,  respectively.   

In the present study  we use the methodology of 
lightning type identification described in Chilingarian et al., 
(2017). A brief overview of the identification methodology 
is given below. It is based on the analysis of electrostatic 
field changes produced by lightning and  detected by a 
network of sensors, and the examination of the wideband 
fast electric field waveforms. 

In our analysis we used the well-known vertical tripole 
model of the normal-polarity thundercloud charge structure. 
According to this model, there is a main negative charge 
region in the middle of the thundercloud, a main positive 
charge region at the top, and a much smaller lower positive 
charge region (LPCR) near the cloud bottom (Fig.2). 
Throughout this paper we use the atmospheric electricity 
sign convention, according to which the downward directed 
electric field or field change vector is considered to be 
positive.  

We consider four different lightning types illustrated in 
Figure 2.  Negative cloud-to-ground 

 (-CG) flash occurs between the main negative charge 
region and the ground. This lightning effectively transfers 
negative charge from the cloud to the ground. Positive 
cloud-to-ground (+CG) flash occurs between the main 
(upper) positive charge region and the ground and transfers 
a negative charge from the ground to the cloud (or, 
equivalently, positive charge from the cloud to the ground). 
Normal-polarity intracloud flash (+IC) occurs in the upper 
dipole between the main negative and main positive charge 
regions. Inverted-polarity intracloud flash (-IC) occurs in 
the lower dipole between the main negative charge region 
and the LPCR. Negative cloud-to ground flashes CG reduce 
the negative charge overhead, whereas normal-polarity IC 
flashes reduce (by equal amounts) both the main negative 
and main positive charges overhead. At close distances, 
both of these lightning types produce electrostatic field 
changes of the same sign [Rakov and Uman, 2003, chapter 
3; MacGorman and Rust, 1998, chapter 3]. This sign is 
positive according to the atmospheric electricity sign 
convention. Correspondingly, the positive CG and inverted-
polarity IC flashes produce negative electric field changes 
at close distances. The polarity of electric field changes of 
CGs is independent of distance, while for IC flashes there is 
a polarity reversal distance. 

In order to identify the lightning type, first, we check 
the polarity of electrostatic field change at the Aragats 

station produced by the close lightning flash. If the field 
change is positive (ǻE > 0), the flash is considered to be 
either -CG or normal-polarity IC. If the field change is 
negative (ǻE < 0), the flash is considered to be either +CG 
or inverted-polarity IC. Next, in order to distinguish 
between CGs and ICs, we check if the polarity of ǻE 
changes with distance, using our network of field mills. If 
polarity reversal has been detected, then we identify this 
lightning as a cloud discharge (normal-polarity or inverted-
polarity IC). However, if polarity reversal has not been 
detected, the lightning-type identification question remains 
open, and we need to analyse fast electric field waveforms 
where we search for characteristic return stroke (RS) 
signatures which are indicative of CGs. In the analysis of 
fast electric field waveforms, the identification is 
accomplished by applying waveform criteria to individual 
electric field pulses. In most cases, RS signatures are 
readily identifiable in wideband E field record. Certainly, 
not every lightning event could be reliably classified using 
this methodology. 

 
Figure 2. Charge structure of the thundercloud and four main types of 
lightning (upper panel),   and  electrostatic field change produced by 
four lightning types (lower panel). 

3. ANALYSIS OF TGES TERMINATED BY 
LIGHTNING FLASHES 

3.1. Negative cloud-to-ground lightning flash 
An example of TGE abruptly terminated by two 

lightning flashes separated by a5 min is presented in Figure 
3. The black curve shows the electrostatic field measured 
by electric field mill at Aragats, the blue curve shows 
particle flux measured by 3cm thick scintillation detector 
(1µs time series). The fast change of the electrostatic field 
caused by the lightning discharge leads to abrupt 
termination of the particle flux.  

 
Figure 3. Electrostatic field change and particle flux for TGE terminated 
by two negative cloud-to-ground (- CG)  lightning flashes separated by 5 
min (May 6, 2017, 12:42:23.501 and 12:47:36.302 UTC). 
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Figure 4. Electrostatic field changes recorded by the field mills in 
Aragats and Nor Amberd for TGE-terminating lightning flashes  shown 
in Figure 3. Polarity reversal is not observed: field changes measured by 
the two field mills is positive. 

It is worth noting that after abrupt termination by first 
lightning flash the count rate has an increasing trend during 
a5  min, and then it is terminated by second flash, and after 
second termination shows again an increasing trend. This 
increase of count rate after abrupt termination can be 
associated with partial recovery of electric field responsible 
for the TGE. 

Figure 4 shows the electrostatic field changes for these 
two lightning flashes that were recorded in Aragats and Nor 
Amberd. It is seen from Figure 4 that both field changes are 
positive, which suggests that the lightning events were 
either negative cloud-to-ground (-CG) flashes or normal-
polarity intracloud flashes. In order to distinguish between 
these two lightning types we examined the corresponding 
fast electric field record. Figure 5 shows fast electric field 
record for the flash that occurred at 12:47:36.302  (the 
record for the flash 12:42:23.501 has similar features and is 
not shown here). 

 
Figure 5. Fast electric field record of negative CG that occurred on  May 
6, 2017 at 12:47:36.302 UTC. Two lower panels show  two strongest 
return stroke pulses (RS3 and RS4). These wide pulses are typical 
signatures of CG lightning. 

The record in Figure 5 contains four relatively wide 
pulses (RS1-RS4) of positive polarity at 462 ms, 474 ms 
587 ms, and 787 ms after the trigger. Two strongest pulses 
RS3 and RS4 are shown on expanded time scale in two 
lower panels. The risetime of these two pulses is about 3-4 
ȝs, and the peak-to-zero fall time is 130–140 ȝs. The 
positive initial polarity of these wide pulses is the same as 
the polarity of electrostatic field changes shown in Figure 4. 

With a high level of confidence we attribute these wide 
pulses to return strokes of negative cloud-to-ground (-CG) 
lightning. 

3.2  Normal-polarity IC 
An example of TGE abruptly terminated by normal-

polarity IC flash is shown in Figure 6. 

 
Figure 6. Electrostatic field change and particle flux for TGE terminated 
by  normal-polarity IC flash (April 14, 2017, 11:59:51.752 UTC). 

Polarity reversal of electrostatic field change for this 
flash was not observed, and identification of this lightning 
is accomplished by examining the corresponding fast 
electric field record shown in Figure 7. As seen in Figure 7, 
there are only very short pulses with durations less than 1 
ȝs, (shown in panel g). and pulses which have  steep 
leading edge with risetime of less than 0.2 µs followed by 
damped oscillations with a period of 6.2 ȝs (shown in panel 
a). This  oscillatory pulse shape is frequently observed in 
electric field records of normal-polarity IC flash. We 
believe that the oscillatory nature of these signals is due to 
the shock excitation of the detection circuit by a relatively 
short duration, impulsive radiation event. The shock 
excitation causes the antenna circuit to ring at its own 
frequency. These impulsive radiation events produced 
strong transients in the signals from particle detectors.  
Analysis of these transients is given in Section 4.  Fast 
electric field record shown in Figure 7 does not contain 
pulses that could be attributed to return strokes of cloud-to-
ground lightning, so we identify this event as normal-
polarity IC flash. 

Another example of TGE terminated by normal-
polarity IC flashes is shown in Figure 8 where two 
lightning flashes separated by approximately 2 min 
terminate the particle flux. The corresponding fast electric 
field record is shown in Figure 9. Here again, the waveform 
contains short pulses of oscillatory nature, similar to those 
shown in in Figure 7, and there are no wide pulses that 
could be attributed to return strokes of CG flash. It should 
be noted that this kind of TGE termination when the 
particle flux is  terminated by two subsequent lightning 
flashes separated by 2-5 min was observed  quite 
frequently, for about 20 % of 50 analysed  events. 

It is worth noting that, as a rule, the polarity reversal of 
electrostatic field change produced by normal-polarity ICs 
is not detected by our network of field mills. The reason is 
that for normal-polarity ICs which occur in the upper part 
of the cloud at higher altitudes, the polarity reversal 
distance may exceed the distance of 12.8 km between the 
field mills in Aragats and Nor Amberd, whereas  the field 
mill in Yerevan (39.1 km from Aragats) cannot detect the 
lightning flash that occurs close to Aragats station because 
the sensitivity range of the instrument is about 30 km. By 
contrast, for the inverted-polarity ICs which occur in the 
lower part of the cloud at lower altitudes, the reversal 
distance is smaller, and usually, the polarity reversal of 
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electrostatic field is detected by field mills in Aragats and 
Nor Amberd. We note that usually, the polarity	 reversal is 
expected to occur at a distance of about 10 km for normal 
ICs and less than 5 km for inverted ICs [e.g., Rakov and 
Uman, 2003 chapters 3 and 4].			

 
Figure 7. Fast electric field record of normal-polarity IC flash that 
occurred on  April 14, 2017 at 11:59:51.752 UTC. Pulses a, b, c, and d 
have similar shape shown in panel a. Pulses e, f, and g, have similar 
shape shown in panel g. 

 
Figure 8. Electrostatic field change and particle flux for TGE terminated 
by two normal-polarity IC flashes separated by a2 min (October 10, 
2017, 14:07:52.886 and 14:09:54.076 UTC). 

 
Figure 9. Fast electric field record of normal-polarity IC flash that 
occurred  on  October 10, 2017 at 14:07:52.886 UTC.  

3.3 Inverted-polarity IC 
Next we will consider TGEs terminated by inverted-

polarity IC flashes. 
An example of TGE terminated by inverted-polarity IC 

flash is shown in Figure 10. 
The count rate of particle flux measured by 60 cm 

scintillator (2 s time series) is abruptly terminated at the 
time of lighting discharge. The electrostatic field change 
produced by this lightning is negative, as measured by the 
field mill in Aragats.  However, in Nor Amberd (12.8 km 
away from Aragats) the polarity of the field change is 
reversed ( Figure 11). As can be seen from Figure 11, the 
electrostatic field changes detected by two field mills in 
Aragats and Nor Amberd have opposite polarities, that is, 
polarity reversal with distance is detected. Therefore, this 
lightning can be identified as an intracloud flash, because, 
the polarity reversal with distance occurs only when an 
elevated dipole is neutralized. The polarity of the larger 
field change detected in Aragats corresponds to a closer 
distance and is negative, which is indicative of inverted-
polarity IC flash.  

 
Figure 10. Electrostatic field change and particle flux for TGE 
terminated by inverted-polarity IC flash (July 17, 2018 1:15:44.190 
UTC). 

Identification of this event as a cloud flash is further 
supported by the fast electric field record (see Figure 12) 
which contains only short bipolar pulses of microsecond 
and sub-microsecond duration and no signatures 
characteristic of return strokes. 

 
Figure 11. Electrostatic field changes produced by inverted-polarity IC 
flash that occurred on  July 17, 2018 at 12:15:44.190 UTC. The field 
changes recorded by the field mills located in Aragats and Nor Amberd, 
have opposite polarities. 

An example of multiple termination of TGE by 
lightning flashes of different types is shown in Figure 13.  
Polarity reversal of electrostatic field change is detected for 
flashes N1, N2, and N3 (Figure14). For flashes N1 and N3, 
the polarity of the larger field change detected in Aragats 
corresponds to a closer distance and is negative, which is 
indicative of inverted-polarity IC flash.  

This identification is further supported by examination 
of fast electric field records, an example which for flash N3  
is shown in Figure 15. As seen in the Figure 15 the record 
contains only short pulses of microsecond and 
submicrosecond duration. 
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Figure 12. Fast electric field record of inverted-polarity IC flash that occurred on  July 17, 2018 at 12:15:44.190 UTC. 

 
Figure 13. Electrostatic field change and particle flux for TGE 
terminated by four IC flashes of different polarities: N1 and N3 inverted-
polarity; N2 and N4 –normal-polarity (August 10, 2018  UTC). 

 
Figure 14. Electrostatic field changes produced by four lightning flashes 
of August 10, 2018 shown in Figure 13. The field changes recorded by 
the field mills located in Aragats and Nor Amberd, have opposite 
polarities for flashes N1, N2, and N3. 

 
Figure 15. Fast electric field record of inverted-polarity IC flash N3,  (August 10, 2018 at 13:04:55.149 UTC) shown in Figures 13 and 14. 

69



 
 

For flash N2 the polarity of the larger field change in 
Aragats is positive, which is indicative of normal-polarity 
IC flash. For flash N4 the polarity of the field change in 
Aragats is positive, but there is no discernible field change 
at Nor Amberd in Figure 14, and, hence, no polarity 
reversal can be detected for this event. Examination of fast 
electric field record for flash N4 reveals no pulses that 
could be attributed to return strokes of cloud-to-ground 
lightning, so we identify this event as normal-polarity IC 
flash. Thus, all four TGE-terminating lightning flashes can 
be identified as cloud flashes: N1 and N3 are inverted-
polarity ICs, whereas N2 and N4 are normal-polarity ICs. 

4. SUMMARY OF IDENTIFIED LIGHTNING TYPES  
AND  PARAMETERS 
Classification of lightning types for 50 analyzed events 

is summarized in Table1. 
25 of the TGE-terminating lightning events have been 

identified as normal-polarity IC flashes,  10  events have 
been identified as negative cloud-to-ground flashes, and for 
another 5 events which belong to either –CG or normal-
polarity IC (both type produce positive field change at close 
distances) we were unable to distinguish between –CG and 
normal-polarity IC. These 5 events have been detected 
during 2012-2014, when the fast wideband electric field 
measurement system had not been installed, so fast filed 
records were not available for these events. 9 of the TGE – 
terminating lightning events have been identified as 
inverted-polarity IC flashes, and for one event the lightning 
types was not identified. 

Thus, 80 % of TGE-terminating lightning flashes were 
-CGs and normal-polarity ICs. We note that normal-
polarity ICs were observed 2.5 times more frequently than 
–CGs. 
Table 1. Lightning types for 50 TGE termination events 

Lightning type Quantity 
Normal-polarity IC 25 
Negative cloud-to-ground (-CG) 10 
-CG or Normal-polarity IC 
not distinguished: both types produce 'E>0 

5 

Inverted -polarity IC 9 
Not identified 1 

It is important to note that about 18 % TGE-
terminating lightning flashes   were inverted-polarity ICs.  
The TGE termination by this type of lightning flashes was 
not observed in previous studies Chilingarian et al., (2017). 
Observation of these events in the present study has been 
made possible by using a 60 cm thick plastic scintillator, 
which has better sensitivity for detecting small drops of 
enhanced particle flux, as compared to 3 cm thick 
scintillator. As it is discussed below (Table 2), the TGEs 
terminated by inverted-polarity ICs have quite small drop 
of particles flux. We emphasize, that occurrence of the 
inverted-polarity IC flash provides a direct proof of 
existence of the LPCR at the bottom of the cloud. 
Observation of TGE-terminating inverted polarity IC flash 
supports the hypothesis that LPCR plays important role in 
the origination of TGE, and that downward electron-
accelerating field can be formed by main negative charge 
region and the LCPR. 

In Table 2, we compare the duration of TGE and 
particle flux drop for 50 analysed events. Last row of the 
table shows the ratio of number of events detected by the 
WWLLN network to total number of events. As seen from 
the Table 2, the TGEs terminated by inverted-polarity ICs 

have the smallest   drop of particles flux (6 %)  as compared 
to that for  the -CGs (29 %)  and  for normal -polarity ICs 
(19) %.  We believe that electric field change caused by 
inverted-polarity ICs, and hence, the associated particle flux 
drop is the smallest because it is limited by the charge of 
LCPR which is   much smaller than main negative and 
upper positive charge.  
Table 2. Parameters for 50 TGE termination events 

 

It can be also  seen from the Table 2 that TGEs 
terminated by inverted-polarity ICs have the shortest   
duration (88 s) as compared to that for the –CGs (211 s) 
and normal -polarity ICs (203 s). The reason for that is not 
understood yet. The highest ratio (50%) of WWLLN/total 
(last row of Table 2) for the -CG flashes reflects the fact 
that the detection efficiency of WWLLN for CGs is 
significantly higher than that for ICs [Rodger et al., 2005].  

Figure 16. Histogarms of TGE duration and particle flux drop for 50 
events. 

In Figure 16 we show histograms of TGE duration and 
particle flux drop for 50 analyzed events. The average 
values of TGE duration and particle flux drop are 189 s and 
20 %, respectively. 

5. TRANSIENTS IN PARTICLE DETECTOR 
WAVEFORMS PRODUCED BY TGE-
TERMINATING LIGHTNING FLASHES 
Data considered in this section relate to one of 

controversial debate questions in high-energy lightning 
physics:  “Does the lightning discharge produce relativistic 
particles and energetic radiation like gamma rays with 
energies of several Mev or even tens of Mev ?”.   

One point of view is that lightning discharge did not 
involve any high-energy processes that might produce MeV 
particles and energetic radiation [Chilingarian et al, 2015, 
Chilingarian 2017]. This point of view is supported by 
multiyear observations of enhanced fluxes of particles and 
energetic radiation on Aragats during strong   
thunderstorms, which did not reveal any flux enhancement 
produced by lightning discharge. However, some groups 
have measured X rays or gamma rays produced by 
lightning discharge (e.g., Moore et al., 2001 Dwyer et al., 
2003, 2005, Mallick et al., 2012). The main difficulty in the 
detection of energetic radiation and particles produced by 
lightning is that close lightning discharges produce strong 
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transients in various electrical circuits, including power 
supply lines, signal/data/communication cables, etc.  

In order to check does the TGE-terminating lightning 
discharge produce any particle flux enhancement we 
performed synchronized measurements of wideband 
electric field waveforms and the signals of particle 
detectors. We performed pulse shape analysis in the 
waveforms of 43 events of TGE termination by lightning 
flashes for which synchronized measurements were 
available. Three scintillator detectors in two experimental 
halls, SKL and MAKET were used for synchronized 
measurements, namely, NaI detector, one cm thick and 
three cm thick plastic scintillator counters. The energy 
threshold of NaI detector, one cm thick and three cm thick 
plastic scintillator counters to energetic radiation was 300 
keV, 0.7-0.8 MeV and 2-3 MeV, respectively.                     

More information about these detectors can be found in 
Chilingarian et al, (2015b). 

In the SKL hall, the output of NaI detector and the 
signal from the fast electric field measurement system were 
connected to two channels of digital oscilloscope (shown in 
Figure 1 of Section 2). In the MAKET hall, the outputs 1 
cm thick and 3 cm thick plastic scintillator counters were 
connected to two channels of another digital oscilloscope 
which was triggered by an whip antenna identical to that 
used for the triggering of first oscilloscope in SKL hall. We 
observed that all these lightning flashes produced strong 
electromagnetic interference (EMI) signals in particle 
detectors. Typical example of synchronized measurements 
of the TGE-terminating lightning flash is shown in Figures 
17-20. 
 

 
Figure 17. Fast  electric field produced by the TGE-terminating normal-polarity IC flash that occurred  at 11:59:51.752, April 14, 2017  (shown in 
Figure 6 and 7),  and waveforms of three particle detectors. Four pulses in all three detectors waveforms coincide with the pulses in fast electric field 
record. 

 
Figure 18.  A 100-ms fragment of  fast  electric field produced by the TGE-terminating normal-polarity IC flash that occurred  at 11:59:51.752 , April 
14, 2017  and waveforms of NaI detector. Four pulses in NaI detector waveform coincide with the pulses in fast electric field record. 

71



 
 

 
Figure 19. A 200-µs fragment of  fast  electric field produced by the TGE-terminating normal-polarity IC flash that occurred  at 11:59:51.752,                    
April 14, 2017  and waveform of NaI detector. The bipolar pulse with oscillatory behavior in the detector output is electromagnetic interference (EMI) 
signal caused by lightning. For comparison, the true particle detection pulse of negative polarity is shown in the inset.  

 
Figure 20. A 100-µs fragment of  fast  electric field produced by the TGE-terminating normal-polarity IC flash that occurred  at 11:59:51.752,                  
April 14, 2017  and waveform of 1 cm and 3 cm scintillator. Bipolar pulses with oscillatory behavior output are EMI signal) caused by lightning 
(similar to that for NaI detector shown in Figure 19). 

As seen in Figures 17 and 18, four pulses in all three 
detectors waveforms coincide with the pulses in fast 
electric field record. Pulse shape analysis of these four 
signals in the outputs of particle detectors  shows that they 
are EMI signals produced by lightning. Figure 19 shows 
one of these pulses (all four pulses have similar shape) on 
expanded time scale. The EMI signal is clearly 
distinguished from the genuine signal of particle detection 
by the examination the pulse shape: the EMI signal is 
bipolar and has typical oscillatory behavior whereas the 
unipolar signal of particle detection has a negative polarity. 

The pulse shape analysis of synchronized 
measurements of wideband electric field waveforms and the 
signals of particle detectors for 43 TGE-terminating 
lightning flashes for which synchronized measurements 
were available  does not reveal any particle flux 
enhancement during 1 s record (including 0.2 s pre-trigger 
and 0.8 s post-trigger time) triggered by  lightning flash.                                          

 

6. CONCLUSIONS 
Main results of the present study are summarized 

below. 
 Occurrence of the inverted-polarity IC flash 

provides a direct proof of existence of the LPCR at 
the bottom of the cloud.  

 TGEs terminated by inverted-polarity ICs have the 
smallest drop (6 %)   of particles flux as compared 
to that for -CGs (29 %)  and  for normal -polarity 
ICs (19) % . We believe that the electric field 
change caused by inverted-polarity ICs , and hence 
the associated flux drop is the   smallest,  because 
it is limited by the charge of LCPR which is  much 
smaller than  main negative and upper positive 
charge. 

 80 % of TGE-terminating lightning flashes  were  -
CGs  and  normal-polarity ICs,   and a 8 % were  
inverted-polarity ICs. The normal-polarity ICs 
were observed 2.5 times more frequently than –
CGs. 
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 Two downward electron-accelerating fields can be 
responsible   for the TGE:  

a) E1 - formed by the main negative charge 
and its mirror   image   in the ground 

b) E2 - formed by the   main negative charge 
and the LPCR 

 The main negative charge region is involved in 
both  two  downward  electron-accelerating fields 
E1 and E2  responsible for TGE.  These fields are 
reduced by - CG, normal-polarity ICs, and 
inverted-polarity ICs. Therefore, these 3 lightning 
types can terminate the TGE. 

 The TGE-terminating lightning flashes produce 
strong EMI signals in some of  particle detector . 
For the majority of particle detectors these signals 
were below their detection threshold. We believe 
that strong EMI signals indicate that TGEs are 
terminated by nearby lightning flashes.  

  Based on our data of lightning flashes the nearest 
of which occurred at a distance of 2 km from the 
detector site, we found no evidence of any particle 
flux enhancement produced by lightning flash. 
Certainly, we cannot exclude anything, which goes 
below the sensitivity of our measurements.  

 Our observations confirm that the detection 
efficiency of WWLLN for CGs is significantly 
higher than that for ICs. 
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Abstract: The electric structure of the clouds associated with thunderstorm ground enhancements (TGEs), observed at the Aragats station, 
is simulated by means of The Weather Research and Forecasting (WRF) model. Clouds that cause TGE events over the rugged terrain of 
the high-mountainous region of Aragats Research Station (3200 m above sea level) are considered. The inverse dipole structure is found 
to be typical of the clouds accompanying TGEs. Graupel and snow particles play a major role in cloud electrification because of rather low 
density of ice particles in the clouds at the Aragats station. It is shown, that convection effectively leads to the condensation of vapour, 
which facilitates the charge transfer between colliding solid hydrometeors in the conditions of highland. The key evidence on the reverse 
point of the charge transfer processes is obtained. It is shown that WRF model is a convenient source of additional useful information about 
the conditions for the occurrence of high-energy events in the Earth’s atmosphere.

1. INTRODUCTION  
The study of high-energy processes occurring in the 

Earth’s atmosphere is a rapidly developing issue of 
climatology and atmospheric physics. The consideration of 
the mechanisms of energetic particles fluxes development is 
directly related to the study of lightning discharge and the 
electric field structure within the cloud. 

The events of low-energy (10 keV - 100 MeV, in 
comparison with terrestrial gamma-ray flashes) long 
duration (from minutes to several hours) excess over the 
background value of the electrons and gamma quanta flux 
recorded on the Earth surface are called the thunderstorm 
ground enhancements (TGEs) ([1], [2], [3]). The location of 
the Aragats observation station at a relatively high altitude, 
as well as the peculiarities of the region’s climate and 
orography, lead to a usually large number of TGE events per 
year, which results in a large amount of data obtained at the 
station during ten years of observations. 

Electric field and energetic particle flux measurement 
results is of crucial importance for the consideration of two 
major issues: mechanism of energetic processes in 
thunderstorms and structure of electric field in the cloud. 
These two problems are highly interwoven, as far as all the 
proposed mechanisms of energetic particles acceleration are 
field-dependent, and count rate measurement results could 
be used for electric field structure estimation. The proposed 
approach enables to recover the cloud particles spatial 
distribution without making any suggestions about 
mechanisms of particle flux generation. 

The configuration of the electric field, on the one hand, 
defines the circumstances of lightning discharges 
development; on the other hand, it affects the acceleration 
and multiplication of energetic particles, which could be 
detected on the ground level. This fact is a good reason to 
study the electric cloud structure and a source of information 
to deal with the issue simultaneously. 

A rather complicated charge structure of a cloud, 
sometimes recognised by balloon sounding [4], is usually 
described by highly simplified three-layered model, where 
the charge of the lower positive charge region (LPCR) is 
mush smaller that absolute values of charges of two main 

charge layers (middle negative and higher positive). 
Simultaneous electric field and count rate measurements, 
carried out at the Aragats station, testify a correlation 
between the LPCR charge value and the intensity of particle 
flux increase. A mature lower positive charge region could 
accelerate energetic particles towards the ground, being the 
reason of energetic particles avalanche multiplication in the 
lower part of the cloud, which leads to the count rate 
increase.  

2. CLOUD STRUCTURE RECOVERY TECHNIQUE  
In order to recover the cloud structure the ground- based 

measurement results should be compared with evidence from 
additional source. As such can be used balloon sounding, 
radar reflectivity measurements or interferometry data. None 
of the above exists for the events under consideration, which 
leaves computer simulation the only source of information. 
Methods of computer modelling and forecast, rapidly 
developing in the last two decades, have achieved high re-
liability and have become one of the main means of 
atmospheric research. Cloud structure recovery could be 
performed by applying the Weather Research and Forecast 
(WRF) Model ([5]), which is a widely used and approved by 
the scientific community simulation toolkit (examples of 
WRF-obtained results for cloud dynamics could be found at 
[6] and [7]). 

The Weather Research and Forecasting Model is an 
atmospheric modelling system designed for both mete-
orological research and numerical weather prediction. WRF 
is suitable for a large number of applications from small scale 
problems to global modelling. It is an accessible research 
tool involving multiple parameterizations of physical 
processes, which serves as a basic module for the 
development of new parameterizations and algorithms. The 
physics options of the WRF model fall into several 
categories: parameterizations of microphysical processes, 
clouds, planetary boundary layer, land surface, and radiation. 

To simulate the state of the atmosphere using the WRF-
ARW model the strategy of two nested domains was used, 
with the center at the observation point (Aragats research 
station of ASEC, 40.4715, 44.1815). The external domain 
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with dimensions of 2700 x 1800 km (cell size is 3 km) 
completely covers the Black and Caspian seas, the Caucasus, 
the Minor Asian, Armenian and Iranian highlands. The 
internal domain with dimensions of 90 x 90 km (cell size is 
1 km) reproduces in detail the Aragats mountain. Initial and 
boundary conditions are obtained from NCEP GDAS/FNL 
0.25 Degree Global Tropospheric Analyses and Forecast 
Grids [8]. Microphysical parameterization is a description of 
generation and extinction of cloud particles (or 
hydrometeors) of each type (or fraction). All the widely used 
microphysical parameterizations for the WRF Model are 
bulk, which means that particle size distribution for each 
fraction is defined by one function in all the size range. 
Presented results were obtained with use of microphysical 
parameterization designed by Thompson [9]. Application of 
other parameterization, which takes into account processes 
involving ice particles, leads to similar results (for instance, 
NSSL 2–moment scheme [10] - advanced fast-developing 
parameterization, the most promising for research 
applications). The applied parameterization of microphysical 
processes includes 5 types of hydrometeors (rain and cloud 
droplets - in what follows are marked RAIN and CLOUD, 
snowflakes - SNOW, ice particles - ICE, and ice grains - 
GRAUPEL) [9]. Typical sizes of cloud particles are: 
CLOUD - less than 50 ^m, RAIN - more than 500 ^m, ICE 
particles - 0.001 ^ 1000 ^m, SNOW particles - less than 10 
mm. 

Cloud electric structure and electrification processes 
were modeled under the following assumptions: 

 Electric field is caused by charged 
hydrometeors only 

 Only solid cloud particles could carry electric 
charge 

 Charge density for each kind of particles does 
not significantly change on time scale of tens 
of minutes 

 Charge density for a mass unit is uniform for 
each type of hydrometeors 

Consideration of electrification processes was carried 
out with use of additional suppositions of the priority of non-
induction charging mechanisms. 

The collisions of hydrometeors of different types is 
considered in [11], [12]. Interaction of ice and graupel 
particles plays the major role in thundercloud elec-
trification. A collision of a graupel particle and ice crystal 
leads to charge transfer, at that the sign of the charge 
obtained by the graupel particle is dependent on the 
temperature in a way which for some applications could be 
described by fig.1a, [11]. Change of charge transfer direction 
inside the cloud leads to forming of three-layered charge 
structure. For the conditions of the Aragats Station 
temperature value of -17 °C corresponds to the height of 
approximately 2.5 km above the station. However, in a wider 
range of parameter values reverse point dependence on 
liquid water content should be also taken into account: fig.1b 
presents several experimentally derived dependencies, 
which correspond to different setup characteristics. 
Applicability of each curve to each certain real 
atmospherical state should be studied separately. 

In order to estimate the charge spatial distribution the 
following sequence of actions was performed: 

 For each hydrometeor type spatial distribution of 
the mass density during all the event was recovered. 

 Electric field, generated at the ground level by each 
type of solid hydrometeors was simulated under the 
asumption of uniform charge density per unit mass. 
Solid hydrometeors are graupel, snow and ice 
particles. For all the events under consideration ice 
particles density is three or more orders smaller than 
snow particles density. Consequently, the same 
relation took place for their charge densities. 
Therefore, electric field created by ice particles at 
the ground level is negligibly small. Correlation of 
measured electric field peaks with the transfer of 
graupel- and snow-clusters above the station proves 
the insignificance of charges of all the other 
hydrome- teor types. 

 For graupel and snow particles, charge density 
values are chosen so that resulting electric field at 
the ground level best matches the measurement 
results. Mass centres of graupel and snow particle 
clusters for the majority of the events are spaced 
horizontally. Due to that fact it is possible to 
determine the correspondence between electeric 
field peaks of different polarity and two types of 
hydrometeors. 

 Hydrometeors spatial distribution, derived from 
wrf-simulation,, along with obtained on the 
previous step charge density coefficients makes the 
estimation of electric cloud structure. For all the 
cases considered, the electroneutrality of the 
obtained structure is shown. 

 
(a) The charge transferred to a riming graupel pellet by a separating ice 
crystal following a collision, at constant cloud water content. Typical 
temperature of the change of charge transfer direction is about -17 °C: 
intersection of the curve and the temperature axis defines the reverse point 
value. 

 
(b) Curves of charge transfer sign alteration in dependence on temperature 
and liquid water content, from laboratory studies (solid line - [12], dash-
doted - [13], doted - [14], dashed - [15]). 

Figure 1. The direction of charge transfer dependences on temperature 
and liquid water content. Curves indicate the condition of the charge 
transfer sign alteration.  
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Example of empirical and simulated ground-level 
electric field evolution during the TGE event is presented 
below (fig.2, fig.3). 

The first electric field peak (positive) coincides in time 
with transfer of the graupel particle cluster above the station, 
which leads to the conclusion, that graupel particles are 
charged positively. Similarly, the negative field peak 
occured at the same time moment as the maximum snow 
particles density above the station, consequently, snow-
cluster is negatively charged. Sum of electric fields caused 
by graupel and snow particles at the ground level is shown 
in the fig.3 and describes the measurement results (fig.2) 
reasonably well. Negative cloud-to-ground discharges, being 
the reason of small-time-scale electric field disturbances, do 
not alter electric field in time scale more than a minute, 
which proves the self-consistency of constant charge density 
assumption. Moreover, accepted assumptions allow us to 
describe the rapid change in the surface electric field strength 
accompanied by the change of sign without introducing 
lightning discharges into consideration. The field value rapid 
change at approximately 11:50 coincides in time with the 
moving of the graupel-cluster away from the station: the 
remaining snow-cluster provides the negative electric field 
observed at the ground surface after 12:00 

 
Figure 2. Electric field and energetic particle flux ground-based 
measurement results obtained by Electric Field Monitor Boltek EFM-100 
and NaI-detectors correspondingly at the Aragats Research Station. 

 
Figure 3. Simulated ground-level electric field time dependence. 

The described procedure of charge density recovery 
leads to the conclusion, that inverse dipole cloud structure 
(lower positive and middle negative layers) could be a good 
description of clous particles distribution for several intense 
TGE events. Inverse dipole structure could be also 
characterised as conventional three-layered structure, where 
lower region has two parts: smaller one, localised at about 2 
km and corresponding to LPCR, and the more dispersed one, 
which provides a positive impact into ground-level electric 
field value on a time scale of an hour or more. The entire 
charge structure is electrically neutral and causes the electric 
field evolution pattern similar to observed one. 

Figures 4 and 5 demonstrates the recovered cloud 
structures. 

3. ELECTRIFICATION PROCESSES 
The fact of particular interest is that the inverse dipole 

structure is shown to be formed in a wide range of altitudes, 
which signifies the absence of reverse point in corresponding 
range of temperatures. This evidence could be used for 
comparison of simulation results with all the proposed 
reverse point dependencies. Absence of the mature higher 
positive charge region means that temperature and liquid 
water content values inside the cloud describe the points 
lying only on one side of the curve of the charge transfer 
direction change. Consequently, the choice of reverse point 
curve (on temperature-LWC plane) is defined by the 
condition of noncrossing the curve (at least for the 
temperature values above -20°C), which describes the 
simulation results. 

 
Figure 4. Cloud structure at 07:00 of 2016-10-29 obtained with use of 
WRF Model. Graupel particles (GRAUP, marked in green) and snow 
particles (SNOW, marked in red) play the major role in the formation of 
electric structure of the cloud. 

 
Figure 5. Cloud structure at 11:00 of 2016-06-11 obtained with use of 
WRF Model. Graupel particles (GRAUP, marked in green) and snow 
particles (SNOW, marked in red) play the major role in the formation of 
electric structure of the cloud. 

All the proposed models except Saunders and Peck 1998 
lead to the reverse point value approximately -20^-25°C 
(defined as the intersection of the experimental curves with 
the modeling result), which corresponds to the 3^4 km 
altitude value, which is in the upper part of the cloud. 
Consequently, only a thin higher positive charge layer is 
formed above the altitude corresponding to reverse point 
value. 

Modeling results show a remarkable correlation of the 
cloud particles (little droplets) and ascending air currents 
spatial distribution: 

Figures 7a and 7b have a certain similarity, which leads 
to the conclusion, that cloud particles are formed from the 
vapor by condensation when the air is raised. Existence of 
significant concentrations of cloud- and rain-particles could 
intensify the electrification, which accompanies graupel- and 
snow- particles collisions. Influence of liquid water on the 
charge transfer processes is described in detailes in [16], 
[14]. 
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4. CONCLUSIONS 
A cloud electric structure estimation is obtained by 

comparison of electric field ground-based measurement 
results with the results of the state of the atmosphere 
numerical modeling.  

Two dozen TGE events analysis has lead to the 
following conclusions: 

 Cloud structure and ground-surface electric field 
time evolution could be successfully simulated with 
use of the WRF Model. 

 For all the analyzed intense TGE events cloud has a 
lower layer with the significant positive charge. 

 Interaction of graupel and snow particles plays a 
decisive role for the electrification processes above 
the Aragats station, instead of graupel-ice. Graupel-
snow interaction could have a reverse point, 
dependent on temperature and liquid water content, 
by the same way, as for graupel-ice interaction. 

 Revers point value is achieved by temperature at 
altitude about 3-4 km, which leads to formation of 
the cloud with pronounced lower positive and 
middle negative layers, instead of ordinary three- 
layered structure. The impact of the higher positive 
layer into the ground-level electric field is shown to 
be insignificant for description of electric field 
evolution. 

 

Figure 6. The direction of charge transfer dependences on temperature and liquid water content, according to WRF simulation for the event of 2016-
06-11 09:50, in comparison with the results obtained in laboratory studies by other researchers. Curves indicate the condition of the charge transfer 
sign alteration. 

 
(a) Distribution of cloud particles density at 201606-11 09:50, 

modeled by means of WRF. 

 
(b)  Distribution vertical wind speed at 2016-0611 09:50, the scale is 

graduated in ¹, modeled by means of WRF. 

Figure 7.  Clusters of little water droplets are located in the regions of the strong ascending currents of air.
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Modelling of the Electron Acceleration and Multiplication in the Electric Fields 
Emerging in Terrestrial Atmosphere 
A. Chilingarian, M. Zazyan, G. Karapetyan 

A. Alikhanyan National Lab (Yerevan Physics Institute), Yerevan 0036, Armenia 

Abstract: Thunderstorm ground enhancements, fluxes of electrons, gamma rays, and neutrons originated in the thunderstorm 
atmospheres are controlled by the strength of the atmospheric electric fields. If the strength is above a threshold value, that is inversely 
proportional to the air density, a Relativistic Runaway Electron Avalanche (RREA) is unleashed, in which large-scale multiplication of the 
particles took place. The second process, Modification of the electron energy spectra (MOS) operates on much less scales however is 
effective for almost all strengths of atmospheric electric fields. In the series of simulations with the CORSIKA code we show that MOS 
process can be responsible for long lasting TGEs recently discovered on Aragats.  

1. INTRODUCTION  
The emerging field of High Energy Atmospheric 

Physics (HEAP, Dwyer et al., 2012), studies events 
producing high energy particles in the terrestrial 
atmosphere, such as thunderstorm ground enhancements 
(TGEs, Chilingarian et al., 2010,2011), terrestrial gamma-
ray flashes (TGFs, Fishman et al., 1994) and gamma-ray 
glows (McCarthyandParks(1985);Kelly et al., 2015). It is 
widely accepted that all 3 processes are driven by electric 
fields, ionization, scattering and bremsstrahlung (Dwyer, 
2003, Chilingarian, Mailyan and Vanyan, 2012, Saria et al., 
2018). One of underlying processes, namely Runaway 
Breakdown (RB, Gurevich et al., 1992), now mostly 
refereed as Relativistic Runaway Electron Avalanche 
(RREA, Babich et al., 2001, Dwyer, 2003) is a “threshold” 
process controlled by the strength of the electric field to be 
above definite threshold value dependent on the density of 
the air. RB/RREA is responsible for the expansion of 
electron-gamma ray avalanches in the atmosphere and, 
consequently, for the large-scale multiplication of the 
particles detected on the earth surface or observed in 
atmosphere by facilities on balloons and aircraft. The 
second process, Modification of the electron energy spectra 
(MOS, Dorman and Dorman, 2005, Chilingarian, Mailyan 
and Vanyan, 2012) operates on much less scales however is 
effective for almost all strengths of atmospheric electric 
fields. 

Monte Carlo simulations for such a complicated 
domain as HEAP is not a precise tool. We do not know the 
distribution of the electric charges in the atmosphere unique 
for each observed event, and, therefore, strength and 
elongation of the emerging electric fields. Nonetheless, 
these simulations give us understanding of the operation of 
RB/RREA and MOS processes and expected behavior of 
the energy spectra, as it is measured by the particle 
detectors located on the earth’s surface. 

What we always have in the heart of our modelling 
activities is that simulation should be paired with experi-
mentation; and each should profit from other. After our 
recently observation of Long Lasting TGEs (LL TGEs, 
Chilingarian et al., 2018) – a hours extending flux of 
gamma rays observed at Aragats, we started a cycle of 
simulations to get answer if the MOS process can provide 
such a long duration of gamma ray flux, or remote 
Extensive Cloud Showers (ECSs) can contribute to this 
flux, or we should consider another origin of gamma rays, 

say, a stochastic electron acceleration by a set of randomly 
distributed charges in the atmosphere, or Radon progenies 
gamma ray radiation. Thus, our simulations are always 
pairing with observations and with hypothesis testing.    
2. MODELLING OF THE RB/RREA AND MOS 

PROCESSES IN THE ATMOSPHERE 
In 2012, we perform GEANT4 simulations of the 

particle propagation in the atmosphere with an electric field 
of 1.8 kV/cm spread uniformly from 5000m till 3600m 
a.s.l. above Aragats research station located on 3200m a.s.l. 
(Chilingarian, Mailyan and Vanyan, 2012). As seed 
particles were used secondary Cosmic Ray (CR) electrons 
in the energy range of 1–300 MeV. We also test fields 
below this threshold for RB/RREA to illustrate the 
possibility to registered TGEs not ultimately related to the 
avalanched process in the atmosphere, i.e. - by the MOS 
process. Due to finite sizes of our spectrometers, the 
maximal energy of observed electrons did not exceed 40-50 
MeV. By examining the ratio of electron to gamma ray flux 
for the largest TGE event of 19 September 2009, we 
estimate the height above particle detectors where electrons 
and gamma rays of the avalanche leave the region of strong 
electric field (see Appendix C of Chilingarian, Mailyan and 
Vanyan, 2012). Using obtained estimate of ~50 m, the 
number of electrons with energies above 1 MeV at the exit 
from the cloud was estimated to be ~2107כ /m2/min; if we 
assume that the radiation region in the atmosphere has a 
radius of 1 km the total number of electrons crossing this 
region in a minute is~61013כ. 

For a new series of simulations, we use the CORSIKA 
package (details of used options of CORSKA code one can 
find in Chilingarian, Knapp and Zazyan, 2019) to achieve a 
model independent inference and to get clues in the recent 
observations of the long-lasting TGEs and “winter” TGEs 
that were not accompanied with thunderstorms and large 
disturbances of the near-surface electric field. From the 
consideration of the ~500 TGE events observed in the last 
decade, we conclude that far not all TGEs are due to 
RB/RREA process. To investigate the “small fields” effect, 
we use in simulations rather low values of the atmospheric 
electric fields strengths starting from 0.1kV/cm. Overall 
scheme of the simulations is presented in Fig. 1.  

Each simulation set consists of 108 showers originated 
from vertically traversing CR electrons with energies in the 
interval 1÷300MeV. The power law shape of the 
differential energy spectrum of electrons with spectral 
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index Ȗ = í1.21 was used in simulations. Avalanche 
particles were followed till the Earth’s surface (Hobs = 
3200m a.s.l.) or till their energy become less than 
Ecut=0.05MeV. Electric field Ez>0 was introduced in a 
kilometer lenght above the “cloud base” H, that was 
changed from 50 to 1000 m. modeled under the following 
assumptions: 

 
Figure 1. The scheme of the electron acceleration modelling in the 
atmosphere. 

As we can see in the Figure 1 two fields are supporting 
the electron acceleration downwards: the field between 
main negative layer and its mirror on the earth and field 
between the same negative layer and small positively 
charged layer in the bottom of the cloud. Sure, it is highly 
simplified structure, however, the most intense TGEs 
happened when both fields are in play and their 
superposition exceeds the avalanche initiating threshold. In 
simulation, we make no difference between these fields, 
assuming existence of constant field a kilometer length with 
fixed preselected strength. Both such a field elongation and 
strength were routinely measured in balloon flights (Mar-
shall et al., 1995, 2005). 

In Figure 2, we show the energy spectra of secondary 
gamma rays reaching earth’s surface after crossing 1 km 
long electric field from 0.1 to 2 kV/cm above Aragats 
research station. 

In Table 1, we enumerate the gamma ray flux 
enhancement. After reaching RB/RREA threshold, the 
number of particle exponentially rose in the electron – 
gamma ray avalanches. However, ever for the small electric 
fields we have significant enhancement that can be reliably 
registered by the spectrometers and counters located on 
Aragats. 

 
Figure 2. Energy spectra of secondary photons reaching earth’s surface 
after traversing electric field of 1km located 50m above Aragats research 
station (3200m a.s.l.). 

Table 1. Number of secondary photons reaching earth’s surface after 
traversing electric field of 1km located 50 m above Aragats research 
station (3200m a.s.l.). 

Ez (kV/cm) N(Ez) (N(Ez)-N(0))/N(0) (%) 

0. 370647 0 

0.1 387271 4.5 

0.2 405065 9.3 

0.3 425962 14.9 

0.9 626225 69.0 

1.7 1879136 407.0 

2.0 9052389 2342.3 

In Table 2 we post the particle flux enhancement 
(comparing with fair weather values) in different energy 
intervals. We see that most of enhancement for sizable 
electric fields occurred at low energies.  
Table 2 Enhancement (N(Ez)-N(0))/N(0) (%)) of secondary photons in 
different energy intervals. 

Ez (kV/cm) 0.3 - 2 MeV 50 – 60 MeV 70 – 80 MeV 

0.1 5.6 5.7 3.7 

0.2 11.3 7.4 3.7 

0.3 17.7 11.8 4.7 

0.9 82.9 37.1 32.1 

1.7 547.4 109.7 94.1 

2.0 3412,3 157.3 133.9 

The enhancement of gamma ray flux for different 
energy intervals are shown in Figure 3.  

 
Figure 3. Enhancement (N(Ez)-N(0))/N(0) (%)) of secondary photons in 
different energy intervals. 

In Table 3, we show the gamma ray flux after crossing 
1 km long electric field located at different distances above 
earth’s surface. 
Table 3. Number of gamma rays at observation level and for different 
heights of electric field above it. 

Ez (kV/cm) H=50m H=200m H=500m 

0. 370647 304168 211015 

0.8 581764 466073 313161 

1.7 1879136 1397688 859752 
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In Table 4-6, we show the same information as in 
Table 3 but separately for different energy intervals and 
heights of electric field above earth’s surface. 
Table 4. Number of gamma raysreaching earth’s surface from H=50m 

Ez (kV/cm) 0.3 - 2 MeV 50 – 60 MeV 70 – 80 MeV 

0. 112754 4022 2042 

0.8 189429 5337 2610 

1.7 729999 8434 3965 

Table 5. Number of gamma rays reaching earth’s surface from H=200m 

Ez (kV/cm) 0.3 - 2 MeV 50 – 60 MeV 70 – 80 MeV 

0. 90213 3564 1756 

0.8 146062 4482 2192 

1.7 536886 7085 3252 

Table 6. Number of gamma raysreaching earth’s surface from H=500m 

Ez (kV/cm) 0.3 - 2 MeV 50 – 60 MeV 70 – 80 MeV 

0. 60344 2347 1184 

0.8 93111 3254 1489 

1.7 307121 5305 2375 

In Table 7 and Figure 4 we demonstrate the influence 
of electric field height on the number of additional gamma 
rays reaching the earth’s surface. We can see that from 50m 
to 200m the number of additional gamma rays decreases 
~1.2 times, and from 50 to 1000m – more than 3 times. In 
the spring season (April-June at Aragats), the cloud base 
height do not exceed 200 m. and usually is ~ 50 m. 
Table 7. Number of gamma rays reaching earth’s surface from different 
heights. 

 H=0m H=50m H=200m H=500m H=1000m

NȖ 1106968 581764 466073 313161 185241 

 
Figure 4. Ratio of gamma rays reaching earth’s surface after escaping 
from electric field at different heights, Ez=0.8kV/cm with elongation of 1 
km. 

3. DEPENDENCE OF MOS PROCESS ON THE 
ELECTRON ENERGY 
We perform another trial of simulation to find out 

which energies of electron entering electric field make 
major contribution to the gamma ray flux observed on the 
earth’s surface. The parameters of simulation were as 
follows: 

Each simulation set consists of 2 trials of 108 electrons 
each, distributed according the power low with index Ȗ = 
í1.21 with energies in the interval 1÷100MeV (a) and, 
1÷300MeV (b). Secondary particles energy cut was 
E=0.05MeV. Observation level Hobs = 3200m above sea 
level. The electric field was located between 3250m <H 
<4250m. 

Results of simulations are presented in Figures 5-6 and 
Tables 8-9. 

 

 
Figure 5. Secondary photon spectra for two cases of initial electrons 
energy intervals (1÷100MeV (a) and, 1÷300MeV (b) and different 
electric fields. 

Table 8. Number of secondary photons in different energy intervals for 
the case of the energy of initial electrons up to 100 MeV (a). 

Ez (kV/cm) 0.3 - 2 MeV 50 – 60 MeV 70 – 80 MeV 

0 3019282 39615 7031 

0.8 5458312 58407 10355 

1.7 36234358 120930 22292 

Table 9. Number of secondary photons in different energy intervals for 
the case of the energies of initial electrons up to 300 MeV(b). 

Ez (kV/cm) 0.3 - 2 MeV 50 – 60 MeV 70 – 80 MeV 

0 11625191 460104 225106 

0.8 19334083 620002 296145 

1.7 74755429 1087393 494531 
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Figure 6. Secondary photons spectra for primary electrons for two cases 
of initial electrons energy intervals 

From Tables 8 and 9 and from Fig. 5 it is apparent that 
the main contribution to the MOS gamma rays comes 
mostly from the high-energy electrons. This is expected due 
to very strong dependence of the bremsstrahlung cross 
section on electron energy. 

4. EFFECT OF NEAR EARTH ELECTRIC FIELD ON 
THE INTENSITY OF THE ANNIHILATION PEAK 
AT 511 KEV 
During a few aircraft campaigns gamma-ray glows 

have been observed in the energy range (50 keV to 10 
MeV). In 2 flight ( a short pulses (200 ms -1 s) of enhanced 
fluxes of 511 keV emissions have been reported, indicating 
 an enhanced flux of positrons annihilating (Dwyer et al., 
2015 and Kochkin et al. ,2018). �To estimate how much the 
511 keV peak was enhanced due to atmospheric electric 
field we performed CORSIKA simulation with CR 
electrons in the energy range of 1–300 MeV as seed 
particles. Electric field Ez > 0 was introduced in a kilometer 
above observation level. Results of simulations for 
Ez=1kV/cm and Ez=0 are presented in Figure 6. 

 
Figure 6. Annihilation peak for two cases of CORSIKA simulation. 

The annihilation peak height above background is 1.5 
times larger for the case of Ez=1kV/cm comparing with no-
field case. 

CONCLUSIONS 
We use the CORSIKA code to get clues in the recent 

observations of the long-lasting TGEs and “winter” TGEs 
that were not accompanied with thunderstorms and large 
disturbances of the near-surface electric field. From the 
consideration of the ~500 TGE events in the last decade, we 
conclude that far not all TGEs are due to RB/RREA 
process. To investigate the “small fields” effect, we use in 
simulations rather low values of the atmospheric electric 
fields strengths starting from 0.1 kV/cm. We show that the 
modification of the cosmic ray electron energy spectra 

(MOS process) lead to additional bremsstrahlung radiation 
reaching the earth and sustaining significant additional 
gamma ray flux. Small disturbances of the near-surface 
electric field can be induced by larger disturbances of 
atmospheric electric field; thus, the MOS process can 
continuously enlarge the flux of bremsstrahlung gamma 
rays in the energy domain 0.3-3 MeV ever for the minimal 
fields started from 0.1 kV/cm.  The main contribution to the 
MOS gamma rays comes mostly from the high-energy 
electrons from ambient population of secondary electrons 
(100 – 300 MeV). 
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The Gamma-Ray Observation of Winter Thunderclouds (GROWTH) collaboration has been performing observation campaigns of high-
energy radiation in coastal areas of Japan Sea. Winter thunderstorms in Japan have unique characteristics such as frequent positive-polarity 
discharges, large discharge current, and low cloud bases. These features allow us to observe both long-duration gamma-ray bursts and 
lightning-triggered short-duration bursts at sea level. In 2015, we started a mapping observation project using multiple detectors at several 
new observation sites. We have developed brand-new portable gamma-ray detectors and deployed in the Kanazawa and Komatsu areas as 
well as the existing site at Kashiwazaki. During three winter seasons from 2015, we have detected 27 long-duration bursts and 8 short-
duration bursts. The improved observation network in Kashiwazaki enables us to discover that the short-duration bursts are attributed to 
atmospheric photonuclear reactions triggered by a downward terrestrial gamma-ray flash. Collaborating with electric‐field and radio-band 
measurements, we have also revealed a relation between abrupt termination of a long-duration burst and a ilightning discharge. We 
demonstrate that the mapping  observation project has been providing us clues to understand high-energy atmospheric phenomena 
associated with thunderstorm activities. 

INTRODUCTION  

Recent discoveries of high-energy phenomena 
associated with thunderstorm activities have been proving 
that thunderclouds and lightning discharges can be powerful 
electron accelerators. From space, terrestrial gamma-ray 
flashes (TGFs) were first discovered by Compton Gamma-
Ray Observatory[1], then have been observed by gamma-ray 
astronomy satellites such as RHESSI[2], AGILE[3] and 
Fermi[4]. They  last for a few hundred microseconds to 
several milliseconds, and their photon energy extends 
beyond 20 MeV. In addition, similar lightning-associated 
events at ground-level have been also detected by mountain 
top experiments[5‐8] and by rocket-triggered lightning 
experiments[9, 10]. They are referred to as \down-ward 
terrestrial gamma-ray fllashes". In contrast, long-lasting 
radiation enhancements from thunderclouds have been also 
detected by airborne [11‐14], mountain-top[15‐21], and sea-
level measurements[22‐26]. They are called long bursts[23], 
gamma-ray glows[13], and thunderstorm ground enhan-
cements especially when detected by on-ground 
experiments[20]. They have second- to minute-order 
duration which is much longer than TGFs, and their photon 
energy can also reach a few tens of MeV[25]. The long-

lasting emissions often precede and sometimes terminate 
with lightning discharges[11‐13, 24, 27‐30]. 

These atmospheric high-energy phenomena are thought 
to be bremsstrahlung of electrons accelerated in strong 
electric _elds of lightning and thunderclouds. Based on 
Wilson's runaway electron hypothesis [31], Grevich et 
al.[32] proposed relativistic runaway electron avalanches 
(RREA). When thunderstorms have strong electric _felds 
(e.g. more than 284 kV/m at standard temperature and 
pressure, derived by a simulation of Dwyer[33].), energetic 
seed electrons, whose energy is more than a few hundreds of 
keV, are accelerated and exponentially multiplied. RREA is 
thought to be the most plausible model for these high-energy 
phenomena  associated with thunderstorm activities. In 
addition, the relativistic feedback model was introduced by 
Dwyer[34] to explain the brightness of TGFs. 

Winter thunderstorms in Japan are ideal targets for 
observations of atmospheric high-energy phenomena. Long 
bursts in Japanese winter thunderstorms were _rst discovered 
by radiation monitoring stations in nuclear power plants [22], 
and have been observed by sea-level measurements [22‐26]. 
Winter thunderstorms have unique features comparing to 
summer ones such as high-current discharges, a large 
proportion of positive-polarity discharges and upward 
leaders, and lower cloud bases [35, 36]. In usual, long bursts 
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in summer thunderstorms can be hardly detected at sea-level 
because their charged region is located typically above 3 km 
altitude, which is too high for gamma-rays of MeVs to 
penetrate toward the ground. On the other hand, lower cloud 
bases of winter thunderstorms, typically less then 1 km, 
allow gamma rays to reach the sea level. 

In order to investigate high-energy phenomena in winter 
thunderstorms, we started the GROWTH (Gamma-Ray 
Observation of Winter Thunderclouds) experiment in 2006. 
Radiation monitors were deployed at Kashiwazaki-Kariwa 
Nuclear Power Plant in Niigata Prefecture, Japan. Coastal 
areas of japan Sea, including the Kashiwazaki site, often 
encounter active thunderstorms during every winter season. 
We have observed two types of energetic phenomena. Long 
bursts, as referred above, are minute-order bremsstrahlung 
emissions from thunderclouds, apparently not associated 
with lightning [24, 25, 28]. Tsuchiya et al.[24] revealed that 
long bursts originate from bremsstrahlung of electrons 
accelerated beyond 10 MeV in winter thunderclouds. In 
contrast, we have also detected short-duration radiation 
bursts called \short bursts"[37] coinciding with lightning 
discharges. Short bursts has duration of a few hundred 
milliseconds, which is shorter than long bursts, but longer 
than TGFs. Typical count-rate histories and energy spectra 
of the two phenomena are presented in Figure 1. 

As observational results of long bursts are accumulated, 
several important questions to be answered are raised: 

 How long bursts emerge, develop, and terminate? 
 How thunderclouds keep highly electrified region 

responsible for electron acceleration? 
 How large energy thunderclouds release by 

emitting high-energy photons? 
In addition, what causes short bursts was completely 
missing, which is addressed later (see setion "Interpretation 
of short bursts"). To answer these questions, we started a 
mapping observation project with multiple observation sites. 
The project was launched in 2015 with 2 portable detectors, 
and is expanding the number of detectors in coastal areas of 
Japan Sea. The project aims to detect long bursts and short 
bursts with multiple detectors, and to measure spatial ux 
distribution, spectra, and temporal ux variations. In the 
present paper, we introduce our detectors dedicated to the 
project, and high-lights of observational results in 2015-2017 
winter seasons. 

INSTRUMENTATION 

Development of portable detector 
The mapping observation project requires portable detector 
system dedicated to outdoor observation of gamma-rays. We 
have been deploying detectors mainly in urban areas because 
it is easy to obtain power sources. In this case, detectors 
should be compact for limited installation spaces on 
rooftops. In addition, to deploy more than 10 detectors, the 
detector system should be portable, easy to handle, easy to 
assemble, and suitable for mass production. Therefore, we 
employed a simple con guration consisting of a main 
scintillation crystal coupled with photomultipliers (PMTs), 
data acquisition (DAQ) system, and telecommunication 
system. 
Scintillation crystals are utilized as the main detection 
component. To detect gamma rays of more than 10 MeV, we 
employ inorganic scintillators such as Be4Ge3O12 (BGO), 
sodium iodide (NaI), and cesium iodide (CsI) crystals. For 
example, BGO crystals with 2.5 cm thick-ness can interact 
with ~50% of 10 MeV gamma rays. Light yields form these 
scintillation crystals are read by PMTs. Although we utilize 
various crystals and PMTs for mass production, our popular 
con gurations are 25x8x2.5 cm3 BGO crystals coupled with 
Hama-matsu R1924 PMTs, and 30x5x5 cm3 CsI crystals 
with Hamamatsu R6231 PMTs. 
Telecommunications are performed via mobile phone 
network. A mobile router is employed to connect the DAQ 
system to the cellular network such as the Long Term 
Evolution network in Japan. The DAQ system continually 
send telemetries of operation status, temper-ature of the 
system, electricity consumption, and so on. Due to a limited 
amount of data transfer, all data cannot be sent in real time. 
Instead, we can download required data (e.g. during 
thunderstorms) on demand. 
These components are packed in a waterproof box 
BCAR453520T (Takachi Electronics Enclosure), whose size 
is 45 cm (width) x 35 cm (length) x 20 cm (height). The 
inside and outside of the detector are presented in Figure 2. 
Electricity is supplied via a waterproof cable. A typical 
weight of the whole system is ~15 kg, depending on 
scintillation crystals. The system is xed to concrete blocks or 
building facilities in order to prevent it from ying away due 
to severe winter thunderstorms. 

 
Figure 1: Typical time series of count rates and spectra of long bursts (a and b) and short bursts (c and d). (a) A 10-sec-binned count-rate history of a long 
burst in 0.7-15.0 MeV, observed in Komatsu on 8th December 2016. (b) An energy spectrum of the long burst shown in panal a, extracted from 17:56:30-
17:57:30 (UTC). Detector responses remain unremoved. (c) A count-rate history of a short burst in 0.35-20.0 MeV, observed in Kashiwazaki on 6th 
February 2017. The origin of the X axis and the red-dashed line show the timing of a lightning discharge at 08:34:06. The best- t exponential function to 
the count-rate history are overlaid with the blue-dashed line. (d) An energy spectrum of the short burst in panel b, extracted from 40-100 ms. 
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Figure2: The inside (left) and outside (right) of the detector. 

Data acquisition system 
It is necessary to develop a compact DAQ system for 

portable detectors. In our con guration, scintillation crystals 
and DAQ system can be made small. However, the size of 
main scintillation crystals, which affects the sensitivity to 
gamma rays, cannot be smaller than necessary. Therefore, 
we focused on developing a compact new DAQ system 
dedicated to the mapping observation project. The DAQ 
system consists of three components: GROWTH 
FPGA/ADC board, GROWTH daughter board, and 
Raspberry Pi. The photographsand block diagram of the 
DAQ system is presented in Figure 3. 

The GROWTH FPGA/ADC board has been devel-oped 
in cooperation with Shimafuji Electronics Co., Ltd. It is a 
general-purpose analog-to-digital converting board with a 
eld programming gate array (FPGA). It has 4-channel analog 
inputs with 5 V to 5 V coverage The input signals are at rst 
buơered by diơerential ampli-ers, then sampled by 12-bit 
ADC chips (Analog Devices AD9231). The ADC chip can 
be operated with up to 65 MHz. We employ the 50 MHz 
sampling rate for the ex-periment. The converted signals are 
processed by FPGA (XILINX Artix-7 XC7A35T-
2FTG256C). We employed a self-trigger system. Once the 
input signal gets over the threshold, FPGA extracts 
maximum and minimum val-ues and arrival time of the 
sampled data during a gate time. The extracted information 
from sampled wave-form is sent via a USB-driving chip 
(FTDI FT2232HL) to Raspberry Pi 3 by the Universal 
Asynchronous Re-ceiver/Transmitter (UART) interface. The 
gate time and trigger thresholds are also modi able via 
Raspberry Pi. In addition, a slow ADC chip (Microchip 
Technology MPC3208) connected to temperature and 
current sen-sors, and a slow digital-to-analog convertor 
(DAC) chip (Microchip Technology MPC4822) are onboard. 
These slow ADC and DAC are controlled by Raspberry Pi 
via Serial Peripheral Interface. The GROWTH FPGA/ADC 
board is also connected with Raspberry Pi via 2x20-pin 
GPIO (general purpose input/output), besides the UART 
interface. The FPGA/ADC board is powered by DC12 V 
input. 

Since the GROWTH FPGA/ADC board is a general-
purpose ADC board, it has no amplifier circuits dedicated to 
e.g. PMT and silicon photomultiplier readouts. Instead, the 
board can be connected to a daughter board designed for a 
certain purpose via a 2x20-pin connector. As described in the 
next paragraph, daughter boards are expected to have charge 
amplifiers, waveform-shaping ampli ers, high-voltage 
suppliers, temperature sensors, and so on. Also, a global 
positioning system (GPS) receiver on daughter boards can be 

connected to the ADC/FPGA board. If the receiver obtains 
GPS sig-nals properly, accurate absolute timing (better than 
1 µs) is assigned to the digitized waveform by FPGA. Other-
wise the absolute timing is assigned by internal clock of 
Raspberry Pi with an accuracy of ~1 µs.We also developed 
the GROWTH daughter board to read PMT outputs. The 
daughter board has 4-channel charge ampli ers and shaping 
ampli ers. These two am-pli ers have time constants of 10 µs 
and 2 µs, respectively. The amplified signals are sent to the 
FPGA/ADC board via the 2x20-pin connector, then sampled 
by the ADC chips. A GPS receiver (Global Top FGPM-
MOPA6H) is onboard and connected to FPGA. A GPS 
antenna can be connected to the daughter board via SMA 
terminal. The daughter board has also a module-type high-
voltage suppliers for PMTs (Matsusada Precision OPTON-
1.5PA/NA-12) which can supply 0-1500 V. The high-
voltage supplier accepts reference voltage to control output 
voltage. In our case, we utilize the slow DAC on the 
FPGA/ADC board to generate the reference volt-age, thus 
the output voltage can be controlled by Raspberry Pi. PMTs 
can be connected to the high-voltage suppliers via SHV 
connectors. In addition, the daughter board has a small 
display (OLED SSD1306) and an environmental sensor to 
measure temperature, humidity, and atmospheric pressure. 
They are connected to Raspberry Pi through the FPGA/ADC 
board and controlled by the Inter-Integrated Circuit 
interface. The size of the assem-bled DAQ system is x 9.5 
cm (width) x 9.5 cm (length) x 10.3 cm (height) including 
the daughter board and HV suppliers. Total electricity 
consumption including Raspberry Pi is 7 W. 

Deployment 
Since the launch of the mapping observation project in 

2015, we are expanding the number of detectors. In 2017-
2018 winter season, we had ve observation sites in 
Kanazawa, Komatsu, Toyama, Suzu, and Kashiwazaki with 
16 detectors in total. Figure 4 presents observation sites in 
the 2017-2018 season. All the observation sites are located 
in coastal areas of Japan Sea. Suzu and Toyama sites are at 
Universities. Kanazawa and Komatsu sites consist of a 
university, local high schools, and a science museum. The 
Kashiwazaki site is in Kashiwazaki-Kariwa Nuclear Power 
Plant, where we have been performing the GROWTH 
experiments since 2006, and updated with 4 detectors in 
2016. 

Calibration 
We perform timing and energy calibration for obtained 

data. Timing of each photon event is assigned by GPS 
signals. Successfully-received GPS signals are con rmed to 
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give absolute timing better than 1 s. The energy calibration 
is performed by using persistent background radiation such 
as the 1.46 MeV line of 40K and the 2.61 MeV line of 208Tl. 
In addition, lines from 214Bi are also utilized to estimate the 
accuracy of the energy calibration. Figure 5 presents 
background spectra obtained by a detector at Kanazawa 
University in March 2018. During raining, count rates below 
3 MeV because 214Bi, which is a daughter product of 222Rn, 
resides in rain drops, then falls onto the ground. In this case, 

the 0.609 MeV line of 214Bi is suitable to investigate the 
calibration accuracy. When the energy is calibrated by a 
linear function derived from 1.46 MeV and 2.61 MeV 
background lines, the accuracy of the energy calibration is 
less than 2% at 0.609 MeV. Since BGO scintillation crystals 
have a temperature de pendence on light yields, these 
calibration procedures are performed for every 30 minutes. 
Whereas, the procedures for NaI and CsI crystals are 
performed dairy due to the low temperature dependences. 

 

Figure 3: Photographs of the DAQ system with (left top) and without (left bottom) the GROWTH daughter board, and a block diagram (right). 

     
Figure 4: The observation sites in the 2016-2017 winter season. 

 
Figure 5: Averaged background spectra in 5th March 2018 (black; sunny) 
and 6th March 2018 (red; rainy) obtained at Kanazawa University. the 
spectra are accumulated for 30 minutes. 

 
RESULTS 
Number of detected events 
The number of detected events since 2006 is presented in 
Figure 6. During 2006-2014, we operated only the 
Kashiwazaki site with 2 detectors. In average, 0.8 short 
bursts and 1.6 long bursts were observed for one winter 
season. Since 2015, we started the mapping observation 
campaigns. After the launch, the detection rate becomes 9.0 
per year for long bursts, and 2.3 per year for short bursts. 
Among the 41 long bursts, we observe 5 events which 
abruptly terminated with lightning discharges. 

 
Figure 6: High-energy event detections from 2006-2007 to 2017-2018 
winter seasons. Blue and magenta bars show long bursts and short bursts, 
respectively. 

 
Figure 7: Count-rate histories of a long burst observed in the Komatsu 
sites with 10-sec bins. The energy range is 3.0-15.0 MeV. Red and black 
data points present count rates in detectors A and B, respectively. 
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Tracking of long bursts 

One of the main purposes of the mapping observation project 
is to reveal life cycles of long bursts. We introduce a 
successful example to track an identical long burst by two 
radiation monitors. In the Komatsu site, two radia-tion 
monitors were deployed at the roof of a high school and a 
science museum with 1.3 km separation. The mon-itors 
detected a long burst during heavy thunderstorms on 8th 
December 2016. Count-rate histories of the long burst are 
shown in Figure 7. We tted the count-rate his-tories with a 
Gaussian function, and obtained count-rate peak time at 
detectors A and B as 17:56:25.6 2.5 and 17:58:19.5 0.8 
(UTC), respectively. Temporal separation of the peak time at 
two detectors is 114:0 2:6 sec. 
To investigate the wind ow at that moment, we uti-lized data 
of XRAIN (eXtended RAdar Information Network). XRAIN 
is an X/C-band radar network oper-ated by Japanese 
Ministry of Infrastructures, Land and Transportations. It can 
observe radar-echo and precipi-tation maps with a 1-minute 
interval. Precipitation maps with a 5-minute interval are 
shown in Figure 8. A high-precipitation area, namely 
thunderclouds, passed above the detectors from north-west 
to southeast during 17:55-18:00, consistent with the 
detection time of the long burst. In addition, it is indicated 
that detector A located upwind was required to detect the 
long burst prior to de-tector B. This is also consistent with 
the detection order of the long burst. By comparing pairs of 
precipitation maps with the 5-minute interval, we obtained 
the wind flowing at a speed of 10:9 1:2 m s1 with a direction 
of 296°. 
The expanded map in Komatsu is shown in Figure 9. The 
two observation sites has a 1.36 km separation. We assumed 
that the long burst moved with the wind ow. With the wind 
direction of 296° separation, the distance between the closest 
points from the detectors to the center of the long burst is 
1.20 km. The wind needed 110+14

11 sec to pass the distance 
of 1.20 km. This is consistent with the temporal separation 
of the peak time at the detectors, 114:02:6 sec. Therefore, it 

is clear that an identi-cal long burst moved with the ambient 
wind ow, then irradiated the two detectors with a time lag. 
In this case, the center of the long burst passed by detector B 
closer than detector A because the peak count rate of detector 
B was higher than that of detector B. On the other hand, the 
observation with two detectors cannot determine the exact 
position of the long burst center. Observations with 3 or more 
detectors will give us not only the burst center, but also 
structures of irradiated areas, total gamma-ray uxes, and so 
on. In addition, time variations of long burst will be also 
revealed with the mapping observation project by tracking 
an identical long burst. In conclusion, our pilot observation 
in the 2016-2017 winter season demonstrated a successful 
tracking of a long burst with multiple detectors, and 
suggested scienti c importance of the mapping observation. 

Interpretation of short bursts 
In this section, we brie y summarize the interpreta-tion of 
short bursts published as Enoto et al.[38] The short burst 
event detected in the Kashiwazaki site en-abled us to 
demonstrate atmospheric photonuclear reac-tions triggered 
by a lightning discharge. On 6th February 2017, four 
detecters deployed in the Kashiwazaki site si-multaneously 
detected a short burst coinciding with a 
lightning discharge reported by Japanese Lightning 
Detection Network. It lasted for ~200 ms and decayed with 
a time constant of 50-60 ms. The spectra of the short burst 
present a continuum and sharp cutoơ at 10 MeV, which is 
diơerent from bremsstrahlung (see Figure 1). At the 
beginning of the short burst, fast (less than a few 
milliseconds) and large energy deposit into scintillation 
crystals (more than hundreds of MeVs) were suggested by 
paralyzed output signals. After the short burst, two of the 
four detectors recorded an afterglow in the 0.4-0.6 MeV 
range lasting for 1 minute. The spectra apparently present the 
0.511 MeV line of electron-positron annihilations. Since the 
annihilation emission was not accompanied by signi cant 
numbers of photons with energies more than 1 MeV, this is 
not of the pair-production origin. 

 
Figure 8: Five-minute interval precipitation maps in Komatsu obtained by XRAIN. Black star markers present the observation sites. 
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Figure 9: An aerial photograph in Komatsu.red star markers and a 
magenta arrow present observation sites and wind direction, respectively. 
The cyan-dashed lines present possible areas of the long-burst center 
when the long burst reaches the closest position to each detector. 

These are interpreted as photonuclear reactions trig-
gered by a lightning discharge. First of all, the lightning 
discharge provoked the fast and large energy deposit at the 
beginning of the short burst, namely a downward TGF. Due 
to high-energy photons of more than 10 MeV (ref), the 
downward TGF triggered atmospheric pho-tonuclear 
reactions such as 14N+ Ȗĺ13N+n and 16O+ Ȗĺ15O + n, 
producing fast neutrons. These neutrons gradually lost their 
kinetic energy via elastic scattering in the atmosphere with 
time scale of ~50 ms, and nally reacted with ambient 14N. 
Most of the neutrons were thought to exhibit charged-
particle reaction 14N + n ĺ14C + p, producing quasi-stable 
carbon isotope 14C. The rest reacted with 14N via neutron 
captures 14N + n ĺ 15N + Ȗ. After the neutron captures, 15N 
immediately emitted deexcitation gamma rays consisting of 
multiple line emission. The short burst was caused by the 
deexcitation gamma rays. The energy spectra are explained 
as superposition of such de-excitation gamma rays with 
moderate energy resolution of BGO scintillation crystals. 
The time scale of the short burst is consistent with that of 
neutron thermalization in the atmosphere.  

The annihilation afterglow originate from the bi-
products of photonuclear reactions 13N and 15O. These 
isotopes emit positrons via beta-plus decay with decay 
constants of 10 and 2 minutes, respectively. The region 
where the photonuclear reactions were provoked is con-
sidered to be lled with 13N and 15O. Since the region can ow 
with the ambient wind, the detector recorded the 
annihilation emission only when the region was above it. 
Therefore, the duration of the annihilation emission is 
shorter than decay constant of the isotopes.  

By photonuclear reactions, various isotopes such as 13N, 
15O, 13C, 15O, and 14C are produced. Our result thus 
demonstrates a new channel for isotope production inside 
the Earth's atmosphere. Especially, 14C is the important 
isotope for dating method of archeology. Therefore, how 
many the 14C isotopes are produced by light-ning is of great 
importance. In addition, what type of lightning can trigger 
TGFs and photonuclear reactions still remains as an open 
question. Our further observation will answer the questions, 
as well as give indications on questions for ordinal TGFs 
observed from space. 

 

Termination of long bursts 
In this section, the observation reported in Wada et 

al.[39] is presented. We performed an observation campaign 
at the Suzu site with high-energy radiation and atmospheric 
electric eld (AEF) monitors. This observa-tion site was also 
monitored by a low-frequency lightning mapping network 
(LF network). The LF network con-sists of 5 stations 
installed along Toyama Bay, which has at plate antenna 
sensitive to the 0.8-500 kHz radio frequency band. 

On 11th February 2017,  the gamma-ray monitors 
recorded a long burst lasting for 1 minute as the AEF 
monitor detected a negatively-charged thundercloud ap-
proaching. The energy spectrum of the long burst ex-tends 
up to 20 MeV, and is well reproduced by a power-law 
function with an exponential cutoơ. When it was reaching 
its maximum ux, the long burst was abruptly terminated. At 
that moment, the AEF monitor detected pulse indicating a 
lightning discharge. 

The lightning discharge was also detected by the LF 
network. The LF network recorded continuous wave-form 
lasting for 300 ms. Most pulses of the waveform are small-
amplitude emissions such as stepped leaders, thus originate 
from a leader development. The lightning discharge was 
initiated 15 km west from the gamma-ray detectors, then 
developed for 300 ms with 70 km expansion. Several ones 
of the lightning pulses were located within 1 km from the 
radiation detectors. Since timing of the pulses close to the 
observation site is consistent to the moment when the long 
burst was terminated, we con-clude that the long burst was 
terminated by the leader development. 

This is the rst simultaneous detection of the long burst 
termination with gamma-ray, AEF, and LF map-ping 
observation. It proves that the combination of these methods 
gives us the clues to understand the mechanism of long 
bursts. As the collaboration continues for obser-vation in 
Japanese winter thunderstorms, it will provide us new sites 
into the phenomena. 

CONCLUSION 
We launched the mapping observation project for high-

energy phenomena in Japanese winter thunderstorms in 
2015. The portable gamma-ray detectors with the new DAQ 
system dedicated to the project were developed, and up to 
16 detectors were deployed and operated in coastal areas of 
Japan Sea during 2015-2018 winter seasons. During the 
three-year observations, we detected 27 long bursts and 8 
short bursts. The number of detected events increases as 
more detectors are deployed.  

Owing to the mapping observation, we succeeded in 
observing the identical long burst moving with ambient 
wind ow by using 2 gamma-ray detectors. Also, the 
observation in the Kashiwazaki site with 4 detectors enabled 
us to interpret the short burst as atmospheric photonuclear 
reactions triggered by the TGF at ground level. In addition, 
the collaborative campaign in Suzu with the AEF and LF 
measurements allowed us to inves-tigate the relation 
between lightning and long bursts, and the charge structure 
responsible for electron acceleration. We demonstrated that 
the mapping observation project continues to give us fruitful 
scienti c results. Further ob-servations not only with gamma-
ray but also radio-band and electricfield measurements will 
enable us to resolve the questions in high-energy 
atmospheric physics. 
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Abstract. The Pierre Auger Observatory, the biggest hybrid detector in the world designed to observe cosmic rays at the highest energies, 
has turned out to be a valid instrument for studying transient phenomena related to atmospheric electricity. The fluorescence detector, 
which observed the first elves in 2005, operates as a 10 Mfps camera and represents an unprecedented opportunity to study the evolution 
of these phenomena with the best time resolution available. Since 2013, a dedicated trigger was added to allow detection and storage of 
elves events; the readout window was extended from 100µs to 300µs (2014-6), to 900µs (2017-8) in order to study more closely the light 
emission above the lightning source. Peculiar events related to lightning activity were also observed by the surface detector. They present 
a big footprint at the ground with a radius which goes from 2 to 8 km. The typical traces of these events are two orders of magnitude longer 
than cosmic-muon traces, and each event has at least one station with signal dominated by high-frequency noise. Studies are in progress to 
understand the origin of these anomalous events. 

1. INTRODUCTION 

In the last years, the ground-based observatories, 
designed to detect radiation from outer space, are 
highlighting their potential for observing phenomena related 
to atmospheric electricity. In particular, the Pierre Auger 
Observatory [1], located in the Mendoza province of 
Argentina, can detect ELVES (Emissions of Light from Very 
low frequency Electromagnetic pulse Sources) using its 
Fluorescence Detector (FD) and peculiar lightning related 
events with the Surface Detector (SD). The FD consists of 
24 telescopes organized on four sites, which are arranged on 
the perimeter of the surface array. Each telescope has a FOV 
of 30° x 30° in azimuth and elevation and a 14% duty cycle, 
taking data only during clear and moonless nights. The 
telescope is composed of a UV transmitting filter and a 
mirror of 13 m2 which collects the fluorescence light and 
sends it to a matrix of 440 photomultiplier tubes (PMT). The 
signals are digitized every 100 ns. This time resolution is the 
best ever reached compared to that of other experiments 
devoted to elves detection. The standard signal trace is 100µs 
long including a 28µs pedestal. The SD consists of 1660 
water-Cherenkov Detectors (WCDs) arranged in a triangular 
grid with nearest neighbors separated by 1.5 km. The 
Cherenkov light produced by the passage of a charged 
particle travelling at a speed higher than that of light in water 
is collected by three PMTs. Each PMT has two readout 
channels, the High Gain (HG) channel that is taken from the 
anode, and the low gain channel from the last dynode. There 
is an amplification factor of about 32 between the two 
channels. Signals are digitized every 25 ns, and the trace lasts 
19.2 µs. The Pierre Auger Observatory also has a suite of 
devices for the atmospheric monitoring being the atmosphere 
used as a large calorimeter. Moreover, in the last years, 
instruments to monitor lightning were added. On the site, 
five Boltek Storm-Trackers are able to detect lightning 
strikes within a radius of 1000 km and an E-field mill 
measures the strength of electric fields in the atmosphere [2]. 

2. ELVES  CHARACTERISTICS  AND  THEIR 
DETECTION 
Elves are a type of Transient Luminous Events (TLEs), 

which are secondary phenomena occurring in the upper 
atmosphere in association with underlying thunderstorm 
lightning. An electromagnetic pulse (EMP), caused by 
lightning strikes whose direct light is not visible from the 

Auger Observatory due to the Earth’ limb, accelerates free 
electrons at the base of the ionosphere (80-90 km). Electrons 
collide and excite nitrogen molecules. The UV emission 
coming from the de-excitation of these molecules creates the 
elves footprint on the camera of the FD telescopes. This 
process is the same that happens when secondary particles of 
an UHECR shower collide inelastically in the closer 
troposphere. Typical UHECR signals at the FD aperture are 
tens to thousands of photons/m2/100 ns, and typical distances 
of observed UHECR showers range from 3 to 30 km. In 
contrast, the observed elves are usually 200-1000 km away, 
and in the signal observed at the FD, the higher intrinsic 
brightness of elves due to the energy scale of lightning 
compensates for the further distance between FD and elves. 
In figure 1, the footprints on the FD camera of an UHECR 
shower, on the left, and of an elves, on the right, are shown. 
In the central picture, the optical signature of an elves at the 
base of the ionosphere is shown. It is a ring that extends up 
to 600 km with its central hole expanding to radii greater than 
200 km, and its duration is less than 1 ms. 

Recently, elves have been studied by linear arrays of 
horizontal and vertical photometers with a time resolution of 
about 40 µs, or by multianode PMTs, installed on satellites, 
with time resolutions between 50 and 100 µs. The unpre-
cedented time resolution of the FD telescopes will help to 
investigate the variations in the light emission due to the 
internal structure of the EMP. Moreover, the elves 
observational footprint of the Pierre Auger Observatory 
covers 3x106 km2 sampling above lands, coasts and oceans. 
It also includes the Córdoba region, famous for the most 
energetic and destructive convective thunderstorm systems 
in the world, where the RELAMPAGO (Remote Sensing of 
Electrification, Lightning, and Mesoscale/Microscale 
Processes with Adaptive Ground Observations) campaign 
[3] started in November 2018. The Auger and RELAMPAGO 
measurements will be extensively compared. 

The first elves was observed by the Auger FD on May 
18, 2005 [4]. The FD trigger consists of two hardware 
triggers, the first one being a pixel threshold trigger (T1) and 
the second one based on a track shape identification (T2). 
The third level, which is a software trigger, was designed to 
distinguish between close lightning and real cosmic-ray 
events and is based on the pixel multiplicity. As we can see 
in figure 1, elves signature has a high pixel multiplicity as 
“lightning  event”.  Therefore, the  third  level  trigger  also  
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Figure 1. The central figure shows the representation of TLEs in the upper atmosphere and of cosmic rays and electrical-discharge phenomena in the 
troposphere. In the left and right pictures, the footprints on the FD camera of an UHECR shower and of an elves are respectively shown. 
prevents the elves detection. After the first serendipitously 
observation, a detailed scan was performed on a sample of 
events which did not pass the whole trigger selection but 
satisfied the T2 trigger, searching for other elves candidates. 
From 2007 to 2011, 58 T2 elves events were found. They 
were used to define a new trigger optimized for elves 
detection. It finds the first pixel, and afterwards searches for 
adjacent triggered pixels on the same column and row of the 
first pixel. The pulse start times of these pixels are required 
to have a monotonic growth. A radially expanding light front 
is expected. The first triggered pixel is related to the first 
light emission that occurs in a point at the base of the 
ionosphere, which is halfway between the FD and the 
lightning source. This point is far from the center of the elves 
ring corresponding to the vertical above the lightning source. 
The internal part of the elves signature is very important: the 
size of the central gap, for example, is related to the 
maximum electron speed reachable in the lightning stroke. 
Similar information is very useful to understand better and 
improve models of elves production and evolution. With the 
standard readout window, which lasts 72 µs and is optimized 
for cosmic-ray detection, it is not possible to see the light 
closer to the vertical above the lightning. For this reason, the 
readout was first extended up to 300 µs, and in this condition, 
it was possible to observe the beginning of the central gap. 
In 2017, the super extended readout was implemented 
arriving at an acquisition time of 900 µs. Since 2013, when 
the dedicated trigger for elves was added, thousands of elves 
have been detected, one-third of which were observed by two 
or more FD telescopes. Studies are underway to further 
improve the trigger increasing the elves detection efficiency 
and preserving a high signal/background ratio and the 
reconstruction of events. 

The location of the lightning which produced elves is 
reconstructed with a simple geometrical model starting from 
the position of the first triggered pixel. The reconstructed 

locations were compared to that ones of lightning collected 
by the WWLLN (World Wide Lightning Location Network). 
Moreover, for a sample of 800 elves, their trigger times were 
compared with those registered by WWLLN. More than 40% 
of elves have a WWLLN correlation within 5 ms. 

Another important thing that we want to know is the 
surface density of light emission at the base of the ionosphere 
to estimate the elves energy. The number of photons detected 
by the FD camera has to be corrected taking into account the 
distance of the camera from the ionosphere and the 
ionosphere surface that each pixel can observe. In fact, the 
asymmetry of the signal detected by each pixel increases 
down the camera as a result of a wider observation area for 
pixels pointing at low elevation angles. Moreover, the 
atmospheric effect has to be considered because a different 
amount of atmosphere between the emission surface and the 
FD mirror strongly affect the amplitude of the traces. On the 
left of figure 2, the photon density as a function of the 
distance from the lightning source after the geometrical and 
atmospheric correction is shown. 

Beyond the single elves observed, characterized by a 
single peak in the detected trace as shown in figure 2, double 
or multiple elves, characterized by two or more peaks, were 
collected. We expect that cloud-to-ground (CG) lightning 
strikes radiate only one EMP towards the ionosphere 
producing a single elves; while an intra-cloud (IC) discharge 
can radiate an EMP directly towards the ionosphere and 
another one towards the ground. The latter bounces off the 
ground and reaches the ionosphere with a time delay related 
to the height of the lightning strike. Also, more complex 
phenomena could explain these different signatures. The 
increase of the statistics, the 100 ns resolution of the Auger 
FD, and the improvements in the reconstruction will help to 
verify these hypotheses and allow a better understanding of 
one of the most energetic atmospheric phenomena known up 
to now. 

    
Figure 2. Left: photon density as a function of the distance from the lightning source after the geometrical and atmospheric correction. Right: Camera 
of an FD telescope projected onto the base of the ionosphere. The pixels higher in the camera see the base of the ionosphere 300 km away, while the 
lower pixels are projected almost 1000 km away. 
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3. THE  LIGHTNING  RELATED  EVENTS 
OBSERVED  WITH  THE  SD 
Peculiar events were also detected by the surface 

detector of the Pierre Auger Observatory [5]. They are 
characterized by a large disk footprint at the ground shown 
in figure 3 (a). The largest ones triggered at least 20 stations, 
more than the stations triggered by the most energetic 
cosmic-ray showers. Among these stations, there is at least 
one station, called “lightning station” and shown in figure 3 
(b), with a signal dominated by high-frequency noise. This 
suggests that these events happen during thunderstorms. We 
verified this hypothesis searching for a correlation between 
our events and the lightning strikes collected by WWLLN. 
We found a very good correlation in time and space 

considering that the global location accuracy for the 
WWLLN network assuming five-station involvement ranges 
over 1.9 to 19 km. Another hallmark of these events is the 
so-called “long-signal stations” shown in figure 3 (c), that 
have a signal which lasts more than 10 µs, two orders of 
magnitude longer than the duration of the signal produced by 
a cosmic muon. A final point to consider is the lack of signal 
in the central part of the footprint of the largest events, which 
are more than half of the present statistics. The origin of this 
hole in the center is not clear right now. It could be a physical 
origin or could be related to the Auger trigger that is 
optimized for the detection of cosmic rays with a very 
different signature. 
         

 
Figure 3. The typical footprint of a lightning related event is shown in panel (a). The colored circles represent the long-signal stations. The marker size 
is related to the intensity of the signal, the color to the arrival time. The asterisks represent the lightning stations, and the crosses the muon stations, 
which are not correlated in time with the long-signal stations. In panel (b), the characteristic signal of a lightning station is shown. Finally, there is a 
long signal shown in panel (c). The three colors represent the signals collected by the three PMTs of a station. 

The search of these events was performed on the data 
collected by the SD since January 2004 up to May 2017, 
which passed the third level of the SD trigger necessary to 
define a standard event. The requests done to select an event 
are the presence of at least one lightning station and at least 
10 long-signal stations. A station is tagged in this way if the 
signal of at least two PMTs passes the long-signal condition. 
Starting from a sample of about 107 events, we selected about 
2x105 events passed the first condition and finally 28 events 
with at least ten long-signal stations. Among these events, 
there are 16 “large” events with more than 20 triggered 
stations and whose footprints have a radius which spans from 
4 to 8 km. One of these events, called SD-ring for the lack of 
the signal at the center of the footprint, is shown on the left 
of figure 4. 

 
Figure 4. Footprint at the ground for a “large” (left) and “small” (right) 
event. 

At the discovery of the SD-rings, we checked that these 
events have a physical origin, and are not an artifact due to 
electromagnetic noise. We expect that the three PMTs in 
each station and the two readout channels of each PMT 

register the same signal if it is produced by a charged 
particle, which crosses the station. We calculated the ratio 
between the signals of the two PMTs at a time bin-by-bin for 
each station and then an average ratio, and for each PMT, we 
calculated the ratio between the HG signal and the LG one 
multiplied by the amplification factor. The distributions of 
these ratios are peaked at 1 as expected for both cases. The 
long signals are not usually fully contained in the standard 
acquisition window. It is necessary to find a function, which 
describes the signal to recover the missing part. Various 
functions were tested on a small sample of signals fully 
contained in the acquisition window. The best one resulted 
to be an asymmetric Gaussian, which perfectly describes the 
leading and falling edge of the signal. A chi-square 
minimization is performed to fit each long signal. A fit is 
accepted if: 

 the Gaussian peak lies between 2.5 µs and 16.7 µs of 
the acquisition window to see at least a small part of 
the leading and falling edge; 

 the percentage difference between the sum of the 
content of the trace bins and the integral of the fitting 
function in our time window is less than 5%; 

 the duration of the total fitting function is less than 
100 µs. 

The station is tagged as “good station” if the fitting 
procedure was successful for at least two PMTs. The signal 
detected by each PMT is given by the total integral of the 
fitting function. The signal per station is the mean of the 
“good” signals. 

The first step requested for the characterization of the 
global event is the calculation of the center of the footprint 
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and its radius. We performed an unweighted chi-square 
minimization on the station coordinates to find them, and in 
addition to the large events described above, we found 
“small” events, whose radius is about 2-3 km and which 
present a compact footprint. One of these events is  shown 
on the right of figure 4. On the sample of  “good events”, that 
are the events with at least eight  “good stations”; we studied 
the evolution of the signal to move away from the center of 
the footprint. The signal expands radially at the speed of light 
and is larger in the inner part of the disk decreasing as the 
distance from the center increases. The signal of each station 
can be transformed into deposited energy. We found that the 
energy per long-signal station spans from 104 MeV to 106 
MeV, while the total energy deposited at the ground by an 
SD-ring varies between 1017 eV and 1018 eV. This energy is 
about two orders of magnitude higher than the energy 
deposited at the ground by a cosmic-ray shower initiated by 
a proton with energy 1019 eV. 

Finally, we studied the time evolution of the front of our 
events. We performed a three-dimensional fit with four free 
parameters assuming a spherical propagation front. The first 
three parameters are the three coordinates of the source of 
the event, while the last one, tOff, takes into account the o set 
between the starting time of the ideal event and the GPS time 
of the real event. We obtained that the altitude of the source 
never exceeds 1 km. We also compared our measured arrival 
times, defined as the time corresponding to the 10% of the 
peak value of the fitted function, with the arrival times at the 
ground obtained by a simple geometrical Toy MC always 
based on a spherical propagation front. We calculated the 
arrival times for several altitudes of the source, from 0 to 10 
km. Subtracting tOff obtained with the three-dimensional fit 
from the measured arrival times, we found they match the 
simulated times corresponding to an altitude of 0 km as 
expected. Another result that supports the evidence of a 
source very close to the ground is the value of the 
propagation velocity at the ground that should be higher than 
the speed of light for a high source and equal to this quantity 
for a source at the ground. Fitting with a straight line the 
measured arrival time as a function of the distance from the 
center of the footprint, we found a velocity very close to the 
speed of light as expected. All the described results, obtained 
on large events, were verified with a raw reconstruction on 
the small events. These events do not pass all the quality cuts 
requested for a reliable reconstruction because many long-
lasting signals do not have the peak in the acquisition 
window, but we found again that the signal starts from the 
inner part of the footprint, where it is bigger, and decreasing, 
moves toward the outer part at the speed of light. Moreover, 
the source resulted again in being close to the ground. 

4. CONCLUSION 
Elves have been studied by many experiments in the last 

years, and their origin is well known. The Pierre Auger 
Observatory, with a time resolution of 100 ns, the best ever 
reached, and the super-extended readout, represents a unique 
opportunity right now to investigate the variations in the light 
emission due to the internal structure of the EMP, which 
originates the elves.  

Other peculiar events related to the atmospheric electri-
city were detected by the SD. Their footprints at the ground 
were characterized, and the altitude of their sources resulted 
in being very close to the ground, but the present knowledge 
did not allow us to uniquely identify the atmospheric 
electricity phenomenon that can accelerate particles up to the 

energies necessary to produce the signal observed in our 
WCDs. Further studies are underway to increase the statistics 
of these events and compare them with predictions of 
different theoretical models and with the environmental 
conditions under which they occurred. 
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An Automatic Algorithm for the Recovering of TGE Differential Energy Spectra 
G. Hovsepyan 

A. Alikhanyan National Lab (Yerevan Physics Institute), Yerevan 0036, Armenia 

Abstract. The paper describes an algorithm for processing the histograms of energy releases in the large NaI (Tl) crystals comprising a 
network operating on Aragats high-altitude research station in Armenia. Hundreds of thunderstorm ground enhancements (TGEs) registered 
on Aragats during the last decade can be approximated with three types of analytic dependences: power low, exponential, and mixed. The 
latter group, as a rule, consists of two power lows with different indices connected at a transition (turnover) point (“knee”). We present 
techniques for approximation these spectra with a five-parametric function. 

1. INTRODUCTION  
Hundreds of time series of particle count rates and 

histograms of energy releases in NaI crystals and thick 
plastic scintillators are entering online in the database of the 
ASEC collaboration [1]. In MySQL database data collected 
on the time span, more than 10 years is stored as standard 
XML files. The data from NaI (Tl) network [2,3] comprises 
of energy release histograms ( logarithmic ADC codes [2]).  

The daily information contains 10080 histograms, each of 
which is supplied with the UTC date, the exposure time, and 
the data on energy release distribution over the ADC codes 
(127 channels). The sum of events in all histogram channels 
equals to the detector one-minute time-series count rates.�
The database maintaining software allows downloading any 
quantity of histograms in XML or CSV formats. Figure 1 
shows the first 13 channels of the histogram in CSV format.       

 
Figure 1. A sample of energy release data in csv format  

2. RECOVERING OF THE ENERGY SPECTRA        
A program for the automatic data processing and energy 

spectra recovering was written in the C ++ in a block-
architectural form. Figure 2 shows the block diagram of the 
program. 

The downloaded file with ADC codes initially is 
examined to determine the intervals of the times for 
calculating the background (no TGE) and the TGE + 
background. Then, for each detector was determined value 
of the K0 code, the mode of energy losses of muons in the 
NaI crystal. The K0 code is used as a calibration point for 
combining data from NaI network (7 spectrometers); each of 
them can have slightly different K0 value. The overall energy 
scale is determined by a detector with minimal energy thres-
hold.  Further, for each selected minute of TGE, from each 
bin of the histogram of ADC codes, the background is 
subtracted {xi} = {ai} - {bi}, where ai  is the number of events 
in the i-th bin of the ADC codes during TGE event, and bi is 
the number of background events in the same bin.  

The TGE energy spectrum is recovered from the 
calculated {xi} values by solving the inverse problem with 
previously calculated transition matrix Ak, i. Each element of 
Ak,i  matrix represents the probability of a gamma photon 
with energy Ek to generate the energy release corresponding 
to the i-th bin. Probability matrix Ak, i is calculated by Monte 
Carlo method, taking into account the response of the 
detector [4, 5]. 

The intensities of the reconstructed spectra are recorded 
in the text format for Figure generation. The design of the 
picture of recovered spectra is performed using the ROOT 
software package [6]. For obtaining all requested energy 
spectra a special bash script is used.�Recovered TGE spectra, 
as a rule, can be approximated by three types of depen-
dencies: exponential, power, and double power with a 
change in the slope of the spectrum (with a spectral “knee”). 
In fig. 3 we show examples of approximations of the 
recovered TGE spectra.     
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Figure 2. Outline of the algorithm of the program of data processing of spectrometers NaI (Tl). 

Figure 3. Main types of analytic dependencies used for fitting TGE spectra 

For fitting of exponential and power-law dependencies, 
we use simple instruments from the ROOT package. The 
approximation of energy spectra with turnover (knee) is done 
with 2 two separate power law functions, or one five-
parameter function [7]: 
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2 power law fit individual parts of the spectrum are 
approximated independently and then a turnover (position of 
spectral “knee”) energy should be selected. The position of 
the “knee” is determined from the condition of equality of 
intensities for two power functions before and after the  
“knee”. Parameters of the approximation: - Ȗ,  Eknee, İ and 
ǻȖ , i.e., the power law index,  the “knee” position, sharpness 
of the “knee” and the difference in the spectral slopes before 
and after the “knee” are determined in the optimization 
procedure. 

Figure 4 shows a five-parameter fit for different value 
of the sharpness parameter İ with fixed other para-
meters.  The values of the parameters are shown in the figure. 

Figure 4.  Five-parameter function  shape for the different values of the 
sharpness parameter ε. 

When ǻȖ = 0, the approximation function turns to a 
simple power function A*E-Ȗ for any value of Eknee  and İ. 
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The multiplier of the approximation function depends 
strongly on the parameter İ - the sharpness of the “knee”. At 
İ < 0, the multiplier is inverse proportional to Eknee: the slope 
of the spectrum before the “knee” is Ȗ and after the knee - (Ȗ 
+ ǻȖ). For 0 Ә� İ Ә�1.0, the power law multiplier becomes 
less than 1. When İ > 30, starting from some E, the multiplier 
sharply tends to zero, i.e. the spectrum abruptly ends. 

Thus, it is preferable to choose the region 3 Ә İ Ә�30 for 
fitting spectra.  

CONCLUSIONS 
    A program for the fast assessing the energy releases 

histograms from the network of NaI (Tl) detectors located on 
the high mountain station Aragats was created. The software 
allows for the 3 types of approximation obtain differential 
energy spectra in graphical form in the ROOT environment.�
Running a bash script for the selected time interval of the 
background and investigated TGE event, we obtain the 
energy spectra for each minute of the TGE. 
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Abstract. One of the more useful methods of recovering spatial information of signal sources is interferome-try. Broadband VHF signal 
is recorded on multiple antennas, which is cross-correlated to find arrival delays and direction to the signal source. The hardware part of 
the interferometer consisted of the receivers at Mt Aragats, Armenia and Tarusa, Russia. Each site consisted of 3 disk-type antennas 
separated by about 10 m, which were connected to an oscilloscope for the signal digitization. The processing algorithm was implemented 
in software along with some data processing and visualizing aids. In the course of the work the quantitative accuracy metrics of the 
algorithm were obtained both for the simulated and experimental data, including a comparison of spatial maps obtained using the 
interferometer with WWLLN and meteorological data. 

1. INTRODUCTION 
The observation of the electromagnetic radiation in 

radio band of lightning discharges can give valuable 
information about impulsive current events in the cloud. In 
particular, VHF radiation is produced by small-scale dis-
charge activity and can be used to reconstruct the details of 
lightning flash formation. 

Historically, the first lightning mapping systems were 
TOA (Time of Arrival) type, when the pulse arrival is 
measured on several spatially dispersed antennas [1, 2, 3]. 
Such systems have simpler and cheaper receiving hardware 
setup, but have several serious drawbacks: limited temporal 
resolution (up to 30 ns, New Mexico Lightning Mapping 
Array [4]), inability to detect continuously radiating 
sources, lower sensitivity, large minimum distance between 
antennas (tens of kilometres). The alternative approach is to 
employ interferometry. The signal waveform is then 
coherently recorded with a high discretization rate, 
correlated to find phase-time difference [5, 6, 7, 8]. The 
advantages of such technique are: better temporal 
resolution, smaller setup (tens of meters), possibility to 
observe both impulsive and continuous sources. The 
narrowband interferometers are also susceptible to phase 
ambiguity. The use of multiple baseline lengths can partly 
alleviate this problem, but manual ambiguity resolution 
may be still required. On the other hand, broadband 

interferometers are free from the fringe ambiguity 
altogether. 

In our work, the latter method was used to map 
lightning activity at two locations. The processing 
technique mostly follows the one described in [9, 10]. 

2. EXPERIMENTAL SETUP 
The signal was received by interferometers in two 

sites, on Mt. Aragats, Armenia and near Tarusa, Russia. 
Each receiving system consisted of 3 main antennas and a 
trigger antenna, connected to a digital oscilloscope. The 
schemes of each site are shown on Figure 1. 

The setup on Aragats featured three aluminium disc-
type antennas forming a right triangle with 13 m sides on 
the same height. Each antenna had 30 cm diameter and 
effective filtering frequency of 100 MHz. Additionally, the 
signal was filtered with KR Electronics 2804-SMA 
bandpass filter with frequency range 24-82 MHz at 2 dBc, 
centered at 53 MHz. Analog-digital conversion was 
performed by Picoscope 6403D digital oscilloscope with 
6.4 ns sampling period (156.25 MS/s). 

In Tarusa, the antennas were placed closer, forming a 
triangle with sides from about 3 to 8 m, forming a sloped 
plane with respect to the horizon. The diameter of antennas 
was slightly more, 35.5 cm. However, no bandpass filtering 
was used here. ADC was performed by the same type 
oscilloscope. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

 

Figure 1: Schemes of the interferometer setup on Mt Aragats and in Tarusa. 

100



3. DATA PROCESSING ALGORITHM 
Signal processing and source geometry determination 

was made in software. The general scheme is the following: 
lag determination using cross-correlation for each window, 
merging of separate windows into pulse events, source 
coordinate determination using lag values.  

The first step is preprocessing. It consists of removing 
saturation points and optional bandpass FFT filtering useful 
for the data from Tarusa. 

Then the signal is divided into overlapping windows. 
Typical window size is 256 samples with 75% overlap. 
These parameters are selected based on the expected delay 
and signal width values and temporal resolution 
considerations. For each channel pair windows are cross-
correlated using the equivalent presentation via the Fourier 
transform  

 
where ݂ሺݐሻǡ ݃ሺݐሻ are windows from two different channels, 
ܹሺ݂ሻ  is correlation weightening function. The absolute 
maximum of the correlation function is taken as the lag 
value of this window pair. But finding the maximum as is 
may be inaccurate because of the low number of points 
corresponding to the valid delay range and, therefore, 
severe aliasing. There are two techniques to enhance the 
accuracy: up sampling (adding zero high-frequency 
harmonics to ܨሺ݂ሻሻ and parabolic fitting near correlation 
function. The second method is more performant, but heavy 
up sampling (e.g. 32 times) is still quite fast and gives 
similar results. In the following, the windows with 
physically unfeasible lags due to antenna geometry are 
ignored. 

The usage of overlapping windows allows us to 
enhance the accuracy of both event lag and time estimation, 
but requires an additional step of merging of "good" 
windows into pulse events. The merging criterion is the 
near values of the absolute signal maximum in a series of 
adjacent windows with a length of not shorter than 2. The 
event time corresponds to the middle of the intersection 
between corresponding window time ranges, the event lag 
is the mean of corresponding window lags. 

The event coordinates are calculated under an 
assumption of a point source far compared to interferometer 
size and, therefore, at wave front. Using the lags 
corresponding to two antenna pairs gives us two solutions 
on the sky, above and under the antenna plain, with the 
solution above the horizon selected.  

It is possible to get the coordinates in three ways by 
permutations of channel pairs.  

The accuracy of the acquired solutions is estimated 
mainly using closure phase: 

	߬123 ൌ 	߬12  	߬23 െ 	߬13																																													ሺ2ሻ  
where ߬ are the signal delays for each antenna pair. For far 
point-like sources	߬ଵଶଷ ൌ οݐ ػ 1, where οݐ is the sampling 
period. The angular difference is the difference between 
source coordinates obtained for 3 possible channel pair 
configurations, which ideally should be very small. 

Secondary accuracy criteria used are maximum 
correlation function value and event multiplicity, number 
of windows which form the event. 

4. RESULTS AND DISCUSSION 
As an example, analysis results of an event 

registered at Aragats on September 27, 2018 are 
presented. In Figures 2 and 3 the sky map are presented, 
with the 	߬ଵଶଷ scale on the latter. It is important to note 
that cosine projection is used. It has an advantage of 
showing location uncertainty constant for all elevations. 
The results show good correlation between the direction 
of the return stroke at§290° as measured by the 
interferometer and WWLLN data at 312°. 

 Still, the observations showed several problems 
with the existing setup. One of the most serious problems 
is the correlation errors when several signals with 
varying duration and coordinates are overlapping (e.g. 
step leader versus almost continuum of background 
discharges). Unfortunately, these events cannot be 
separated using aforementioned means, as they might be 
overlapping both in temporal and in frequency space. 
The second important problem was small but noticeable 
(§10%) part of pulses registered only by two out of three 
channels of the interferometer. Figure 4 shows a pulse 
present in channels A, B and absent in C. This is 
probably to an interaction of antennas on Aragats with 
metallic roof. Also the sensitivity of the equipment 
turned out to be too small: for the record shown, the 
maximum peak-to-peak value is 190 mV = 19 
discretization steps, much less than full oscilloscope 8-
bit range. Consequently, the majority of the registered 
events have the amplitude of 1-2 steps with the noise of 
around 1 step. It can cause cross-correlation to "lock" 
into noise, producing a lot of bogus events. Figure 5 
gives an example of such situation. 

5. CONCLUSION 
In this work the observations of lighting discharges 

using three-antenna broadband interferometers were 
described, as well as encountered challenges. Good 
correlation between WWLLN data and interferometric 
observations proves the operability of the equipment and 
processing software. 
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Figure 2. Sky map for the recording on September 27, 2018 at Aragats 
 

 

 

 

 

 

 

 

 

 

 

Figure 3. Sky map with accuracy color scale. 
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Figure 5.  An example of noise "lock". 
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Abstract.In recent years, gamma radiation escaping from the thunderclouds attracted a lot of attention of the scientific community. 
Experimental observations of terrestrial gamma ray flashes (TGF) and thundercloud gamma-ray enhancement (TGE) establishes a basis 
for new scientific direction, namely, high-energy atmospheric physics (HEAP). The core theory underlying HEAP is Gurevich runaway 
breakdown model. While it describes in general mechanism of relativistic runaway electron avalanches (RREAs), it has difficulties in 
explaining observed by orbiting gamma ray observatories intense TGF bursts. This drawback was admittedly fixed by Dwyer’s 
relativistic feedback discharge model (RFDM). RFDM predicts relativistic feedback sustaining RREA in strong electric fields and 
providing enough seed electrons for explaining TGF observations. In this article, we present a simulation of Dwyer’s mechanism in 
realistic atmospheric electric fields. Simulations presented in this paper are questioning the realization of the feedback mechanism 
resulting in modification of the RREA dynamics in electric fields experimentally observed in thunderclouds at altitudes below 10 km. 

1. INTRODUCTION 
Gurevich et. al. (1992) has made a notable contribution 

in the understanding of electron avalanche physics in the 
atmosphere. Energetic electrons that gain from the 
atmospheric electric field more energy than lost for 
ionization, runaway and initiate electron gamma-ray 
relativistic avalanches (Gurevich et. al. 1999, 2001). 
Relativistic runaway electron avalanches (RREAs) 
constitutes the most intense source of natural radiation and 
are routinely measured by orbiting gamma ray 
observatories and particle detectors located on the earth’s 
surface. However, despite decades of investigations and 
observations, the theory of the atmospheric discharge is far 
from being complete. Nowadays it is well known how 
lightning is developed in the thundercloud. However, the 
mechanism of lightning initiation is unknown yet. Either 
various revealing effects appearing in thunderstorms were 
not precisely described. Terrestrial gamma-ray flashes 
(TGFs) are enormous bursts of gamma-ray radiation 
detected by orbiting gamma ray observatories. This 
phenomenon did not get yet full explanation, particularly 
the causal relation of TGFs and lightning flashes (Østgaard 
et. al. 2013). 

The flux of cosmic ray electrons (seed particles for 
RREA) is not intensive enough to explain initiation of the 
TGFs. Dwyer et. al. (2003) proposed a mechanism of 
positron feedback, which increases the runaway electron 
flux in strong electric fields. Dwyer studied RREA 
dynamics in the cell with electric field value 1000 kV/m 
and with length 200 m. A cell is a cylinder of air with an 
electric field. Dwyer’s feedback mechanism is described 
briefly as follows. A runaway electron propagating through 
such a cell radiates bremsstrahlung. If the bremsstrahlung 
photon has enough energy, then it can produce an electron-
positron pair. The positron charge is opposite to the 
electron charge. That is why positron reverses in the 
electric field and then propagates in the direction opposite 
to the runaway electron motion direction. Such positrons 
produce ionized electrons almost at the beginning of 
primary runaway electron track. Then ionization electrons 

can reverse in the electric field and propagate through cell 
creating secondary electron avalanche. The runaway theory 
with Dwyer feedback mechanism is considered as one of 
the most promising theory for describing processes of TGF 
initiation. 

On the other hand, on the Aragats research station and 
on other ground-based stations another thundercloud 
phenomenon is observed, so-called, thundercloud ground 
enhancement (TGEs, Chilingarian et. al. 2010, 2011, 2012). 
Intense fluxes of gamma rays, electrons, and rarely also 
neutrons were observed routinely during thunderstorms. 
Sometimes the duration of intense gamma radiation 
continuous for hours (Chilingarian, 2018). Thus, in TGE 
events gamma radiation duration is much more than the 
time of a single RRE avalanche. The avalanches comprising 
TGE events are developed just above the particle detectors 
on the heights 25-200 m, thus it is much more easy to 
measure energy spectra and intensities of TGE particles, 
than ones detected by satellites fast moving on distances 
400-600 km from particle sources in thunderstorm 
atmospheres.  

 
Figure 1. Dwyer model in Geant 4 simulation. Red tracks – electrons. 
Blue tracks – positrons. Green tracks - gamma-rays. 
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 Experimentally observed thundercloud electric field is 
less than 200 kV/m (Mazin et. al. 1989, Marshall et. al. 
1995). To the best of knowledge, there are no results in the 
literature regarding how positron feedback works under 
such conditions. The aim of the present work is to reveal 
whether Dwyer model operates in cells with uniform 
electric field less than 200 kV/m and air density between 
0.3 and 0.8 kg/m3 and to calculate positron feedback 
coefficients for different electric fields. We want also to 
check if RFDM model is applicable for TGE physics; i.e. 
can feed back mechanism be applicable for the cloud 
heights 4-5 km. 

2. METHODOLOGY 
Dwyer’s model (Dwyer, 2003) was investigated by 

finding total feedback coefficient in conditions typical for 
thunderclouds. According to Dwyer, electron flux in clouds 
increases by positrons. These particles are generated by 
electrons’ bremsstrahlung. Electric field makes positrons 
reverse and move to the beginning of the cell, area with 
uniform electric field with average size about hundreds of 
meters. Then positrons produce new electrons that become 
new part of the initial electron flux. Feedback coefficient is 
number of such electrons divided by number of primary 
ones. 

Calculation of feedback coefficient was done by 
Monte-Carlo simulation in C++ library developed for high-
energy physics – GEANT4 (Allison et. al. 2016). As 
physics list G4EmStandartPhysics_option4 was chosen, 
which includes all electromagnetic interactions with 
sufficient accuracy. There were several steps in the 
calculation. In the first simulation, runaway electrons were 
sent in cell. For all generated positrons their position, 
motion direction and energy in the moment of birth were 
calculated. Figure 2 shows number of positrons generated 
depending on cell electric field. Figure 3 shows positron 
angle spectrum. In the next simulations, new positrons with 
the same parameters were launched and all generated 
electrons’ properties were received. Not all of these 
electrons are available to generate new avalanche. So, on 
the next step valid electrons were chosen. 

 
Figure 2. Number of generated positrons by primary electrons depending 
on cell electric field with cell length 400 m and 0.526 kg/m3 air density. 
Typical for thunderclouds electric field is up to 200 kV/m, consequently 
in natural conditions number of produced electrons is less than number 
of electrons. 

 Choosing electrons, which are able to produce 
secondary avalanche, is a particular task. Three criteria 
were used. First, electron must runaway to propagate 
through thundercloud. So, its energy should be at least 
above 0.1 MeV. Then, electron must be produced within 
cell. Those runaway electrons that were produced in the end 
of the cell in this work were considered to be part of the 
primary electron avalanche. Secondary electron avalanches  

Figure 3. Generated positrons angle diagram. Angle is reckoned from 
primary electrons motion direction. The graph shows that positrons 
mostly move forward relatively to electric field direction. Consequently, 
not all of the positrons are able to reverse and move to the top of the cell. 

were counted only in the first half of the cell. Finally, 
electron should be able to reverse in the electric field and 
continue to be accelerated after reversal. Within the third 
criteria another calculation was conducted using 
programming language Python. Electron was considered as 
a solid ball moving in uniform field. This ball faces air 
friction according to widely known Bethe-Bloch formula. 
Bremsstrahlung energy losses were not taken into account 
due to their smallness compared with ionization losses. 
Figure 4 shows minimum reversal angle between electron 
motion direction in moment of its birth and electric field 
depending on electron energy. 

 
Figure 4. Minimum reversal angle between electron motion direction in 
moment of its birth and electric field depending on electron energy. All 
of electrons situated above the curve are able to generate secondary 
electron avalanche in the cell. According to this graph, less than 50% of 
electrons produced by positrons will generate secondary electron flux. 

Number of generated positrons in the first simulation 
per primary electron multiply number of secondary 
avalanches per positron in the second simulation gives total 
feedback coefficient in Dwyer’s model. 

3.  RESULTS 
The model was examined in experimentally observed 

thundercloud conditions. The positron gain coefficient was 
calculated for cells with 0.5 kg/m3 density and electric field 
value varying from 100 to 200 kV/m. 

Figure 5 shows how Dwyer gain coefficient depends 
on electric field in the cell with length 400 m. According to 
this graph, the positron gain coefficient is less than 0.01 in 
such conditions. That means, that one hundred relativistic 
electron avalanches produces less than one electron 
avalanches by Dwyer mechanism in thunderclouds. For 
cells with electric fields less than 100 kV/m the gain 
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coefficient is even less than 10-6. In addition, feedback 
coefficient was calculated for other cells. Figures 6 and 7 
show positron and gamma gain for 200 m. Figures 8 and 9 
show feedback coefficients for 600 m long cell. Density 
everywhere was considered uniform and equal to 0.5 kg/m3. 
These graphs shows, that in studied cells total feedback 
coefficient is less than 1. 

 

Figure 5. Positron feedback coefficient dependent on cell electric field 
with air density 0.526 kg/m3. 

According to Dwyer (2003), there is another feedback 
mechanism occurring in thunderclouds. Electron avalanche 
bremsstrahlung can additionally reverse by scattering and 
then produce new electron avalanches at the beginning of 
the cell. The gamma-ray coefficient was additionally calcu-
lated in the present work. The calculation was conducted 
similarly to the positron gain coefficient calculation. Figure 
6 shows the gamma-ray coefficient for the same cell with 
different length. The plot reveals, that the gamma-ray 
coefficient is also much less than 1, but for 600 m cell with 
200 kV/ m electric field feedback works. 

 

Figure 6. Gamma feedback coefficient from electric field in different 
cells with air density 0.526 kg/m3. 

Additionally feedback coefficient was calculated in cell 
with 1 km length. In such cells density should not be 
considered uniform, consequently, in this calculation 
density gradient was taken into account. Air density was 
chosen suitable for Aragats experiment conditions 
(Chilingarian et. al. 2018). Cell started on 4200 meters 
altitude and ended on 3200 meters altitude. The electric 

field was uniform with value 180 kV/m. The counting 
shows, that positron gain coefficient is around 0.084 and 
gamma feedback coefficient is around 0.2. Even in such 
sizable cells, total feedback coefficient is less than 1. 

4. DISCUSSION AND CONCLUSIONS 
Several questions in atmospheric discharge physics still 

have no answer. For instance, though the experimentally 
measured atmospheric electric field does not exceed 200 
kV/m, the air breakdown requires the electric field value an 
order of magnitude larger. Consequently, there should exist 
different from conventional discharge mechanism or air in 
the cloud should be ionized much more to create 
conventional breakdown conditions. A possible option is 
that clouds are ionized to a necessary degree by the EAS 
electrons. But it appears that EAS flux is not intensive 
enough to provide necessary ionization for the lightning 
initiation. Also, EASs do not provide enough seed electrons 
for RREA to sustain intense TGFs observed by orbiting 
gamma ray observatories. To overcome this drawback, 
Dwyer (2003) proposed a mechanism that dramatically 
increases the number of seed electrons. Dwyer’s model 
creates infinite gain for relativistic electron avalanches in 
cells with the electric field about 1 MV/m. Dwyer 
extrapolated his results to realistic thundercloud conditions 
in the following way. The electric field measured in 
thunderclouds is less than 1MV/m, but on the other hand, 
the air density is lower than in laboratory conditions, which 
results in larger mean free path for particles. Consequently, 
the feedback mechanism (RFDM) should work similarly in 
clouds.  

However, in our paper was shown that RFDM does not 
work in thunderclouds located on altitudes up to 10 km, i.e. 
are not applicable for the description of the TGE initiation.  

The results of the paper are supported by experimental 
observations on Aragats station (Chilingarian, 2017, 
Chilingarian et al., 2017). During strongest TGEs Aragats 
detectors observed individual RREA cascades initiated by 
electrons from the ambient population of cosmic ray 
particles with the array of 16 scintillators with 1m2 area 
each. Trigger condition was to measure at list 1 particles in 
8 scintillators. The time resolution of electronics was 1 
usec. Thus, in principle, it was possible to measure ~ 
million individual showers if RFDM if self-sustainable 
RREA (RFDM) works.  However, the measured one-
second count rate of triggers do not exceed 5 particles. 
Thus, the particle flux was discrete, started when CR 
electron enters the strong field region, runaway and make 
an avalanche. And so on. That means that Dwyer feedback 
at the peak of strong TGE events does not create self-
sustainable RREA. 
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Electrification of the Lower Dipole: Scenarios of TGE Initiation 
A.Chilingarian 

A. Alikhanyan National Lab (Yerevan Physics Institute), Yerevan 0036, Armenia 

Abstract: The problem of thundercloud electrification is one of the most difficult ones in atmospheric physics. The structure of electric 
fields in the atmosphere still escapes from the detailed in situ measurements. Few balloon flights although providing us with overall 
knowledge on possible structures and strengths of the atmospheric electric fields, cannot reveal the dynamics of the intracloud electric field 
governed by intense runaway electron fluxes and atmospheric discharges. To get insight into the theory of the fast-changing charge structure 
of the thundercloud we use new key evidence – the fluxes of particles from thundercloud registered on the earth’s surface, the so-called 
Thunderstorm Ground Enhancements – TGEs.  TGEs originate from electron acceleration and multiplication processes in the strong electric 
fields in the atmosphere, and the intensity and energy spectra of electrons and gamma rays as observed at the Earth’s surface are directly 
connected with the charge structure of the cloud. 

1. INTRODUCTION  
The atmospheric electric fields and atmospheric 

discharges in last decades were intensively investigated 
using radars, 3D lightning mapping arrays, worldwide 
lightning location networks, observations of wideband 
electric field waveforms, and by VHF interferometer 
systems, all synchronous with measurements of near-surface 
electric field disturbances.   

The localization of charged layers in the thundercloud 
can be rather sophisticated, however, the tripole structure is 
assumed to be a basic configuration. The three charge layer 
arrangement with 2 main charged regions (positive above 
negative) and - relatively weak lower positively charged 
region (LPCR) is referred to as the classic tripole.  

The lower dipole plays a significant role in the initiation 
of the thunderstorm ground enhancements (TGEs) and 
lightning flashes on Aragats as well as on the Tibetan 
plateau. In [1,2] it was established that larger than usual 
LPCR prevents negative cloud-to-ground lightning flashes (-
CG) to occurred, and only in the late stage of the storm –CG 
discharges could be triggered frequently. Nag and Rakov 
examined various scenarios of atmospheric discharges 
depending on the maturity of LPCR [3]. In [4] it was stated 
that negative CG usually started as an inverted-polarity 
intracloud discharge which partly neutralized the lower 
positive charge so that a hole in the positive charge region 
was formed and eventually led to a negative CG. In turn, the 
intense TGE can provide enough ionization to facilitate 
intracloud discharge and usually discharges occurred just 
after the maximum of particle flux [5]. Thus, lightning 
flashes and TGEs are interconnected phenomena and should 
be studied comprehensibly. H.Tsuchiya in [6] suggested that 
warm winds moved from the sea originate winter 
thunderstorms in Japan with short-lived tripole structures 
appeared in a thundercloud and accelerated CR electrons 
toward the bottom positive layer. Chilingarian and 
Mkrtchyan in [7] mentioned that only after the creation of 
the lower dipole in the thundercloud electrons can be 
accelerated and particle flux can be directed downward. In 
this paper the correlations between thundercloud 
electrification (near-surface electrical field and type of 
lightning discharge) and measured particle fluxes were 
studied, thus invoking in the atmospheric electricity research 
a new type of key evidence—temporal evolution of the 
TGEs, presenting and classifying simultaneous 
measurements of the particle fluxes, disturbances in the near- 

surface electrical field, and lightning flashes of different 
types. In [8], it was mentioned that downward electron-
accelerating electric field can be formed by the main 
negative charge in the cloud and its mirror image in the 
ground. This field is influenced by other charges in the cloud 
(and their images) and can be locally enhanced by the LPCR 
in the cloud and positive corona space charge near the 
ground. Various scenarios of electron acceleration in 
thundercloud electric fields were discussed in [9]. They 
mentioned that electron acceleration could take place 
between the LPCR and a negative charge layer above the 
LPCR and between negatively charged cloud base its mirror 
positive image charge in the ground, without any LPCR 
structure. Thus, there are different scenarios of TGE 
initiation and corresponding lightning type occurrence. 
However, they are dependent on each other and should be 
analyzed together for scrutinizing the structure and evolution 
of the lower dipole. 

 
Figure 1. The lake-effect: cloud origination due to an updraft of the 
moisture brought by wind from the warm lake surface.  

In our recent papers [10, 11] we outlined and classified 
a subsample of TGEs abruptly terminated by the lightning 
flash. We found that nearly (~75%) of TGEs abruptly 
terminated by lightning flashes were associated with –CG 
flashes and normal-polarity intracloud flashes, signaling that 
charge of the main negative region is rather large and the 
lightning leader preferably makes its path to the upper 
positively charged region. Another ~25% of TGEs abruptly 
terminated by lightning flashes were associated with 
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inverted-polarity intracloud flashes (IC) flashes and hybrid 
flashes (inverted-polarity ICs followed by -CGs).  

Hundreds of TGEs were observed at the Aragats 
research station in Armenia during the last 10 years [12]. 
Numerous particle detectors and field meters are located in 
three experimental halls as well as outdoors; the facilities are 
operated all year round providing continuous registration of 
the time series of charged and neutral particle fluxes on 
different time scales and energy thresholds. In 2017 Aragats 
facilities registered more than 100 TGEs [12], most of them 
originate in cumulonimbus clouds due to charge separation 
triggered by the moisture updraft of orographic and lake 
effects, see Fig.1. 

In the right side of Fig. 1, we present electron- gamma 
ray avalanches developed in the lower dipole (TGE) and 
upper dipole of the thundercloud (so-called terrestrial 
gamma flashes, TGFs, [13]).  

Red arrows denote 3 electric fields: downward directed 
field in the upper dipole of the cloud formed by the main 
negative (MN) and upper positive charge, upward directed 
field in the lower dipole formed by MN and the LPCR, and 
upward directed field formed by MN and its mirror (MIRR) 
image in the ground. Throughout this letter, we use the 
atmospheric electricity sign convention, according to which 
the downward directed electric field or field change vector is 
considered to be positive. Thus, the negative field measured 
by the EFM-100 electric field mill corresponds to dominant 
negative charge overhead (upward directed electric field).  

Following possible scenarios of electron acceleration in 
the atmospheric electric fields can be considered: 

1. MN-MIRR only (no LPCR). The near-surface field 
is negative.  If the field in the cloud is very strong, 
the RREA can be unleashed and TGE will be large 
and energies up to 50 MeV will be observed (RREA 
is a threshold process, which occurred only if 
electric field above Aragats is larger than 1.7 kV/cm 
and it prolongs 0.5 – 1 km). If the cloud base is high 
enough, the electric field between LPCR and its 
mirror on the earth’s surface can decelerate 
electrons and negative muons, and in turn, 
accelerate positive muons and positrons. However, 
for all sizable TGEs this distance is rather short (see 
Table 1) and we do not foresee any strong effect 
from this field. 

2. MN-LPCR (influence of MN-MIRR is minimal), 
rather rare process, occurred when LPCR is very 
large and close to detectors, fully screening MN (or 
if the charge of MN is not very large). The near-
surface field is positive. If larger than usual LPCR 
is developed, and if electric field between MN and 
LPCR is larger than 1.7 kV/cm and it extends to 0.5 
– 1 km; TGE will be very intense.  

3. A mixture of 1 and 2 with different weights. In this 
case, each of 1 and 2 scenarios alone cannot sustain 
the electric field above the threshold, but their sum 
- can. The near-surface electric field is mostly 
negative, sometimes it can rise and for a short time 
reach positive values.  

4. Sometimes, upon unexplored circumstances yet, the 
storm had a deep mid-level positive charge and 
upper negative charge above the positive [14]. 
Thus, the charge in the bottom of cloud becomes 
very large, and the strong field between the lower 
positive and upper negative charges of the cloud 

accelerates electrons downward. Such a 
configuration, named inverse dipole, potentially 
can initiate extremely intensive TGE. Numerous 
inverted polarity intracloud discharges abruptly 
terminated TGE flux [15] evidenced inverted 
storms at Aragats. Numerical simulations with the 
Weather Research and Forecasting (WRF-model) 
[16], also reproduce the inverse dipole configu-
ration above Aragats for several TGE events. 

If the electric field is not strong enough to cause 
runaway effect, only MOS (modification of the electron 
energy spectra, [17, 18]) process can accelerate electrons; the 
intensity of TGE will be moderate. The lightning activity 
also is governed by the electric field and, in turn, lightning 
flashes reduce the negative charge above the earth’s surface, 
thus decreasing the electric field in the lower dipole below 
the RREA threshold.  RREA declines and high energy 
particles are eliminated from the TGE flux. However, a 
smaller field is still in place and MOS process continues to 
give additional energy to electrons and, in turn, gamma ray 
flux still is above “background” level, Long Lasting TGE 
continued [19,20].  

Thus, the scenarios of the origination of the downward 
electron-accelerating electric field are numerous and the 
corresponding TGEs may vary in intensity and energy 
spectra, as well as in the fraction of particles reaching the 
earth’s surface.  In the letter, we will present and discuss 
observed TGEs and corresponding structures of the 
atmospheric electric field. 

2. ANALYSIS OF THE TGES OCCURRED DURING 
MOSTLY NEGATIVE OR MOSTLY POSITIVE 
NEAR SURFACE ELECTRIC FIELD 
Copious TGEs of 1 and 3 scenarios and much fewer of 

2 and 4 scenarios were detected at Aragats during the last 
decade. In Fig. 2 we collect TGEs of 2 and 4 class occurred 
at positive near-surface electric field. The events occurred 
during much more frequently observed negative near-surface 
electric field (1 and 3 classes) are shown in Fig. 3.  

In the figures, we show the 1-s time series of the particle 
flux enhancement (TGE) measured by 3-cm thick and 1 m2 
sensitive area plastic scintillator of the STAND1 network 
located outdoors nearby MAKET experimental hall.  The 
near-surface electrostatic field (1-s time series) shown in the 
figures were measured by the EFM-100 electric field mill of 
BOLTEK company. 

The initiation of TGEs observed during negative near-
surface electric field can be classified as scenarios 1 and 3, 
where the LPCR is rather small or didn’t yet developed at all. 

For the TGEs observed during positive near-surface 
electric field (scenarios 2 and 4) we assume that larger than 
usual LPCR is formed in the lower part of the cloud above 
the particle detectors. 

Sure, there could be also intermediate situations, when 
LPCR is forming just during TGE, see for instance Figure 
3c, where large outburst of electrostatic field to the positive 
domain coincides with a maximum of particle flux. We 
assume that the first scenario is changed to the second one as 
LPCR get maturity.  An example of a very rare 4-th scenario 
is depicted in Fig. 2.d. On May 30, 2018, all Aragats 
detectors registered extremely large TGE [20]; the particle 
flux from thundercloud exceeds the gamma ray background 
more than twice. Thus, the intracloud electric field was very 
large and electron acceleration excessive. 
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Figure 2. TGEs observed during the positive near-surface field. The lower dipole is formed by the main negative layer and larger than usual LPCR 
(electric field is measured by the EFM-100 device from Boltek company); one-second count rates are measured by the 3-cm thick scintillator of MAKET 
STAND1; outside temperature and dew point are measured by the Davis automatic weather station. 

 
Figure 3. TGEs observed during the negative near-surface field. A lower dipole is formed mostly by the main negative layer and its mirror on the earth’s 
surface (electric field is measured by the EFM-100 device from Boltek company); one-second count rates are measured by the 3-cm thick scintillator of 
MAKET STAND1 detector; outside temperature and dew point are measured by the Davis automatic weather station.

Another proof of our classification scheme is the 
lightning occurrence. As we see in Fig.2a and 2c  before TGE 
only inverted IC flashes are observed. It is another evidence 
of the large LPCR [15]. 

In the third column of Table we put the duration of TGE, 
the time between 2 same background values of count rate; in 
the fourth column – the significance in percent and in the 
number of standard deviation from the mean value measured 
just before the TGE; in the fifth column – estimate of cloud 
base height made by meteorological measurements – the 
outside temperature and dew point [21]. In the sixth – the 
near-surface electric field corresponding to the maximal 
value of particle flux.  TGEs of the first type are significantly 
shorter than ones of the second type. It is expected because 

the size of the main negative charged region is much larger 
than LPCR and can sustain the electrical field conditions 
necessary for electron multiplication and acceleration longer 
time. The significance of TGEs is approximately of the same 
range for both classes; however, from 4 largest TGEs, 2 are 
of the first class, in spite of rareness of it. Distance to cloud 
base is larger for the first class. However, it depends 
basically on the season and we cannot claim that our samples 
of 4 events are representative. We select events randomly 
mostly for illustration and not for rigorous statistical 
analysis. And in the seventh column, we post the electric 
field strength corresponding to the maximal flux, that proves 
our selection with exception of event 3c discussed above. 
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Table 1. Summary of TGE characteristics 

Fig.N Date 
TGE 
Start 
Time 

Duration 
minutes 

Significance 
%/N of  

Distance 
to cloud 
base m

Field 
TGE 
Max 
Kv/m

2a 14/9-12 17:13 6 12/3 400 30 

2b 9/6-13 21:48 5 75/14 100 20 

2c 24/6-15 14:21 1 22/6 250 10 

2d 30/5-18 01:15 3 120/30 25 20 

3a 30/9-14 12:50 20 70/11 50 -25 

3b 28/4-16 10:16:02 4 20/5 25 -17 

3c 1/10-17 05:56 3 16/4 200 -24(20)

3d 10/10-1718 14:04 8 56/12 150 -23 

CONCLUSIONS 
We demonstrate a big variety of atmospheric electric 

field configurations leading to emerging of the electron 
acceleration downward in the earth’s direction. We explain 
the mechanisms of dipole origination and show how the 
emerged electrical structures in the atmosphere lead to the 
enhanced fluxes of electrons and gamma ray. 

For scenarios 2 and 4 we should consider also the 
“inverse” (downward directed) electric field between the 
bottom of the cloud and earth’s surface. In the modeling the 
propagation of CR particles in the atmospheric electric field 
more attention should be paid to muons due to “muon charge 
ratio” problem [22] (abundance of positively charged muons 
upon negative muons due to mostly positive galactic cosmic 
ray flux). 
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Influence of the Barometric Effect on the Surface Particle Detectors Count Rates 
T. Karapetyan, B. Sargsyan 

A. Alikhanyan National Lab (Yerevan Physics Institute), Yerevan 0036, Armenia 

Abstract: Facilities of the Aragats Space Environment Center (ASEC) observe charged and neutral fluxes of secondary cosmic rays by 
the variety of particle detectors located on the slopes of Mt. Aragats at altitude 3200 m. During 2008-2018 by ASEC particle detectors 
were registered more than 500 so called Thunderstorm Ground Enhancements (TGEs), fluxes of electrons and gamma rays well the 
background level correlated with thunderstorms. For taking into account a possible influence of the barometric effect on the enhanced 
fluxes and for correcting TGE significance, the barometric coefficients for ASEC detectors were calculated. In this work, we present 
barometric coefficients, calculated for STAND1cm, STAND3cm and SEVAN detectors as well as a comparison of pressure corrected and 
uncorrected data for some of registered TGE events. 

1. INTRODUCTION  
Particle detectors of the Aragats Space Environmental 

Center (ASEC) (Chilingarian et al., 2003, 2005) are located 
on the slopes of the mountain Aragats and in CRD 
headquarters in Yerevan, Armenia; geographic coordinates: 
40_300N, 44_100E, altitudes: 3200 m, 2000 m and 1000 m 
a.s.l. Various ASEC detectors, measuring fluxes of 
secondary cosmic rays, are sensitive to different energetic 
populations of primary cosmic rays. A network of particle 
detectors located at middle to low latitudes known as 
SEVAN (Space Environment Viewing and Analysis 
Network, Chilingarian & Reymers, 2008, Chilingarian et al., 
2009, Chilingarian et al. 2018) was developed in the 
framework of the International Heliophysical Year (IHY-
2007) and now operates and continues to extend within 
International Space Weather Initiative (ISWI). SEVAN 
detectors measure time series of charged and neutral 
secondary particles born in cascades originating in the 
terrestrial atmosphere. 

With SEVAN network, we realize an integrated 
approach for research of the solar-terrestrial connections, 
space weather and high-energy atmospheric physics issues. 
Our approach consists from monitoring of the solar and 
atmospheric modulation effects posed on the counts rates of 
particle detectors registering charged and neutral cosmic ray 
(CR) fluxes along with electric and geomagnetic fields and 
meteorological parameters. Variety of measured geophysical 
parameters allows disentangling influence of all drivers 
separately and finding nontrivial relations between solar and 
atmospheric physics. SEVAN modules and other particle 
detectors operated at high altitudes in last decade discovered 
so-called thunderstorm ground enhancements (TGEs, 
Chilingarian et al., 2010, 2011, 2012) huge fluxes of 
electrons, gamma rays and neutrons of thunderstorm origin.  

To exclude the influence of meteorological effects on 
the count rate enhancements and to correctly calculate 
significances of observed events, the barometric coefficients 
were calculated and count rates of ASEC detectors were 
corrected. We present barometric coefficients, calculated for 
STAND1cm, STAND3cm and SEVAN detectors as well as 
a comparison of pressure corrected and uncorrected data for 
some of registered TGE and solar modulation events. 

2. INSTRUMENTATION 
Basic module of the SEVAN network (Fig.1) is 

assembled from plastic scintillator slabs of 50x50x5cm3 size. 
Between two identical assemblies of 100x100x5cm3 

scintillators (four standard slabs) two 100x100x4.5cm3 lead 
absorbers and thick 50x50x25cm3 scintillator stack (5 stan-
dard slabs) are located. Scintillator lights capture cones and 
Photomultipliers (PMTs) are located on the top, bottom and 
in the intermediate layers of the detector. Incoming neutral 
particles undergo nuclear reactions in the thick 25 cm plastic 
scintillator produce charged particles and by this way are 
registering. In the upper 5cm thick scintillator charged 
particles are registered very effectively; however, for the 
nuclear interactions of neutral particles there is not enough 
matter. When a neutral particle traverses the top thin (5cm) 
scintillator, usually no signal is produced. The absence of the 
signal in the upper scintillators, coinciding with the signal in 
the middle scintillator, indicates neutral particle traversal 
(gamma ray or neutron). The coincidence of signals from the 
top and bottom scintillators indicates of traversal of high-
energy muons. Microcontroller-based Data Acquisition 
(DAQ) electronics provides registration and storage of all 
logical combinations of the detector signals for further off-
line analysis and for online alerts issuing (S. Chilingaryan et 
al 2009). If we denote by ‘‘1’’ the signal from a scintillator 
and by ‘‘0’’ the absence of a signal, then the following 
combinations of the detector output are possible: 111 and 
101—traversal of high energy muon; 010—traversal of a 
neutral particle; 100—traversal of a low energy charged 
particle stopped in the scintillator or in the first lead absorber. 
110—traversal of a high energy charged particle stopped in 
the second lead absorber. 001—registration of inclined 
charged particles.  

For investigation of high-energy phenomena in the 
thunderstorm atmosphere new type of particle detectors were 
developed in Aragats which consists of 1cm and 3-cm thick 
molded plastic scintillators arranged in stacks (named 
STAND1cm and STAND3cm) see Figure 2 and 3. The 
STAND1cm detector (3200m a.s.l) (Chilingarian et al. 
2013a) Figure 2, exclusively designed for the TGE research 
comprise of three-layers assembly of 1 cm thick and 1m2 
sensitive area molded plastic scintillators one above the other 
and 3cm thick scintillator located aside. Outdoor location, 1 
cm thickness and three-layer design allow to measure flux of 
TGE electrons with 3 different energy thresholds starting 
from 0.8 MeV and to recover integral spectrum of TGE 
electrons (Chilingarian et al. 2017). Proper tuning of the 
detector provides 98-99% signal detection efficiency 
simultaneously suppressing electronic noise down to 1-2%. 
The DAQ electronics allows measuring and storing all 
coincidences of the detector channel operation. 
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Figure 1. Schematic view of SEVAN module. 

 
Figure 2. Schematic view of STAND1cm detector. 

For instance, coincidence “111” means that all 3 layers 
register particle, minimal energy of charged particles giving 
signal in all 3 layers should be above 10 MeV; coincidence 
“100” means that only upper detector registers particle – the 
energy threshold of this coincidence is equal ~0.8 MeV. The 
energy threshold of 3 cm thick scintillator is about ~5 MeV. 

The STAND 3cm detector consists of – four 3 cm thick 
stacked scintillators of 1m2 

sensitive area molded plastic 
scintillators Figure3 (Chilingarian et al. 2013b). The DAQ 
electronics allows to measure and store count rates from 4 
channels separately and also all possible coincidences of the 
detector channel operation. For instance, coincidence “1000” 
means that only upper detector registers particle – the energy 
threshold of this coincidence is equal ~5 MeV. 1100 – signal 
measured from 2 upper scintillators, etc. 

 
Figure 3. Schematic view of STAND3cm detector. 

3. REGRESSION METHOD USED FOR 
CALCULATION OF THE BAROMETRIC 
COEFFICIENT  

 
Figure 4. Variation of count rates recorded in Upper channels of STAND1cm SKL, STAND1cm GAMMA, STAND3cm SKL, SEVAN detectors and 
atmospheric pressure registered in Aragats from 04.12.2018 to 06.12.2018 
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Experimentally, the intensity I of any secondary cosmic 
ray component varies with a small change in the atmospheric 
pressure P as (Dorman, 1974, Chilingarian et.al., 2009):  

ܫ݀ ൌ െ(1)                ܲ݀ߚ 
where ȕ is the absorption coefficient for the secondary 

component under consideration. For  
β = constant, the equation (1) gives 
ܫ ൌ ݁ିఉܫ

ሺିబሻ            (2) 
where P is pressure and P0 is reference pressure, usually 

the average pressure at station. I and I0 are counting rates at 
these pressures.  

Empirically value of the barometric coefficient can be 
found by means of liner correlation between intensity of 
cosmic rays Ii  and data of atmospheric pressure Pi.  

ߚ  ൌ ݎ ∙ ߪ ോ               (3)ߪ

where r correlation coefficient. Data for calculation of 
barometric coefficient is selected at time             when there 
were no disturbances of the Interplanetary Magnetic Field 
(IMF) and magnetosphere; and in addition there were 
significant changes in the atmospheric pressure about 14mb.   

In Figure 4 is shown examples of increase of count rates 
in upper channels of STAND1cm SKL, STAND1cm 
GAMMA, STAND3cm SKL and SEVAN detectors that are 
caused by decrease of atmospheric pressure. 

For mentioned period of time the barometric 
coefficients of the count rates recorded in ASEC detectors 
have been calculated and in Figure 5 is shown example of 
calculation of the barometric coefficients of the upper 
channels of STAND1cm SKL, STAND1cm GAMMA, 
STAND3cm SKL and SEVAN detectors.  

 
Figure 5. Calculation of barometric coefficients of the upper channels of STAND1cm SKL, STAND1cm GAMMA, STAND3cm SKL and SEVAN 
detectors. 

In the columns of Table 1 accordingly are posted the 
name of detector (1 column); altitude (2 column); cutoff 
rigidity; barometric coefficient; correlation coefficient; 
count rate; relative error; “Poisson” estimate of relative error 
(standard deviation divided by an average count rate). The 
values posted in the last two columns should be very close to 
each other if the particle arrival can be described by the 
Poisson process. 

Calculated barometric coefficients were used for 
pressure correction of the count rates registered by ASEC 
particle detectors and in Figure 6 is shown example of 
comparison of pressure corrected and uncorrected data. The 
increase of count rate is caused only by decrease of 
atmospheric pressure, after pressure correction the count 
rates are returning to the background value. 

In Table 2 we compare new calculated barometric 
coefficients with barometric coefficients calculated on the 
beginning of the 24th solar activity cycle in 2008 
(Chilingarian and Karapetyan 2011). New calculated 
barometric coefficients on the start of the next 25th solar 
activity cycle, are in good agreement with old ones. The 
barometric coefficients calculated for 3 layers of SEVAN 
detector and lower energy particles (coincidence 100) 
coincide within error bars for 2008 and 2019 years. The 
barometric coefficients related to high energy muons and 
neutrons (last 2 columns) differs more, but are compatible: 
neutrons are much more influenced by the atmospheric 
pressure than high-energy muons. The stability of barometric 
coefficients proves the quality of multiyear observations of 
the solar-terrestrial connections with SEVAN network. 

I

113



Table 1. Barometric coefficients, count rates and relative errors of ASEC monitors. 

Detector 
Alt. 
(m.) 

Rc 
(GV)

Barometric     
Coeff. %/mb  
(Dec-2017) 

Correlation
Coefficient

1 min. 
count rate 

[mean] 

Relative 
error  

STAND1cm GAMMA (MyRIO GAMMA)        
Upper  1cm ch. 

3200 7.1 - 0.557 ± 0.035 0.976 33128 0.006 0.006 

STAND1cm GAMMA (MyRIO GAMMA)        
Middle 1cm ch. 

3200 7.1 - 0.627 ± 0.035 0.980 23436 0.007 0.007 

STAND1cm GAMMA (MyRIO GAMMA) Lower 
1cm ch. 

3200 7.1 - 0.671 ± 0.071 0.935 13500 0.009 0.009 

STAND1cm GAMMA (MyRIO GAMMA)        
4th aside 3cm ch. 

3200 7.1 - 0.492 ± 0.026 0.987 34960 0.006 0.005 

STAND1cm SKL (MyRIO SKL) Upper  1cm ch. 3200 7.1 -0.419±0.018 0.988 37078 0.005 0.005 

STAND1cm SKL (MyRIO SKL) 4th aside 3cm ch. 3200 7.1 -0.399±0.012 0.994 31247 0.006 0.006 

STAND3cm SKL 1st  3cm ch. 3200 7.1 - 0.483 ± 0.018 0.987 30270 0.006 0.006 

STAND3cm SKL 2nd  3cm ch. 3200 7.1 - 0.477 ± 0.014 0.992 28758 0.006 0.006 

STAND3cm SKL 3rd  3cm ch. 3200 7.1 - 0.432 ± 0.021 0.980 25590 0.006 0.006 

STAND3cm SKL: Coincidence 1000 3200 7.1 - 0.624 ± 0.032 0.977 8657 0.012 0.011 

STAND3cm SKL: Coincidence 1100 3200 7.1 - 0.489 ± 0.014 0.993 3729 0.016 0.016 

SEVAN Upper 5cm detector 3200 7.1 í0.438±0.009 0.997 29083 0.006 0.006 

SEVAN Middle 20cm detector 3200 7.1 í0.436±0.009 0.997 7826 0.011 0.011 

SEVAN Lower 5cm  detector 3200 7.1 í0.348±0.01 0.993 17596 0.010 0.007 

SEVAN Coincidence 100 
Low energy charged particles 

3200 7.1 í0.488±0.009 0.997 20109 0.007 0.007 

SEVAN Coincidence 010  Neutrons and gammas 3200 7.1 í0.628±0.019 0.986 2323 0.020 0.020 

SEVAN Coincidence (101+111)                
High energy muons 

3200 7.1 í0.293±0.011 0.978 7653 0.011 0.011 

 

Table 2. Comparison of 2 sets of barometric coefficients calculated at the beginnings of 24th and 25th solar activity cycles 

Detector Alt. (m.) Rc (GV) Barometric Coeff. %/mb 
(Dec-2017) 

Barometric Coeff. %/mb  
(2008) 

SEVAN Upper 5cm detector 3200 7.1 í0.438±0.009 െ0.466 ± 0.018 

SEVAN Middle 20cm detector 3200 7.1 í0.436±0.009 െ0.406 ± 0.012 

SEVAN Lower 5cm  detector 3200 7.1 í0.348±0.01 െ0.361 ± 0.016 

SEVAN Coincidence 100 
Low energy charged particles 3200 7.1 í0.488±0.009 െ0.5 ± 0.018 

SEVAN Coincidence 010 
Neutrons and gammas 3200 7.1 í0.628±0.019 െ0.511 ± 0.018 

SEVAN Coincidence (101+111) 
High energy muons 3200 7.1 í0.293±0.011 െ0.351 ± 0.038 

N
1
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Figure 6. Pressure corrected and uncorrected data for 12.04.2017 to 12.06.2017. Upper channels of SKL and GAMMA STAND1cm detectors and 
coincidences of 100 and 010 of SEVAN detector.  

4. CORRECTION OF TGE EVENTS FOR 
ATMOSPHERIC PRESSURE 
On 08.05.2018 at Aragats a TGE was registered by 

SEVAN and STAND3cm detectors (see Figs 7 and 8). The 
enhancement started at 10:30(UT) and reaches its maximum 
at 10:34 UT in STAND3cm detector and at 10:35 UT in 
SEVAN detector: The values of maximum of TGE registered 
in different detectors are posted in Table 3. 

We make a correction of particle detector count rates 
using barometric coefficients from Table 1. As it is seen in 
Table 3, corrected count rates and peak significances do not 
notably differ from the uncorrected one. Thus, the 
enhancement of secondary charged and neutral particle 
fluxes during thunderstorm activity at Aragats on 08.05.2018 
are not influenced by variations of atmospheric pressure and 
these fluctuations can be neglected when presenting TGEs. 

 
Figure 7. TGE registered in SEVAN Aragats detector on 08.05.2018. 

  
Figure 8. TGE registered in STAND3cm detector on 08.05.2018. 
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Table 3. Characteristics of TGE registered on 08.05.2018 at Aragats. 

Detector Time    
of max. 

Number of 
sigmas (ı) 
at the time    

of maximum 
pressure 

uncorr. data 

Number of 
sigmas (ı) 
at the time    

of maximum 
pressure     

corr. data 

1 min.         
count rate at 
the time of 
maximum, 
pressure 

uncorr. data 

1 min.        
count rate at 
the time of 
maximum, 
pressure       

corr. data 

Difference     
of pressure 

corrected and 
uncorrected 

data 

Difference     
of pressure 

corrected and 
uncorrected 
data by (ı) 

SEVAN             
Upper 5cm detector 

10:35 21.81 21.06 32124 32054 70 0.75 

SEVAN             
Middle 20cm detector 

10:34 4.01 3.95 8098 8084 14 0.06 

SEVAN Lower 5cm  
detector 

10:34 4.68 4.57 17821 17796 25 0.11 

SEVAN             
Coincidence 100 

Low energy charged 
particles 

10:35 25.54 25.27 23019 22963 56 0.27 

SEVAN             
Coincidence 010 

Neutrons and gammas 
10:35 5.66 5.65 2451 2443 8 0.01 

STAND3cm,         
Upper 1st 3cm channel 

10:34 33.97 34.31 34572 34505 67 -0.34 

STAND3cm,         
Middle 2nd 3cm 

channel 
10:34 25.12 25.14 32821 32758 63 -0.02 

STAND3cm,         
Middle 3rd 3cm 

channel 
10:34 14.09 13.86 26481 26435 46 0.23 

STAND3cm, 
Coincidence 1000 

10:34 49.89 50.24 11756 11727 29 -0.35 

STAND3cm, 
Coincidence 1100 

10:34 15.85 15.89 5358 5348 10 -0.04 

       CORRECTION OF TGE EVENTS FOR 
ATMOSPHERIC PRESSURE 
After rather weak, but the strongest since 18 February 

2018 solar flare, a geomagnetic storm was unleashed on 
January 31 reaching Kp value 5 (G1 minor storm according 
to NOAA scales). During the storm a particle flux alert was 
distributed by Aragats Space Environmental Center (ASEC). 
ASEC alerts are mostly issued on thunderstorm ground 
enhancement events (TGEs), the abrupt enhancements of 
electron and gamma ray fluxes well above cosmic ray (CR) 
background. TGEs are connected with atmospheric electric 
fields emerging during thunderstorm. However, in the 
beginning of February, there were never any thunderstorms 
on Aragats and electric field was very calm corresponding to 
fair weather values. And it was for the first time in 10 years 
that ASEC issued an alert in February. In Figure 9 we show 
one-minute time series of all 4 scintillators of STAND3cm 

detector.  All four 3 cm thick and 1 m2 area plastic 
scintillators measure flux enhancement above 1.5 standard 
deviation of the mean (background) flux.  

There was no enhancement in the detectors registering 
neutral particles and no enhancement in detector with energy 
threshold above 5 MeV. Thus, the Aragats detectors 
registered additional charged flux (electrons and muons) 
correlated with geomagnetic storm. We can speculate that 
there were oscillation of geomagnetic rigidity and for a 
minute additional flux of galactic CR penetrate atmosphere 
above Aragats. It should be mentioned that solar activity and 
interactions of the magnetized solar plasma with 
magnetosphere surely can induce particle flux enhancements 
on the earth’s surface, however the last such an event was 
registered on Aragats in January 2005. Thus, the alert on 1st 
February is the first manifestation in 14 years of the solar 
origin of particle flux enhancement. 
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Figure 9. The flux enhancement measured by the STAND3cm detector on Aragats. In the insets alerts issued by NOAA on geomagnetic storm, and by 
ASEC on particle flux abrupt enhancement are located. 

CONCLUSIONS 
 Barometric coefficients of STAND1cm network, 

STAND3cm and SEVAN detectors located at 
Aragats high altitude station (3200m a.s.l) were 
calculated. 

 The pressure correction of the data was done using 
new calculated barometric coefficients. 

 Comparison of pressure corrected and uncorrected 
TGE and geomagnetic effect data show that the 
influence of the barometric effect on the event count 
rates and significances is of few fractions of 
percent.  

 New barometric coefficients will be used for pres-
sure correction of the data for long lasting and short 
variations of particle fluxes. 

 New calculated barometric coefficients on the start 
of the next 25th solar activity cycle are in good 
agreement with old ones. The barometric 
coefficients calculated for 3 layers of SEVAN 
detector and lower energy particles (coincidence 
100) coincide within error bars for 2008 and 2019 
years. The barometric coefficients related to high 
energy muons and neutrons (last 2 columns) differs 
more, but are compatible: neutrons are much more 
influenced by the atmospheric pressure than high-
energy muons. The stability of barometric 
coefficients proves the quality of multiyear 
observations of the solar-terrestrial connections 
with SEVAN network. 
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TGE ALERT 361
2019‐02‐01 02:34:00 UTC
(2.688) TGE was detected by (STAND3, #1, Upper); 
(3.361) TGE was detected by (STAND3, #2, Middle); 
(4.483) TGE was detected by (STAND3, #3, Middle); 
(1.949) TGE was detected by (STAND3, #4, Lower).

117
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Abstract. Formation of elevated-conductivity regions that have a spatial scale of the order of decimeters and a lifetime of about 1 ms inside 
thunderclouds can lead to the enhancement of the electric field needed for lightning initiation. We show that the elevated-conductivity 
regions are generated due to the presence of stochastic small- scale electric field of charged hydrometeors. Fluctuations of this field can 
exceed, from time to time, the critical breakdown level, which can be sufficient to ensure the survival of free electrons under the conditions 
when the average small-scale electric field is significantly lower than the air breakdown field. The rate of above- critical electric field 
enhancements and hence the occurrence of elevated-conductivity regions is determined by two main factors: hydrometeor concentration 
and the variance of their charge magnitude distribution. Formation of elevated-conductivity regions occurs on a rela- tivly long time interval 
due to the interaction of electron and ion components. Specifically, the rapid attachment of electrons is balanced by their liberation in 
negative ion destruction processes. Further, the drift of ions in a stochastic electric field leads to enlargement of elevated- conductivity 
regions. The growth of conductivity is limited to spatial-temporal clusters occupying a very small portion of the overall space-time domain, 
so that the average conductivity of the medium does not change significantly. The presence of elevated-conductivity regions in a dielectric 
medium (thundercloud) lowers its effective electric breakdown field, because of the concentration of large-scale quasi-static field across 
the gaps between the decimetre-scale elevated-conductivity regions, which are essentially equipotential in a quasi- static electric field. 

1. INTRODUCTION 
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2. FORMATION OF ELEVATED-CONDUCTIVITY 
REGIONS INSIDE THUNDERCLOUDS 

2.1 Electric Field of Charged Hydrometeores and Its 
Fluctuations 

 

 

 
2.2 Production and Dynamics of Electrons and Ions 
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2.3 Loss of Ions to Hydrometeors 

 

 

 
2.4 Enlargement of Elevated-Conductivity Regions    
via Stochastic Drift of Ions 
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2.5 Electron Production in the Mean Field Approximation 
(independent ionization centers)  
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2.6 Mutual Influence of Ionization Centers 
(cumulative effect) 
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Figure 1: Two-dimensional schematic representation of 
the ion density spots. Whereas the small white circles 
correspond to the ionization centers, the gray ellipses 
correspond to the spots of ion density. The ellipses are 
stretched along the direction z  = -ŇVan│· t. An ellipse 
conducted by a dotted line corresponds to a spot density of 
positive ions and is stretched along the direction z  = -
ŇVap│· t. 

 

 

 
2.7 Occurence rate of above-critical electric field 
enhancements 
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3. DISCUSSION 
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3.1 Streamer Formation and Branching from 
Elevated-Conductivity Regions 
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3.2 Illustrative Example 

 
 

 

 

 

 
Figure 2. Ion and electron concentration spatialtemporal evolution of the 
model system: the top panel corresponds to the positive ions, the middle 
panel corresponds to the negative ions and the botton panel corresponds 
to the electrons. The color shows the level of the concentration common 
logarithm. The vertical axis represents the time; the horizontal axis 
corresponds to the spatial coordinate. An external electric field is oriented 
in the positive direction of the spatial axis. 

 
Figure 3. The time evolution of the decimal logarithm values of space 
average and space maximum of electron and ion concentrations. The 
concentration of the model system is presented as number per cubic meter. 
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APPENDIX A. ELECTRIC FIELD FLUCTUATIONS 
PRODUCED BY CHARGED HYDROMETEORS 
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Figure A1. The absolute value of the fine-scale electric field typical 
implementation, normalized by the value of breakdown field Eb, and the 

corresponding distribution of the probability density 
ሻࡱሺ࢝ࢊ	

ࡱࢊ	
. The 

distribution is constructed for the case ࢵ	 ൌ 	. 
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APPENDIX B. BASIC PRINCIPLES AND 
PREDICTIONS OF PERCOLATION THEORY 

 

 

 

 
Figure B1: Site percolation problem on a square lattice. Occupied 
(conductor) sites are marked in grey. Electrical contact exists only 
between the nearest conductive sites having a common edge. 

 
a) 	 ൌ 	0.52	 ൏  	

 
b) 	 ൌ 	0.59	 ൎ  

Figure B2: Site percolation on a square lattice: a) the concentration p of 
occupied sites is less than the percolation threshold; b) the concentration 
of occupied sites is equal to the threshold probability pc. The sites 
belonging to the largest cluster are highlighted in black. 
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Figure B3: Percolation problem of ellipses: a) imensionless concentration 
of ellipses ॄ	 ൌ ܴߨ ∥ ܴ ٣ ै is less than critical one; b) 
dimensionless concentration of ellipses is equal to threshold 
concentration. The maximum cluster of the overlapping ellipses is marked 
in black 
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Table 1. Continuum percolation problems: total volume ॄ	 and critical 
volume fraction		Φܿ 

Percolation 
type ॄ ॄ ߔ ൌ 1 െ  ሺെॄୡሻݔ݁

2D discs ܴߨଶै 1.12808737(6) 0.6763475(6) 

3D spheres 4ߨ
3
ܴଷै 0.341889(3) 0.289573(2) 

4D 
hyperspheres 

ଶߨ

3
ܴସै 0.1304(5) 0.1223(4) 

 

 

 

Figure B4.   ࡰ directed percolation on square lattice: a) schematic 
representation of directed site percolation that started from a source active 
site at ࢚	 ൌ 	 on a tilted square lattice. Each site is activated with 
probability p, shown by solid arrows. The cluster of active sites connected 
by a directed path to the source site is indicated in gray. The dashed lines 
identify the sets of available sites at time t; b)   ࡰ directed percolation 
on square lattice. Black sites correspond to the time ࢚	 ൌ 	 from the 
beginning of the process. 

Table 2: Parameters of percolation problems 

Lattice type Filling ॅ Threshold	 ॅ ∙  

Square 0.4655 (2)0.59274601 4/ߨ 

Simple cubic 0.1632 (15)0.31160768 6/ߨ 

Hypercubic ߨଶ/32 0.1968861(14) 0.0607 

Directed 1+1 0.5541 (4)0.705489 4/ߨ 

Directed 2+1 0.2279 (1)0.43531 4/ߨ 

Directed 3+1 ߨଶ/32 0.231046861(3) 0.0713 
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