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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.

v



Prof. Ashot Chilingarian, born 18 May 1949, is the Head of Cosmic Ray
Division (CRD) of A.Alikhanyan National laboratory (Yerevan Physics
Institute, YerPhl).

Prof. Chilingarian earned his Ph.D. in 1984 and Doctorate of Science
in Physics and Mathematics in 1991 from YerPhl. Prof. A. Chilingarian has a
vast experience in cosmic ray physics, machine learning, multivariate
statistical data analysis, space weather, and atmospheric electricity. He has
made a substantial contribution to the measurement of cosmic ray
composition and energy spectrum using facilities on Mt. Aragats (MAKET
experiment), Armenia and in Karlsruhe, Germany (KASKADE
experiment). He developed advanced analysis methods for the photon shower
identification in gamma ray astronomy, which substantially enhanced the
sensitivity of the gamma ray imaging techniques. Prof. Chilingarian creates the
Aragats Space Environmental Center (ASEC) and Armenian geophysics

measurements network. He founded the worldwide network of new particle detectors for researches in space weather and
solar physics, named SEVAN (Space Environment Viewing and Analysis Network). Nodes of the SEVAN network are now
operating in Armenia, Bulgaria, Croatia, Slovakia, and Czech Republic (2 nodes will be installed in 2019 in DESY Zeuthen
and Hamburg). His group discovers simultaneous fluxes of electrons, gamma rays, and neutrons correlated with
thunderstorms proving the existence of the new high-energy phenomenon in the atmosphere (so-called Thunderstorm Ground
Enhancements - TGEs).

Outside his field, Prof. Chilingarian has been interested in applying his data analysis methods to pattern recognition and
genome analysis. In 2000-2001 he collaborated with the Huntsman cancer institute in Utah, USA to develop multivariate
methods of DNA microarray data treating based on quantification of different types of gene expression in normal and tumor-
affected tissues. This work culminated in a patent application by Utah University.

In 80-ths Prof. A. Chilingarian developed methodology of machine learning for high-energy physics and astrophysics
experiments. He is the author of the ANI (Analysis and Nonparametric Inference) computer code library. He introduced the
"multidimensional nonlinear cuts" method for analyzing data from the Atmospheric Cherenkov Telescopes. The methodology
of the event-by-event analysis of the Extensive Air Shower experiments provides the estimation of energy spectra for separate
groups of the primary nucleolus and partial energy spectra of primary cosmic rays. The group he led discovers the highest
energy protons (with energies greater than 20 GeV) accelerated in the vicinity of the Sun on 20 January 2005 during Ground
Level Enhancement event N 69.

Prof. Chilingarian has authored more than 350 scientific publications and served on many international scientific and
editorial boards. He wins World Summit on Information Society award (Geneva, 2003) in the category of e-science; Armenia
president award in Physics (2013); and Armenian Engineers and Scientists of Americas (AESA’s) Scientist of the Year
Award (2017). Prof. Chilingarian is fellow of the American Physical Society (APS).

The Space Education center (master courses) established by Prof. Chilingarian in YerPhl for a new generation of students
has a special emphasis on participation in current international research projects of CRD. Prof. Chilingarian is professor at
National Research Nuclear University MEPhI and he is leading a Russian National Foundation project in the Space Physics
Research Institute of Russian Academy of Science. Also, he assists in the Scientific Advisory Committee of the EU project
in the Czech Republic.




CONTENTS

Catalog of 2017 Thunderstorm Ground Enhancement (TGE) Events Observed on Aragats ................................. 1
A. Chilingarian, H. Mkrtchyan, G. Karapetyan, S. Chilingaryan, B. Sargsyan, A. Arestakesyan

On the Origin of the Low-Energy Gamma Ray Flux of the Long-Lasting
Thunderstorm Ground Enhancements (LL TGES)....... ... o e, 15
A.Chilingarian, A. Avetisyan, G. Hovsepyan, T. Karapetyan, L. Kozliner, B. Sargsyan, M. Zazyan

Structures of the Intracloud Electric Field Supporting Origin of
Long-Lasting Thunderstorm Ground Enhancements....................oooiiiiiiiiiiiii e 25
A. Chilingarian, G. Hovsepyan, S. Soghomonyan, M. Zazyan, M. Zelenyy

On the Origin of Particle Fluxes from Thunderclouds......... ... ... 42
A. Chilingarian, S. Soghomonyan, Y. Khanikyanc, D. Pokhsraryan

Long lasting low energy thunderstorm ground enhancement sand
possible Rn-222 daughter isotopes contamination.............. ... 51
A. Chilingarian

Monitoring of the Atmospheric Electric Field and Cosmic-Ray Flux for the Interpretation
of Results in High-Energy Astroparticle Physics Experiments............. ..., 61
A. Chilingarian, J. Knapp, M. Zazyan

Termination of Thunderstorm Ground Enhancements by Lightning Discharges............................o 65
A. Chilingarian, Y. Khanikyants, S. Soghomonyan

Recovery of Electrical Structure of the Cloud with use of Ground-Based Measurement Results......................... 75
E. Svechnikova, N. Ilin, E. Mareev

Modelling of the Electron Acceleration and Multiplication in
the Electric Fields Emerging in Terrestrial Atmosphere............. ... e 80
A. Chilingarian, M. Zazyan, G. Karapetyan

Mapping Observation Project of High-Energy

Phenomena during Winter Thunderstorms in Japan......... ... 85
Y. Wada, T. Enoto, Y. Furuta, K. Nakazawa, T. Yuasa, T. Matsumoto, D. Umemoto,

K. Makishima, H. Tsuchiya, GROWTH collaboration

Recent Results from the Pierre Auger Observatory on Lightning Related Events.............................c. 93
R. Colalillo, for the Pierre Auger Collaboration

An Automatic Algorithm for the Recovering of TGE Differential Energy Spectra..........................cooiiin. 97
G. Hovsepyan

Recovering the Information on Atmospheric Discharges from Interferometric Data....................................... 100
A. Kiselyov, M. Dolgonosov, S. Soghomonyan, V. Karedin

Monte Carlo Simulation of the Relativistic Feedback Discharge Model (REDM)................cccooviiiiiiiiiiinnn... 103
E. Stadnichuk, M. Zelenyy, M. Dolgonosov, A. Nozik

Electrification of the Lower Dipole: Scenarios of TGE Initiation................ ... .. 107
A. Chilingarian

Influence of the Barometric Effect on the Surface Particle Detectors Count Rates............................cooviial 111
T. Karapetyan, B. Sargsyan

Thunderstorm Electric Field Structural Features and Lightning Initiation Problem................................. ... 118
L Iudin, V. Rakov, A. Syssoev, A. Bulatov

List of PartiCIPants. . ........o oo ettt ee e e e e e e e e et ae e e 137

VI



— 2013

|\ TEPA
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Events Observed on Aragats
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’National 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 ). 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



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 short- 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 (LIl 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 m? area plastic scintillator; the upper curve — by 20
cm thick 0.25 m? 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 km? per year.
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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) Nal 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 C° per
1000 m of altitude and the dew point drops 1.82 C° 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).
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Figure 3. In the bottom — one-minute time series of Nal 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
lightningflash.



The simplified estimate consists in the multiplying of
spread (the difference between temperature and dew point)
measured in C° 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 heightof cloud base
was 25-50 m during TGEs and RH was 96-98%. The nearest
lightning flash was registered on 3.0 km from detectorsite.

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 (numberof 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 agenuine effect.

Count Rate(sigmas)

L . I L L L . 1 L L L '
08:00 08:20 09:40 10:00

May 7. 2017, Time (UT)

Figure 4. Time series (in the number of 6) of 1, 3 and 5 cm thick 1 m’ area
plastic scintillators. Energy threshold correspondingly ~0.8, 3 and 5MeV.

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 isa 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 timeseries 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 47c. The
lowest p-value of 5.5 6 shows 5 c¢m thick scintillator located
in the MAKET building (energy threshold ~7MeV).

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 Nal crystals. In Fig. 6 we show differential
energy spectra ofthe 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 6¢, we see that lightning “kills” flux of high-
energy particles (HEP). Beforelightning flash, the maximal
energy reaches 30 MeV (Fig. 6b) and after lightning (Fig. 6¢)
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 Nal 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 Nal crystals hardly
will detect at least 5 particlesin 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.
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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



(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
(38U, 23U, 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

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).
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Figure 6. Differential energy spectra of the 7 May TGE measured by the Nal 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 Nal 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 Nal crystal, energy threshold 0.3 MeV;

Nal crystal with energy threshold 3 MeV;

The upper plastic scintillator of the STANDI
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 thel3-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 land 2) contains useful
information for further comparisons of time series and
discovering of new correlations.



Table 1. TGE events containing High-Energy particles

%/No AT (min.) E 28| 2| E| E
Peaks 2 % <Zg -Z z 2 = E E
Date by 2nd,3rd | Eth(Nal) 52| 2| z) < |2 E, =] =
Naly; by Nalj3 ~0.3 Eth(Nal) | Eg(Stand) | Eq(Sevan) z ) 7 et E
uT UT MeV ~3MeV | ~0.7MeV | ~TMeV 2 S
Apr. 7 14:20 - 7/16 12/7 16/17) 3.5/44 | 180| 10| 180] 10| 3 134 31| 24| 65
Apr. 9 11:00 - 12/21 12/7 18/19 5/6 20 25] 15 20] 11 | 85 48 | 22| 33
Apr. 9 12:00 - 1527 19/11 24/21 7/9 50| 25 30| 20] 12 | 85 -4.1 29 | 40
Apr. 14 12:00 - 13/22 12/9 1718 | 4.5/7.6 | 150] 3 | 104] 3 | 3 37 0.6 18| 39
Apr. 15 11:52 - 13/22 /5 15/15 3/4 220 15| 180| 20 12 | 36 03| 26| 28
Apr. 16 15:00 - 8/18 6.4/4 14.5/16 3/4 130 20| 130] 20| 6 85 34| 24| 39
Apr. 23 21:08 - 10/20.5 9/8 23/26.5 3/4 120 15| 140| 5 | 4 49 16| 27| 73
Apr. 23 23:58 - 5/7 11/6 16/9 3/4 100] 10| 150| 10| 7 49 -6 | 42| 73
Apr. 24 1:46 - 2.6/4 10.6/8 10.9/6.4 - 10| 5 20| - | 4 49 22| 345] 52
Apr. 29 11:54 - 15/283 | 27.5/17.4 482/47 | 7.9/9 136] 22| 134| 21| 4 37 0.6 | 228] 58
May 3 01:08 - 8.5/10 | 13.2/10.6 | 23.82212| 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 45138 | 7.2/84 | 110] 4 | 120 22| 3 50 04 | 229| 70
May 6 12:40 - 111215  26/17.9 44/36 | 8.8/10.8 | 231| 45| 220| 30| 3 98 07 | 338] 80
May 6 14:00 - 14.4/15 9.5/5.6 27/17 | 3.8/43 95| 20| 25| 10] 10 | 60 0.1 40 | 54
May 7 9:56 9:53 11.4/21.7 09/10 40/30 | 4.3/48 | 120] 5 | 120] 20| 4 50 -1 26 | 58
May 8 0:0 - 4/6.9 113/82 | 258/23.1| 4.3/52 s 21 83| 21] 7 61 24| 212] 67
May 14 14:48 - 11.715.7] 14.2/89 | 15.8/16.9 - 100 15| 110] - | 3 159 19| 195 60
May 19 17:13 - 5.9/5.1 8.3/5 98/54 | 32/42 | 139] 30| 112| 31| 2 159 | 21| 236| o4
May 20 02:25 3:49 11/21 45/3.1 18/134 | 3/44 180 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 -2 30| 43
May 26 16:49 17:25 2.4/4.7 5.5/3.7 - 3.7/47 | 110] 16| - 13 2 159 | 28| 20.1| el
May 27 14:25 15:18 1/6.7 7/4 - 3.1/42 | 136] 10| - 1| 2 49 11| 2907 74
June 14:23 5:18 8/17 7/4.1 13/16.2 - 106] 10| 10 - | 16 150 | -03 | 329] 58
June 108:16 9:06 8.9/15.4 7.5/5.1 10/13 | 4.1/57 | 155] 20| 19| 19| 12 120 07| 196] 51
June 15 23:56 - 3/4 4.5/4 - 3/4.5 70| 20| - 30| 14 135 28 17| 25
June 21 20:53 - 8.4/17.2 3.4/3.5 06/13.0 | 2438 | 140] - | 138] - | 7 219 41| 956] 33
June 22 13:52 | 14:12,14:16| 7.5/162| 15.1/10.1 18.1/23 | 10.4/149 | 165 42| 130| 41| 7 170 | 44 | 324| 54
July 713:23 | 13:44,13:49 6/10 6/4 - 3/5 123) 20| - 20| 5 280 | 72 15 43
July 156:28 | 6:57,8:00 23/11 | 15.6/10.7 - 7/9.6 180 - - 13| 6 195 78| 168] 32
July 24 18:40 18:54 13/16 9/6 - 4/6 180 15| - 20 9 20| 7 2| 51
July 31 16:04 16:09 23/49 16/12 45/41 | 5.8/82 | 240] 6 | 273| 14| 8 130 74| 24| 31
Aug. 17 11:00 - 4.9/72 5.5/8.8 7/6.1 | 4.2/53 9| 8 73] 7 | 5 268 | 7.6 | 236] 42
Aug. 17 18:55 18:57 19.8/46 | 52.7/32.5 6/56 | 16.4/27 | 210| 6 | 180 14| 2 200 | 84 21| 49
Sept. 29 21:52 - 12/22 /5 1221 | 6.1/8.1 | 120 4 1| 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 29| 22| 44
Oct. 120:33 - 16.6/21.8 5/3.5 213132  3/5 140 10| 135 5 | 5 85 07| 26| 53
Oct. 2 8:04 - 7/12 11/7 18/15 7/11 60| 5 60| 4 | 16 | 50 07| 21| 42
Oct. 10 12:18 - 4.9/11 6.5/4.3 9.3/10.8 | 9.5/13 10| 15| 85| 10| 2 85 13 14| 36
Oct. 10 14:08 14:10 10/13.7 25/20 13/11 | 12.8/124 | 120] 8 | 155| 15| 2 150 | 05 22| 48
Oct. 10 22:04 22:12 6.3/11 12.5/8 12/164 |  8/10 160 15| 160| 20| 13 | 37 02| 8 22
Nov.77:12|  8:00,08:30 /8.5 6/7.4 - - 191) 188 - - 19| 25 02| 104] 32
Nov. 8 5:30 - 5/5.9 6.2/7.1 3.8/3.5 - 107) 120 104| - | 211 25 0.1 98] 16
Nov. 30 3:45 - 712 | 95145 51/49 | 11.1/19 | 124] 150 180] 24] 14 | 98 72| 538] 15




Table 2. TGE events that do not contain High-Energyparticles

Date b PZT(II( ’ T —T f’ﬁ E B ;O g E
Nal,; ' 3rd l;y Ettl‘()lial) Ety(Nal) | Eq(Stand) | Eq(Sevan) Eg 'T: % E g é g g ? % E
uT NSITo.a Mey | 3MeV| ~0TMeV | ~TMeV | 2| Z ) = & |2 Z2 | & =
Apr. 814:00 5.2/11 - 6/7.5 - 480 - 310 | - 13 85 -4.7 9 22
Apr. 921:02 3/4.5 - - - 65 - - - 12 60 -3.8 24 37
Apr. 1716:41 - 6.7/1.7 - 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 7 854 | -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 29 | 185 35
May. 22 14:57 5.1/11.7 5/3.0 37.9/23.4 4.7/6.7 80 10 38 13 5 488 | -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 3.5/13 - - 160 - - 25 440 9.3 16 16
July 15 16:16 18:00 4.7/4 - - - 63 - - - 5 232 7.6 | 182 | 345
July 15 18:21 4.8/9.2 - - - 160 - - - 6 250 7.1 25 46
Aug. 29:25 15/10 - 8.2/7.7 - 60 - 150 | - 7 500 13 2 15
Aug. 210:20 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




Aug. 1110:00 11:11 7.7/9 - 4/2.8 - 558 - 75 - 7 561 12.9 4.8 14
Aug. 1510:34 8/8.4 - 7/5.7 - 40 - 40 - 25 340 | 10.4 4 8
Aug. 1511:36 11:49 10.6/11 5/3.6 14/11 - 70 8 60 - 14 270 4 5 31
Aug. 1512:51 19/20 - 25/20 - 35 - 40 - 7 290 | 10.7 3.6 16
Aug. 1513:55 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 82 | 237 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 32 | 223 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 3/59 - 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. 117:58 20/26.6 4/2.7 22/12.6 6-Apr 150 10 || 140 | 10 10 85 17 24 36
Oct.117:58 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.2810:30 16.2/29 - 11.6/15.2 - 370 - 339 || - 33 854 | -14 0.5 2.3
Nov.29 18:00 3.6/7.1 3.4/7.5 - - 81 | 203 - - 33 854 || 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.
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Figure 7. Statistical significance of TGE events containing HEP (44 selected events) registered by particle detectors with different energy thresholds.




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 theprobability of lightning is higher.
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Figure 8. Duration a), c) and distances b), d) of TGEs terminated and not terminated by the lightning flash. Black —measured by Nal 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.
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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
TGESs occurred when temperature is with in -3 - +3C°.
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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 wasobserved at 18-19 local
time (UT+4).
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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) C° 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
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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 Nal and Csl 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 Nal
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 Nal crystal scintillators packed
in a sealed 3-mm- thick aluminum housing. The Nal 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
Nal(T1). The sensitive area of each Nal crystal is ~0.0348m?.
A significant amount of substance above the sensitive
volume of Nal crystals (0.7 mm of roof tilt, 3 mm of
aluminum, and 5 mm of MgO) removes electrons with
energy lower than ~3 MeV.
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Figure 12. Nal(TI) crystal assembly.

The energy resolution of spectrometers is ~30% at 662
KeV. The big advantage of used large Nal 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 Nal(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. Nal(TI) 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 /m*/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 m?)
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 al, 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.
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Figure 14. Assembly of ASNT with the enumeration of 8 scintillators and
orientation of detector axes relative to the North direction.
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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 bl, 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 cl, c¢2, ¢3 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” Nal(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 2'#Bi 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 2'“Bi and 2!“Pb, 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 Nal 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 21*Bi (0.609 MeV) and “K (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.

= C(ritically 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, *C and *H).

4. Long-lived nonstable nuclides (*%U, U, 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 2*®U to 2%Ra,
222Rn, 2'8Po, 24Bi...), thorium decay chain (starting
from 2*?Th to ?**Ra, ?*’Rn, ?'?Pb, 21?Bi...), actinium
decay chain (starting from >°U to *?’Ra, ?"°Rn,
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 arule, 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
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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 Nal 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 (*2Rn) is the immediate daughter of >°Ra and is
continuously produced wherever ??°Ra exists. 2°Radium 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 2?’Rn 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 ?*’Rn 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™
[23]. The average daily course of *?2Rn 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 *?Rn concentration
measured by aircraft flying above the west-central portion of



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]:

= Nal(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 Nal 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 2'*Bi and 2'“Pb decay
spectral lines, that Nal(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 2'*Bi and 2'“Pb decay gamma rays measured by
Nal(TL) spectrometer (in the energy range 0.56-0.66 KeV).
By diamonds, we show the diurnal variation of Nal (TI)
spectrometer positioned under the roof of SKL experimental
hall where Aragats Nal network is located. As was
demonstrated in [22] the indoor Radon concentration
fluctuations have a vertical negative gradient. The
fluctuations of 2Bi 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 Nal 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).
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Figure 1. Indoors background gamma-ray energy spectrum measured at
Aragats and in Yerevan with various spectrometers: Nal (Tl) — a) and HP
Ge b). *Bi spectral line (peak) will be used for the investigation of diurnal
variability of Radon concentration at Aragats. We also consider
Potassium *’K isotope as a stable spectral line used for the calibration of
fast variating *'*Bi spectral lines.

40K, Potassium-40 is a radioactive isotope of potassium,
which has a very long half-life of 1.25x10° 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 3. Diurnal variations of the intensity of the 0.609 MeV (*"*Bi);

spectral line measured indoor and in the open air. Measurements

performed in December 2018.
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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 2'“Bi 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 tl can be attributed to
several physical processes, main of which are summarized in
the equation one:
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wmerated by the Nal (Tl) ORTEC spectrometer (D).

Se1=Sav + Smos +Srn £S), (1),

where S,y is an intense gamma-ray flux due to electron-
10ton avalanche process started in the strong atmospheric
ectric fields; Smos— is bremsstrahlung gamma ray flux also
leased in the atmospheric electric fields of much less
rengths; Sgn — is due to Radon daughter isotopes radiation
om the clouds above the detector site, or from other yet
1specified source; and Ry — is the influence of different
eteorological effects (atmospheric pressure, gradient of
mperature, etc.). For identification of the possible signal
om Radon progenies the statistical fluctuations can be
ibstantial. As we demonstrate in Fig. 2 the standard
chnique of the spectral analysis is subtraction of the
packground measured separately before TGE. See equation
2, where we denote by ON the sample containing
background with possible signal and by OFF “pure”
background.

ON = Sy + Bi1; OFF = By, (2).

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 4, started at t;
and t, 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)

By1 # Byy, see Eq. 3.
ON — OFF =S4 + By — By, # Ser (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+ A, and T2+A4, 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 Nal(TI) crystal used in their spectrometer. The Nal 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 Nal



network used for recovering energy spectrum is located
indoors where fluctuations of background are minimal (see
Fig. 3); due to large size of the Nal 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 10° 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 y =
—1.21. Avalanche particles were followed till the Earth’s
surface (Hops = 3200m a.s.1.) or till their energy become less
than E..~=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 enhanc. t 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.1.)

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

0. 370647 0

0.1 387271 4.5

0.2 405065 93

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/em) | 03-2MeV % 50— 60 Mev % | 70~ 8/0 MeV
0.1 56 57 3.7
0.2 1.3 74 37
0.3 17.7 11.8 47
0.9 82.9 371 32.1
1.7 547.4 109.7 94.1
2.0 34123 157.3 133.9
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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

1106968 | 581764 | 466073 | 313161 185241

0,7
0,6
0,5
0,4
0,3
0,2
0,1
0 \ . \
0 500 H(m) 1000 1500

(N(0)-N(H))/N(0)

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 C° 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 ?Rn 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 Nal network. The detector network used to measure
the particle energy spectra consists of 6 Nal crystal
scintillators with sensitive area ~ 0.0330 m? each (~5 times
than ORTEC Nal). The energy resolution of spectrometers
is 30-40% at 662 KeV, thus we cannot resolve *??Rn
progenies spectral lines with these crystals. The big
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advantage of used large Nal 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 Nal (Tl) network. In December OTEC
spectrometer was located under the roof of SKL
experimental hall nearby the Nal network (Fig 7c and 7d),
i.e. the 2'“Bi 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 2'“Bi isotope concentration is
significantly larger, see Fig. 3 (diamonds). Nal 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.
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Figure 7. Winter TGE. On the top (black curves), we show disturbances
of the near-surface electric field, below (blue curves) — I-minute time-
series of count rates of particle flux measured by first Nal crystal located
under the roof of the SKL experimental hall on Aragats.



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
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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.
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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 Nal
crystal forming another continuum spectrum to the left of the
peaks corresponding to the spectral lines. There are no peaks
corresponding to the stable *°K 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 “°K 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 m? 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 m? 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 Nal 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 STANDI, the lower curve in Fig. 10b and
middle scintillator of STAND?3, 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 Nal crystal count rate
coincides with the sharp decrease of electric field and
occurrence of high-energy particles in the TGE.
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Figure 9. The TGE measured by the I-cm thick and 1 m’? area plastic
scintillator (upper of indoor CUBE detector) and by the 5-cm thick and 25
m? 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 ?2Rn 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.
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series measured by the same crystal and two 1 cm thick and 1 m’ area
vertically stacked plastic scintillators of the STANDIdetector located
outdoors nearby MAKET experimental hall (b).
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Figure 11 The disturbances of electric field and count rate measured by
the large crystal of Nal network(a). One-minute count rates of the same
Nal 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” Nal(TI) spectrometer of ORTEC firm
(FWHM ~ 7.7% at 0.6 MeV) and operated on Aragats recent
years Nal 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 Nal 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 Nal 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 sifu 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.

DOI: 10.1103/PhysRevD.98.082001

L. 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

2470-0010/2018/98(8)/082001(17)
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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 RREA model [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.

© 2018 American Physical Society
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FIG. 1.
in the electric field beneath the cloud.

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

Cartoon demonstrating electron acceleration and multiplication in the electric field of the lower dipole of the thundercloud and

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 =25-100 m; in summer, it is larger,
H = 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

082001-2
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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 m?-area outdoor plastic scintillator located

outdoor nearby MAKET experimental hall.

(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 +2 C°
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).

On May 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 Nal
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 Nal 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 Nal 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 Nal 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

082001-3
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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, No). 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
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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%/130), near-surface field values were below
—10 kV/m at 18:52-19:01, 9 min; during middle largest
peak (significance =30%/300) at 19:15-19:28, 13 min;
for the third peak (significance ~12%/125) 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 m? area outdoor plastic scintillator reaches
50,000 per minute.

The disturbances of near-surface electric field measured by EFM-100 electric mills with a sampling rate of 1 Hz on Aragats

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 Nal 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
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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 disturbances measured by the electric mill 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.
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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 Nal 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
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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;
(i) Duration of field disturbances 11:32-11:46, 13 min;
(iii) Estimate of the height of cloud base:
(—0.8-1.2)C° %122 m~ 50 m
(iv) Relative humidity (RH) ~97%;
(v) TGE significance (Nal crystal)-4.8% (10.40).
TGE observed two days later was more prolonged and
larger:
(i) Estimated parameters for April 13 event [Fig. 8(a)]
are as following:
(i1) 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:
(—0.8-1.2)C° %122 m~ 50 m
(v) Relative humidity (RH) ~97%;
(vi) TGE significance (Nal crystal) —4.8% (10.40).
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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-m? 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 m” area
plastic scintillator was ~50c). 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 = 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).
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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).

082001-9

33



A. CHILINGARIAN et al.

PHYS. REV. D 98, 082001 (2018)

06 May 2017 256405

Nal(Tl) Det.#1 & 2

20E+05

15E+05

LOE+05

Intensity (m® mim- MeV)

5.0E 404

-
- -
-

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

082001-10

34



STRUCTURES OF THE INTRACLOUD ELECTRIC FIELD ...

PHYS. REV. D 98, 082001 (2018)

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 y = —1.42
(on the heights 4-5 km). We follow the cascade particles till
their energy is above the energy cutoff of E = 0.05 MeV.
The observation level H,,, = 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 10% vertical gamma ray showers
initiated by particles with energies in the interval 1-100 MeV
(the differential energy spectrum was a power law, spectral
index y = —3), leaving the cloud on different heights
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FIG. 14. Lateral distributions of gamma rays leaving thunder-
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above sea level).

above Earth’s surface. The particles were followed until
Hgps = 3200 m above sea level. The secondary particle
energy cut was E = 0.05 MeV; the lowest energy threshold
of particle detectors operated on Aragats was 0.3 MeV. The
cloud was located at four different heights: H = 50 m, 200 m,
400 m, and 1000 m above 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
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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 1.61 C°, dew
point—0.86 C°; 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 m?, significance
~78%/1260) 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
the May 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 7-8 MeV) 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 TGE:s 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
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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 m? -area outdoor plastic scintillator.
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FIG. 17. The differential energy spectra of TGE particles registered by Nal network (N 1 and N 2 spectrometers); minutes

1:24-1:30.

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 Nal
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
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May 30, 2018. In the left bottom corner, values of integral
spectrum calculated for different energy thresholds.
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FIG. 19.

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-m’-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.
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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.

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

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 numerous TGEs by the Japanese, Chinese,
and Slovakian groups [28-32] proves that RB/RREA and
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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 y-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 y-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 10'2-10™ 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 TGE:s 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;

(i1) 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

clouds by a Lightning Mapping Array (LMA) or interferometer

facilities (operation on Aragats begins in 2018) will improve
our understanding of cloud electrification.
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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 Nal 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.
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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].
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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 ps 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 200-400 ps.”

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 Nal (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 y-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 y -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 102-10' 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 (YerPhl) 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 1s,
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.
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Fig. 3. Event on 11/6/2016, 11:44 UT. The 1 s time series of ArNM. Only time series corresponding to 0.4 us dead time (upper curve) demonstrates large peak due to counting
multiple secondary neutrons coming within time span ~1ms; the time series corresponding to 750 and 1200 ps 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 1/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-
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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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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

25MHz counter on FPGA gives the exact time of the trigger. The
1PPS (one pulse per second) stream of the 5V, 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 100ns). This feature allows time
synchronization with 100 ns resolution.
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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 STANDI
detector comprised of three vertically stacked plastic scintillators
(thickness=1cm, area=1 m?, energy threshold ~0.8 MeV) and
one stand-alone plastic scintillator (thickness=3cm, area=1 m?,
energy threshold ~2 MeV), proportional counters of Aragats neu-
tron monitor (ArNM) and Nal 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
0.01kV/m, and the lightning location accuracy was ~1.5km. 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 (20Hz) near surface electric field
measurements.

The time series of particle detector count rates, electrostatic
field measurements and service information (status of myRIO, time
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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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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
STANDT1 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 -30.6kV/m at 11:45:22.48, and shows a maximum
of 39.7kV/m at 11:45:22.58; the amplitude of field change was
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version of the first burst is shown in (b).

70.3 kV/m reached in 100 ms. Field recovery took much longer time
~10s.

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 5cm 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 ps, all secondary neutrons that enter the proportional counter
are detected. For larger dead times of 750 ps and 1250 ps 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 ps dead time, and will not be registered with
750 ps and 1250 ps dead times, as it is shown in Fig. 3.
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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 mmy/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, Nal crystal based spectrometer [13]| produced by the strong
atmospheric discharge (Fig. 7(a)). Signals from charged or neutral
particles detected by Nal spectrometer are always unipolar.

Thus, we observe that all examined particle detectors (plastic
scintillators, Nal 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 ~100m were triggered by two independent whip anten-
nas. Several particle detectors were connected to both FSDAQ sys-
tems; data files with 1s capture length and 40ns 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
200ms before atmospheric discharge trigger and 800ms 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
1-2km 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). Nal
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].

2470-0010/2018/98(2)/022007(10)
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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 Nal and CsI crystals on the time scale from
tens of nanoseconds to minutes. Energy release histo-
grams are measured each minute with Nal 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).

© 2018 American Physical Society
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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
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Pattern of the storm in Armenia mapped by lightning flashes showing the approaching storm front; the Aragats station position

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
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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 (9.1-6.0)
122 ~ 400 m; sharply decreased to ~130 m on the start
of the storm (7.0 —5.9) % 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 6959 at 18:58 and back to 684.9 at 20:10,
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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.
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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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FIG. 4. Thunderstorm ground enhancement (TGE) as measured by the first and second crystals of the Nal network (see inset, energy

threshold 0.3 MeV).
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the N1 and N2 crystals of the Nal network.

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

The differential energy spectra of four subsequent minutes of TGE, recovered from the energy release histograms measured by

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,
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FIG. 6. Recovery of gamma rays and electron fluxes with the CUBE detector. Scintillators N7 and N8 are 20 cm thick 0.25 m? stacked
plastics. In the Table inset, the recovered fluxes measured by both thick scintillators are shown.

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 Nal
crystals (12.5 x 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 Nal 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 Nal 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
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FIG. 7. One-second count rates of the STANDI detector located nearby the MAKET experimental hall.

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 Nal crystals stopped the electrons
with energies below ~3 MeV; thus, the particle registered
by the Nal 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 m? area surrounded by the
“veto” that consists of six 1 cm thick and 1 m? 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

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

Name Mean o 18:55:33 Sign. peak No % of drop

STAND1 MAKET Ch. 1 5714 254 1002 17 76

STANDI MAKET Ch. 2 456.3 22.7 741 14 62

STANDI MAKET Ch. 3 329.7 18.1 553 12 67

STANDI MAKET Ch. 4 510.9 223 932 21 75
022007-6
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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.
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FIG.9. One-minute time series of the count rates of the 1 cm thick 1 m? area plastic scintillator. In the bottom of the frames, we show

rain rate in mm per hour.

during the minute of maximal flux, recovered intensities,
and electron fractions for both inner 20 c¢m 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

022007-7

57



A. CHILINGARIAN

PHYS. REV. D 98, 022007 (2018)

= o [ =N
= e 8 &
= | Ce70eval =
= 1.8} 3650e+al =
-— 3 @
& 6.30e+4| [
= 98} ! e
S 6.10e+4} G
b QL
S 7.8 5.90e+4| w
s I r 2
o 5.70e+4} R
a- sa8f i 5 -30
5.50e+4} B
r f—
3.8 5.30e+4 3
k r =
5.10e+4| -50
1.8} L
| 4.90e+4}|
02t 470e+4ql -70 bt
14:00 14:40 15:20 16:00 16:40
May 3, 2018; Time (UT)
_ F o 3 - :
_E F S 9.50e+4f = (b)
| — = L
= £ 9.00e+4f =
o 1.8 & =
& | ©O8.50e+4F 2 10
i.E__ 98l 8.00e+4 | 2 o
S |
2 7.50e+4fF 8 .10}
s 7.8} i
§ 7.00e+4F P
o sgl ©.50e+4af g -
I 6.00e+4f @
3.8 550e+4f E
L sl S00e+af RO[: .
4.50e+4F I ke "} = i
-02L  4.00e+4E -70 Lttt teeins )
00:40 01:20 02:00 02:40 03:20

May 30, 2018; Time (UT)

FIG. 10. TGE events registered by the Nal 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 Nal detector.

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 STANDI detectors comprises
three identical units located on Aragats station, each of
which consists of three stacked 1 cm thick and 1 m? 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 m? 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),
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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 Nal 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.

(i1) A strong TGE started with a low energy flux (less than
3 MeV), 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.

(i) 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
[31, [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 10*-10° m?. 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 3x10° m?. 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 MOQOdification 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

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (http://creativecommons.org/licenses/by/4.0/).
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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-
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Figure 2. Near-surface electric field (black) and count rates
(blue) of Nal detectors with energy threshold of 300 keV, for
two long-lasting, low-energy TGEs.
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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 m? 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 Nal 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.
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3 Simulation of air showers with electric

fields in the atmosphere using the il
CORSIKA code g
?§- 3000 Hﬂll — Ez=1.8 kV/cm

To study the influence of atmospheric electric fields on 2 ||J '11 — Exakvicm
Extensive Air Showers (EAS) parameters, we developed £ 2500 :
a simple model for the propagation of shower particles §
in the atmosphere taking into account electric fields. Air w2000,
showers have been simulated with CORSIKA [13] ver- 2
sion 7.56 with QGSJETII [17] and GHEISHA [11] as g sop
hadronic interaction models. For electromagnetic inter- T
actions, the EGS4 option [16] was used. The electric
field option (EFIELD) of CORSIKA was used. An elec- 500}
tric field of strength E; . O starts at a height H2 above
the ground and extends to height Hl. Each simulation 03 3 01 0 1 2 3
trial consists of propagation of hundred of vertical pro- logE (GeV)
ton showers with fixed primary energy of 10 eV. The
showers start on the top of atmosphere (first interactions
are most probable on heights of 30 km), the secondary ~ Figure 4. Energy distributions for the secondary elec-
particles are propagated and recorded at the altitude of  rons/positrons.
3200 m (Mt. Aragats station). Shower particles are fol-
lowed down to 0.3 GeV for hadrons and muons, and to 104
0.3 MeV for electrons and gamma rays. The simulations
show a significant influence ofthe electric field on the in- ?sno 3
tensity of particles at the ground level. In Table 1, we show Elfm - - ::;::;:I"'
the multiplication of the shower particles entering electric Elm b
fields of different strength and location in the atmosphere. & I
The particles reaching the Earth’s surface are registered ?zm E
if their energy exceeds 50 keV. Thus, if the electric field %ooo .
extends down to only 50 m above ground (a common con- g oy
dition for the Spring TOEs on Aragats), the multiplica-
tion of electrons and gamma rays is rather significant. In 600 £
Table 2, the relative changes in particle number are pre- a00 |
sented. The changes in the number of charged particles o 1
of an air shower depend on the strength of the field and [
on the height of the electric field. Figures 4 and 5 illus- “,; : o3 T 1 2 3

trate the effect of electric field on particle intensity at the
ground level. Thus, we see that the electric field located

logE (GeV)

Figure 5. Energy distributions of secondary gamma rays in a

Table 1. Average number of shower particles measured on shower, recorded at the ground level.

ground per 10 eV vertical proton shower.

E,=0 kv/em| £z |- kV/em at| E;=18 kV/em at | E=1.0 kV/em at in the Earth’s atmosphere drastically changes the number
3250<H<4250m | 4200<H<5200m | 4200<H<5200m of charged and neutral particles of an air shower. This ef-
- < - - fect is essential for the estimation of EAS primary particle
Ne | 4.03-10 . 7'25'103 4.34-10 . 4'08‘103 energy. Usually the energy of primary particle is esti-
N, | 114810 11.73-10 12.09-10 11.70-10
- . - - mated by the number of electrons and muons observed on
Ny | 1.91-10 2.86:10 2.26:10 1.95-10

ground level. For the CASA-MIA detector [21] (energies
10" eV - 10'® eV) a combination of measured EAS pa-
rameters (N,. + 25N,) 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-

Table 2. Relative changes of shower particles numbers
(compered to the Ez = 0 case).

ber of electrons at the ground, but also includes a fraction
Ez=1.8kViemat E;=1.8kViemat | F;=1.0 kV/em at of the abundant shower photons). For comparison, we use
3250<H<4250m 4200<H<5200m | 4200<H<5200m the parametrization:
AN/Ng 0.80 0.08 0.01 logEo[GeV] = 1.03 * log(N, + 25N,,) (1)
AN/ Mo 002 0.0° 0.02 Here, N, is the number of electrons and positrons, and the
AN)/N, 0.50 0.18 0.02 2 e p ’

coefficient 1.03 takes also gamma rays contamination into
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Table 3. Average number of shower particles measured on
ground per 10" eV vertical proton shower.

_ E;=1.8kV/em at | E;=1.8 kV/em at| E;=1.0 kV/cm at
E;=0 kV/em
3250<H<4250m | 4200<H<5200m | 4200<H<5200m
E(GeV)  10° 1.54-10° 1.1-10° 1.05-10°

account. The true and recovered energies according to eq.
1 are presented in Table 3.

With a field strength of E;=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 E;=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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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 ~80% of analyzed events the termination
of flux enhancement was associated with negative cloud-to-ground (-CG) or normal-polarity intracloud (IC) flashes, and for ~18% - 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 ~10
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 ~50
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 ~10% 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 | 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 m? 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 2us 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 1C
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
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station produced by the close lightning flash. If the field
change is positive (AE > 0), the flash is considered to be
either -CG or normal-polarity IC. If the field change is
negative (AE < 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 AE
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.
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Figure 2. Charge structure of the thundercloud and four main types of
lightning (upper panel), and electrostatic field change produced by
Sfour 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 ~5 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
(1ps time series). The fast change of the electrostatic field
caused by the lightning discharge leads to abrupt
termination of the particle flux.
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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
~5 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).
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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
ps, and the peak-to-zero fall time is 130-140 ps. 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.
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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
ps, (shown in panel g). and pulses which have steep
leading edge with risetime of less than 0.2 ps followed by
damped oscillations with a period of 6.2 ps (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].
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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, ¢, and d
have similar shape shown in panel a. Pulses e, f, and g, have similar
shape shown in panel g.
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Figure 8. Electrostatic field change and particle flux for TGE terminated
by two normal-polarity IC flashes separated by ~2 min (October 10,
2017, 14:07:52.886 and 14:09:54.076 UTC).
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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.
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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.
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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 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).
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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.
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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.
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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 Tablel.

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 5
not distinguished: both types produce AE>0
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
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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

Mean StdDev

All events Events with classified lightning type
(N=number of events)
Normal Negative Inverted
polarity IC CG polarity IC
(N=25) (N=10) (N=9)
TGE 186 + 142 203 + 157 211+98 88+ 40
duration, s
Particle flux 19+17 19 +18 29+17 615
drop , %
wwlin/total”’  9/50 4/25 5/10 0/9

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].
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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 7.

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



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, Nal detector, one cm thick and
three cm thick plastic scintillator counters. The energy
threshold of Nal detector, one cm thick and three cm thick
plastic scintillator counters to energetic radiation was 300

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

In the SKL hall, the output of Nal 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.

keV, 0.7-0.8 MeV and 2-3 MeV, respectively.
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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.
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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 Nal detector. Four pulses in Nal detector waveform coincide with the pulses in fast electric field record.
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Figure 20. A 100-us 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 Nal 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.
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6. CONCLUSIONS

Main results of the present study are summarized
below.
L]

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 ~ 8 % were
inverted-polarity ICs. The normal-polarity ICs
were observed 2.5 times more frequently than —
CGs.



e Two downward electron-accelerating fields can be
responsible for the TGE:

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

b) E;- formed by the main negative charge
and the LPCR

e The main negative charge region is involved in
both two downward electron-accelerating fields
E; and E, 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.

e 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.

e  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.

e 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).
Simultancous clectric 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:

e Electric field is
hydrometeors only

e  Only solid cloud particles could carry electric
charge

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

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

caused by charged

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

e 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.

e 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.

e 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.
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(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.
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(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.



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

2 X, I:rrp
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 374 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:

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

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

40

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.

= \\/RF-modeling for the event 2016-06-11 09:50:00
Saunders et al 2006
Pereyra et al. 2000

= Takahashi 1978
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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.
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(a) Distribution of cloud particles density at 201606-11 09:50,
modeled by means of WRF.
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(b)  Distribution vertical wind speed at 2016-0611 09:50, the scale is
graduated in ', 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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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,
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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 ~2%*107 /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~6x1013.

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 10® 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



index vy = —1.21 was used in simulations. Avalanche
particles were followed till the Earth’s surface (Hops =
3200m a.s.l.) or till their energy become less than
Eci=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.
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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(E2)-N(0))/N(0) (%)

0. 370647 0

0.1 387271 45

0.2 405065 9.3

0.3 425962 14.9

0.9 626225 69.0

1.7 1879136 407.0

2.0 9052389 23423

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) 03-2MeV | 50-60MeV | 7080 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 34123 157.3 133.9

The enhancement of gamma ray flux for different
energy intervals are shown in Figure 3.
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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/em) | 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) 0.3-2MeV 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) 0.3-2MeV 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) 0.3-2MeV 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
Ny 1106968 || 581764 | 466073 313161 185241
0,7
0,6 \
05
z AN
@ 0,4
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0 T T 1
0 500 1000 1500
H(m)

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.

82

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 10® electrons
each, distributed according the power low with index y =
—1.21 with energies in the interval 1+100MeV (a) and,
1+300MeV (b). Secondary particles energy cut was
E=0.05MeV. Observation level Hqps = 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.
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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) 0.3-2MeV | 50-60MeV | 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) 0.3-2MeV | 50-60MeV | 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.

v
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31000 000
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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

85



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:

e How long bursts emerge, develop, and terminate?

e How thunderclouds keep highly electrified region
responsible for electron acceleration?

e 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.
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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 Be4Ge3012 (BGO),
sodium iodide (Nal), and cesium iodide (Csl) 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 Csl 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.
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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
buffered by differential 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

Outside

connected to the ADC/FPGA board. If the receiver obtains
GPS sig-nals properly, accurate absolute timing (better than
1 us) 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 ps.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 us
and 2 ps, 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-
MOPAGH) 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 Piis 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 “°K and the 2.61 MeV line of 2%T1.
In addition, lines from 2'“Bi 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 2'“Bi, which is a daughter product of ?*’Rn,
resides in rain drops, then falls onto the ground. In this case,

the 0.609 MeV line of 2'“Bi 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 Nal and Csl crystals are
performed dairy due to the low temperature dependences.
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Charge amplifier Daughter Board Displa .
x 4 ch pay
I
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2 ch x 2 chips Current sensor
| I
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Figure 3: Photographs of the DAQ system with (left top) and without (left bottom) the GROWTH daughter board, and a block diagram (right).
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Figure 4: The observation sites in the 2016-2017 winter season.
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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.
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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.
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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.
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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.



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 S5-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 5S-minute interval, we obtained
the wind flowing at a speed of 10:9 1.2 m s! 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 11074}, 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

Latitude

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 ¢ 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 cutoff at 10 MeV, which is
different 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.
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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 “N+ y—N+zn and '°O+ y—"0 + 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 “N.
Most of the neutrons were thought to exhibit charged-
particle reaction N + n —!'“C + p, producing quasi-stable
carbon isotope *C. The rest reacted with '“N via neutron
captures '“N + n — N + y. After the neutron captures, N
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 N and 'O. 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 3N and '>O. 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 '*N,
150, BC, 0, and '“C are produced. Our result thus
demonstrates a new channel for isotope production inside
the Earth's atmosphere. Especially, '“C is the important
isotope for dating method of archeology. Therefore, how
many the *C 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.
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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 cutoff. 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 100us to 300us (2014-6), to 900us (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 m? 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 100us
long including a 28us 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 ps. 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/mz/ 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 us, or by multianode PMTs, installed on satellites,
with time resolutions between 50 and 100 ps. 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 3x10° km? sampling above lands, coasts and oceans.
It also includes the Cordoba 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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What happens above thunderstorms?

high pixel multiplicity

Figure 1. The central figure shows the representation of TLESs 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 ps 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 ps, 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 ps. 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
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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.
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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 (¢), that
have a signal which lasts more than 10 ps, 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.
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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
2x10° 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.
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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:

e the Gaussian peak lies between 2.5 ps and 16.7 pus of
the acquisition window to see at least a small part of
the leading and falling edge;

e 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%;

e the duration of the total fitting function is less than
100 ps.

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 10* MeV to 10°
MeV, while the total energy deposited at the ground by an
SD-ring varies between 10'7 eV and 10'® 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 10'° 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, 7oy 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 fo; 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
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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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Abstract. The paper describes an algorithm for processing the histograms of energy releases in the large Nal (T1) 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 Nal 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 Nal (T1) 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.

22:22:00,3281, 3007, 2806, 2880, 2861, 2920, 2776, 2647, 2438, 2402, 2180, 2115, 2058,
22:23:00,3290, 3036, 3056, 2091, 2047, 2721, 2805, 2636, 2395, 2338, 2137, 2135, 2001,
22:24:00, 3365, 2994, 2935, 3024, 3027, 2876, 2808, 2624, 2536, 2269, 2206, 2134, 2005,
22:25:00, 3300, 2874, 2820, 2844, 2835, 2832, 2876, 2655, 2430, 2352, 2401, 2163, 1984,
22:26:00, 3186, 2066, 2780, 2872, 2909, 2902, 2778, 2635, 2458, 2335, 2164, 2131, 1989,
22:27:00,3280, 2968, 2925, 2863, 2920, 2873, 2747, 2559, 2538, 2308, 2112, 2188, 2037,
22:28:00,3212, 3022, 2846, 2857, 2923, 2838, 2675, 2629, 2590, 2280, 2321, 2163, 1989,
22:29:00,3213, 2967, 2950, 2896, 2800, 2915, 2762, 2616, 2499, 2445, 2218, 2119, 1959,
22:30:00, 3263, 3008, 3004, 2962, 2033, 2850, 2700, 2589, 2436, 2431, 2194, 2016, 2048,
22:31:00, 3284, 3062, 3164, 3095, 2951, 2932, 2657, 2635, 2467, 2352, 2198, 2146, 1998,
22:32:00,3230, 2919, 2968, 2863, 2915, 2911, 2718, 2548, 2441, 2333, 2166, 2139, 2026,
22:33:00,3231, 3111, 3033, 2931, 2807, 2808, 2794, 2606, 2472, 2287, 2168, 2037, 2058,
22:34:00, 3231, 2927, 2868, 2896, 2803, 2885, 2822, 2668, 2476, 2343, 2182, 2103, 2118,
22:35:00,3322, 3142, 3071, 2948, 2952, 2887, 2605, 2502, 2515, 2318, 2263, 2125, 1996,
22:36:00,3216, 3121, 3091, 3068, 2091, 2826, 2621, 2684, 2488, 2308, 2241, 2127, 2064,
22:37:00, 3324, 3043, 3086, 2077, 2071, 2880, 2788, 2586, 2564, 2388, 2185, 2171, 2000,
22:38:00,3173, 3072, 2940, 2969, 2957, 2889, 2798, 2636, 2550, 2333, 2197, 2113, 2069,
22:39:00,3212, 2949, 2843, 2840, 2993, 2771, 2609, 2644, 2447, 2327, 2235, 2118, 1988,
22:40:00,3237, 2972, 2825, 2887, 2955, 2048, 2762, 2713, 2506, 2369, 2172, 2154, 2009,
22:41:00, 3175, 2913, 2835, 2879, 2836, 2921, 2795, 2675, 2543, 2296, 2286, 2003, 1974,
22:42:00, 3263, 2979, 2739, 2908, 2848, 2962, 2824, 2509, 2586, 2317, 2228, 2060, 1950,
22:43:00,3267, 3058, 2053, 2836, 2820, 2810, 2761, 2681, 2519, 2367, 2218, 2005, 2004,
22:44:00, 3163, 2925, 2005, 2865, 2846, 2874, 2770, 2657, 2475, 2209, 2182, 2146, 1995,
22:45:00,3314, 3046, 2880, 2801, 2865, 2776, 2739, 2602, 2551, 2304, 2208, 2102, 2027,
22:46:00,3223, 3012, 2947, 2793, 2828, 2809, 2707, 2684, 2597, 2361, 2245, 2076, 1946,
22:47:00,3409, 3048, 2851, 2867, 2944, 2872, 2734, 2617, 2505, 2318, 2224, 2080, 1931,

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

The TGE energy spectrum is recovered from the
calculated {xi} values by solving the inverse problem with
previously calculated transition matrix Ay ;. Each element of
Ay matrix represents the probability of a gamma photon
with energy Ex to generate the energy release corresponding
to the i-th bin. Probability matrix Ay ;is calculated by Monte
Carlo method, taking into account the response of the
detector [4, 5].

The intensities of the reconstructed spectra are recorded

of the Ky code, the mode of energy losses of muons in the
Nal crystal. The Ko code is used as a calibration point for
combining data from Nal network (7 spectrometers); each of
them can have slightly different K, 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 a; is the number of events
in the i-th bin of the ADC codes during TGE event, and b; is
the number of background events in the same bin.

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 Nal (TI).
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Figure 3. Main types of analytic dependencies used for fitting TGE spectra
For fitting of exponential and power-law dependencies, ~ 107
we use simple instruments from the ROOT package. The = I=A ,E"‘f'(]+(’£,‘/JE,‘J,‘)’*)““""E
approximation of energy spectra with turnover (knee) isdone = 10 oL
with 2 two separate power law functions, or one five- E .
parameter function [7]: g 107F
—4y =
E & s .% l 0 4 ;.-
J(E) = AE~Y (1 + ( ) g
Eknee = 10 3F
2 power law' fit individual parts of the spectrqm are 102 . A=6.97%10"
approximated independently and then a turnover (position of i y=1.34
spectral “knee”) energy should be selected. The position of 10 L E, =8.58
the “knee” is determined from the condition of equality of : Ay=2.17
intensities for two power functions before and after the 1 L =&g=030=¢
“knee”. Parameters of the approximation: - ¥, Einee, € and l mg= 3.0 = ¢
Ay, i.e., the power law index, the “knee” position, sharpness 10 = L s
of the “knee” and the difference in the spectral slopes before 10 1 10 10
Energy (MeV)

and after the “knee” are determined in the optimization
procedure.

Figure 4 shows a five-parameter fit for different value
of the sharpness parameter ¢ with fixed other para-
meters. The values of the parameters are shown in the figure.
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Figure 4. Five-parameter function shape for the different values of the
sharpness parameter &.

When Ay = 0, the approximation function turns to a
simple power function A*E” for any value of Einee and e.



The multiplier of the approximation function depends
strongly on the parameter € - the sharpness of the “knee”. At
€ <0, the multiplier is inverse proportional to Exnee: the slope
of the spectrum before the “knee” is y and after the knee - (y
+ Ay). For 0 £ ¢ < 1.0, the power law multiplier becomes
less than 1. When € > 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 < &< 30 for
fitting spectra.

CONCLUSIONS

A program for the fast assessing the energy releases
histograms from the network of Nal (T1) 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
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.

are free from the fringe ambiguity

Figure 1: Schemes of the interferometer setup on Mt Aragats and in Tarusa.
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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 f(t), g(t) are windows from two different channels,
W (f) 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 F(f)) 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:

T123 = T12+ T23 — T13 2

where 7;; are the signal delays for each antenna pair. For far
point-like sources 71,3 = At < 1, where At 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 7,,3 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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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 (@Dstgaard
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/m* 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.
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Figure 2. Number of generated positrons by primary electrons depending
on cell electric field with cell length 400 m and 0.526 kg/m’ 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
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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.
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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/m® 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



coefficient is even less than 10°. 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/me.
These graphs shows, that in studied cells total feedback
coefficient is less than 1.

Positron Feedback Coefficient

I Cell length = 200
Il Cell length = 400

Feedback Coefficient

120 140 160 ' 200
Electric Field, kV/m

Figure 5. Positron feedback coefficient dependent on cell electric field
with air density 0.526 kg/m’.

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.
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Figure 6. Gamma feedback coefficient from electric field in different
cells with air density 0.526 kg/m’.

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 1m? 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
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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 (-
CQ) 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.

\Warm water
T=14iC

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
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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 STANDI 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
3¢, 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 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 STANDI 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 2¢ 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 3¢ discussed above.
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Table 1. Summary of TGE characteristics

TGE Duration|Significance Distance e
Fig.N Date Start minut 5 N of to cloud TGE
Time tnutes o olo base m 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
2¢ 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
3¢ 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).
ACKNOWLEDGEMENT
Author thanks Soghomonyan Suren for useful
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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
STANDIcm, 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 50x50x5cm? size.
Between two identical assemblies of 100x100x5c¢m?

scintillators (four standard slabs) two 100x100x4.5cm?® lead
absorbers and thick 50x50x25c¢m? 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 Scm 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 1ecm and 3-cm thick
molded plastic scintillators arranged in stacks (named
STANDIlcm and STAND3cm) see Figure 2 and 3. The
STANDIcm detector (3200m a.s.l) (Chilingarian et al.
2013a) Figure 2, exclusively designed for the TGE research
comprise of three-layers assembly of 1 c¢cm thick and 1m?
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.

Stand 1cm Stand 3cm o5

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 1m? 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.

Stand 3cm

r |
. Lo Fi . Sch ic vi TAND. .
Figure 2. Schematic view of STAND1cm detector. igure 3. Schematic view of § 3em detector.
3. REGRESSION METHOD USED FOR
CALCULATION OF THE BAROMETRIC
COEFFICIENT
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Figure 4. Variation of count rates recorded in Upper channels of STANDIcm SKL, STANDIcm 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):

dl = —pdP @)

where 3 is the absorption coefficient for the secondary
component under consideration. For

f = constant, the equation (1) gives

I = I,e P(P=Po) )

where P is pressure and Py is reference pressure, usually
the average pressure at station. / and /; 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 /; and data of atmospheric pressure P;.

A3)

p=r-0/0,

where 7 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 STANDIcm SKL, STANDIcm
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 STANDIcm SKL, STANDIcm GAMMA,
STAND3cm SKL and SEVAN detectors.

Barometric coefficient of Upper 1cm channel of MyRIO

Barometric coefficient of Upper 1cm channel of MyRIO
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Figure 5. Calculation of barometric coefficients of the upper channels of STANDIcm SKL, STANDIcm 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 24" solar activity cycle in 2008
(Chilingarian and Karapetyan 2011). New calculated
barometric coefficients on the start of the next 25" 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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Table 1. Barometric coefficients, count rates and relative errors of ASEC monitors.

Alt. Re Barometric Correlation 1 min. Relative 1
Detector (m.) (GV) Coeff. %/mb Coefficient count rate error ﬁ
: (Dec-2017) [mean]
STANDIem GAMMA (MyRIO GAMMA) 3200 | 7.1 |-0.557+0.035| 0.976 33128 0.006 | 0.006
Upper 1lcm ch.
STANDlem GAMMA (MyRIO GAMMA) 3200 | 7.1 |-0.627+0.035| 0.980 23436 0.007 | 0.007
Middle 1cm ch.
STANDlem GAMMA (MyRIO GAMMA) Lower | 4,0 | o | 067120071 |  0.935 13500 0.009 | 0.009
lcm ch.
STANDlem GAMMA (MyRIO GAMMA) 3200 | 7.1 |-0492+0026| 0.987 34960 0.006 | 0.005
4th aside 3cm ch.

STANDIcm SKL (MyRIO SKL) Upper lemch. | 3200 | 7.1 | -0.419:0.018 | 0.988 37078 0.005 | 0.005
STANDIem SKL (MyRIO SKL) 4th aside 3em ch.| 3200 | 7.1 | -0.399+0.012 | 0.994 31247 0.006 | 0.006
STAND3cm SKL Ist 3cm ch. 3200 | 7.1 |-0.483+0018| 0987 30270 0.006 | 0.006
STAND3cm SKL 2nd 3em ch. 3200 | 7.1 |-0477+0014| 0.992 28758 0.006 | 0.006
STAND3cm SKL 3rd 3cm ch. 3200 | 7.1 [-0432+0.021] 0.980 25590 0.006 | 0.006
STAND3cm SKL: Coincidence 1000 3200 | 7.1 |-0.624+0.032| 0977 8657 0012 | 0011
STAND3cm SKL: Coincidence 1100 3200 | 7.1 [-0489+0014| 0.993 3729 0016 | 0.016
SEVAN Upper 5cm detector 3200 7.1 —0.438+0.009 0.997 29083 0.006 0.006
SEVAN Middle 20cm detector 3200 | 7.1 | —0.436£0.009 | 0997 7826 0011 | 0011
SEVAN Lower 5cm detector 3200 7.1 —0.348+0.01 0.993 17596 0.010 0.007
SEVAN Coincidence 100 3200 | 7.1 | -0.4880.009 | 0.997 20109 0.007 | 0.007

Low energy charged particles
SEVAN Coincidence 010 Neutrons and gammas | 3200 7.1 —0.628+0.019 0.986 2323 0.020 0.020

— "
SEVAN Coincidence (101+111) 3200 | 7.1 | —0.293£0.011 | 0.978 7653 0011 | 0.011
High energy muons

Table 2. Comparison of 2 sets of barometric coefficients calculated at the beginnings of 24™ and 25" solar activity cycles

Barometric Coeff. %/mb Barometric Coeff. %/mb
Detector Alt. (m.) Re (GV) (Dec-2017) (2008)

SEVAN Upper Scm detector 3200 7.1 —0.438+0.009 —0.466 +0.018
SEVAN Middle 20cm detector 3200 7.1 —0.436+0.009 —0.406 £ 0.012
SEVAN Lower 5cm detector 3200 7.1 —0.348+0.01 —0.361 £0.016

SEVAN Coincidence 100 3200 7.1 —0.488+0.009 —0.5+0.018

Low energy charged particles
SEVAN Coincidence 010 3200 7.1 ~0.628+0.019 —0.511+0.018
Neutrons and gammas
SEVAN Coincidence (101+111) 3200 7.1 ~0.293+0.011 —0.351+0.038
High energy muons
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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 STANDIcm 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.

sE\fANNumLhur!unM___‘\‘\‘ A

SEVAN Aragats Middle 20cm channel

SEVAN Aragals Lower Scm channel

l!.llﬂ 050
Moy 8, 2013; Time (UT)

Figure 7. TGE registered in SEVAN Aragats detector on 08.05.2018.

‘STAND 3cm Upper 1st 3em channel
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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.

Number of Number of 1 min. 1 min. . .
. . Difference Difference
sigmas (o) sigmas (o) count rate at | count rate at
. . . . . of pressure of pressure
Time at the time at the time the time of the time of
Detector . . . . corrected and | corrected and
of max. | of maximum | of maximum maximum, maximum,
ressure ressure ressure ressure uncorrected uncorrected
P P P P data data by (o)
uncorr. data corr. data uncorr. data corr. data
SEVAN 10:35 21.81 21.06 32124 32054 70 0.75
Upper Scm detector
SEVAN
Middle 20cm detector 10:34 4.01 3.95 8098 8084 14 0.06
SEVAN Lowersem | .5, 4.68 457 17821 17796 25 0.11
detector
SEVAN
Coincidence 100 0 1 25.54 2527 23019 22963 56 027
Low energy charged
particles
SEVAN
Coincidence 010 10:35 5.66 5.65 2451 2443 8 0.01
Neutrons and gammas
TAND
STAND3cm, 10:34 33.97 34.31 34572 34505 67 -0.34
Upper 1% 3cm channel
STAND3cm,
Middle 2" 3cm 10:34 25.12 25.14 32821 32758 63 -0.02
channel
STAND3cm,
Middle 3" 3cm 10:34 14.09 13.86 26481 26435 46 0.23
channel
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 detector. All four 3 c¢m thick and 1 m? area plastic

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
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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.



Count Rate(sigmas)

TGE ALERT 361
2019-02-01 02:34:00 UTC

(2.688) CIGE was detected by (STAND3, #1, Upper);
(3.361) CIGE was detected by (STANDS, #2, Middle);

(4.483) CIGE was detected by (STAND3, #3, Middle);

(1.949) CBGE was detected by (STAND3, #4, Lower).
1 1 1 1 1 1 1 1 1 1 1 J

CONCLUSIONS

e Barometric coefficients of STANDIcm network,
STAND3cm and SEVAN detectors located at
Aragats high altitude station (3200m a.s.l) were
calculated.

e  The pressure correction of the data was done using
new calculated barometric coefficients.

e  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.

e New barometric coefficients will be used for pres-
sure correction of the data for long lasting and short
variations of particle fluxes.

e 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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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

The cloud environment breakdown field £ is deter-
mined by the balance between the processes of birth and
disappearance of free electrons. In the absence of het-
erogeneity, the equilibrium condition is determined as
a threshold of exponential growth of the solution of the
following equation for the free electrons number density
He

one _
? = (VI' Va)”e: (n

where Vv; is the ionization frequency and v, is the fre-
quency of electron attachment to oxygen in air, and both
are functions of the applied field. It is obvious that the
equilibrium condition simply reduces to the equality of
the frequencies v; and v, [70]:

V;(Eb) = Va(Eb). (2)

The electron attachment to the oxygen, which is the
electronegative component of the air, plays a major
role in the losses of free electrons during discharge de-
velopment in the atmosphere. In the atmospheric air
under normal conditions attachment frequency makes
Va =~ 108 s71 [1]. In attachment process the electrons
form negative oxygen ions, which have very low mobil-
ity and impede the development of the discharge. Elec-
tric strength of air has a value of Ep ~ 2.6 ~ 3.2 MV/m
under normal conditions at sea level and decreases with
height in proportion to the atmospheric pressure. Be-
low this threshold field, the frequency of electron at-
tachment in air is much greater than the ionization fre-
quency, V; < Vq.

It is well known that the amplitude of the electric
field measured in a thundercloud, is an order of magni-
tude less than the threshold value £, which is necessary
for the conventional electrical breakdown of air [71]:
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E, < Ejp. This discrepancy gave rise to an endless story
that revolves around the competition between the fol-
lowing two mechanisms. The first one is conventional
dielectric breakdown due to the local enhancement of
the electric field in the vicinity of thundercloud water or
ice particles, called hydrometeors [S1, 67, 28]. Firstly
Loeb [51] suggested that positive streamers could be
initiated on polarized raindrops in high electric field
regions and could develop into branching systems ca-
pable of funneling and concentrating the diffuse neg-
ative space charge of the thundercloud, leading to the
initiation of a negative stepped leader. Later on, how-
ever, Phelps and Griffiths [67] reasonably argued that
the electrical conductivity of positive streamer tails falls
off rapidly in time due to electron attachment and re-
combination processes implying that Loebs funneling
mechanism cannot occur. To improve Loeb’s idea Grif-
fiths and Phelps [28], based on experimental investi-
gations of positive corona streamer propagation, sug-
gested a numerical model to calculate the electric field
enhancement in a thundercloud due to the propagation
of a growing system of positive corona streamers, such
as might be initiated by a hydrometeor. They showed
that the positive charge carried in the head of the positive
streamer system increases in magnitude, and the nega-
tive charge is deposited in the trail, and thus an electric
dipole that tends to enhance the original field is created.
Griffiths and Phelps [28] found that a series of three to
seven such systems traversing the same volume could
lead to local enhancement of the ambient electric field
up to 1.5 MV/m over a distance of a few meters, which
is sufficient to insure dielectric breakdown and possibly
launch the stepped leader. However, the electric fields
required for this modified funneling mechanism to pro-
duce significant electric field intensification appear to be



at least a factor of two larger than the strongest observed
thundercloud electric fields [61, 66].

The second is runaway breakdown, due to extended
acceleration of high-energy electrons by the incloud
electric field proposed by [29]. This mechanism relies
on the fact that the deceleration force of an electron
in the medium is inversely proportional to its energy.
Therefore, in the presence of an external electric field
that exceeds some threshold value, an energetic seed
electron can be constantly accelerated and gain an en-
ergy suficient for the ionization of neutral molecules. As
a result, the so-called secondary electrons appear in the
medium. Part of them have a high energy and can also
become runaway clectrons. The resulting avalanche of
runaway electrons and a large number of slow secondary
clectrons can change drastically the conductivity of the
medium and lead to an electric breakdown [30]. The
source of seed electrons are cosmic rays or terrestrial
sources of ionizing radiation, whose energy determines
in many respects the shape of the formed pulse of the
current and the broadband electromagnetic emission of
the electron avalanche.

However, detailed interpretation of the lightning initi-
ation within the runaway-electron breakdown theory en-
counters certain dificulties [38]. Some of them are dis-
cussed in [1], where on the example of three recorded
bipolar electric-field pulses from compact intracloud
discharges it was shown that for their generation, the
runaway-electron breakdown should have extreme pa-
rameters. For example, the breakdown-initiating parti-
cle of cosmic rays should have an energy of about 10%!
eV, which decreases abruptly the probability of such a
breakdown. Indeed, according to [1], a particle of the
corresponding energy enters a cloud with an area of 100
km? once per 67 years. Moreover, the breakdown it-
self should develop in an intracloud electric field that
exceeds many times the critical value in a considerable
range of altitudes, but this was never observed in the
actual thunderclouds. It should be also noted that the
estimates presented in [15] concerning the increase in
conductivity of the intracloud medium due to the gener-
ation of secondary electrons bring into a question on the
very mechanism of the runaway-electron breakdown.

Dwyer [14] suggested that runaway mechanism may
not be viable due to the lateral spreading of a runaway
avalanche and corresponding dilution of the resulting
plasma, claiming it to be not clear how these diffuse dis-
charges can lead to the generation of a lightning leader.
At the same time Dwyer proposed a promising mech-
anism, in which continued runaway avalanches in the
same volume, sustained by feedback processes, could
result in a zone of locally intense electric field near the
propagating discharge boundary. It is suggested that this
locally intense electric field could attain values in excess
of 1 MV/m at sea level pressure and thus support "con-
ventional” breakdown processes.

Three years later Petersen [66] proposed a hybrid
mechanism whereby runaway breakdown and hydro-

meteor-initiated positive streamer systems serve to lo-
cally intensify the electric field. Following this local
field intensification, it is hypothesized that formation
of the initial lightning leader channel is analogous to
the formation of a space leader in a laboratory nega-
tive stepped leader. Petersen [66] closed the circle of
searches for the mechanism of lightning initiation: the
scientific community engaged in thunderstorm electric-
ity returned to the idea of traditional breakdown, which
is developing in the form of a positive streamer system
from hydrometeor surface.

Hereupon Liu et al. [50] carried out more accurate
investigation of the conventional breakdown processes
and reported streamer formation from a model hydrom-
eteor in an electric field value of half of the conventional
breakdown threshold for air. Theirs was the first theoret-
ical study to show streamers are able to form from iso-
lated model hydrometeors in electric fields close to the
measured thundercloud field. In the short run, Sadighi et
al. [73] presented modeling results for streamer forma-
tion in electric fields as low as one third of the break-
down threshold E.5. According to [73], initiation of
stable streamers from thundercloud hydrometeors in a
0.3 - E, electric field is possible in subbreakdown con-
ditions at thundercloud altitudes, only if enhanced am-
bient ionization levels (e.g., the ionization created by
corona discharges around the same or other nearby hy-
drometeors) are present ahead of the streamer. Babich
et al. [2] recently demonstrated that the relatively small
particles (with ~ 0.5 — 1.5 mm) with a net charge on the
order of 100 to 400 pC are able to initiate a streamer.
The recent findings of [69] also support the idea that
positive streamers are responsible for the lightning ini-
tiating. At last, in [13] conditions for avalanche to
streamer transition are documented using a model of
two spherical hydrometeor particles placed in a uniform
ambient field.

Despite disagreements and the lack of a generally
accepted mechanism for lightning initiating, the com-
munity engaged in atmospheric electricity has a well-
established understanding of the evolution of a lightning
stroke. The commonly accepted picture of the light-
ning stroke evolution involves the following stages: (i)
buildup of in-cloud electric fields on large spatial scales
via microphysical and dynamic processes; (ii) local en-
hancement of the electric field to produce streamers and
to support their extension; (iii) propagation of sufficient
electric current through and beyond the approximately
10 meters scale region to form the hot, completely ion-
ized lightning channel, or leader. In this paper, we
are concerned only with step (ii); that is, with the cre-
ation of conditions for streamers propagating in thun-
derclouds. We associate the stage (ii) with the genera-
tion of elevated-conductivity regions that have a spatial
scale of the order of decimeters and a lifetime of about
a millisecond. We show that the elevated-conductivity
regions are created due to the presence of stochastic
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electric field of charged hydrometeors. The stochastic
electric field fluctuations increase significantly due to
the clusterization of hydrometeors in a thundercloud tur-
bulent flow and can even exceed sometimes the critical
level. Having appropriate rate the above-critical bursts
of the local electric field can ensure the survival of free
electrons under conditions when the root-mean-square
(RMS) level of the small-scale stochastic field is signif-
icantly lower than the air electric breakdown field. The
above-critical electric field bursts rate and hence the for-
mation of elevated-conductivity regions are driven by
two main factors: hydrometeor concentration and the
variance of their charge magnitude distribution.

This paper is organized as follows. Section 2 is de-
voted to the lightning initiation preliminary stage when
elevated-conductivity regions are generated. Subsec-
tion 2.1 based on Appendix Appendix A presents the
fine-scale fluctuations of the collective electric field pro-
duced by charged hydrometeors. We show that on thun-
dercloud development mature stage the electric field
fluctuations can significantly exceed the average field
and can even reach breakdown values on the extent of
approximately the size of large hydrometeors. Areas
where the fine-scale electric field exceeds breakdown
value we named ionization centers. Formulation of the
basic equations of the ionization centers joint opera-
tion is given in Subsection 2.2 in the frame of hydro-
dynamic description. Another important manifestation
of the fine-scale electric field fluctuations is the elec-
trons and ions stochastic drift. In Subsection 2.4 we
use the analogy with the advective mixing to estimate
the characteristic scale of electrons and ions stochas-
tic drift flow from the ionization centers. In Subsection
2.5 we focus on the consideration of the free electrons
generation process within the mean field approximation.
Subsection 2.6 outlines the statistical properties and the
modeling of the ionization centers correlation effects.
We explain how percolation theory can describe the ori-
gins of the appearance of the highly conductive regions
that we name elevated-conductivity areas. Subsection
3.1 suggests that elevated-conductivity regions can pro-
duce streamer discharges easier than hydrometeors due
to higher polarization charge and field enhancement at
their tips. Subsection 3.2 presents illustrative simula-
tion results. The different modifications and variants of
percolation models which are mostly used in the paper
are briefly reviewed in Appendix Appendix B. Finally,
we briefly summarize our results in Section 3.

2. FORMATION OF ELEVATED-CONDUCTIVITY
REGIONS INSIDE THUNDERCLOUDS

2.1 Electric Field of Charged Hydrometeores and Its
Fluctuations

Thundercloud electric field can be represented by a sum
of two components. The first one is quasi-regular com-
ponent that appears due to the large-scale convective dy-
namics, and its values at different altitudes in a thun-
dercloud can be characterized by the amplitude £,/N
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reduced by the concentration of air molecules N (for
normal conditions N 22 2,7-10% m~?). The maximum
measured values of the reduced electric field amplitude
reach the magnitude £,/N ~ 9 Td = 9-1072! V-m?,
an order of magnitude less than the electric strength of
air. Second, the stochastic component of the electric
field is represented by small-scale fluctuations of the
collective field of charged hydrometeors. The volume
charge density of hydrometeors p(r,f) can be consid-
ered as spatial white noise, whose intensity is yielded
by the product of hydrometeors concentration with their
charge variance. In Appendix A it is shown that ob-
served fine-scale electric field fluctuations provide the
following two key points. First, fluctuations of electric
field amplitude £, demonstrate a power law distribution
and spatially decrease very slowly with a critical expo-
nent equal to —1/2. Second, on the thundercloud devel-
opment mature stage the electric field fluctuations can
significantly exceed the average field (E(r,)) = E, and
can even reach breakdown values £, on the extent of ap-
proximately the size of large hydrometeors 79 ~= 3 mm.
For instance, in a storm cell with a diameter L ~ 1 km
for typical values of the average charge O ~ 10711 C
and the hydrometeors density Nj ~ 10* m~3 [5, 6, 7]
we get OE(r = o) = 1 MV/m. The level of the fine-
scale electric field RMS fluctuations is about one third
of breakdown field. That is quite enough for discharge
processes collectively referred to as corona come into
operation. Three basic types of discharge can occur in
the vicinity of hydrometeors in the presence of a strong
electric field: surface disruption discharge that occurs
when the electrostatic repulsive force on a drop exceeds
the surface tension; burst pulse discharges which are in-
termittent; and continuous streamers which are capable
of propagation. The space-time regions, where the fine-
scale electric field amplitude E(r,7) exceeds the criti-
cal value £} ensuring the free electrons generation, will
be called below as ionization center. The character-
istic spatial scale of ionization centers coincides with
the correlation length 9 of the potential relief @(r,t)
and their lifetime Ty is restricted by the electron attach-
ment process To = v, !. Inhomogeneity of the fields
causes a sharp discontinuity in the frequency of ion-
ization v,(r,1) = v;(E(r,t)). The total electric field
E(r,1) = —Vo(r,t) satisfies the Poisson equation
V2= Lm-ne-m)-BEL, g
where n,, n, and n, are the electron, positive ion and
negative ion number densities, respectively; p(r,?) is the
charge density due to charged hydrometeors that fill the
thundercloud and g is the permittivity of free space.

2.2 Production and Dynamics of Electrons and Ions

Another important manifestation of the fine-scale elec-
tric field fluctuations (A7) is the stochasticity of the
drift velocities of electrons and ions. In a weakly ion-
ized gas electrons and ions mainly collide with neutral
molecules, and these collisions are mostly elastic. In at-
mospheric air under normal conditions. the mean free



path of electrons and ions is of the order of 10~7 m.
This is considerably less than the typical linear size of

small hydrometeors that makes 5-10~° m and deter-
mines the finest electric field fluctuations. Electron or
ion velocity chaotization is going on considerably faster
than the changes of the electric field that is external with
respect to the moving particle. Therefore, on spatial
scales exceeding the mean free path of electrons and
ions and on time intervals that exceed the inverse col-
lisions frequency the electrons and ions move with the
drift velocities V,, V,, V, that are determined by the
local electric field: V.(r,f) = —u. - E(r,1); Vu(r,t) =
—n - E(r,t); Vp(r,t) = up - E(r,t), where ye, up, u, are
the absolute values of electron, positive ion and negative
ion mobilities, respectively. Along with this the drift ve-
locity fluctuations simply track those of the fine-scale
electric field. From the above resoning it is clear that
flux densities J., J,, J,; of electrons, positive and nega-
1{:jve ions respectively canbe represented in the following
orm:

Jo(r,t) = pen,V-0—D,V-n, =n,Vo(r,t) —D.V -n,
Ju(r,t) = V-0 —D,V -1, =m,Vyu(r,t)—D,V-n,,
Jp(r,t) = —ppnpV -9 —DpV i = npVp(x,t) —DpV 11y,

C))
where D, D}, and D,, are the electron and ion diffusion
coefficients. In the atmosphere under normal conditions
De~0.1m%s tand Dy ~ D, ~2-10"* m%s~1 [17].
To describe the production and dynamics of electrons
and ions in a thundercloud with charged hydrometeors
taking into account the Poissons equation (3) and flux
density equations (4) should be coupled with the fol-
lowing system of the drift-diffusion equations:

on

a—: +V-Je = (vi(r,6) = Va)ne +Van, — Bep”enp +Q,
on

a_tp +V.J, = Vi(r,t)me — Bepnen_p - Bnpnnnp +9Q,

on

a_tn +V.Jy = —Vgrg+Vahe — Bnpnnnp>

%)
where v;(r,7) = v;(E(r,1)) is the ionization frequency
irregularities caused by the fine-scale electric field; v, is
the electron attachment frequency; v is the electron de-
tachment frequency: vy < v,; £ is the number of pairs
of electrons and positive ions that appear per unit vol-
ume and per unit time in collisions of neutrals or by their
ionization by photons and cosmic particles. In the atmo-
sphere under normal conditions Q =~ 107 m3s~1 [70].
Bep is the coefficient of electron-ion recombination; B,
is the coefficient of ion-ion recombination. The coef-
ficients of electron-ion recombination f3,, and ion-ion
recombination 3,,, are comparable with each other and
make approximately 10713 m?/s. Therefore the recom-
bination, in particular, the electron-ion recombination
becomes significant when B.p7, = v, and the positive
ions number density runs up to 1, ~ 102 m~3. When
the density of positive ions drops to 7, < 101° m~3 at-
tachment begins to prevail over recombination.

2.3 Loss of lons to Hydrometeors
The elevated-conductivity regions contain multiple hy-
drometeors that serve as immobilizers of charge carri-
ers. To estimate this effect let us calculate the frequency
of collisions v; of negative ions moving in a "gas” of
hydrometeors: v, = NpZu, where Ny, is the number den-
sity of hydrometeors, X is the effective collision cross-

section and u is the flow velocity. Even if we take
higher values of the parameters: Nj, ~ 10%; £~ 1073
m?; u ~ 100 m/s, we get v, ~ 1 s~ 1. It means that the
losses of ions to hydrometeors are relatively (in com-
parison with recombination) small. Corona discharge on
hydrometeors is quite another matter. Moving hydrome-
teors at times become closer to each other and polarized
in local field that fluctuates and can reach above-critical
amplitudes. Yes, in this way hydrometeors should be a
source of corona. Moreover, they should be a source of
multielectrode corona discharges and we consider these
corona flashes as centers of ionization in our initiation
mechanism. In main part of our manuscript we estimate
the required rate of these ionization centers.

For cumulonimbus clouds the water content can reach
several g/m®. It means that for hydrometeors that have
typical radius equal to 1mm the concentration makes
about N ~ 10> m™3. For radius equal to 0.1mm the
concentration makes about Nj, =~ 105 m 3. Accordingly,
the typical distance between the particles is equal to

;’\-}: e 10 cm in the first case and 1 cm in the second. It

is important to note that the density Nj, characterizes the
number density of all hydrometeors. both positive and
negative: Nj, = N7 +N, . Along with that the average
charge density is much less than the product of the abso-
lute value of the characteristic charge of hydrometeors
on their concentration Q- [N;,” — N, | < Q- (N}, +N;).

2.4 Enlargement of Elevated-Conductivity Regions
via Stochastic Drift of Ions
As follows from the expressions (4) for flux densities
the output of electrons and ions from the generation
area is carried out through the following two mecha-
nisms: because of diffusion flow and flux due to the drift
in a stochastic field, whose average magnitude coin-
cides with the amplitude of the ambient (external) elec-
tric field in the considered cloud area E, = (E(r,1)).
During the time period T* > v ! when a spot of elec-
tron concentration returns to the background level, the
diffusion length of electron density spreading makes
le 72 /D¢ /v, For the typical values of electron dif-
fusion coefficient D, =z 0,1 m?s~! [17] and the electron
spot lifetime 2 > 10~ s we receive /, ~ 0,03 mm and
hence, the shape of the spot density does not consider-
ably change due to the diffusion: /, < ry. While dif-
fusion coefficient of ions is relatively small, their life-
time substantially exceeds that of electrons and we get
Iy >~ y/Dy -1} ~ 1 mm that does not exceed the size of

ionization center.

But the situation significantly changes when we turn
to the electrons and ions density spreading by means of
stochastic drift. Using the electron flux density expres-
sion in (4) the equation for the concentration of electrons
can be rewritten in the advective form of scalar impuri-
ties n.(r,t) mixing by furbulent flow V.(r,1) [77, 43]
with taking account of the impurities absorption and re-
production:

o,

=+ Velrst) -V = (Vi(r,0) — Va(r,t) — eV Q(x,1)) - 1o + DoV 21,

(6)
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The word furbulent is highlighted (or logically empha-
sized) due to the fact that in the present case, the physi-
cal reason for the particles transfer is not the velocity of
atmospheric turbulence but the stochastic electric field
of charged hydrometeors E(r, ). This predetermines the
specific features of the stochastic advection of charged
particles in a random potential. First, the considered
velocity field depends on the charge and mobility of
the drifting particles. For positive ions, for example,
the drift velocity amplitude V ,(r,7) = u,E(r,1) will be
smaller by two orders of magnitude and will have an
opposite direction relative to the field of electron veloc-
ities:

V,(r,0) = —L2.v,(r,1). %
He

Secondly, the charged impurity is not passive, as its
advective transfer changes the distribution of volume
charge density, and hence the electric field E(r,7) distri-
bution. And finally, if for ordinary turbulent advection
the characteristic time of speed changes of an arbitrary
impurity particle coincides with the velocity field corre-
lation time, for stochastic drift these time intervals con-
siderably differ. Indeed. due to the wide range of sizes
and charges of hydrometeors the electric field fluctua-
tions exhibit multi-scale characteristics, spanning from
the size of small fractions of hydrometeors to the typ-
ical distances between large particles. In other words,
the electric field furbulence inertial range extends from
the micron scale to the scale of the order of the stochas-
tic field E(r,f) correlation length 9. The correlation
length #y plays the role of the integral scale of the furbu-
lence. For the conventional turbulent advection, the ra-
tio of the integral scale of the turbulence to the velocity
mean squared fluctuations determines the velocity field
correlation time. For the stochastic drift this ratio char-
acterizes the time 7. of speed changes of an arbitrary
impurity particle:

Te 4 1; ®)
((Ve(r,1) = Vea)?)?

where V., = —u.E, is a turbulent flow average speed.
The real correlation time T of the stochastic field E(r, )
can substantially differ from 7.

However, taking into account the comments made,
one can use the analogy with the advective mixing to
estimate the characteristic scale of electrons and ions
turbulent flow from the generation region. According
to the hypothesis of Taylor [79], the motion of individ-
ual particles in a turbulent flow is diffusive in nature and
is determined by the ratio

(1)) = D, -1, )

where r(1) describes the displacement of particles in the
reference system moving with the average speed of tur-
bulent flow V., with the effective diffusion coefficient
or coefficient of advective mixing ®., which is deter-
mined by the correlation time T, and the turbulent flow
velocity mean squared fluctuations ((V,(r,7) — Vea)?):
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De = ((Ve(r,1) — Vea)?) - Te. (10)

It is obvious in our case that the turbulent velocity mean
square fluctuation is represented by the middle square of
the electron drift speed in a stochastic field E(r,¢) — E,.
Using Eq. (8) together with Eq. (10) for the effective
diffusion coefficient we obtain

Do~ ((Ve(1,1) = Vea)) T -1 (11)

For the typical values of the electrons RMS velocity
((Ve(r,1))%) 7 2 10° nv/s and the correlation radius 7o ~
1 cm we get D, ~ 10° m?s~!, ie. ©D,.>> D,. Ac-
cordingly, over the lifetime of the electrons the num-
ber density spot 7, the characteristic length of the ad-
vective spreading of the spots of the electron density is
Le~ \/De-T¢ & 1/De/Va ~ 3 mm, which is compara-
ble to the ionization zone linear size r( and substantially
exceeds the electron diffusion length /.

Similar conclusions can be drawn about features of
the ions advective transfer from the generation zone by
means of stochastic drift. The only difference is that
their mobility is two orders of magnitude less than the
mobility of electrons (see (7)), and the lifetime of the
ions, in contrast, substantially exceeds the lifetime of
electrons that go through attachment. So, by analogy
with (11), for the effective diffusion coefficient of ions,
we obtain

D~ ((Vilr,1) = Via)?)? 1o, (12)
where Vi, = wpE, for positive and V;, = —u,E, for
negative ions. For the typical values of the mobility
Hp &t~ 2-1074 m- V71571 [17] we get D, ~ 2
m?s~!.  So. over the lifetime of the ion concentra-
tion spot T/ ~ 5-1073 s, the characteristic length of
the advective spreading of the ion concentration spot is
Ly~ 1/®pn-7{ ~ 1 dm, which is more than an order of
magnitude larger than the radius of the advective spread-
ing of the electron density spot L. and the ionization
center characteristic scale ryg.

The frequency of electrons diffusion losses vp, can
be estimated as follows [70]
~ %

Vp, = T

(13)

In much the same way it is possible to estimate the elec-
tron losses due to stochastic drift using the definition of
the advective diffusion coefficient (12):

o o Do ((Ve(r) Vet (V3(r,0))
Ay rg - ¥o o Fo l

(14)
On the border of the ionization center the frequency of
electron advective losses can be as large as the elec-
tron attachment frequency: vop, < V.. It is obvious that
Vp, 3> Vp,. Expressions similar to (13) and (14) can be



also obtained for ion losses. For example, for negative
ions we have

Vi, = D—; (15)
o
and
2 7

."‘% ro

Since on average the spot size of ion concentration con-
siderably exceeds the ionization center size ry, the ac-
tual frequency of advective and diffusive losses of ions
is much less than the estimations made above.

2.5 Electron Production in the Mean Field Approximation
(independent ionization centers)

Before proceeding to the system (3) — (5) for numeri-
cal simulation let us try to obtain as much information
as possible from the consideration of the free electrons
generation process within the mean field approximation.
Consider the first of equations (5) assuming that diffu-
sion losses of electrons are negligible compared to ad-
vective losses. Then, ignoring the extraneous ionization
and detachment processes we get the following equation
for the dynamics of free electrons number density 7,

on,
== (vi(r,t) = Vva—vyp,) - e,

17y

It is obvious that areas where v,(r,t) = v, coincide
with the ionization centers, which we introduced in the
section 2.1 and where the condition £(r,t) 2 E} is sat-
isfied. As far as the appearance of ionization centers
is exponentially rare, the fluctuating field v;(r,7) could
be represented for simplicity by the sum of the identical
pulses J(r,f) that occur independently of one another
and are located at random points (r;,;):

vi(r, 1) = Y 3(r—rit—t;). (18)

and the average number of pulses per unit time and per
unit volume is constant and equal to 9. Random pro-
cesses of the type (18) are known as Poisson processes.
We assume that the function J(r,¢) that describes an in-
dividual ionization center is of the form

3(r, 1) = Jy(r)6(),

where quality J characterizes the ionization intensity,
y(r)=1latr<roand y(r) =0atr>ry 6(t) =1
at0 <t <71pand 6(f) =0 whent < 0and ¢ > 1o, 50 ro
and 1 give the characteristic spatial size of the individ-
ual ionization centre and its lifetime respectively. The
space and time average generation rate of electrons is

(19)

2

zrgtosm:J-@,

(20)

(vi(r,1)) = - / 3(r,t)drdt = J -

where

1'52

2
is the dimensionless concentration of the ionization cen-
ters. The expression (21) is just a product of centers
appearance rate 2t per unit volume per unit time with
the space-time volume occupied by separate center and,
therefore, gives the geometric definition of the dimen-
sionless concentration of the ionization centers that we
obtained in (A12) from statistical consideration.

When the parameter & is small & <« 1, various cen-
ters of ionization are independent of each other and
the calculation of the threshold of electrons generation
could be carried out in the framework of the mean-field
approximation [64]. A separate ionization center can be
considered as a point system where the production of
free electrons obeys the following equation

& = —r3teM, 1)

fa’e = (J_Va —Vge)ﬂ'e, (22)

In equation (22), as well as above in equation (17), we
neglect diffusive losses of electrons in comparison with
advective losses and losses due to attachment of elec-
trons. The justice of this restriction will be discussed
below. Because the intensity of ionization center satis-
fies the conditionJ 2 v, + vy, we can estimate the total
increase in electron density on each of them during their
lifetime in the following way

=
3

where ng is the initial density level that is constant in
space. The equality of electron concentration growth on
the ionization centers and electron concentration decay
per unit volume per unit time determines the generation
threshold for equation (17). If we neglect the mutual
influence of the centers, this equality condition can be
represented in the form 9TAN = v,ny, so that the critical
concentration of the ionization centers &, is given by
the following expression:

AN = —=norg{ exp{(/ —Va—Va,)00} -1}, (23)

3n
8
Given the fact that in the considered situationJ = v, +

vp, and v,To 2 1, the expression (24) could be simpli-
fied as follows

6= VaTo{exp{(J—Va —Vp,)T0} — 1}_1. 24)

3
&~ ?n"a‘fo exp{—(/—Va—Va,)T0} ~5-1072. (25)

Then using definition (21) for the critical rate of ioniza-
tion centers appearance 91 we get

M = —>——~102m s, (26)
It is necessary to state that the generation threshold rate
(26) is simply inaccessible in thundercloud situation.
This is so indeed when we consider the free elec-
tron generation without regard of negative ions. The
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solution is prompted by practice of stationary glow dis-
charges in electronegative gases [70]. It turns out that
during a quasi-stationary development of the glow dis-
charge on time interval exceeding the time of spark dis-
charge development, active particles are accumulated
that destroy negative ions, liberating the captured elec-
trons. The detachment processes partially compensate
the effect of attachment and thereby reduces the elec-
trons losses. Thus, the electrons that appeared in the
ionization centers very quickly proceed due to attach-
ment process to a kind of depository, represented by the
community of negative ions, which in turn, over times
of the order of the inverse frequency of detachment v,
become free electrons sources.

To date, there is a certain lack of data on the nature
and number of active particles. causing the destruction
of negative ions in the specific discharge conditions. Ex-
isting estimations are obtained by matching the calcula-
tions of discharge parameters with discharge measure-
ments. This analysis [70] allows us to estimate the rate
constant of detachment k&, calculated for one molecule,
in accordance with the following definition:

one\ A B
(ﬁ)d = *( 3t )d = Vi, = kgNny. (27)

The value of k, is less sensitive to gas pressure than the
frequency vz and makes k; =~ 102° m* s, For normal
conditions N ~22.7-10% m~3, and we obtain vy =2 2,7 -
10° s~!, which is nearly four hundred times lower than
the attachment frequency.

To account for the discussed effects, we consider the
following system

on _
are = (vi(r,t) = Va— Vo, )e+Van, — Bephpne

oan, _

? Va”e'vd”n"ﬁnp”p”m

(28)
where n,, is the concentration of negative ions; v, is the
electrons detachment frequency: vy << v, Bep is the
coefficient of electron-ion recombination; 3, » 18 the co-
efficient of ion-ion recombination; 7, is the background
level of positive ions concentration; also we temporar-
ily neglect diffusive and advective losses of electrons
and ions (we go into details below). The background
level of ion concentration in the atmosphere under nor-
mal conditions, is only 10° m~3 [70] and is not higher
than 10" ~ 10'> m~3 even in the afterglow of streamer
discharge in air according to [72]. The coefficients of
electron-ion recombination Bep and ion-ion recombina-
tion f3,,, are comparable with each other and make ap-
proximately 10~1° m’/s.

With a weak background of positive ions the nega-
tive ions are destroyed in detachment acts faster than
through the recombination process vy > B,pnp. Then,
according to the second equation in the system (28). an
approximate dynamic equilibrium between attachment
and detachment processes is established:
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Valte &2 Vahy,. (29)
The ratio of the electrons and ions concentrations re-
mains approximately constant, although the concentra-
tions themselves may vary considerably. In such condi-
tions with relation (29) taking into account we get:

on,

2~ (vilr, )~ v, ~Bopp) mee (30)

By analogy with the consideration of equation (17) in
the frame of the mean field approximation the genera-
tion threshold in equation (30) could be carried out:

-1
3 =
(!32-_%ﬁepnptg{exp{(.f—v@e)‘tu}—l} « {31}

With taking into account relation Jtp = 1 the last ex-
pression could be simplified

By = %B‘.pr_rpto-cxp{— (J—\"'Q',)'Cg} 2 B'::p cexp{—VaTo} B ~5-1071°

(32)
Than for the corresponding critical rate of the appear-
ance of ionization centers 91> we get

M,y — 26

- B il
m2ryTo

~10*m3s (33)

The low threshold of the exponential growth of negative
ions leads through the detachment process to a signif-
icant drop in the generation threshold of free electrons
and, consequently. to a significant drop in thundercloud
breakdown field.

2.6 Mutual Influence of lonization Centers
(cumulative effect)

To this point the assumption has been made that vari-
ous centers of ionization are independent of each other
and the calculation of the generation thresholds (26) and
(33) has been carried out in the framework of the mean-
field approximation. However, in the expressions (24)
and (31) we do not take into account correlation effects.
Actually, each ionization center leaves behind a higher
(electron and/or negative ion) density stain. If two ion-
ization centers were randomly placed close enough to
cach other in space and in time. there emerges a sup-
plementary concentration increase in addition to the in-
dependent growth of the electron and/or negative ion
concentration in the two centers. This addition appears
due to the fact that the exponential increase of electrons
and/or negative ion at the second center begins not from
the concentration average over space at the current time,
but from the higher spot of the electron and/or negative
ion concentration that has survived from the first centre.

Let us estimate the spatio-temporal volume & occu-
pied by the higher concentration stain left by a single
ionization center. The value & is approximately equal
to the product of time ©* during which the concentra-



tion stain remains noticeable against the background.
over the volume of the spatial region occupied by the
stain at this time. When we separately analyze equation
(17) we consider the free electron generation without
regard to negative ions. In that case the concentration
stain remains significant against the background during
the time interval. which is. as an order of magnitude.
equal to the inverse attachment frequancy ©* ~ T ~ v, !

In turn, the volume occupied by the electron concen-
tration stain by the time 7}, is determined by the ap-
propriate diffusion length, i. e. size L, ~ /D.1" < g
[64]. Whereas the spatio-temporal size of electron con-
centration stains remains approximgtely the size of the

1013 mds,
spatio-temporal size of ions density spots is much higher
than that of the center of ionization. This happens due
to the huge lifetime of the negative ions 7, > 1 ms.
Correspondingly when we analyze the system (28) the
negative ions lifetime defines the appropriate diffusion
length, i. e. size L, = 1/®,T} > r¢. Thus for the spatio-
temporal volume & occupied by the negative ions den-
sity spot we get

: @ @ T T 3
ionization center & = 7‘53'5; ~ 7?‘510 o

2

3/2 +5/2 s, ?F_OTG

2
o~ n 3
S=—L1,= —@n

Tln=5 (34)

Substituting values ©, ~ 1 m?s~! and ©% > 1 ms we
have L, ~ 1 dm and & ~ 107> m’s. While longitu-
dinal displacement of the spots is determined by the
ion drift in the external electric field E, and makes
T, |Van| = 1 dm. Figure 1 schematically illustrates a
two-dimensional space-time domain that contains ion-
ization centers and the ion density spots produced by

them. For a spatial coordinate we use vertical axis z

z ~
] =
) ~N
x -
Ty |Van| iy
v ] |
|
1
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]
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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 = - | Van |  t. An ellipse
conducted by a dotted line corresponds to a spot density of
positive ions and is stretched along the direction z = -
| Vap | - 2

assuming that the external electric field is directed ver-
tically E, = —F, - zy, where 7z, is vertical unit vector.

The generation threshold in the framework of the sys-
tem (3) — (5) is determined by the appearance of con-
nected component in the ensemble of overlapping spots
of the residual electron density. It must be emphasized
that we are talking about the spots overlaping in the
space-time continuum. The dimensionless concentra-
tion of spots is determined by the following expression:

LV =6M= 293”2 T 529m. (35)

The connectedness in the ensemble of overlapping
ion density spots is the essential characteristic of the per-
colation phase transition when the dimensionless con-
centration of spots U reaches the critical value (see Ap-
pendix Appendix B for details):

B, ~0.1. (36)
Then for the correspondent critical rate of ionization
centers appearance 913 we obtain

T, 2%,

cond o il SR 1)
& =it

My = 37
We see that the critical rate of ionization centers appear-
ance is significantly reduced with allowance made for
the correlation effects. The result obtained reveals the
deep relationship of physics to geometry: the genera-
tion threshold drop appears due to the emergence of a
cluster of overlapping ion density spots. Herewith for
the dimensionless concentration of the ionization cen-
ters we get

ro'to

12
T D 5107

63 = (38)

2.7 Occurence rate of above-critical electric field
enhancements

The positive streamers initiation mechanism we discuss
in this study advantageously differ from the other ones
because it only demands the rate of occurrence of ion
production centers per unit time in a unit volume ex-
ceeding the critical level 107! m3s~! that is casily
achieved in a typical thundercloud. There are a num-
ber of publications in which collision rates based on in-
situ measurements and modeling are presented. Note
that the collision rate is proportional to the product of
concentrations of colliding particles (usually millimeter-
scale graupel and small ice crystals or snow) and cross-
sectional area and fall speed of larger particles (graupel),
e.g., Ziegler et al. [84]. Gardiner et al. [22] reported a
collision rate of 25 m3s~! for large graupel and small
ice crystals, observed in a small isolated thunderstorm
in Montana. A similar collision rates, up to 30 m~3s~1,

were reported for graupel and snow by Ziegler et al‘
([84], Fig. 17), who compared measurements during
the early stage of a thunderstorm in New Mexico with
predictions of their cloud electrification model. At their
maximum rate, the computed mean diameter of snow
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reached about 0.3 mm and that of graupel was about 2
mm. Further, Ziegler and MacGorman [85], (p. 841 and
Fig. 5) reported a graupel-snow collision rates of 50-250
m~3s~! for a tornadic storm.

Ziegler et al. [84], p. 12,848 reported very high ob-
served ice particle concentrations, about 1000 per liter,
that were not consistent with their model predictions.
Such high ice concentrations are expected to vield very
high collision rates, several orders of magnitude higher
than their model values of up to 30 m—3s~!. Authors of
[84] interpreted this difference as being due to their data
containing a large fraction of ice particles smaller than
a few hundred micrometers in diameter, which appar-
ently do not significantly contribute to charge transfer
in collisions. It is not clear if collisions of the smaller
ice particles produce corona (most of the laboratory data
are for water drops with diameters exceeding 150 ym or
S0).

Dye et al. [18], who studied the initial stage in two
small thunderstorms in New Mexico, reported hydrome-
teor collision rates exceeding 102 m s~ ! (see their Fig.
9) and up to about 10° m—3s~! (see their Fig. 8). It the
latter case, ice particle concentrations up to several thou-
sand per liter were observed (particles larger that about
50 ym in diameter were detectable). The authors noted
potential problems with the measurements and adjusted
the collision rates presented in their Fig. 8 (and proba-
bly in Fig. 9), which we cited above, in an attempt to
account for possible overestimation of particle concen-
trations.

It is important to emphasize that the above estimates
of the occurrence rate 91 of small-scale supercritical
enhancements of thundercloud electric field, were ob-
tained taking into account only pairwise interactions of
hydrometeors. The pairwise approach implies a rela-
tively low probability of triple interactions:

4—;r311h < 1, (39)
where 1y, is the density numbers of small particles, #y
is, recall, the radii of big particles. However, the role
of the interaction of large hydrometeors with small hy-
drometeors increases, with the characteristic distance
between them ngl’g being of the same order of mag-
nitude as the size of large hydrometeors: ‘g—”r[s)n;, = 1.
In this case, multi-body interactions become more prob-
able compared to the pairwise ones. As a result, the
rate of occurrence of small-scale supercritical enhance-
ments of electric field greatly increases. Another impor-
tant source of rise in the rate of occurrence of electric
field small-scale enhancements is represented by fluctu-
ations of hydrometeor number density caused by turbu-
lent mixing discussed in [39].

3. DISCUSSION

Despite centuries of scientific efforts, many of the fun-
damentals of lightning physics remain still enigmatic.
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The main dificulty lies in capturing the lightning ini-
tiation problem. It appeares that the maximum values
of the large-scale electric fields likely to be observed in
thunderclouds are of insufficient magnitude to explain
the lightning production [61]. This fact makes the light-
ning initiation a question as one of the most intriguing
problem of thunderstorm electricity.

The proposed mechanism relates the lightning dis-
charge initiation with the peculiarities of the thunder-
cloud electric field, which can be represented by a sum
of two components. The first, quasi-regular component
is caused by large-scale convective dynamics, and its
values at different altitudes in a thundercloud can be
characterized by amplitude £,/N reduced by the con-
centration of air molecules N (for normal conditions
N ~22,7-10%° m~3). The maximum measured ampli-
tudes reach values of £, /N ~ 9 Td = 9- 10~21Vm? that
is an order of magnitude less than the electric strength
of air. Despite the fact that the ambient field is substan-
tially at sub-threshold £, < £} it plays a crucial role
in the discharge initiation. First, the field £, increases
the quasi-electrostatic noise intensity, stimulating the in-
duction mechanisms of hydrometeors charging. Sec-
ondly, the field E, significantly reduces the recombi-
nation losses of the interacting component so long as
advective spots of positive ions drift in the opposite di-
rection in comparison with the density spots of electrons
and negative ions. The second, stochastic component of
the electric field is caused by small-scale fluctuations of
the collective field of charged hydrometeors. The fine-
scale electric field produced by charged hydrometeors
leads to the emergence of centers of ionization and pro-
vide a stochastic drift of electrons and ions.

In this paper we argue that the stage (ii) of lightning
stroke evolution that involves local enhancement of the
electric field to produce streamers and to support their
extension is associated with the generation of highly
conductive regions. We named the regions as clevated-
conductivity areas. These elevated-conductivity areas
appear due to the stochastic electric field of charged hy-
drometeors. Above-critical bursts of the stochastic field
provide the survival of the free electrons in conditions
when the RMS level of the stochastic field is signifi-
cantly less than the air electric strength.

The considered appearance of those -elevated-
conductivity areas has several characteristic features
that distinguish it from other mechanisms of lightning
initiation. First, due to interaction of electron and ion
components the dynamic implementation of this tran-
sition is stretched in time interval, which significantly
exceeds the development time of ordinary spark dis-
charge. In this case the rapid attachment of electrons
is balanced by the processes of their liberation during
negative ions destruction. Thereby the account for the
detachment effects leads to a significant drop in the free
electron generation threshold in the system discussed.
Secondly, ions drift in the stochastic electric field plays



a significant role in the transition kinetics. From a for-
mal mathematical point of view, this stochastic drift is
indistinguishable from advection of a scalar impurity in
a turbulent flow. It is shown that the effectiveness of
“advective mixing” for a few degree surpasses the effi-
ciency of conventional diffusion. Noise-induced step-
wise growth in the density of ions and free electrons is
limited to spatial-temporal clusters that have a fractal
structure and covering, therefore, a very small propor-
tion of the actual space-time area. As a result in the
considered gradual transition the average conductivity
of the medium does not significantly change.

Upon completion of the stage (ii) the process of ion-
ization in the elevated-conductivity areas is determined
by the sum of the external field with an induced ficld
of plasma spots in the clevated-conductivity arcas. We
suggest that elevated-conductivity regions can produce
streamer discharges easier than hydrometeors, due to
higher polarization charge and field enhancement at
their tips. The proposed mechanism of the clevated-
conductivity areas appearance provides both amplifica-
tion of the local electric field in a thundercloud, and
self-consistent support of the discharge process under
the conditions when the free electrons attachment dom-
inates over their production in ionization process.

As follows from the expressions (4) the output of
clectrons and ions from the generation area is carried
out through the following two mechanisms: because of
diffusion flow and flux due to the drift in a stochastic
field, whose average magnitude coincides with that of
the ambient (external) electric field in the considered
cloud region E, = (E(r,t)). The drift in the stochas-
tic electric field E(r,t) can be considered as a diffusion
process with diffusion coefficient D ~ ro(VZ(r,t))1/2,
which is many times greater than the diffusion coeffi-
cient of electrons: (V2(r,t))1/2 ~ 10° m/s, ro ~ 102
m and D ~ 10° m?/s. Therefore, the drift mechanism is
much more efficient: during the same time interval, the
drift in the stochastic field moves electrons to a distance
by two orders of magnitude higher than the normal dif-
fusion. In our case, the advected charged “substance™
has a strong effect on the “turbulent” flow itself, by gen-
erating local electric fields.

An interesting feature of the mechanism under con-
sideration is the growth of the scales of strong-field
regions, and hence the scales of the discharge activ-
ity, which precedes the appearance of lightning. In
the beginning, the process is determined by supercriti-
cal bursts of the stochastic field of charged hydromete-
ors with characteristic dimensions about and less than
1 cm, then spots of ionic concentration with an effec-
tive advective spreading length of about decimetres are
involved in the game. It is over the scales d of the or-
der of a decimeter that a spark breakdown mechanism
(pd > 4,000 torr/cm, where p is the air pressure) begins
to work, whereas over the scales of the order of 1 cm the
Townsend mechanism is realized [70].

3.1 Streamer Formation and Branching from
Elevated-Conductivity Regions

The advantage of our lightning initiation scheme is that
it organically includes both necessary electric field am-
plification and sufficient pre-ionization level, which can
be realized in a typical thundercloud without any ex-
treme assumptions. In the framework of our approach,
the presence of seeding electrons is provided by their
detachment from negative ions composing negative ion
spots. Electric field overshoots responsible for positive
streamers initiation are connected with interactions of
ion domains with hydrometeors or with each other and
can be realized by a large number of ways, most proba-
ble of which are specified below.

Firstly, it may be the case that positive streamers ini-
tiation starts from a positive or at the close vicinity of
a negative ion spot. It was shown that ion spots evolu-
tion may lead to formation of positive and negative ion
clusters with peak concentration up to 1017 m=3. It’s
clear that such an ion elevated concentration burst am-
plifies an ambient electric field up to the level when it
can trigger an electron avalanche (there is always some
amount of free electrons around ion spots provided pri-
marily by their detachment from negative ions). In the
case of a negatively charged spot positive streamers en-
ter its interior and, as the ratio of detachment frequency
to attachment one dramatically increases for strong elec-
tric fields, provoke explosive detachment of electrons
from negative ions (the peak value of electric field at
a streamer head is at least an order of magnitude greater
than the conventional breakdown field). Most likely, this
scheme starts to work at ion concentrations, which are
much less than mentioned above 107 m=3.

Secondly, it may be the case that positive stream-
ers fill the gap between a pair of oppositely charged
ion spots. As positive and negative ion spots contin-
uously drift in a local electric field, there must be the
cases when two oppositely charged ion domains come
together. Then, if they are charged strong enough and
(not necessarily) properly posed with respect to an am-
bient electric field direction, they may initiate positive
streamers growing from a positive spot towards a neg-
ative one, which facilitates their further development.
Note that in this case seeding electrons arise due to the
electrons detachment from negative ions of the negative
ion spot.

In the third place it may be the case that positive
streamers initiation starts from a hydrometeor surface
in the presence of an ion spot. Regardless of presence
or absence of surface charge, a hydrometeor polarizes
at an ambient electric field. It gains additional polariza-
tion when approaching a positive or negative ion spot,
which may be sufficient to emanate positive streamers
from the hydrometeor surface. Note that, as it was men-
tioned above, streamers viability increases if a hydrom-
eteor approaches a negatively charged ion spot.
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Finally, it may be the case that positive streamers ini-
tiation starts from a hydrometeor passing between a pair
of oppositely charged ion spots. This modification of the
previous scheme is even more probable because electric
field amplification between a pair of oppositely charged
ion domains in the case, when they are properly oriented
with respect to an ambient electric field direction, is big-
ger than in the case of a single ion spot.

3.2 Hlustrative Example

We consider the thundercloud area with linear dimen-
sions of the order of several meters, i.e. with dimen-
sions perfectly acceptable to initiate lightning, and at the
same time compact enough to consider the external field
E, as homogeneous one. The full electric field in the
considered region can be represented as a sum of two
summands E(r,t) = E, + E;(r,1), the second of which
represents a strongly inhomogeneous field of charged
hydrometeors.

As can be seen from Figure 2, advective spots of pos-
itive and negative ions, blurred synchronously in time
from one ionization center, diverge in space in the op-
posite directions along and against the direction of the
external field E,. This increases the contrast of the pos-
itive n,, and negative n, ion densities and thus reduces
the efficiency of both the ion-ion recombination and the
electron-ion recombination.

The model system time evolution is represented in
Figure 3. Assuming that the negative ions are destroyed
in acts of detachment much faster than recombine, v, >
Bnpnp, it is possible to conclude that the system gradu-
ally evolves to the dynamic equilibrium between attach-
ment and detachment processes when the ratio in the
electron and ion densities goes to a constant level de-
spite their local variations

Ny Va

=t (40)

Thus, the ion component itself becomes a source of
free electrons. As already noted, the presence of wa-
ter molecules leads to the formation of hydrated clusters
with NO3 (H>0),, [72]. which complicates the destruc-
tion of negative ions, because with increasing coordina-
tion number of the ion NO; (H>0),. the rate of detach-
ment from the cluster is reduced [19]. To demonstrate
the robustness of the suggested mechanism we addition-
ally used in calculations the parameter value n = 10°
that is much greater than the estimation n ~ 370, fol-
lowing from the definition (27).
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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.



APPENDIX A. ELECTRIC FIELD FLUCTUATIONS
PRODUCED BY CHARGED HYDROMETEORS

It is common knowledge that the intracloud electrifica-
tion process is extremely complex and intricate. Since
charges of intracloud particles are the balanced sum of
many unobserved random events, the central limit theo-
rem (in its common form) provides a partial explanation
for the prevalence of particle charge normal distribution.
Therefore one may consider an ensemble of intra-cloud
particles as a gas of point charges ¢ with normal charge
distribution function

1/7g\?

P =gr=oo( -3(5)),
where the charge distribution average g = (¢) # 0 and
the charge distribution variance (the charge distribution
mean square displacement) O = (¢%)'/? may vary in
time and space.! We start with the assumption that the
particles are uniformly distributed in space. The corre-
sponding volume charge density of hydrometeors p(r, )
can be considered as spatial white noise, which slowly
(compared to v, 1) varies in time and satisfies the fol-
lowing ratios:

OrL0p(rsn)) = (0) Na(t)-8(r1 —r2),
p(r,1)) # 0,
(A2)

where N}, is the cloud particles concentration and &(r)
is Dirac delta function (the product Q%N is the spatial
white noise source intensity). The second of the re-
lations (A2) characterizes the features of thundercloud
large-scale electrical structure. Updrafts drive the less
heavy ice crystals upwards, causing the cloud top to ac-
cumulate increasing positive charges. While, the gravity
causes the heavier negatively charged graupel to fall to-
ward the middle and lower portions of the cloud, build-
ing up increasing negative charges. One may consider
the intracloud space density of electric charge as a su-
perposition of an irregular part that fluctuates randomly
in space and a regular component that depends on al-
titude. This superposition leads to the formation of
charge density vertical profile, which satisfies the self-
consistent distribution of the large-scale thundercloud
electric field, named ambient field.

The potential of electric field produced by a distri-
bution of charges given by the volume charge density
p(r) is obtained by the solution of the Poisson equation
V2@ = —p(r)/eo, which, in the dimension of d = 3, is
a superposition of 1/r functions weighted by the source

function p(r):
1 3
47ey / ¢

'One obtains the same result using either a homogeneous distri-

bution P(q) = 70 —/30 < q < V/3Q or a binary one P(q) =

(A

p(r)
r—r|’

o(r) = (A3)

%S(q +0)+ %S(q — () instead of Gaussian charge distribution

where G(r,r) = — is the Green function of the

Poisson equation.

The ensemble averaging can be performed easily and
one obtains that the first moment of potential is (Q(r)) =
0. But the second moment is

(LY :
(@(r1)o(r2)) = (m) ]d3/|r1 —r|r2—r|

Therefore, the potential average square is

(@*(r) = (41?9 );J;,‘[dwlr_lﬂz :é(g);{h-r

and finally we obtain the root-mean-square value of po-
tential of the following power-law asymptotic behavior:

(@*(r))/? = 2f80\/AT

In fact, intracloud particles are not point charges, but
have finite sizes. It means that Eq. (A4) remains valid at
a distance » that considerably exceeds a typical particle
size a: ¥ > a (we also bring in mind that a << N, 1’(3).
Since typically QO = 10~!1 Q and Nj, = 108 m 3, so that
the potential difference fluctuations over an in-cloud lin-
ear size ¥ = 1 km reaches the value 100 kV as order-of-
magnitudethe.

Due to the hydrometeors movement and interaction
the potential relief ¢(r,7) evolves in time. The above
calculations are valid under following quasi-stalic con-
| Jy 1/3

> L and

C U

b
r—r'|

(A4)

ditions, when Q >> ~ where

ot
L is the characteristic size of the storm cell, u is the char-
acteristic velocity of the turbulent flow of hydrometeors,
and c is the speed of light. These conditions imply that
both the characteristic time of hydrometeors charging
and their configuration switching time far exceed the
time of propagation of electromagnetic signal through
the storm cell. Apart from that, the particles config-
uration switching time is much less than the Maxwell
relaxation time (€p/c = 1, ¢ is the conductivity of the
medium) of charges in the cloud that allows us to ne-
glect both the conduction current and Debye screening
of charged hydrometeors.

Similar calculations allow us to estimate the level of
electric field fluctuations E(r,#) as a function of spatial

scale » = |r|.
9 /Nh
2\/_80

It is seen that fluctuations of the electric field (AS5)
depending on the absolute values of the characteris-
tic charge and concentration of hydrometeors, show a
power-law distribution and a very slow fall in space with
critical exponent —1/2.

SE(r) =

(A5)
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However, the expression (AS5) does not account for
the effects of clustering of hydrometeors in a turbulent
flow of the air environment [42, 43]. From a geometrical
point of view, clustering leads to preferential distribu-
tion of particles on a fractal subset of three-dimensional
space with a fractal dimension dy < 3. The formation
of clusters in this case is a purely kinematic effect. It
is obvious that this feature of particle dynamics com-
pletely disappears under averaging over the ensemble of
realizations of random velocity fields. However, clus-
tering is of fundamental importance in the lightning ini-
tiation, since the kinematic pattern of the hydromete-
ors distribution remains nearly unchanged at the time of
discharge development. Following [9] one can use as
fractal subset the skeleton of a vortex cluster with frac-
tal dimension dy =~ 5/3. Based on the law of similarity
in the distribution of the turbulent eddies in the storm
cell with linear size  we can link the perturbations of
hydrometeors density N, with its average value of N:

d'f 3
Ny (i) mNh(E) .
¥o Fo

To account for the hydrometeors clustering effect in the
turbulent flow it is necessary to use in the expression
(A5) the value of the perturbed density Ny (A6) instead
of the average density of hydrometeors Nj. Then the
estimation of the electric field fluctuations takes the fol-
lowing form

(A6)

3-d
Y \/N_r L = (A7)
2/meo ro '

Let us estimate the volume fraction of the space-time
domain occupied by a supercritical field, assuming that
the amplitude of Cartesian component of small-scale
electric field is normally distributed with a variance of

5

SE(r) =

2E7 ~ 2E? 252

{ E _E _(E.-E) dE.dEydE;.

(A8)
The value £, is an average electric field amplitude in the
area of thunderstorm E,, = F, - zg = (E(r,t)). Transition
to spherical coordinates centered at the point (0;0;£,)
gives the following distribution of absolute value £ of
small-scale electric field:

2
viE exp{ i }E%*E. (A9)

dw(E) =
WE) =5 252

Computing the variance of the distribution (A9),

D(E) = [ EYdw(E) = ‘/_ f {——}E“dE 3E2,

(A10)

we find the value of the mean square field at the scale
Fo.

EY = (E% = (E)2+D(E)=E2+3E2.  (All)
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The dimensionless concentration of ionization centers
€, which represents the volume fraction of the space-
time domain occupied by a supercritical field, can be ex-
pressed by the fine-scale electric field distribution func-
tion (A9):

6= [ aw(E).
" w(E)

(A12)

Accordingly, for the fine-scale electric field RMS am-

plitude we obtain
\/3E2+E2.

Let us parameterize the relationship of the distribution
(A8) standard deviation £, with the value of breakdown
field E5:

Epms = (E2)7 = (A13)

E; ~ Ep/Y, (Al4)
and consider that in line with observations £, = F5/10,
then

Epms = (B2 = /3E2 + E2 = - 1/3/Y2+0.01.

(A15)
Figure Al shows the case Y = 5 for which £, ~

0.36E, and & :é dw(E) ~ 1.55-1073. Slight in-
b
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Figure Al. The absolute value of the fine-scale electric field typical
implementation, normalized by the value of breakdown field Eb, and the

dw(E
YE  rhe
E

corresponding distribution of the probability density

distribution is constructed for the case Y = 5.

crease of Y leads to a sharp decrease in the dimension-
less concentration of ionization centers . Meanwhile
the fine-scale electric field RMS amplitude changes
slightly: for examgle, for T = 5.54 we get Eps =

0.33E, and & = / dw(E) ~ 107, and for T = 5.95

one obtains £,,,; ~ 0.31E, and & = f dw(E) ~ 1077,

Concluding the analysis of the ﬁeld distribution it is
possible to draw the following conclusions. The fine-
scale electric field RMS amplitude considerably exceeds
the amplitude £, of the average field. This has an im-
portant implication for the energy balance on a small
scale, because the fine-scale electric field RMS ampli-
tude (E2)? is responsible for the Joule heating. Another
very important conclusion is that the appearance of the
ionization center with electric field amplitude £ = E} is
the very rarest or, rather an exponentially rare event.

In [59], the approximation of experimental data for
the ionization frequency was found, according to which



o = Al6

Va (Eb) ! ( )
where { = 5.34. In other words, ten times decrease of
the uniform electric field in relation to the breakdown
level leads to more than five orders decline of ioniza-

tion frequency in relation to the electron attachment fre-
quency:

(Vi(E2)/Va) = (vi(0.1-Ep) /va) ~ 4.57-107°. (A7)

Now let us find the average of ionization frequency tak-
ing into account the electric field fine structure varia-
tions. To do this we use along with the parameterization
(A14) the distribution density (A9) of absolute value £~
of small-scale electric field:

i, 2 = E? E ’
<_"E’ut)> 3 %/0 exP{_E}(E) EXdE =

Vam-E}-Ep \ 2 VE
(A18)
where I'(x) is gamma function. For Y = 5 we get
(vi(r,1)/vy) = 0.01. The last value is much greater than
the estimation obtained in (A17) for homogeneous field.

APPENDIX B. BASIC PRINCIPLES AND
PREDICTIONS OF PERCOLATION THEORY

In 1957 mathematicians S.R. Broadbent and J. M. Ham-
mersley published an article [57], in which they shared
their idea of a possibility to describe a process of cof-
fee flowing through the grounds in a percolator. Their
approach was an alternative to a classical diffusion
description of one physical substance, conventionally
call liquid, flowing in the other, conventionally called
medium. In this way a new theory had appeared that
later was called a theory of percolation. To be fair, we
should mention that originally percolation ideas were
first formulated by P.J. Flory [19] as carly as 1941 dur-
ing his study of the processes of polymerization and
gelation. Percolation represents the basic model of a
structurally disordered medium.

Lattice Percolation Problem. Simple lattice
problems of the percolation theory may be presented
in the following way. Let us consider a square lat-
tice, where each site is occupied with probability p or
is empty with probability 1 — p (see Figure B1). The
probability p may be interpreted as concentration of
the randomly occupied sites on the lattice. The empty
and occupied sites may stand for very different physi-
cal properties. For instance, the occupied sites may be
considered electrical conductors and the empty sites —
insulators. Naturally, we may also assume that elec-
trical current can only flow between nearest-neighbour
conductor sites having a common edge. At lower con-
centrations p < 1 the conductor sites are either isolated
from each other or form small clusters of nearest neigh-
bour sites. Two conductor sites belong to the same clus-
ter if and only if they are connected by (linked by) a
path of nearest-neighbour conductor sites joining them.
At p < 1 the whole system has dielectric properties, as
there are no continuous conductive paths connecting the

lattice has become conductive, since the occupied sites
form a giant conductive cluster for electrical current to
flow from one side of the system to the other. In the limit
of an infinite lattice there exists a well-defined threshold
probability p. above which there suddenly emerges an
infinitely large cluster that spans the system (Fig. B2)
and transition occurs from a dielectric phase (at p < p.)
to a conductive phase (p > p.). The critical value p = p.
is called the percolation threshold.

For the square lattice the percolation threshold is
about p. =~ 0.59 (for the cubic lattice the percolation
threshold is equal to p. ~ 0.33). The percolation il-
lustrated in Fig. B2 is near the threshold. Contrary to
the usual phase transitions occurring at a certain critical

Figure BI: 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.

b)p = 0.59 = p,

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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Off-Lattice Percolation Problem. A simple off-
lattice percolation problem may be presented in the fol-
lowing way. Let us assume that equal discs of radius
R are randomly (i.e. chaotically and in average evenly)
distributed on a plane. In other words, both coordinates
of the discs centres are defined by random numbers uni-
formly distributed in the interval from zero to L, where
L is a very large (as compared with R) length charac-
terizing the size of the system concerned. An important
feature of the problem is that the discs may overlap with
one another to any extent. The mean number of the cen-
tres of the discs per unit area (discs centres concentra-
tion) equals M. Two discs are considered connected, if
they have common points, i.e. overlap. If the disc A is
connected to the disc B, and the disc B is connected to
the disc C, then A is connected to C. Thus, remote discs
may be connected by a chain of overlapping discs (Fig.
B3). Our task is to find the critical concentration Mg
which leads to the percolation through the connected
discs, i.e. to the onset of paths running through the en-
tire system and consisting of the overlapping discs. (In
other words, there occurs an infinite cluster of connected
discs. In Fig. B3 the maximum cluster of the overlap-
ping discs is marked in black). Generally speaking, only
two parameters the concentration 91 and the radius R
have been introduces in to the problem. (Though there
is also the size of the system L, it is clear that if the sys-
tem is large enough, the critical value 9t depends little
on L). Meanwhile, it is easy to see that the absence or
presence of the percolation depends just on one parame-
ter, which is the average number of disc centres located
within one disc. It is equal to:

& = nR*M. (B19)

One may most easily ascertain that the percolation ap-
pears at a certain &-value and does not depend on the
values 21 and R in the following way. Suppose there is
a plane with drawn circles. Let us enlarge the picture
several times, for example, with the help of a projector.
Altering 90t and R, this transformation does not change
&, since the average number of the circles centres in a
circle does not change with magnification. It is also easy
to understand that this transformation has no effect on
the percolation. If there was no percolation in the initial
image, then it is absent in the magnified one, and vice
versa, if the percolation through the overlapped circles
existed in the initial image, it would not disappear af-
ter magnification. Thus, the magnification, that changes
I and R, but not &, does not control the percolation.
Therefore, the presence or absence of the percolation in
the system depends only on the &-value. At the large
G-values the percolation exists, and at the small values
of this parameter there is no percolation.

The problem has thus formulated, and is called a
problem of discs or ellipses. Its three-dimensional ana-
logue is called a problem of spheres or ellipsoids and
can be formulated as follows. In a three-dimensional
space the coordinates of the centres of R-radius spheres
are defined with the help of a randomnumber generator.
Two crossing spheres are considered to be connected.
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Figure B3: Percolation problem of ellipses: a) imensionless concentration

of ellipses ® =R || R LIN 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

The task is to define the critical concentration of the
centres that leads to the sphere percolation. It is easy
to understand that alike the 2-D case the percolation is
controlled only by the parameter, which is the average
number of sphere centres within one sphere:

&= T pion

3 (B20)

or average number of ellipse centres within one ellipse:

6= 4—RR|[RL£)JI

(B21)
where 91 is the average number of spheres/ellipse cen-
tres per unit volume. The problem of spheres is impor-
tant for the theory of electrical conductivity of semi-
conductors at low temperatures. Therefore, many au-
thors have investigated the problem by a number of var-
ious methods. The critical value of the total volume
®¢ at which the sphere percolation occurs is equal to
0.341889(3) [58]. The correspondent critical volume
fraction (occupied be overlapping spheres of radius R in
3D) is @, = 0.289573(2). For the problem of discs we
have & = 1.12808737(6) [63]. The correspondent crit-
ical area fraction is @, = 0.6763475(6) [68]. For over-
lapping hyperspheres in 4D we have for the critical vol-
ume fraction @, = 0.1223(4) and &( = 0.1304(5) [80].
The data are summarized in Table 1.



Table 1. Continuum percolation problems: total volume ® and critical
volume fraction D

Percolation
type ® ®, &, =1-exp(—6,)
2D discs TR?*IM 1.12808737(6) 0.6763475(6)
3D spheres 4?7-[ R3M 0.341889(3) 0.289573(2)
4D w2
hyperspheres | 5 R'R|  0.13045) 0.1223(4)

This quantity is denoted by letter § and referred to
as filling factor. The filling factor equals the fraction
of volume occupied by the spheres constructed around
cach lattice site and having a radius equal to half the dis-
tance to the nearest neighbor. Filling factor essentially
depends on lattice type and must be calculated for each
specific lattice. For square lattice we have F.p = m/4,
for simple cubic F3p = /6, for 4D hypercubic lattice
Fap = m?/32. Thresholds: pyp ~ 0.59274601(2) [41];
ps3p =~ 0.31160768(15) [83]; psap =~ 0.1968861(14)
[27];

The fraction of occupied volume is found by multi-
plying the filling factor § by the fraction of occupied
sites, that is, by p. The fraction of filled volume is thus
§ - p. At percolation threshold it equals § - p;.

Fop - ps & 0.4655; Fp - ps =~ 0.1632; Fap - ps ~
0.0607.

Directed Percolation. Directed (or oriented)
percolation (DP) is a fundamental model in non-
equilibrium statistical mechanics. Directed percolation
introduced in [5], is an anisotropic variant of standard
isotropic percolation which introduces a specific direc-
tion in space. A variety of natural phenomena can be
modeled by DP, including spreading phenomena like
forest fires [35], and large-scale mesospheric electrical
discharges named sprites [31]. For this model, the per-
colation can only occur along a given spatial direction.
Regarding this direction as a temporal degree of free-
dom, directed percolation can then be viewed as a dy-
namical process in d + 1 dimensions. Starting from a
source active (occupied) site at f = 0 on a tilted hyper-
cubic lattice, directed site percolation, as a dynamical
process, can be interpreted as follows. As illustrated in
Fig. B4, at the next time step. each of the sites em-
anating from the source site is randomly occupied by
an arrow with probability p which corresponds to the
destination site to become active. There exists a criti-
cal threshold p., that for p < p. the average number of
active sites grows for a short time and then decays expo-
nentially. For p > p, there is a finite probability that the
number of active sites diverges as f — oo. In this case
activity spreads within a so-called spreading cone. Note
that, in directed percolation each source site generates
an individual cluster, so the lattice in this case cannot be
decomposed into disjoint clusters.

Considering the density ¢(¢) of active sites as an or-
der parameter of a spreading process, observations jus-
tify that in the active phase ¢(¢) decays and eventually
saturates at some stationary value ¢;(¢). Near the crit-
ical point, the stationary density is then turned out to

Figure B4. 1 + 1D directed percolation on square lattice: a) schematic
representation of directed site percolation that started from a source active
site at t = 0 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) 1 + 1D directed percolation
on square lattice. Black sites correspond to the time t = 214 from the
beginning of the process.

Table 2: Parameters of percolation problems

Lattice type Filling 3 Threshold p, 3 Pe

Square /4 0.59274601(2) 0.4655
Simple cubic /6 0.31160768(15) |  0.1632
Hypercubic 7?/32 0.1968861(14) 0.0607
Directed 1+1 /4 0.705489(4) 0.5541
Directed 2+1 /4 0.43531(1) 0.2279
Directed 3+1 w2 /32 0.231046861(3) 0.0713

satisfy a power-law relation ¢ ~ (p— p, )P, where B is a
universal critical exponent that only depends on dimen-
sionality, The other important quantity is the correlation
length whose definition needs a special care, since in
this case, time is an additional dimension which should
be distinguished from the spatial dimensions. Let us de-
note the temporal and spatial correlation lengths by the
indices éH and & | , respectively, which are independent
of each other. Then close to the transition, these length
scales are expected to diverge as & ~ [p — pc|' and
£, ~ |p— pe|'+ with generally different critical expo-
nents v and v_ . The two correlation lengths are related
in the scaling regime by & ~ &7 where z = v /v_ de-
notes for the so-called dynamic exponent. [n many mod-
els, the universality class is given by the three exponents
B.vjandv,.

(1+1)-d square, diagonal direction p; =~ 0.705489(4)
[53]:

81+1 s Ps =2 0.5541.

(2+1)-d  simple  cubic, diagonal  planes
ps ~20.43531(1) [26];

%’2+1 cPs 0.2279.

(3+1)-d hypercubic, diagonal planes p, =~

0.231046861(3) [82];
Fap1- ps =2 0.0713.
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