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Lightnings and Particle fluxes from the Thunder clouds

Thunderstorms and Elementary Particle Acceleration (TEPA-2015)
Yerevan, Armenia, 5-9 October 2015

The problem of how lightning is initiated inside thunderclouds is probably one of the biggest mysteries in the
atmospheric sciences. Recently established high energy processes in the atmosphere, i.e. Terrestrial Gamma Flashes (TGF)
— brief bursts of gamma rays observed by orbiting gamma ray observatories and Thunderstorm Ground Enhancements
(TGEs) — sizable long-lasting fluxes of electrons, gamma rays and neutrons detected on Earth’s surface are correlated with
thunderstorms. However, the relationship among thundercloud electrification, lightning activity, and wideband radio
emission and enhanced particle fluxes have not been yet unambiguously established. One of the most intriguing
opportunities opened by the observation of the high-energy processes in the atmosphere is their relation to lightning
initiation and propagation. Lightning discharges and TGEs are aternative mechanisms for the discharging of the
atmospheric “electric engine” and synchronized observations of both phenomena help to understand them better.

With the objective to discuss these high-energy phenomena, the conference on Thunderstorms and Elementary Particle
Acceleration was held at the Nor Amberd International Conference Center of the Yerevan Physics Institute (YerPhl) in
Armenia. The Cosmic Ray Division of the Y erPhl and Skobeltsyn Institute of Nuclear Physics of Moscow State University
organized the workshop; Y erPhl and the Armenian State Committee of Science sponsored it. Thirty scientists and students
from the United States, Japan, France, Germany, Israel, Russia, and Armenia attended.

Presentations focused on observations and models of high-energy emissions in thunderclouds; on the termination of
particle fluxes by lightning; multivariate observations of thunderstorms from the Earth’s surface and from space; radio
emissions produced by atmospheric discharges and particle fluxes;  the influence of the Extensive Air Showers (EASes)
on lightning initiation and others.

Discussions covered questions such as the following: Do particle fluxes initiate lightnings? Do EASes help to unleash -
CG lightnings? Are TGE and TGF currents competitive with the lightning current? What is a mechanism for the particle
flux termination?

The workshop participants agreed that it would be useful to compare the vast amount of experimental data on TGEs
observed in Armenia, Japan, Slovakia, Russia and USA in various conditions by different particle detectors to check the
models of particle origin in thunderclouds. Armenian physicists suggested the location of sensors developed by other
groups at Aragats Space Environmental Center (ASEC) where large TGEs are very frequent in spring and autumn.

With the ingtallation of new fast electronics at Aragats it became possible to relate lightning initiation with fast
waveforms of the electric field and with particle fluxes on the microsecond scale. Various particle detectors and fast
eectric field sensors now are synchronized by GPS receivers providing time stamps with accuracy not worse than a few
tens of nanoseconds. The series of large TGES were observed with renewed ASEC facilities during the workshop. The
natural “electron accelerator” at Aragats has provided several interesting events, which was discussed extensively by
participants. During the most interesting 7 October TGE particle fluxes and lightnings were synchronized on a millisecond
time scale. On the one-second time scales the TGE termination looks like immediate ~10-fold drop of the 1-second count
rate measured by large plastic scintillators. The detailed analysis of the 50-ms time series of the electrostatic field, fast
waveforms of the electric field and particle fluxes reveals that the TGE decay started simultaneously with abrupt increase
of electrostatic field ~200 ms after the return stroke of the lightning. Therefore, the declining of particle flux is connected
with rearranging of charge centers in the cloud involving removal of the Lower Positive Charged Region (LPCR).

The presentation dides and discussion videos ae available on the conference website,
http://crd.yerphi.am/Conferences/tepa2015/home. More details can be found in the supplementa information in the online
version of this meeting report. TEPA-2016 symposiais scheduled on October 3-7 in Nor Amberd international conference
center.

A. Chilingarian
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Mount Aragats as a stable electron accelerator for atmospheric High-energy
physics research

A. Chilingarian, G. Hovsepyan, E. Mnatsakanyan
A.Alikhanyan National Lab (Yerevan Physics Institute), 2, Alikhanyan Brothers, Yerevan 0036, Armenia

Abstract. The observation of the numerous Thunderstorm ground Enhancements (TGES), 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 above it helped to estab-
lish a new scientific topic - high-energy physics in the atmosphere. The Relativistic Runaway Electron Avalanches (RREAS) are believed
to be a central engine initiated high-energy processes in the thunderstorm atmospheres.

RREAS observed on Aragats Mt. in Armenia during strongest thunderstorms and simultaneous measurements of TGE electron and gam-
ma ray energy spectra proved that RREA is a robust and realistic mechanism for electron acceleration. TGE research facilitates investiga-
tions of the long-standing lightning initiation problem.

For the last 5 years we were experimenting with the “beams” of “electron accelerators” operated in the thunderclouds above the Aragats
research station. Thunderstorms are very frequent above Aragats, peaking at May-June and almost all of them are accompanied with
enhanced particle fluxes. The station is located on a plateau at altitude 3200 asl near a large lake. Numerous particle detectors and field
meters are located in three experimental halls as well as outdoors; the facilities are operated all year round.

The key method employed is that all the relevant information is being gathered, including the data on the particle fluxes, fields, lightning
occurrences, and meteorological conditions. By the example of the huge thunderstorm that took place at Mt. Aragats on the 28th of
August 2015, we show that simultaneous detection of all the relevant data allowed us to reveal the temporal pattern of the storm devel-

opment and to investigate the atmospheric discharges and particle fluxes

1. INTRODUCTION

The theoretical investigation of the high-energy pro-
cesses in the atmosphere started 90 years ago by the Nobel
Prize winner and creator of one of the first particle detec-
tors C.T.R.Wilson (1924). Numerous papers published in
recent decades by A.Gurevich, J.Dwyer, L.Babich,
A.Lidvansky and co-authors (see citations to original publi-
cations in Dwyer, Smith, and Cummer, 2012) introduce the
Runway Breakdown (RB), otherwise cited as Relative Run-
away Electron Avalanches (RREA) as a central engine of
the high-energy processes in the thunderstorm atmospheres.
Measurements of particle fluxes on high mountains and in
regions of Japan with low charge centers in thunderclouds
prove the existence of particle fluxes that last up to a few
tens of minutes correlated with thunderstorm activity (see
details and references to original publications in review of
Dwyer and Uman, 2014). The first detection of huge fluxes
of electrons, gamma rays and neutrons on on Aragats in
2009 (Chilingarian et al., 2010) has unambiguously estab-
lished a new physical phenomenon - Thunderstorm ground
Enhancement — TGE, increased fluxes of electrons, gamma
rays and neutrons detected by particle detectors located on
the Earth’s surface. The in situ observation of RREAs dur-
ing strongest thunderstorms on Aragats (Chilingarian et al.,
2011) and simultaneous measurements of TGE electrons
and gamma ray energy spectra (Chilingarian, Mailyan and
Vanyan, 2012) proved that RREA is a realistic and robust
mechanism for electron acceleration in the atmosphere. In
these publications, it was emphasized that lightnings, and
TGFs are alternative mechanisms for the discharging of the
atmospheric “electric engine”; there was also introduced the
origin of the highest energy gamma photons - Modification
of the Cosmic ray (CR) electron energy Spectrum (MOS) in
the strong electric field of the thundercloud. Chilingarian
and Mkrtchyan, 2012, emphasized the role of the transient
Lower Positive Charge Region (LPCR) in electron-gamma

ray avalanche unleashing. Detailed measurements of the
gamma ray energy spectra by large Nal spectrometers on
Aragats (Chilingarian, Hovsepyan, Kozliner, 2013) allow to
reliably extend the energy range of the “thunderstorm”
gamma rays up to 100 MeV. All these results were obtained
at the Aragats research station in Armenia during the last 5
years with “beams of electron accelerator” operated in
thunderclouds above the research station. Aragats Space
Environmental center (ASEC, Chilingarian et al., 2005) is
located at an altitude of 3200 m on the plateau nearby a
large lake and clouds usually are formed just above it (see
Fig. 1).

Numerous particle detectors and field meters are locat-
ed in three experimental halls as well as outdoors; the fa-
cilities are operated all year round. After understanding the
TGE physics, we plan to apply this new evidence, i.e. flux-
es of particles from the thundercloud, to approach the long-
standing problems of lightning initiation and lightning lead-
er propagation.

The key method employed is that all the relevant in-
formation is being gathered, including the data on the parti-
cle fluxes, fields, lightning occurrences, and meteorological
conditions. By the example of the huge thunderstorm that
took place at Mt. Aragats on the 28th of August 2015, we
show that simultaneous detection of all the relevant data
allowed us to reveal the temporal pattern of the storm de-
velopment and to investigate the atmospheric discharges
and particle fluxes. The paper is comprised of the following
sections: instrumentation; chain of positive lightnings;
chain of negative lightnings; small size TGE; and large size
TGE. Thunderstorms are very frequent above Aragats, the
peak activity being in at May-June and September-October.
Almost all of them are accompanied with enhanced particle
fluxes. In Fig. 1 we see an artistic view of multiple elec-
tron-gamma ray avalanches directed to the earth’s surface
and to the open space. The first ones originated TGEs regis-



tered by the ground based particle detectors; the second
ones — originated Terrestrial gamma flashes (TGFs, Fish-
man et al., 1994) observed by the orbiting gamma ray ob-
servatories.
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Figure 1. Artistic view of the multiple RREA cascades in the
thunderstorm atmosphere directed to earth’s surface (TGEs) and - to the
space (TGF)

By analyzing a particular stormy day at Aragats, name-
ly 28 August 2015, we will demonstrate the operation of the
electron “accelerator” in the vicinity of the station and pre-
sent the stages of our physical inference on the discovery of
the new phenomenon of “Long TGEs” — lasting for several
hours enhancements of low-energy gamma ray fluxes (0.4 -
2 MeV).

2. INSTRUMENTATION

The particle detectors of the Aragats Space Environ-
mental Center (ASEC, Chilingarian et al., 2005) can meas-
ure the fluxes of the species of secondary cosmic rays (elec-
trons, gamma rays, muons and neutrons), which have dif-
ferent energy thresholds. Numerous thunderstorm-
correlated events, detected by the ASEC facilities, consti-
tute a rich experimental set for the investigation of the high-
energy phenomena in the thunderstorm atmosphere. The
new generation of ASEC detectors consist of 1 and 3 cm
thick molded plastic scintillators arranged in stacks and
cubic  structures  (Chilingarian,  Chilingaryan  and
G.Hovsepyan, 2015). The ‘““STANDL1’’ detector is com-
prised of three layers of 1-cm-thick, 1-m? sensitive area
molded plastic scintillators fabricated by the High Energy
Physics Institute, Serpukhov, Russian Federation see Fig. 2.
The light from the scintillator through optical spectrum-
shifter fibers is reradiated to the long- wavelength region
and passed to the photomultiplier FEU-115M. The maxi-
mum of luminescence is emitted at the 420-nm wavelength,
the luminescence time being about 2.3 ns. The STAND1
detector is tuned by changing the high voltage applied to
PM and setting the thresholds for the discriminator-shaper.
The threshold should be chosen to guarantee both high effi-
ciency of signal detection and maximal suppression of pho-
tomultiplier noise. Proper tuning of the detector provides
~99% efficiency of charged particle detection. The data
acquisition (DAQ) system counts and stores all coincidenc-
es of the detector channels. Coincidence ‘*100’" means that
a signal has been registered in the upper detector only. This
combination registered low- energy electrons with an effi-
ciency of ~99%; the threshold energy of ~1 MeV is one of
the lowest among all ASEC detectors.

The gamma ray detecting efficiency of this combina-
tion is about 2%. For the coincidence 010, the gamma ray

detection efficiency is increased to ~3% due to creation of
the additional electron-positron pairs in the substance of the
upper scintillator. Coincidence *“111’" means that all three
layers register particles; the minimal energy of charged
particles giving a signal in all three layers is ~10 MeV.
With the same DAQ electronics are registered the time-
series of a similar (but 3 cm thick) particle detector stand
aside near the stacked structure.

Stand 1cm

Figure 2. STAND detector consisting of three layers of 1 cm thick
scintillators.

Figure 3. Cube detector; thick scintillators located inside are measuring
neutral flux with purity ~98%.

Special experimental facilities were designed and in-
stalled at Aragats in order to separate electron and gamma
ray fluxes. Two 20 cm thick plastic scintillators are sur-
rounded by 1 cm thick molded plastic scintillators (see Fig.
3). Thick scintillators detect charged flux with a very high
efficiency (~99%); they can also detect neutral flux with an
efficiency of ~20%. Thin scintillators also detect charged
flux with very high efficiency (~99%), though the efficiency
of detecting neutral flux is highly suppressed and equals 1%—
2%. Thus, using the coincidences technique, it is possible to
purify the neutral flux detected by inside scintillators, reject-
ing the charged flux by the veto signals from surrounding
thin scintillators. The calibration of the cube detector proves
that the veto system (preventing the counting signal in the
thick scintillator if there is a signal in at least one of the six
surrounding thin scintillators) can reject 98% of the charged
flux (see details in Chilingarian, Mailyan and Vanyan, 2012).



The histograms of the energy deposits in the two inner
thick scintillators are stored every minute. The one-minute
count rates of the surrounding 6 scintillators are measured
and stored as well.

The detector network measuring particle energy consists
of four Nal crystal scintillators packed in a sealed 3-mm-
thick aluminum housing. The Nal crystal is coated by 0.5 cm
of magnesium (MgO) by all sides (because the crystal is hy-
groscopic) with a transparent window directed to the photo-
cathode of a FEU-49 photomultiplier (PM), see Fig. 4.

Nal Detector

Figure 4. Nal(TI) crystal assembly.

The large cathode of FEU-49 (15-cm diameter) pro-
vides 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(TI). The sensitive area of each Nal
crystal is ~0.0348 m?; the total area of the four crystals is
~0.14 m?;, the gamma ray detection efficiency is ~80%. A
logarithmic analog-digit-convertor (LADC) is used for the
coding of PM signals. Calibration of LADC and code-
energy conversion was made by detecting the peak from
exposed 137Cs isotope emitting 662 keVV gamma rays and
by high-energy muon peak (55 MeV) in the histogram of
energy releases in the Nal crystal. The PM high-voltage
was tuned to contain both structures (peaks) in the histo-
gram of LADC output signals (codes) and to ensure lineari-
ty of LADC in the energy region of 0.4 - 60 MeV. The de-
tailed description of other ASEC detectors including charts
with all sizes is available from the WEB site of the Cosmic
Ray  Division of  Yerevan Physics Institute:
http://crd.yerphi.am/ADEI in the WIKI section of the mul-
tivariate visualization platform and from (Chilingarian et
al., 2010, Chilingarian, Chilingaryan, and Reymers, 2015).

The count rate of a particle detector depends on the
chosen energy threshold of the shaper-discriminator, size of
the detector and on the amount of matter above it. The in-
herent discrepancy of the parameters of PMs also can add ~
15% difference to the particle detector count rates. Signifi-
cant 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) prevents electrons with energy lower than ~3-4
MeV to enter the sensitive volume of the detector. Thus, the
network of Nal spectrometers below 4 MeV can detect
gamma rays only.

The small sizes of the Nal crystals and short duration
of TGE pose a limitation on the lowest gamma ray flux that
can be reliably observed. The usual requirement on the
minimal amount of particles in a histogram bin is >5; there-
fore, the minimal flux that can be reliably detected by the
Nal network should be above 200 per minute per m? (the

area of 4 crystals is 0.14 m? and required number of parti-
cles in 4 crystals above 20). For smaller fluxes fluctuations
overwhelm the signal.

The significance of detecting peaks in the time series of
the particle count rates is determined by the p-values of the
peak significance test, i.e. by the value of the peak divided
by the standard deviation of count rate (number of standard
deviations contained in the peak, No). The p-value is the
most comprehensive measure of the reliability of detecting
peaks in a time series. Large p-value corresponds to small
chance probabilities that the observed peak is a background
fluctuation and not a genuine signal. Therefore, we can
safely reject the null hypothesis (back- ground fluctuation)
and confirm the TGE. 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
observations using different detectors.

The deep negative near-surface electric field is a neces-
sary condition for the TGE origination. Moreover, the ob-
served changes of the electric field, along with detected
particle fluxes encompass information on the dynamics of
the cloud electrification, which is very difficult to acquire
by in-situ measurements. A network of three electric mills
continuously monitors the disturbances of electric field on
Mt. Aragats. Electrical mill EFM 100 produced by Boltek
Company operates with 20 Hz frequency performing 20
measurements of the near-surface electric field per second.
Comparisons of electric field strengths obtained by the
three identical EFM-100 electrical mills prove reliability
and high accuracy (discrepancy of device readings do not
exceed 10%) of electric field measurements.

3. SERIES OF POSITIVE LIGHTNINGS

AT ~12:00 - 13:00

On 28 August, almost all day long, the thunderstorms
at Aragats were accompanied with numerous nearby light-
nings and several episodes of the enhanced particle fluxes
registered by the detectors located at ASEC.

The network of Nal spectrometers had detected an en-
hanced flux of low energy gamma rays with several epi-
sodes of abrupt bursts, as it is shown in Fig. 5. In spite of
the fact that the Nal crystals are much smaller than the plas-
tic scintillators, due to the low energy threshold (0.4 MeV)
and higher efficiency to register gamma rays the count rate
of each of the four spectrometers are higher than the counts
of larger plastic scintillators. The ~15% discrepancy of the
count rates of the four spectrometers are explained by the
differences in PM parameters. This discrepancy does not
influence the amplitude of TGE (peak value of the count
subtracted by background value), which is the same for all
4 spectrometers.

The matter above the sensitive volume of Nal spec-
trometer absorbs electrons with energies below 3 MeV.
Thus, registration of gamma rays below 0.4 MeV is only
feasible; sure the detection of electrons of the higher energy
is possible. In Fig. 5 we can see that the time series of CU-
BE detector (a 20-cm thick detector located inside the veto
housing; energy threshold ~4 MeV) demonstrate enhance-
ment only around 23:20 when, as we will see later the
gamma ray flux exceeded 4 MeV due to presence of the
bremsstrahlung gamma rays from the runaway electrons.
The STANDZ1 detector (energy threshold ~ 1MeV) showing
a flux enhancement coherent to Nal at a smaller scale had
also demonstrated a pronounced peak around 23:20.



For recovering electron and gamma ray intensity in the
TGE flux at energies above 4 MeV we use data from CUBE
detector vetoing the charge flux.

Due to the small sensitive area of Nal spectrometers,
we can recover differential energy spectra at energies above
~10%/m®min, equivalent to 5-10 registered particles in an
energy bin. Histograms of the energy releases in Nal crys-
tals are collected and stored each minute; therefore we can
recover 1440 energy spectra daily. To achieve better statis-
tical accuracy, we use the data from all 4 spectrometers and
combine several minutes around the peak values of the
count rate. The energy spectra were recovered, according to
the methodology described in (Chilingarian et al., 2007) for
4 TGE episodes at 14:49 -14:52; 16:37-16:44; 23:18-23:21
and 23:29-23:31. The relative enhancement was calculated
by subtracting from the peak value of the count rates the
background measured just before the enhancement started.
Only the relative enhancement in measurements with Nal
crystals has physical meaning in the described series of
measurements. The Nal spectrometers were located just
below the iron tilts of the roof. In August at Aragats, the
sun is extremely strong and the temperature under the iron
roof reached 50-60 C°. The high temperature influenced
DAQ electronics and, respectively, the detector count rate
increases at peak temperatures up to 10% as compared with
nighttime count rate when the temperature drops down to 5-
10 C°. Therefore, though the maximal absolute count rate
was achieved at ~15:00, the TGE at 23:20 has larger ampli-
tude and was much more significant; it could be explained
by the bremsstrahlung gamma rays emitted by the runaway
electrons in the thundercloud just above the detectors.
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Figure 5. One-minute count rates of the network of 4 Nal spectrometers.
TGE at 23:18-23:21 contain high energy gamma rays detected by all
ASEC particle detectors.

The electric field disturbances at 28 August 2015 were
prolonged and deep reaching -35 kV/m; lightning activity
was strong and some of the lightnings were within 5 km
from the station. Numerous positive lightnings that started
at ~8:00 stipulate small disturbances of the near-surface
electric field. The network of three EFM-100 electric mills
measured the near-surface electric field. The devices oper-
ated according to the “atmospheric electricity” sign conven-
tion (a positive electric field at ground is produced by posi-
tive charge overhead and negative electric field on the
ground is produced by negative charge overhead). Thus, the
recorded positive field change corresponds to negative
lightning, which decreases the negative charge overhead
and negative field change corresponds to positive lightning,
which decreases the positive charge overhead. The heavy-
duty storm that started at ~12:00 was followed by copious
positive lightnings lasting until ~13:00 (Fig. 6). In Fig. 6 we
show the electric field disturbances measured by the elec-

tric mill located on the roof of MAKET building, the corre-
sponding distance to the lightning and one-second time
series of 1 m? plastic scintillator. The spikes in the particle
count rates are due to the showers hitting the scintillator. In
one-minute time series they are smoothed by integration
over 60 seconds, but in 1-second time series spikes are Vvisi-

ble.
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Figure 6. Positive lightnings series observed at 28 August 2015, 12:00 —
13:00; the top lines — distance to lightning, the middle curve -
disturbances of near surface electric field; in the bottom — 1-second time
series of count rates of 3 cm thick and 1 m? area plastic scintillator.
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Figure 7. One episode of positive lightning series observed on 28 August
2015 at 12:00 — 13:00; the top lines — distance to lightning, the middle 2
curves — disturbances of near surface electric field measured by electric
mills located at a distance of 300 m from each other; in the bottom — 1-
second time series of count rates of 3 cm thick and 1 m? area plastic
scintillator.

In Fig. 7 we show four minutes of stormy weather
matched with 4 positive lightnings (zoomed from Fig. 6).

The pattern of rapid decrease of the electric field was
approximately the same for both electric mills located at a
distance ~300 m from each other. The abrupt decrease of
the near-surface electric field followed by relatively slow
recovery indicates the neutralization of a positive charge in
the thundercloud. However, the operation of the charging
engine permanently recovers the positive charge region in
the thundercloud. In Tab. 1 we post the characteristic of 4
positive (+CG) lightnings from ~100 that occurred on 28
August 2015; in the end of an hour-long series of positive
lightnings they changed to the negative ones.

From Tab. 1, where we present the main characteristics
of the lightnings shown in the previous Figure we can out-
line typical features of the positive cloud-to-ground light-
ning that occurred on Aragats on 28 August 2015:

1. Mean electric field before the start of the lightning ~
8-15 kV/m;

2. Typical values of the drop of electric field ~ -30 - -
40 kV/m.



3. After reaching its minimum, the near-surface electric
field slowly returned to the pre-lightning values due to con-
tinuous charge separation processes in the cloud in 21-31
seconds;

4. Time from the start of electric field sharp decrease
till its minimum was ~ 0.1 — 0.65 sec;

5. Distance to lightning was ~ 3-8 km.

Rather large amplitude of the positive lightning field
changes (-30 - -40 kV/m) achieved in time less than 1 sec
and large recovery time of electric field (tens of seconds)
indicates strong discharge processes at nearby distances (10
km). Several high masts are located near the station, from
their tops the electron streamers can propagate to the posi-
tive charge regions in the thunderclouds above. As usual
during a series of positive lightnings no enhancements of
particle flux were registered.

The strong rain that started at 13:22 stopped at 14:00.
The temperature started to rise from 4 C° at 13:00 till 6 C°
at 14:30 and then abruptly dropped till 3.4 C° at 14:50 UT.
The relative humidity decreases from 95% at 13:00 till 75%
at 14:30.

Electric field was in negative domain - 8 till - 24 kV/m;
few lightnings were detected. At 14:30 the gamma ray flux
started to rise, reaching maximum at 14:50. The differential
energy spectrum of the gamma ray flux is shown in Fig. 8.
We fit the energy spectrum with 2 power law dependences;
the point where interpolating dependence is changed usual-
ly is named the “knee”. Knee position is located at ~1 MeV

and is rather smooth. The energy spectrum extends to~ 2
MeV and then fast decays.

Figure 8. The differential energy spectrum of sum of 4 Nal
spectrometers; the background was measured just before the TGE
started. Flux intensity - 0.18x10%m?min; knee position 0.9 MeV;
intensity after knee 0.50x10*m?min.

Next hour the lightning activity became stronger, see
Fig. 9; however, the atmospheric discharges were far from
the Aragats station and, therefore, the amplitudes of the
near surface electric field disturbances were small, as it is
seen in Tab. 2. The relative humidity (RE) successively
increased from 75% at 14:30 to 92% at 15:45 when the rain
resumed. At the same time, the wind speed decreased from
2 m/secto 0.2 — 0.6 m/sec and the temperature decreased
from 3.4C° till 2.9 C°.

Table 1. Main characteristics of a sample of lightning occurrences at 12:19 — 12:23 28 in August 2015

Time of el. field mTime
Start of Lightnin i ini
(UT) and gl fielg of el. f:je:f ’I‘;'”'T“‘.Jm | Duration Recovering Drop Dist. WWLLN WWLLN
: (UT) and field minima (sec) (sec) of el. field | (km) time dist.
value (kV/m) value (kV/m)
12:19:52.1 12:19:52.75 0.65 21 -31 8
8 -23
12:20:43.7 12:20:43.8 0.1 29 -33 7
15 -18
12:21:13.8 12:21:14.0 0.2 23 -30 4
10 -20
12:22:21.3 12:22:21.8 05 31 -40 3
10 -30
12:51:31.15 12:51:31.55 6 g | 12513123 5-9
o & 0.4 29 -
12:51:31.47

4. SERIES OF NEGATIVE LIGHTNINGS

AT ~15:00 - 16:00

After 15:00, as we can see from Fig. 9 and the Tab. 2,
the pattern of disturbances of electric field drastically
changed as compared with the ones registered 2 hours be-
fore (Figs 6 and 7). The lightning locations were 10-20 km
from the station (confirmed by WWLLN, see last column
of Tab. 2). Therefore, the amplitude of disturbances of the
near surface field was small — 3-7 KVV/m. Lightnings were
mostly negative, i.e. the large amount of negative charge
overhead was decreased.

No TGEs were detected. The spike in 1-sec time series
of plastic scintillator was due to the particle shower that hit
the detector at 15:07:23.

The illustration of the 3 seconds of time series of near-
surface electric field, revealing the pattern of an unusual
lightning that occurred at 15:59:54.4 - 15:59:55 is given in
Fig.10. In 0.6 seconds the negative discharge (abrupt en-
hancement of the electric field) with amplitude 3 kV/m
suddenly turned to a positive one (abrupt decrease of the
electric field) with amplitude -7 kV/m (see also Tab. 2).
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Figure 9. Multiple negative lightnings detected at 14:45 — 16:30; the top
lines — distance to lightning, the middle curve — disturbances of near
surface electric field; in the bottom — 1-second time series of count rates
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Figure 10. Disturbance of near surface electric field demonstrate
starting negative discharge suddenly turned to positive one; in the
bottom — 50 msec time series of 3 cm thick 1 m? area outdoor plastic
scintillators.

Table 2. Main characteristics of a sample of lightning occurrences at 15:38 — 16:03 28 in August 2015

Start of Lightning Time of maximum (UT) | Dura- Reco- Drop .

(UT) and el. field and maximum value tion vering of el. (I?(';t) :’i\r{nVXLLN XYS\{VLLN
value (kV/m) (kV/m) (sec) (sec) field '
138218 1382t 0.9 32 3 14 15:38:22.41 21
%5:53:39.4 18:53:40.3 (15:53:39.9) 09 a1 3 18 15:53:39 5 14
15:59:54.4 15:59:54.6 0.2 01 3 9 15:59:54.32 14

9 12

S990485 7199950 015 | - 7 20 15:59:54.34 8
16:03:01.05 16:03:01.55 16:03:01.0 -

8 15 0.5 27 7 13,15 16:03-01.86 11-21

5. SMALL SIZE TGE WITH MAXIMUM AT ~ 16:40

Figure 11. Differential energy spectrum of the “small size” TGE. Flux
intensity - 0.95x104/m2min; knee position - 0.9 MeV; intensity after knee

- 0.25x104/m2min.

At 16:20 electric field moved to negative domain and

at 16:43 dropped to -23 kVV/m. Between 16:36 and 16:43 at
the large negative electric field there appeared several small
“bumps” with an amplitude of less than 5 kV/m. During
that “bumpy” time (16:37-16:44) several ASEC particle
detectors registered TGE. The intensity of the event was 2
times less than previous TGE see Fig. 11. The “knee” posi-
tion is analogous to the previous spectrum and the change
of interpolating power law function is smooth too. Energy
spectrum is continuing till ~ 2 MeV.

The relative humidity (RE) was 92-95% during TGE
(high RE is another necessary condition to unleash large
TGE) and wind speed was ~1 m/sec. The temperature start-
ed to fall at 16:26 from 3.5 C° dawn to 2.9 C° during TGE.
Wind direction was 180° N. It stopped raining at 16:27 and
resumed at 17:00. Consequently, there was no rain during
TGE.

6. LARGE TGE OCCURRED AT ~ 23:18-23:21

Disturbances of electric field and lightnings prolongs
till 17:30, rain till 22:00. After rain stopped electric field
start to decrease at 23:00 reaching -28 kV/m at 23:21. The
relative humidity (RE) rose from 89% at 23:14 till 92% at
23:17 and remain constant till 23:23. Wind speed abruptly
increased from 0 at 23:13 till 7.5 at 23:19, and then in-
creased down to 1 m/sec at 23:23. The temperature started
to decrease at 23:13 from 3.9 C° reaching 0.8 C° at 23:23.
Wind direction was 200N. The TGE flux reaches maximum
at 23:19; energy spectra of TGE extends till 6 MeV, see
Figure 12. TGE event duration is ~ 10 minutes; intensity
and maximal energy — largest on 28 August. Knee position
shifted to 1.12 MeV and knee is sharper than in previous
TGEs cconsidered on 28 August 2015.

The veto system of the CUBE detector rejected most of
the charged particles by six 1 m2 area and 1 ¢cm. thick plas-
tic scintillators shaped in a cubic structure. The located in-
side two 0.25 m? area and 20 c¢m thick scintillators with the
veto system switched on, registered neutral particles. The
CUBE detector with two inner 20 cm thick plastic scintilla-
tors with energy threshold ~4 MeV had also demonstrated
pronounced peaks (Fig 13). Fig. 13 does not show the time



series of the count rates itself, but the time series of the p-
values of the peak significance test. The large p-values of
peaks observed by 2 inner 20 cm thick scintillators of CU-
BE detector allows to estimate charged and neutral fluxes
of TGE above ~4 MeV (Nal spectrometers allow to meas-
ure pure gamma ray flux below 3-4 MeV and mixed flux
above 3-4 MeV).

Figure 12. Differential energy spectrum of TGE obtained by 4 Nal
spectrometers; Flux intensity - 0.34x10%m?min; knee position — 1.2
MeV; intensity after knee - 0.17x10%m?min.
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Figure 13. TGE observed by the CUBE detector’s two stacked 20 cm
thick plastic scintillators with and without veto system switched on.

From the Tab. 3 we can see that at 23:19 the CUBE
scintillators registered maximal count rate; for that minute
we calculate the electron and gamma ray intensities inci-
dent on the CUBE detractor.

Due to non-zero probability of electrons to miss regis-
tration in the 1-cm thick plastic scintillator of the veto sys-
tem, and due to non-zero probability for the detection of the
gamma ray by the same scintillator, we have made correc-
tions to recover intensities (see details in Chilingarian,
Mailyan and Vanyan, 2012). However, these corrections
are below ~2% as compared with calculation of the gamma
ray intensity directly from the amplitude of the peak ob-
served by the thick scintillator with the veto switched on
(538 counts). The intensity of gamma rays above ~4 MeV

is ~10*m?min; and the intensity of electron flux —
8x10%m2min. Thus, the fraction of electrons at energies
above 4 MeV does not exceed ~ 7%.

Table 3 Count rate of 20 cm thick plastic scintillator with and without
veto (minutes after 23:00 UT)

28 August (UT)
23:16 10548 8614 4526 3577
23:17 10736 8749 4633 3647
23:18 10853 8797 4735 3739
23:19 10990 8923 4802 3764
23:20 10954 8750 4755 3585
23:21 10564 8589 4534 3507
23:22 10508 8516 4418 3548
23:23 10459 8617 4484 3575

In Tab. 4 we show the mean values of count rate, the
peak value, amplitudes of the peaks (also in the number of
standard deviations); and calculated intensities (integral spec-
tra) of gamma ray and electron flux above ~4 MeV. We as-
sume the efficiency of gamma ray detection by 20 cm thick
scintillator to be equal 20% and detection of electrons 99%.

The efficiency of detecting gamma rays by the “veto”
1-cm thick scintillators is 2% and electrons — 99%. Particles
to be registered in the bottom thick scintillator (see Fig. 3)
should traverse through the upper one therefore due to at-
tenuation of the particle flux intensities measured by the
bottom scintillator are significantly lower.

After the decline of TGE at 23:23 the low energy parti-
cle flux measured by Nal spectrometers remained high.
However, the conditions required for unleashing large TGE
did not last and energy spectrum measured at 23:39 - 23:41
contained only low energy particle (see Fig.14).

Figure 14. The differential energy spectrum of sum of 4 Nal spectrome-
ters measured after large TGE. Entire intensity 0.21x105/m?min; knee
position —1.2 MeV; intensity after knee 0.4x104/m?min.

Table 4. Calculated intensities of TGE electron and gamma ray fraction; threshold 4 MeV

Name Mean c 23:19 peak TC(EEG')A N ‘(31‘/';;*;[‘:;%’ W(’l'/?;irrﬁ:g ely
Cube 7 10258 108 10990 742 (6.9) 800 10920 7.3%
Cube 8 8494 81 8923 429 (5.3) 368 6768 5.4%
7 with veto 4294 79 4802 538 (6.8) - - -

8 with veto 3431 47 3764 333 (7.1) - - -




7. DISCUSSION AND CONCLUSIONS

The model of TGEs can be formulated briefly as fol-
lows (Chilingarian, 2014): electrons from the ambient pop-
ulation of the cosmic rays (CR) are accelerated downward
(towards the Earth) by the positive dipole formed by the
main negatively charged layer in the middle of the cloud
and a transient lower positive charge region in the bottom
of the cloud. In very strong electric fields the energy gained
from the field surpasses the electron energy losses in the
atmosphere and the intensive process of the electron multi-
plication and acceleration initiate large particle avalanches
reaching and being registered on the earth’s surface (TGE).
If the strength of electric field is not enough to discharge
RREA, nonetheless the energy of an electric field is trans-
ferred to the electrons changing their energy spectrum and
enhancing the probability of bremsstrahlung (MOS pro-
cess). Both MOS and RREA processes have been experi-
mentally observed at Aragats high-mountain research sta-
tion in good agreement with simulations (Chilingarian,
Mailyan and Vanyan, 2012). Recently as well intense flux-
es of gamma rays were measured by the airborne detector
near the end of a downward RREA, consistent with another
positive dipole - occurring between the upper positive
charge layer and the negative screening layer above it (au-
thors name it “gamma glows” Kelly et al., 2015).

However, in our previous publications we consider
TGE events, mostly large ones, when the RREA was un-
leashed just above the detector site during several minutes.
In this paper, we consider data collected on a whole day of
28 August 2015. The day was stormy, electric field disturb-
ances continuous, lightnings enormous and the electron
accelerator above provided evidence on several long, low

According to the model of TGE initiation (Chilingari-
an, 2014) the intense RREA process in the cloud originates
bremsstrahlung photons that follow the passage of elec-
trons. The electrons from the ambient population of sec-
ondary cosmic rays were accelerated up to energies 30-40
MeV. The size of LPCR does not extend more than 1 km
therefore high-energy bremsstrahlung photons illuminate
the earth’s surface only locally under the thundercloud. The
Compton scattered photons of lower energy due to much
broader angular distribution can illuminate much larger
surface under a cloud. Only on a few occasions when the
emitting region is above the detector site we register large
TGE with maximal energies above 3-4 MeV. These epi-
sodes are usually short because the wind moves the cloud
relative to particle detector location. The Compton scatter
photons can reach the detector site from several RRE ava-
lanches periodically emerging in the large thundercloud for
the much longer time, see Fig. 1. The position of the knee
at ~1-1.2 MeV supported our assumption. Intensity of
gamma rays with energies above pair production threshold
(1.022 MeV) should be abruptly decreased due to cata-
strophic energy losses of the electrons and positrons in the
atmosphere.

In this event, the flux of >10 MeV gamma rays was the
highest energy part of the bremsstrahlung photons that are
emitted by electrons accelerated to a few tens of MeV. As
known from the bremsstrahlung cross-section, such pho-
tons, with energies close to that of primary electrons, are
projected forward in a narrow cone. In addition, such high-
energy photons undergo less Compton scatterings than low-
er energy photons that tend to be spread over a wide area.
Therefore, it is likely that the extent of the >10 MeV gam-

energy TGEs and intensive and energetic enhancements.
For the first time we describe and analyze not only isolated
TGE events, but also the whole temporal history of the long
duration thunderstorm, including high and low energy
TGEs, periods of positive and negative lightnings, meteoro-
logical conditions, disturbances of the near-surface electric
field. Our recent measurements reveal a meaningful relation
between TGEs and lightnings (Chilingarian et al., 2015).
Scrutinizing a particular stormy day at Aragats we demon-
strate operation of the “moving electron accelerator” gener-
ated high-energy (up to 6 MeV) bremstrahlung gamma pho-
tons when RREA was above the station and low energy
(0.4- 2 MeV) Compton scattered gamma rays when a
strong electric field moved from the station.

Nal spectrometers registered totally additional (com-
pared to the fair weather day) ~1.8 million gamma rays.
TGE differential energy spectra were estimated by the net-
work of the Nal spectrometers for 4 TGE episodes. Three
of them contain only low energy gamma rays with energies
below 4 MeV, large TGE with maximal flux at 23:19 con-
tain also gamma rays with energies up to 6 MeV. The spec-
trometer data is confirmed by the count rate measurements
of other ASEC detectors. The 1-minute time series of CU-
BE detector with energy threshold above ~4 MeV does not
demonstrate any enhancements for the low energy TGEs.
The same time series demonstrates pronounced peaks with
very high statistical significance for the high-energy TGE.
The energy spectra are of a broken power law type. Due to
the very large number of the registered gamma rays we
estimate spectra for each of TGE events. We fit our spectra
with 2 power low dependences that allow physical infer-
ence on the possible origin of 2 gamma ray populations.

ma rays observed in this event almost equals that of the
whole acceleration region.
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Abstract. For the lightning research, we monitor the particle fluxes from thunderclouds, the so called Thunderstorm Ground Enhance-
ments (TGEs) initiated by the runaway electrons, and Extensive Air Showers (EASs) originated from high energy protons or fully
stripped nuclei that enter the Earth’s atmosphere. Besides, we monitor the near-surface electric field and the atmospheric discharges with

the help of a network of electric field mills.

The Aragats “electron accelerator” produced plenty of TGE and lightning events in spring 2015. Using 1-sec time series, we investigated
the relation of lightnings and particle fluxes. Lightning flashes often terminated the particle flux; during some of TGEs the lightning
would terminate the particle flux 3 times after successive recovery. It was postulated that a lightning terminates a particle flux mostly in
the beginning of TGE or on the decay phase of it; however, we observed two events (19 October 2013 and 20 April 2015) when the huge
particle flux was terminated just on a maximum of its development. We discuss the possibility that a huge EAS facilitates lightning lead-

er to find its path to the ground.

1. INTRODUCTION

Considered the highest mountains in the South Cauca-
sus Aragats is a dormant volcano with a 400 m deep crater
that has become an ice basin. Its central highlands cover an
area of more than 820 square kilometers and generate huge
summer storms that flow down its slopes into the surround-
ing valleys. The four crests that top Mt. Aragats are simple
reminders of its once soaring heights leveled over 10, 000m
1.5 million years ago, before a massive eruption lowered
the height to its current 4,095m. Only in 100 km to the
south from Aragats across the valley of the Araks River
stands sister of Aragats — Biblical Mountain Ararat. Light-
ning activity is enormously strong at Aragats that makes it
home of the ancient Armenian god of thunder and lightning
Vahagn. Mt. Aragats hosted one of the world’s oldest and
largest cosmic ray research stations, located on the slopes
of the mountain. The Cosmic Ray Division (CRD) of the
A. Alikhanyan National lab (YYerevan Physics Institute)
during the last 70 years has commissioned and operated on
the research stations of Aragats and Nor Amberd numerous
particle detectors uninterruptedly registered fluxes of
charged and neutral cosmic rays. The research work at Ara-
gats (in the framework of Aragats Space Environment cen-
ter (ASEC, Chilingarian et al., 2005) includes registration
of Extensive Air Showers (EAS) with large particle detec-
tor arrays; investigation of solar-terrestrial connections;
monitoring of space weather; and observations of high-
energy particles from the thunderclouds. More than 300
particle detectors (including plastic scintillators and Nal
spectrometers) are registering particle fluxes and sending
data online to the CRD headquarters in Yerevan. In addi-
tion to particle detectors, ASEC includes facilities that can
measure electric and geomagnetic fields, lightning occur-
rences and locations, and a variety of meteorological pa-
rameters. With installing in 2014 of fast electric field re-
corders and automotive cameras the research in the light-
ning physics started on Aragats. ASEC facilities are located
on the slopes of Mt. Aragats and in Yerevan at altitudes of
3200, 2000, and 1000 m above sea level, respectively (see
Fig. 1). The distance between Nor Amberd and Aragats
research stations is 12.8 km. The distance from the CRD
headquarters in Yerevan to the Nor Amberd and Aragats
research stations is 26.5 and 39.1 km, respectively. The
Latitude and Longitude coordinates of the stations are:
40.3750° N, 44.2640° E for the Nor Amberd Station,
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40.4713° N and 44.1819° E for the Aragats Station, and
40.2067° N and 44.4857° E — for the Yerevan Physics Insti-
tute.

Acceleration and multiplication of the Cosmic ray
(CR)electrons by the strong electric fields in the thunder-
clouds are well-established phenomena constituting the
core of the atmospheric high-energy physics and are related
to the Runaway Breakdown (RB, Gurevich, 1992) recently
referred to as Relativistic Runaway Electron avalanches
(RREAS, Dwyer, Smith, and Cummer, 2012; Dwyer and
Uman, 2014). However, the origin and location of charged
centers in the thundercloud (one of the most important as-
pects in the atmospheric physics) we do not understand
exactly until now. In fair weather conditions, the atmos-
phere is positively charged and the Earth has an opposite-
polarity negative charge. A thunderstorm can drastically
change the cloud electrification pattern. The simplified
sketch of storm-time cloud electrification is shown in Fig.
2. The top of the thundercloud has a positive charge with a
negative screening layer just above it; the middle layer has
a negative charge and a small local region of positive
charge is in the bottom of the cloud (Stolzenburg et al.,
1998). If we use the so-called “physics” sign convention
(see discussion on the used sign conventions in (Krehbeil,
Mazur and Rison, 2014), then the near-surface electrostatic
field is negative during fair weather (positive ions are slow-
ly migrated from the atmosphere in the direction to the
Earth), and it is negative during thunderstorms (electrons
are transported by the lightning from the cloud to the
Earth). According to the tripole model (quadruple, if we
add a negative screening layer above the main positive lay-
er), in the cloud there exist several dipoles of opposite ori-
entation, which accelerate electrons downward, in the direc-
tion of the Earth, and — in the direction to the open space, as
it is shown in Fig. 2. The “atmospheric electricity” sign
convention is the opposite: the fair-weather near-surface
electric field is positive, and the storm time field is mainly
negative. The historical basis of this controversy is that the
electric mills usually operated according to the “atmospher-
ic electricity” sign convention (a positive electric field at
the ground is produced by positive charge overhead and
negative electric field on the ground is produced by nega-
tive charge overhead).



Figure 1. The Google map of Aragats Mountain with Aragats and Nor Amberd research stations and Yerevan headquarters of CRD.

Our key evidence for the lightning research is the mon-
itoring of the particle fluxes from thunderclouds. These
fluxes significantly increase the usually stable background
of the secondary cosmic rays incident on the Earth’s surface
and create the so-called Thunderstorm Ground Enhance-
ments (TGEs, Chilingarian et al., 2010, 2011). Develop-
ment of a Lower Positive Charge Region (LPCR) facilitates
the proper direction of the electric field, in order to acceler-
ate the electrons in the direction to the Earth. The upper
dipole accelerates electrons upwards and radiated brems-
strahlung gamma rays reaching the satellites are registered
by the orbiting gamma ray observatories. These enigmatic
bursts of gamma rays are named Terrestrial Gamma Ray
Flashes (TGFs, Fishman et al., 1994). The particle burst in
the gap between the positive upper layer and the screening
layer recently detected by ADELE aircraft (Kelley et al.,
2015) is named Gamma flow.

Both, the lightning initiation and leader propagation
and the dynamics of TGE are dependent on the cloud elec-
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trification and, therefore, on the charged layers in the thun-
dercloud. Thus, by detecting the changing particle fluxes
we can monitor the distribution of charged layers above the
particle detector site. As the nearest to the ground charged
layer, LPCR strongly influenced the development of cloud-
to-ground (CG) and intracloud (IC) discharges and TGEs.
When LPCR is above the particle detectors, and when the
field is strong enough the electric field between LPCR and
the main negatively charged region above effectively accel-
erate electrons downward (Chilingarian and Mkrtchyan,
2012). Thus, the intensity and energy spectra of gamma
rays and electrons of TGE can be used for estimating the
position and thickness of the LPCR.

At the maximum of the TGE flux, in the time series of
the near-surface electric field we usually observe so-called
“bumps” rising from deep negative electric field — brief
increase of the electric field with amplitude up to 10-20
kV/m. It was postulated (Nag and Rakov, 2009) that espe-
cially in the declining phase of the TGE, there often occur



negative cloud-to-ground lightings, which abruptly termi-
nate the particle flux (Alexeenko et. al., 2002, Tsuchiya et
al., 2013, Chilingarian et al., 2014). The mature LPCR do
not allow a lightning leader to make its path to the ground,
declining it horizontally and transforming a —CG lightning
attempt to an intracloud (-1C) lightning. A CG lightning
becomes energetically preferable than —an - IC when LPCR
is thin. However, sometimes we can see a catastrophic de-
cay of TGE near the maximum of the particle flux. High-
energy EASs (with primary particle energies above 10%
eV) possibly facilitated the propagation of the lightning
leader downwards (Gurevich et al., 1999). Therefore, we
discuss a large EAS registration by the Aragats Neutron
monitor and Muon detectors during thunderstorms.
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Figure 2. High-energy physics processes in the atmosphere

2. INSTRUMENTATION

The ASEC particle detectors can measure the fluxes of
the species of secondary cosmic rays (electrons, gamma
rays, muons and neutrons) as well as the electron, muon
and neutron content of EASs. Numerous thunderstorm-
correlated events, detected by the ASEC facilities, consti-
tute a rich experimental set for the investigation of the high-
energy phenomena in the thunderstorm atmosphere. The
new generation of ASEC detectors consist of 1 and 3 cm
thick molded plastic scintillators arranged in stacks and
cubic structures. The ““STAND1’’ detector is comprised of
three layers of 1-cm-thick, 1m2 sensitive area molded plas-
tic scintillators fabricated by the High Energy Physics Insti-
tute, Serpukhov, Russian Federation. The light from the
scintillator through optical spectrum-shifter fibers is reradi-
ated to the long- wavelength region and passed to the pho-
tomultiplier FEU-115M. The maximum of luminescence is
emitted at the 420-nm wavelength, the luminescence time
being about 2.3 ns (see details of detectors setup in Chil-
ingarian, Chilingaryan, and Hovsepyan, 2015).
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The Aragats neutron supermonitor (ArNM, Fig. 3) con-
sists of eighteen cylindrical proportional counters of CHM-
15 type (length 200 cm, diameter 15 c¢m) filled with BF3

gas enriched with B1° isotope and grouped in three sections
containing six tubes each. The proportional chambers are
surrounded by 5 cm of lead (producer) and 2 cm of poly-
ethylene (moderator). The cross section of lead producer
above each section has a surface of 6m? and the total sur-
face of three sections is 18m2. The atmospheric hadrons
produce secondary neutrons in nuclear reactions in lead;
then the neutrons get thermalized in a moderator, enter the
sensitive volume of the counter, and in interactions with
boron gas bear Li” and the a particle. The a particle accel-
erates in the high electrical field inside the chamber and
gives a pulse registered by the data acquisition electronics.
High- energy hadrons generate a large number of secondary
neutrons entering the sensitive volume of the proportional
counter, and if we want to count all pulses initiated by the
incident hadrons, we have to keep the dead time of the NM
very low (the ArNM has a minimal dead time of 0.4 ps). If
we want to count incident hadrons only (a one-to-one rela-
tion between count rate and hadron flux) we have to keep
the dead time as long as the whole secondary neutron col-
lecting time (~1250 ps) to avoid double counting.

In (Stenkin et al., 2007) was described detection of so-
called neutron bursts in the NM related to occasional hitting
of it by a core of high-energy EAS. Huge amount of the
EAS hadrons will generate numerous thermal neutrons and
enormously enlarged NM’s count rate (size of the neutron
burst or peak multiplicity). This option of EAS core detec-
tion by NM mostly was not recognized because of usually
used large dead time not allowing counting of all secondary
neutrons. With establishing low dead time and short collect-
ing time for ArNM (usually only 1-minute time series are
available for NM), we detect numerous EASs hitting NM,
several from them providing multiplicities above 1000. In
our terminology, the multiplicity is the number of pulses
registered in each particular second. Each counter has the
mean multiplicity of usually 30-60 counts per second; at a
neuron burst, the multiplicity can reach many hundreds and
ever thousands. For each channel we calculate as well the
number of standard deviations (N of o) of the peak multi-
plicity. The 1-sec time series of ArNM counts are being
entered in the MSQL database at CRD headquarters in Ye-
revan (available online from http://adei.crd.yerphi.am/adei/)
as well as in the database of the Euro-Asian consortium of
neutron monitors (NMDB@.eu.org).

Figure 3. STAND detector consisting of three layers of 1 cm thick
scintillators.



The Aragats Muon detector (Fig. 4) consists of three
vertically stacked plastic scintillators with an area of 1m?,
The top 3cm thick scintillator is covered by 7.5cm of lead
filter; the middle 1cm thick scintillator is covered by 1.5cm
of lead filter and by an ~ 60 cm thick rubber layer (carbon);
the bottom 1cm thick scintillator is covered by a 6¢cm thick
lead filter. The energy thresholds to detect muons in three
stacked scintillators accordingly are ~170 MeV, ~220 MeV
and ~350 MeV accordingly. DAQ electronics provides 50
ms time series of all scintillators.

ArNM and Muon detectors are located at a distance of
~ 6m in the MAKET experimental hall (Fig. 5). Close loca-
tion of these detectors allows joint detection of several large
EASs. Outdoors is located the STAND detector comprised
of three layers of 1-cm-thick, 1m?2 area molded plastic scin-
tillators and 3 cm thick plastic scintillator of the same type
fabricated by the High Energy Physics Institute, Serpukhov,
Russian Federation. The light from the scintillator through
optical spectrum-shifter fibers is reradiated to the long-
wavelength region and passed to the photomultiplier FEU-
115M. The maximum of luminescence is emitted at the
420-nm wavelength, the luminescence time being about 2.3
ns. On the roof of MAKET hbuilding are located meteoro-
logical devices measuring the near-surface electric field and
weather conditions. A deep negative near-surface electric
field is a necessary condition for the TGE origination.
Moreover, the observed changes of the electric field as well
as detected particle fluxes contain information on the dy-
namics of the cloud electrification; such information is very
difficult to acquire by in-situ measurements. Electrical mill
EFM 100 produced by Boltek Company operates with 20
Hz frequency performing 20 measurements of the near-
surface electric field per second. Professional Davis In-
struments Vantage Pro2, http://www.davisnet.com/ pro-
vides a wide range of meteorological parameters measured
each minute. Devices of the same type are located at Nor
Amberd research station and in Yerevan.

An array of plastic scintillators located inside and out-
side the MAKET hall (green “pyramids” in Fig. 6) has been
primarily a part of MAKET-ANI experiment (Chilingarian
et al. (2004). About 100 detecting channels formed from 5-
cm thick plastic scintillators with an area of 1 m? each, were
triggered by large EASs corresponding to primary particle
with energy greater than 10 eV. At the end of the
MAKET-ANI experiment we picked several detectors and
implemented special trigger conditions in order to detect
large particle bursts due to thunderstorm activity. The
MAKET detectors measure the charged species of second-
ary cosmic rays with very high accuracy. Each of the
standalone scintillators can measure incident particle flux
and the array, as whole, can also count the so-called EAS
triggers (*“firing’” of more than 8 detectors of the array
within a time window of 400 ns). If the signals from the
first 8 scintillators coincide within the trigger window time,
then the amplitudes of all photomultiplier signals (propor-
tional to the number of particles hitting each scintillator) are
stored. At fair weather the surface array registered EASs
initiated by the primary protons with energies above 50
TeV (~25 EASs per minute, 8-fold coincidences) and 100
TeV (~8 EASs per minute, 16-fold coincidences).

Large TGEs are can trigger the MAKET array. When
thunderstorm clouds are very low above the scintillators,
the TGE electrons reach the MAKET scintillators and the
stable EAS count rate suddenly and abruptly goes up. We
investigate in details these Extensive Cloud Showers

(ECSs) and prove their systematic difference from EASs
(Chilingarian et al., 2011). ECSs are individual RREA cas-
cades from a single cosmic ray electron entering the RREA
process. Alex Gurevich et al., 1999 called this cascades
micro-runaway breakdown (MRB). Registration of ECSs is
very difficult due to fast attenuation of electrons in the at-
mosphere; only at Aragats, due to very low thunderclouds,
we can register several huge TGEs accompanied with ECSs
(Chilingarian, 2013). ECSs are an analogue of TGFs regis-
tered by orbiting gamma ray observatories; however, TGF
particles are mostly gamma rays, not electrons. Gamma
rays can travel hundreds of kilometres in the open space
and occasionally hit fast-moving satellites and give rise to
very short bursts of radiation.

High Energy Muon Detector
in Aragats Resarch Station

Lead

Scintillator (100x100 cm)

Lead
s —

Scintillator {100x100 cm)
=

Scintillator 1cm (100x100 cm)

Figure 4. The “muon” stacked detector with large amount of lead and
robber between 3 scintillators
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Figure 5. Tree-cm thick plastic scintillator of STAND1 detector.



We investigate in details this Extensive Cloud Events
(ECSs) and prove their systematic difference from EASs
(Chilingarian et al., 2011). ECSs are individual RREA cas-
cades from a single cosmic ray electron entering the RREA
process. Alex Gurevich et al., 1999 called this cascades
micro-runaway breakdown (MRB). Registration of ECSs is
very difficult due to fast attenuation of electrons in atmos-
phere; only at Aragats due to very low location of thunder-
clouds we register several huge TGEs accompanied with
ECSs (Chilingarian, 2013). ECSs are an analog of TGFs
registered by orbiting gamma ray observatories; however
TGF particles are mostly gamma rays, not electrons. In the
open space gamma rays can travel hundreds of kilometers
and hit occasionally fast moving satellites providing very
short bursts of radiation.

3. THUNDERSTORM GROUND ENHANCEMENTS
DETECTED IN SPRING 2015

The first spring storm started at Aragats on March 30 at
11:15 UT and continued until 11:50 with numerous nearby
lightnings (Fig. 10). Thick clouds covered the sky reducing
the solar radiation by a factor of 2.5, from 370 W/m? at
11:32 down to 150 W/m? at 11:43. The relative humidity
was very high - 96%. Numerous lightnings caused frequent
near-surface electric field disturbances. Due to a nearby
lightning (2 km far from the detector site, measured by
EFM-100 electric mill) the near-surface electric field
changed its value from -21 kV/m to +38 kV/m in less than a
second (Fig. 6). The lightning terminated the particle flux
registered by the STAND1 detector. For 3 seconds (from
11:46:59 to 11:47:01), the particle count rate of the 1m?
scintillator correspondingly increased by 9.2%, 12.2% and
16% above the mean value measured just before the start of
the particle flux enhancement. At 11:47:02, the particle flux
was abruptly terminated and dropped by ~17%.
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Figure 6. One-second time series of the count rates measured by the
outdoor 3 ¢cm thick 1 m? area scintillator (bottom); 1-sec time series of
the near surface electric field (middle); and distance to lightning (top).
On April 4, the 3-cm thick plastic scintillators detected
a large TGE at 16:01. In Fig. 7, instead of particle detector
count rates the corresponding p-values of statistical test are
shown. The significance of the detected peaks in the time
series of the particle count rates is determined by the actual
peak values divided by the standard deviation of the count
rate, i.e. by the number of standard deviation contained in
the peak (number of c). The p-value is the most compre-
hensive measure of the reliability of detecting peaks in a
time series. Large p-value corresponds to small chance
probabilities that the observed peak is a background fluctu-
ation and not a genuine signal. Therefore, we can safely
reject the null hypothesis (that peak is a background fluctu-
ation only) and confirm the existence of a TGE. The out-
door 3 cm thick scintillator measures 38c enhancement; the
same type scintillator located indoors at another experi-
mental hall (named SKL) demonstrates ~10c enhancement;
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the scintillator located under deep snow (snow covers Ara-
gats station until end of May) - ~5c. Note that only the
scintillator with a low energy threshold shows the flux en-
hancement lasting near 2 hours.

In Fig. 8 we show disturbances of near-surface electric
field measured at Aragats and Nor-Amberd research sta-
tions. The same lightning was detected at both stations; the
distance between the stations is ~13 km. Note the same
polarity of the electrostatic field on both stations (no elec-
trostatic field reversal occurred).

The near-surface electric field at Aragats increased
from -43 kV/m to 35 kV/min in very short time; at Nor
Amberd station the electric field increased from -9 kV/m to
23 kV/min. This indicates strong discharge processes at
nearby distances in the thunderclouds above Aragats lead-
ing to the decline of the particle flux to the background
value, decreasing it by 14% in 2 seconds. The start and end
of the lightning (time of abrupt enhancing of the near sur-
face electric field and time of reaching the maximal value
of it) coincide at both stations within 50 ms (at 16:00:45.2
and at 16:00:45.25); this is a demonstration of the fact that
the accuracy of synchronization of the remote on-line com-
puters in Nor Amberd and Aragats is at least 50 ms. Thus,
the measurements of ASEC particle detectors and field-
meters are synchronized as well with an accuracy of 50 ms
as well.
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Figure 7. Significance of the particle flux enhancements in number of
standard deviations (Ne¢); The outdoor 3-cm thick scintillator shows a 2
hour TGE with a maximum of 38¢ (upper curve); the same-type indoors
scintillator demonstrates only a few minutes TGE with a maximum of ~

10¢ (the second highest peak) and a same-type scintillator under deep
snow — only 5¢ enhancement (smallest peak).
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Figure 8. One-second time series of the count rates measured by the
outdoor 3 cm thick 1 m? area scintillator (bottom); near-surface electric
field (middle with larger amplitude — Aragats; top, with lower amplitude
— Nor Amberd; Particle flux measured at Aragats declined after
lightning by 12% at 16:00:47.

4. LONG-LASTING SPRING STORM AT ARAGATS

ON 9-10 APRIL 2015

At 22:00 UT on 9 April 2015, an extensive storm was
unleashed on Mt. Aragats. During upcoming 14 hours nu-
merous nearby lightnings occurred near Aragats station and
the particle flux several times exceeded the background



values by 2-22%, which corresponds to 3-32 standard devi-
ations (3-32 o) in the one-minute time series of the 1-m?
particle detectors. Humidity was stable high — 98%, tem-
perature — near the freezing point ~ -1; atmospheric pres-
sure was also stable, 684 mbar. Wind was West-North —
160° — 200° N, speed - 5-12 m/sec. In Fig. 9 we post the 1-
minute time series of the particle flux measured by the in-
doors 3 c¢m thick and 1 m? area plastic scintillator (bottom);
the disturbances of electric field measured by EFM-100
electric mill (middle); and estimated distance to the light-
ning measured by the same electric mill (top). As one can
see from Fig. 9, almost all disturbances of the electric field
were accompanied with lightnings and TGEs.
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Figure 9. Time series of particle count rate (bottom); disturbances of
near-surface electric field (middle) and distance to lightning (top).

In Fig. 10 we again show the 1-minute time series of
the same-type particle detectors (3 cm thick and 1 m? area
plastic scintillators) located outside, inside and under deep
snow. The weather conditions on high mountains are rather
challenging and the staff cannot maintain some of the out-
doors detectors during the winter-spring months. Few of
detectors are operated beneath ~1m of snow, in spring the
snow becomes wet and the particle attenuation in it —
stronger. From Fig. 10 we can conclude that the energy
thresholds of all 3 detectors, in spite that they are the same
type are very different due to different amount of matter
above them. The outside scintillator with the lowest thresh-
old (upper time series) of ~1 MeV shows the low energy
component of the TGE lasting up to 5 hours with emerging
peaks of few minute duration due to RREA bremsstrahlung
high-energy gamma photons born above detector location
(measured as well by the scintillators with higher energy
threshold, lower time series).
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Figure 10. One minute time series of analogical scintillators located
under different amount of matter

Thus, the scintillators with higher threshold (3-4 MeV)
did not register the low energy component; only peaks from
the high-energy gamma rays coincide in time with the ones
registered by the low threshold scintillators. From Figs. 9
and 10 we can conclude that the low-energy component of
TGE is below 3-4 MeV. The high-energy component of the
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TGE is local and is directly connected with RREA process
and bremsstrahlung gamma rays; the long-lasting lower
energy component of TGE is possibly connected with the
distant regions of the thundercloud where RREA is un-
leashed and from where Compton scattered gamma rays are
reaching the detector site.

In Fig. 11 we show the data from another TGE termi-
nated by the lightning. From 00:28 until 1:00 April 10 sev-
eral abrupt surges of the near surface electric field occurred
due to negative lightnings. The near-surface electric field
increased from -29 kV/m to 40 kV/min in ~150 ms at
00:44:58; the electric field recovery time was 29 seconds.
The TGE flux declined by 14% (from 686 down to 588) the
same second when the lightning occurred; and by 21%
(down to 541) in the following 4 seconds.

The time delay between the EAS registered by the scin-
tillators of the MAKET surface array and the start of light-
ning was 2.25 = 0.05 seconds. Thus, we conclude that, for
these events lightning occurrence is not connected with
EAS. According to the RB-|EAS theory (Gurevich et al.,
1999) only very large EASs (with primary energy above
10® eV) can facilitate a negative CG lightning; thus fre-
quent EASs with energies 50-100 TeV cannot be connected
with lightning initiation. We need detectors registering
cores of very large EASs providing huge ionization in the
atmosphere. The small MAKET detector due to fast satura-
tion of scintillators registering EAS electrons cannot outline
such events. Usually the core region around the EAS axes is
excluded from the recovering of the EAS size and arrival
direction. The ArNM and Muon detectors, as we will see in
the next section by registration of the neutron burst, which
are directly connected with EAS core, can outline the larg-
est EASs.

Count Rate

Figure 11. 1-second time series of the count rates measured by the out-
door 3 cm thick 1 m? area scintillator (bottom); near surface electric
field |(middle); distance to lightning (top); and EAS triggers: dots are
correspondent to “fired” ones from 16 plastic scintillators (ADC code is
proportional to the number of electrons hitting the scintillator).

The essential parameters of the selected lightnings that
occurred on April 10 2015 are summarized in Tab. 1. In the
first column, we put the date of the event, in the second —
time of the abrupt change of near-surface electric field. In
the third column, we put the time of maximum (for negative
lightnings) or minimum (for positive lightnings) and the
extreme value of the near-surface electrostatic field. In the
fourth column, we put the time of electrostatic field fall or
surge. In the next column - the drop of the gamma ray flux
(if a TGE is released). In the sixth column, we put the am-
plitude — the difference of the initial and extreme values of
the near-surface electrostatic field and in the seventh — the
distance to the lightning measured by the EFM-100 electric
mill. In the last two columns, we put the coinciding meas-
urements reported by WWLLN (if any).



Table 1. Main parameters of the lightning occurrences on 10 April 2015

Date Start of Lightr)ing Time of maxir_num Duration Drop of Drop Dist. WWLL | WWLL
T (UT) and el. field (UT) and maximum (msec) flux (%) of el. field | (km) N N
value (kV/m) value (kV/m) time dist.

28/1054/ 30:38:42.85 2(;:38:43 150 i 37 7

%8/1054/ (_)&40:45.65 gg:40:45:80 150 i 50 7

;8/1%4/ 28:43:25.65* ?22:4325.90 250 i 62 7 2:943:25. 12
;8/1054/ ?39644:58.85 28:44:59 150 15 70 5

%8{'-054/ 20:47:47.7 2(2):47:48.25 550 ) 20 7

;8&%4/ ?2:48:49.10 2(2):48:49:35 250 ) 36 3

;8/1054/ 20:51:12.45 22:51:12:75 300 i 25 7

%8/1054/ (_)3?:53:27.7 23:53:27.9 200 i 41 2

;8/1%4/ fli28:06.35 ;1:58:06.65 300 i 23 5

;8/1054/ _72:20:56.4 ;:30:56.65 250 i 30 4 ;:30:56. 5
%8/1054/ _72132:58.6 ;:32:58.9 300 i 24 6

;8/1%4/ _72::;4:35.5 ;:634:35:6 100 12 64 7

;81054/ _72:21:25.05 3641:25.25 200 50 3

%8/1054/ 32:06:39.45** _1312:06:39.5 50 i 64 2

;8&%4/ }21526:51.0 ;%:26:51.2 200 56 6

;8/1054/ _1217:29:22.15 _1311:129:22:30 150 10 61 2

%8{'-054/ 13130:11.7** }:;1630:11.75 50 ) -49 14

*Positive lightning was detected in Nor Amberd, both electric mills at Aragats registered small negative lighting

** Positive lightnings detected at Aragats station

From the overall 17 lightnings being observed, only
three were positive; the positive/negative ratio was ~0.18.
Abrupt termination of the TGE flux had been observed only
during the negative lightnings. Positive lightnings demon-
strate faster dynamics (electric field fall) than negative
lightnings surge. TGE’s surge above background is rather
significant - 35 + 12%. The abrupt fall of TGE is also siza-
ble 21 + 7%. From the Tab. 1 we can outline typical fea-
tures of the negative cloud-to-ground lightning:

1. Mean electric field before the start of the lightning

~-24.7 £ 2.9 kV/m;

2. The mean maximum value of the enhanced electric
field ~ 51 + 2.7 kV/m. After reaching maximum
the near-surface electric field slowly returns to
pre-lightning values due to continuous charge sep-
aration processes in the cloud,;

3. Mean time from the start of electric field sharp
change till its extreme value is ~160£ 50 ms.
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The mean distance to the lightning is ~ 4.8+ 3 km. In
Fig. 12 we can see an unusual TGE accompanied with the
positive nearby lightning. During a short TGE, the near-
surface field was in the positive domain, ~ 37 kV/m, de-
creasing to 13 kV/m, when the particle flux peaked. The
nearby positive lightning (~2 km) in the end of TGE caused
the near-surface field to drop from 39 kV/m to -31 kV/m.

It is interesting to note that this positive lightning does
not terminate the particle flux as the negative ones do.

In Fig. 13, we demonstrate a TGE several times termi-
nated by the negative lightnings. The largest lightning oc-
curred at 11:29:19 within 2 km from the detector site (see
zoomed version in Fig. 14); the particle flux dropped by
22% in 4 seconds. In 200 ms, the near-surface electric field
increased from — 30 kV/m to 27 kV/m; recovery of the field
took 20 seconds. No coinciding EAS events were detected.
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Figure 12. Rare TGE ended by a positive lightning; time series of 1-
minute count rate of outdoor 3-cm thick scintillator (bottom);
disturbances of near-surface electric field (middle) and distance to
lightning (top).
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Figure 14. Zoomed version of the Fig. 18. One-second time series of the
count rates measured by the outdoor 3 cm thick 1 m? area scintillator
(bottom); near-surface electric field (middle); distance to lightning (top);
and EAS triggers: dots are correspondent to “fired” plastic scintillators
(ADC code is proportional to the number of electrons hitting the scintil-
lator).

5. SUPER-EVENT OF 20 APRIL 2015

The enormously strong storm of April 19 with many
nearby lightnings continued into 20 April, producing the
largest TGE of the last 5 years. At 17:50 the relative humid-
ity on Aragats was very high - ~97%; the atmospheric pres-
sure was ~682 mbar, outside temperature was ~2C°; the
velocity of ~225° N wind was ~3.5 m/sec. The electrostatic
field was in the negative domain reaching -5kV/m at 17:50
and after 2 small bums got the near zero strength after
17:58. Particle count rate slowly rose after 17:58 and start-
ed to boost at 17:59, reaching the highest value at 18:00.
Fig. 15 shows the time series of 1-minute count rate meas-
ured by the 1 cm and 3 cm thick plastic scintillators both
with 1 m? area; the scintillators are located outdoors and
have a minimal energy threshold of ~1 and ~3 MeV. In the
middle of the picture, we have posted the near-surface elec-
tric field with apparent 2 negative lightnings; on the top —
distance to lightning.
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Figure 15. In the bottom — 1 minute count rates of outdoors scintillators
(the larger count rate is corresponding to the lcm thick plastic
scintillator with a lower threshold), in the middle — disturbances of the
near surface electric field, in the top — distance to lightning, first
lightning was at a distance of ~ 2 km and the second one — 8km.

The one-minute time series of count rates demonstrate
huge enhancement comparable with the super TGEs ob-
served on Aragats in 2009 (Chilingarian et al., 2010) and
2010 (Chilingarian et al., 2011). In 2 minutes after the TGE
started at 17:59, the count rate of the 1 cm thick scintillator
boosted from the mean value of 35,540 to 152,430
(min*m?)1, that is to say the TGE flux was ~117,000
(min*m?)1, The flux measured by the 3 cm thick scintillator
was smaller due to higher energy threshold — growing from
the mean value of 36,623 to 139,888 (min*m?)?, i.e.
~102,000(min*m?)*, The fluxes were enhanced by 330%
and 220% respectively. The mean square deviation of 1-
minute count rate of both detectors is ~ 200, therefore the
number of standard deviations (No) is very large - 580 and
500 .

The detailed image (one-second time series) of the
TGE we can see in Fig. 16, where we show the one-second
time series of the same 3-cm thick outdoors plastic scintilla-
tor, electric field disturbances and distances to lightning.
The maximal 1-second count rate was observed at 18:00:13.
The 3 cm thick scintillator count rate boosted up to 7863
(sec*m?); comparing it with the mean fair weather value
of 587 +/- 22.6 (sec*m?)* we obtain 1240% enhancement
corresponding to ~320 o; i.e. the particle flux was enhanced
12.6 times!

Strong discharge processes at the nearby distances in
the thunderclouds above Aragats abruptly terminate the
ongoing huge TGE. The one-second-count rate of 3 cm
thick outdoor scintillator declines from 7863 (sec*m?)* at
18:00:13 to 5295 (32%) at 18:00:14 and 598 (92%) at
18:00:15.
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Figure 16. Abruptly declined 1-second count rates of the outdoors

scintillator (bottom); disturbances of the near surface electric field
(middle); distance to lightning ~ 2 km (top).

A more precise image of the super-TGE event and pos-
sible relation to an EAS trigger can be seen in the 50-ms
time-series. In Fig. 17 we show the electric field disturb-



ances during the negative lightning observed at Aragats and
Nor Amberd stations as well as the 1-second count rates of
the 3-cm thick plastic scintillator. The lightning initiation
time registered by the EFM-100 electric mills at the Aragats
and Nor Amberd research stations was at 18:00:14.1 and
18:00:14.15 respectively. The electric field increased at
Aragats from 1.2 kV/m up to 43.4 kV/m in 100 ms and
from 2.15 kV/m up to 23.8 kV/m in 400 ms at Nor Amberd.
Field recovering time at Aragats was 10 sec (the field de-
creased down to — 8 kV/m); in Nor Amberd — 30 sec.
WWLLN registered a strong lightning at 18:00:14.75 locat-
ed 6.7 km far from the Aragats station. The distance to the
lightning measured by the EFM-100 sensor from Aragats
was 1.8 km and 5 km from Nor-Amberd.
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Figure 17. 50-msec time-series of the electric field disturbances during
negative lightning observed at Aragats and Nor Amberd and 1 second
count rates of 3-cm thick plastic scintillator.

Applying the veto system of the Cube detector, we can
estimate the fraction of electrons in TGE. In Fig. 18 we
show the 1-minute count rates of two 20 cm thick plastic
scintillators stacked on each other and fully covered by six
1-cm thick and 1m? plastic scintillators (CUBE detector,
see details in Chilingarian, Chilingaryan and Hovsepyan,
2015). The veto signal (at least 1 hit in 6 scintillators) from
the shielding rejects the charged flux and it is supposed that
only neutral particles reach the inside scintillators and are
registered.

However, as the probability for missing charged parti-
cles and for registration of neural particles is other than
zero, we have to make corrections in order to obtain the
electron and gamma ray fluxes separately.
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Figure 18. From top to the bottom: - the count rate of the top 20 cm
thick scintillator without veto; the count rate of bottom 20 cm thick scin-
tillator without veto; and then the count rates with veto switched on
Using the upper scintillator (with the energy threshold
equal to ~ 4MeV) and applying the techniques described in
(Chilingaryan, Mailyan and Vanyan, 2012), we obtain an
electron flux intensity of le ~1000 (min*m?)* and a gamma
ray flux of Iy ~ 21,500(min*m?). For the bottom scintilla-
tor of the same type with higher energy threshold the elec-
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tron flux was absent and the gamma ray flux was ~2200
(min*m?)L,

In Fig. 19 shows the energy spectrum of the gamma ray
flux measured by a network of Nal spectrometers (Chil-
ingarian, Hovsepyan and Kozliner, 2013) with an energy
threshold of ~ 4 MeV. The MeVelectrons from the ambient
population of the secondary cosmic rays were accelerated
in the strong electric fields of the thundercloud and run
away, unleashing an electron-photon avalanche. The maxi-
mal energy of runaway electrons can be as high as 50 MeV
and that of bremsstrahlung gamma rays — 30-40 MeV. The
very high intensity of TGE means that the thundercloud is
just above the detector location site. Thus, the bremsstrah-
lung gamma rays can reach the detector and be registered.
Each of the five Nal spectrometers stores each minute a
histogram of energy releases. These histograms are added
up and a power-law fit is applied to the joint histogram.

Figure 19.. The differential energy spectrum of the super-event that
occurred on 20 April 2015. The spectrometers number 2,3 and 5 involved
from the Nal network consisted of 5 units.

6. EXTENSIVE AIR SHOWERS DETECTED BY
ARAGATS NEUTRON MONITOR AND MUON

DETECTOR

Extensive air showers are initiated by protons or
stripped nuclei, which in the interaction with the atmos-
phere unleash an electron-hadron cascade. Dependent on
the energy of primary particles EAS can penetrate the
Earth’s surface and beneath it (high energy muons and neu-
trinos). EAS duration as registered by the surface particle
detectors does not exceed a few tens of nanoseconds. How-
ever, several detectors that contain a lot of absorbing matter
can prolong the “life” of EAS to ~ 1 ms. In the Neutron
monitor’s 5 cm lead producer the EAS hadrons generate
many hundreds of neutrons and in the polyeth-
ylene moderator they slow the neutrons down to thermal
energies before entering the proportional counters. Due to
multiple scattering in the absorber and moderator, the time
distribution of the secondary neutrons became significantly
broader. Thus, the time distribution of the pulses from the
proportional counters of the neutron monitor after EAS
propagation extends to ~ 1 ms, thousands of times larger
than the EAS passing time (Balabin et al., 2011). The
measurements on Tien-Shan demonstrated that EASs with
energy greater than 10 PeV with axes in 3-10 meters from
NM could produce multiplicities above 1000 (Antonova et
al., 2002).

The Aragats neutron monitor (Fig. 3) has a special op-
tion for the EAS detection. Usually the dead time of NM is
set to ~1 ms for one-to-one relation of incident hadrons and
detector counts. Thus, all neutrons entering the proportional



chamber after the first one will be neglected. In ArNM we
use several dead times and the shortest one, the 400 nsec,
can count almost all the secondary neutrons that enter the
proportional chambers. Thus, if ArNM with the shortest
dead time registers much more signals than with ~ 1ms
dead time it means that the EAS core is hitting the detector.
Within 1 ms, if we assume very large (continuous) thermal-
ized neutron flux, 2500 thermal neutrons can be registered.
Sure, only extremely energetic EASs hitting NM can pro-
duce this very large multiplicity.

In Fig. 20 we demonstrate one of such events with a to-
tal multiplicity of 2310 measured by the shortest dead time
of 0.4 ps. The count rate corresponding to larger dead times
also enhanced; however, only by 17% (250 ps dead time)
and by 14% (250 ps dead time) of the shortest dead time.
The distribution of multiplicity among 8 operational pro-
portional chambers (see insert in fig. 20) is more or less
uniform with the center of gravity of counts in the second
section of ArNM (counters 7 and 8).
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Figure 20.. Time series of ArNM proportional counters registered a large neutron burst at 1:03:4 on 19 October 2013. The mean value and variance
of the one-second time series of each counter were calculated by 59 ArNM counts from 1:02:10 to 1:03:9 with the second of the neutron burst

excluded.
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Figure 21.. Large neutron burst detected by the ArNM with dead time 0.4 us. All 3 layers of Muon detector and coincidences also demonstrate large

enhancement (see insert). 3 cm thick plastic scintillator shows no enhancement. The 1 sec shift in time series of ArNM and Muon detectors is

explained by the accuracy of time series detected by separate DAQ systems.
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Figure 22. Time series of ArNM proportional counters registered a large neutron burst at 23:40:45 on 16 April 2014. The mean value and variance of
the one-second time series of each counter were calculated by 59 ArNM counts from 23:30 to 23:30:59 with the second of the neutron burst excluded.

In Fig. 21 we show another large neutron burst this
time detected also by the Muon detector. In the insert to
Fig. 21 we show the enhancement of proportional counters
and scintillators of ArNM, Muon and outdoors scintillator
without any matter above. The multiplicity (size of the
neutron burst) in ArNM equals 2060. All 3 scintillators of
Muon detector show huge enhancements. The number of
coincidences in 3 scintillators exceeds by an order of mag-
nitude. The outdoors scintillator demonstrates no enhance-
ment at all.

In Fig. 22 we show the corresponding enhancements in
8 proportional counters of ArNM. The uniform distribution
of counts in all sections of ArNM and huge enhancements
in Muon detector located at a distance of 6 m from ArNM
verifies very large size of EAS core, exceeding 10m. Thus,
the energy of the primary particle initiate EAS was enor-
mously large.
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Figure 23. The dependence of the multiplicity (size) of neutron burst on
energy of primary particle, which initiated EAS (obtained by relation of
the frequency of different observed multiplicities (neutron burst sizes) to
integeral energy spectrum measured by MAKET array (Chilingarian et
al., 2004). By arrow we show the knee position of the all particle
spectrum and by asterics — the primary particle energy corresponding to
the frequency of detecting bursts both in ArNM and muon detector.
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In Fig. 23 shows the neutron burst multiplicity as a
function of the energy of the primary proton initiated EAS.
The relation was obtained by the frequency analysis
through the counting intensities of multiplicities (one-
second peak counts) of different magnitude and relating
them to the integral energy spectrum measured by the
MAKET array at the same place several years ago
(Chilingarian et al., 2004).

The multiplicities above 2000 are extremely rare, 1-2
per month; neutron bursts detected by both ArNM and Mu-
on are even rarer, 3-4 per year. The primary particle ener-
gies corresponding to these events are well above 10 eV.
In the last 3 years we detect only 2 strong negative cloud-
to-ground lightnings (-CG) coinciding with enhancements
in muon detector. Unfortunately, at 11:20:53 on 19 October
2013, the lightning was so strong that several ASEC parti-
cle detectors (including ArNM) remained “blind” for sever-
al seconds, including the second of a huge enhancement in
Muon detector. At 18:00 on 20 April 2015 the ArNM was
switched off due to electronics failure. Thus, we have 2
coinciding events of a strong nearby lightning and a very
high-energy EAS, which possibly facilitate the propagation
of the lightning leader through mater LPCR. These light-
nings also abruptly terminated a huge TGE on the stage of
its maximal flux (Fig. 16 and 17).

7. CONCLUSION

April thunderstorms, as usual, also in 2015, bring a
lot of TGEs observed by Aragats Space Environment cen-
ter particle detectors and field meters. Using 1-sec time
series we investigate the relations of lightnings and parti-
cle fluxes. For the first time we bring vast evidence on
simultaneous detection of TGEs, disturbances of the elec-
trostatic field and lightnings. Lightning flashes terminated
the particle fluxes very often; during some of TGEs the
lightning terminated the particle flux 3 times. Only a
negative lightning can terminate TGEs. We have no TGE
terminated by a positive lightning. We classify positive
and negative lightnings by the characteristic pattern of
disturbance of near-surface electrostatic field that we



measure 20 times per second with a network of EFM-100
electric mills. According to the model (Nag and Rakov,
2009), lightnings terminate the particle fluxes mostly in
the beginning of TGE or on the decay of it, when the
Lower positive charge region is “thinning” and the light-
ning leader can make a path through it and connect the
negative charge region in the cloud and ground. However,
we observed two events (19 October 2013 and 20 April
2015) when huge TGEs were terminated just on the max-
imum of their development, i.e. when LPCR was thick
and mature and should prevent the lightning leader to
reach the Earth’s surface. The Muon detector fixed a huge
EAS in the same second when the TGE abruptly terminat-
ed. Thus, in one and the same second we observe: abrupt
termination of TGE at maximal particle flux, a large EAS
and a negative cloud-to-ground lightning. Unfortunately,
we do not detect all the 3 processes on the microsecond
time scales. However, following the theory of a combined
effect of RB-EAS effect (Gurevich, et al., 1999), we can
assume that the strong ionization in the atmosphere due to
passage of a high-energy EAS (E > 10% eV) under RB
conditions, produced a strong local pulse of electric cur-
rent that initiated a lightning leader and, thereafter, a
negative cloud-to-ground lightning. Of course, our find-
ings need to be confirmed by measurements with a micro-
second time resolution, which are planned for 2016-2017
at Aragats. It is very important to correlate particle flux
enhancements and lightnings on millisecond time scales.
The lightnings are a powerful source of electromagnetic
radiation and can influence DAQ electronics and produce
fake signals. However, as we demonstrate in (Chilingarian
et al., 2016), the particle flux is changing not immediately
with a huge pulse of electromagnetic radiation, but with
the rearrangement of the electric fields in the cloud after
depositing the negative charge to the ground by a light-
ning. And there is a delay of at least several tens of milli-
seconds between these processes. Therefore, to avoid pos-
sible interferences and fake signals in the particle detec-
tors, we plan to add a precise time stamp to each registra-
tion in the Muon detector.

By detecting TGEs with the same type of detectors alt-
hough different amount of matter above and, therefore, hav-
ing different energy thresholds, we prove the existence of
two-components of particle population in the TGE. The
high-energy one (from 3-4 till 40-50 MeV) is local and
short in time (several minutes) and is connected with
RB/RREA process above the detectors resulting in brems-
strahlung gamma photons. The second, low- energy com-
ponent (0.4-3 MeV) lasted several hours and, as we admit,
is connected with the Compton-scattered gamma rays that
reach the detectors from the distant regions of the cloud.
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Abstract. In the investigation of the fast physical processes, such as propagation of a lightning leader and detection of the correspondent
radio emission waveforms, it is crucial to synchronize the corresponding signals in order to be able to create a model of the lightning
initiation. Therefore, the DAQ system should be equipped with a GPS synchronization capability. In the presented report, we describe the
DAQ system based on a NI-myRio board that provides detection of particle fluxes, the near-surface electric field disturbances and wave-
forms of radio signals from atmospheric discharges, all synchronized with an accuracy of tens of nanoseconds. The results of the first
measurements made at Aragats high-altitude station of Yerevan Physics Institute in Summer-Autumn 2015 are presented and discussed.

1. INTRODUCTION: REQUIREMENTS ON DAQ

SYSTEM

When designing a Data Acquisition Electronics (DAQ)
system to be used in the high-energy physics and astrophys-
ics experiments, the standard requirement is to achieve reli-
able and consistent registration of all electronic signals
from the particle detectors with inherent correlations. The
parameters of DAQ system should be continuously moni-
tored to keep them stable. Electronics should not introduce
any uncertainty in the particle detection due to changing
efficiency and variations of the “dead times”. The particle
energy released in the bulk of the plastic scintillators pro-
vides additional information on the type and energy of par-
ticles. DAQ electronics should be able to measure and store
not only the number of registered particles in a definite time
span (usually 1 sec or 1 minute), i.e. time series of count
rates, but also histograms of energy releases, i.e. amplitudes
of the Photomultiplier (PM) signals.

The PMTs, High Voltage Power Supplies, Buffer Pre-
amplifiers as well as the Logarithmic Analog-to-Digital
Converter (LADC), the 8-channel counter board (8CNT)
with a programmable threshold are the same as were previ-
ously used in the Aragats Space Environmental Center
(ASEC, Chilingarian et al., 2005, Arakelyan et al., 2009)
DAQ systems. All these elements are highly integrated into
the ASEC infrastructure; they proved to be robust and
demonstrating a reliable performance for many years under
severe climatic conditions.

The buffer preamplifier with a +1 voltage gain ampli-
fies the PMT signals. The amplifier with the output re-
sistance of 50 Ohm sends the pulse signal, completely re-
peating the shape of PMT anode current pulse, through the
impedance matched 50-Ohm coaxial transmission line to
the control room for further processing. Thus, the whole
information about the event registered by the detector is
delivered to the LADC without any losses. To transform the
analog measurement in digital form the PMT signals are
rectified, smoothed and compared with a reference voltage,
which varies exponentially. To ensure the correct work of
LADC and to control the threshold of comparator we use a
voltage from the output of the Digital-to-Analog Converter.
For investigation of such fast physical processes as propa-
gation of lightning leader and detection of correspondent
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fast waveforms of radio emitting, the accuracy of the time
stamp of the registered events should be several tens of
nanoseconds. Therefore, the DAQ system should be
equipped with a GPS synchronization capability. The regis-
tration of an Extensive Air Shower (EAS) - a gigantic cas-
cade of particles propagating in the atmosphere with a ve-
locity reaching the speed of light, the synchronization of
different registration channels is very important as well. In
the presented report, we describe the DAQ system and the
first measurements made at Aragats high-altitude station of
Yerevan Physics Institute in Summer-Autumn 2015.

2. THE NI-MYRIO BOARD

The heart of the DAQ system is National Instrument’s

NI-myRIO board (see Fig. 1 and attachment). It combines
the Xilinx Zyng All Programmable SoC with a ready-to-go
Linux-based real-time OS (RTOS). It places 40 GPIOs
(general propose input output), wireless capabilities, a dual-
core ARM real-time processor, and a customizable Xilinx
FPGA. The output pulses of the 8CNT board are fed to the
FPGA of the myRIO board where the logic of event identi-
fying, pulses counting and GPS time stamping is imple-
mented.
A custom PCB is made based on a myRIO Expansion Port
(MXP) Breakouts KIT. It includes the GPS module connec-
tion UART for NMEA sentences and a 1PPS signal for
FPGA time keeping algorithm. The board is also equipped
with a 20 pin 2.54mm pitch PCB IDC Connector to feed the
output pulses of the 8CNT board to the FPGA of the
myRIO board via a ribbon cable.
With the reconfigurable FPGA technology, we perform
high-speed signal processing, high-speed control, inline
signal processing, and custom timing and triggering. For
the control systems, one can also run advanced control al-
gorithms directly in the FPGA fabric to minimize latency
and maximize loop rates.

LabVIEW FPGA Module”, which extends the Lab-
VIEW graphical development platform, provides an alter-
native to HDL (Hardware description language) graphical
programming approach that simplifies the task of interfac-
ing to I/0O and communicating data. This greatly improves
the embedded system design productivity and reduces the
time of project accomplishment.



NI myRIO-1990

Xilinx Zyng-7010

THR8
CNT8/ExrTrg —>

PMTS/ExTrg

PicoScope FPGA (Artix7)

UART —>

HV Converter Processor Core

(Dual ARM Cortex-A9)

RS-232/UART —

Figure 1. The DAQ system: Photomultipliers (PMT) FEU49, PM30 or other types; Programmable Local High Voltage Power Supply for PMT with
RS-485 interface; Buffer Preamplifier; Board of 8 Logarithmic Analog-to-Digital Converter (LADC)/or 8-channel counter board (8CNT); GPS
Module with an active antenna FGPMMOPAGH; NI-myRI0O -1990.

The commercial GPS module directly supplies the date  the correlation analysis of the TGEs and lightnings that
and “coarse” UTC time and reports geographic location pose additional requirements on the time resolution and
(latitude and longitude) down to the equivalent of a few  synchronization of particle detectors, near surface electric
tens of meters. The GPS receiver sends two types of data- field sensors and sensors of the fast radio waveforms of
streams to the board. The first is RS-232 ASCII data, telling  atmospheric discharges. The DAQ electronics being devel-
what time it is, at what latitude, longitude and altitude the  oped can solve such problems.
receiver is, and information about the satellites the receiver The four inputs of DAQ (Fig. 1) are used for feeding
is attaching. An embedded 25 MHz counter on FPGA gives  sjgnals from STAND1 detector comprised of 3 vertically
the exact time of the event. The 1PPS (one pulse per sec-  stacked 1 cm thick and 1 m? area plastic scintillators and 1
ond) stream of the 5V, 100-ms pulses resets this counter at  stand-alone 3 cm thick plastic scintillator of the same area
each second. The leading edges of 1PPS signals from GPS  (near the SKL experimental hall). The DAQ pulse counting
receivers anywhere in the world are all synchronized within  system can provide very short time series down to 1 milli-
the accuracy of the non-military GPS system (about 100  second that will enable to investigate in much more details

ns.) This feature allows accurate time synchronization; the  the dynamic of TGE development and its relation to the
estimated resolution to meet is 100 ns. However, the GPS  |ightning initiation.

module FGPMMOPAGH (a 4th generation stand-alone GPS Signals from the sensor of “slow” near surface electric
module with lightning fast TTFF (Time-to-First Fix), ultra-  fje|q disturbances (from the “electric mill” EFM-100 of

high sensitivity -165dBm, and low power consumption  ggtek company) are fed to the myRio board by the TCP-IP
gives us 10 nsec resolution. connection (WiFi). The firmware application provided by
Boltek has a feature to share E-Filed data via network. It
acts as a server for a client running under myRIO for E-
Field measurements.

The EFM-100 has also an analog output for direct
measurements but, unfortunately, it is not optically isolated.
It is directly connected to the field mill and a lightning haz-
ard exists at those connections. There are plans to imple-
ment optical connection and use direct analog measure-
ments utilizing 500 kHz 12 bit analog inputs on the myRIO
device.

3. HIGH PRECISION DAQ SYSTEM IN HIGH-
ENERGY ATMOSPHERIC RESEARCH

The research of the high-energy physics in the atmos-
phere is still in the earliest stage and each year new interest-
ing phenomena are discovered (Chilingarian et al., 2010,
2011, Chilingarian, 2014). Measurements of the amplitude,
duration, energy spectra of the particle fluxes from the
thunderstorm atmosphere, the so-called Thunderstorm
Ground Enhancements (TGEs) performed at Aragats Space
Environmental center (ASEC) prove vast variability and
richness of new phenomena. Recently at ASEC, we started
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One channel is reserved for the synchronization pulse
(the trigger) from the device recording a fast waveform. A
flat-plate antenna followed by a passive integrator is used to
record fast electric field change waveforms. The output of
the integrator is directly connected to the digital oscillo-
scope (Picoscope 5244B) with 60 cm long RG58 coaxial
cable. The waveforms are recorded with a sampling rate of
62.5MS/s, (sample interval 16ns) and 8-bit resolution. Data
capture length is 500ms, including 100ms pre-trigger and
400ms post-trigger time. The oscilloscope trigger is con-
nected to the GPS time-stamping system described above.
Any fast electric field waveform recorded by the oscillo-
scope that is above the trigger threshold forces the GPS
system to trigger and produce a timestamp. A special output
will be generated at any triggering signal containing pre-
cise times of each particle arrival 100 msec before and 400
msec after trigger, near surface electric field value and oth-
er information (number of satellites used by GPS system,
etc). Thus, the fast waveform patterns will be synchronized
with particle arrival to detector with an accuracy of a few
tens of nanoseconds.

Two from three units of the STAND1 type detectors
that compose a network for the TGE and lightning research
are equipped with the new DAQ system (the third one will
be equipped with myRio board electronics in summer
2016). Universality of the system will allow solving of the
EAS registration problem as well. The unit installed in
MAKET experimental hall is attached also to 3 channels of
the muon detector (channels 5-7) comprised of 3 vertically
stacked plastic scintillators interlayered with a total of 15
cm of lead and 60 cm of carbon. Several channels of 18NM
Neutron Monitor located nearby will be attached to the
DAQ system too. The Neutron Monitor and Muon detector
are sensible to Extensive Air Shower (EAS) cores that oc-
casionally hit the MAKET building (Chilingarian,
Hovsepyan and Kozliner, 2016). Thus, DAQ electronics
will register simultaneously EAS particles, near surface
electric field and TGE.

The mechanism of particle acceleration is due to the ex-
istence of free electrons in the atmosphere as well as on the
origination of a Lower positive charge region (LPCR, Chil-
ingarian and Mkrtchyan, 2012), which, together with the
negatively charged region in the middle of the cloud, forms
a positive dipole that accelerates the ambient cosmic-ray
electrons downward to the Earth. A mature LPCR is a nec-
essary condition for unleashing of a Relativistic Runaway
electron avalanche (RREA) and registering a TGE on the
Earth’s surface. LPCR as well do not let a lightning leader
to reach the Earth, changing its direction horizontally. Usu-
ally no cloud-to-ground lightnings (-GC) are registered
during TGE, just intracloud (-1C) lightnings are. The sec-
ond mechanism that connects the lightning discharge with
EASes postulates that the lightning leaders follow the EAS
path in the atmosphere. If a large EAS hits the thundercloud
during TGE, the huge amount of EAS electrons can enable
the lightning leader propagation through the LPCR and
TGE will abruptly terminate. The new DAQ electronics
will help us to observe in details these very complicated
phenomena and unambiguously establish the relation be-
tween EAS, TGE and lightning initiation. Large EAS de-
tection is a rather rare event and registration of EAS on the
nanosecond time scale will help to reveal the 3-dimensional
structure of these gigantic particle showers. The DAQ sys-
tem will store the current data from the muon detector and
neutron monitor channels by the abruptly enhanced muon
detector coincidences, reflected passage of humerous high-
energy muons from EAS core through particle detectors.

4. FIRST DETECTION OF PARTICLE FLUXES AND

ATMOSPHERIC DISCHARGES

In August and September 2015, two myRio boards
were installed in MAKET and SKL experimental halls at
Aragats station. To the myRio boards are attached 4 chan-
nels of the STAND1 detector, see Fig. 2. The top row of the
picture shows the photo and the drawings of STAND1 de-
tector. The three plots in the middle show the correlations
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Figure 2. Correlations of 50 msec time series; top row — the photo of detector near the SCL experimental hall and charts of detector; the middle row —
correlations of top scintillator with other 3; bottom row — 50 msec time series of 4 scintillators.

of the STAND1 detector’s layers. The correlation of the top
scintillator and stand-alone 3 cm thick scintillator is mini-
mal, due to small fraction of particle showers with size of ~
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1 m and larger. The correlation of stacked scintillators is
significantly larger due to the penetrating high-energy mu-



ons and electrons. In the bottom of Fig. 2, the 50 msec time
series of STAND1 detector’s scintillators are shown.

First large TGE of Autumn 2015 occurred on 7 Octo-
ber at 14:42-14:47, (see Fig. 3). One-minute time series of
the STAND1 detector demonstrate huge enhancement,
reaching ~100 standard deviations (100c).

Count Rate{sigmas)

14:48:00 14:52:00
October 7, 2015; Time (UT)

-20
14:20:00 14:24:00 14:28:00 14:32:00 14:36:00 14:40:00 14:44:00

Figure 3. The TGE observed by STAND1 scintillators by 1-minute time
series of count rates in number of standard deviations; the upper curve
corresponds to upper scintillator, middle curve — to the middle
scintillator and bottom curve to the bottom scintillator.

In Fig. 4, we show the two-second time series of the 60
cm thick scintillator of the ASNT detector; the abrupt decay
of the count rate is apparent at 14:45:07. From 14:45:05 to
14:45:11 the count rate diminished by 11.6% (from 3263 to
2839 — the background value). The negative lightning that
occurred in this time span raises the near surface electric
field from -29 to +43 kV/m, i.e. the amplitude of lightning
as measured by the near-surface electrostatic field was 72
kV/m (measured by the EFM-100 electric mill located on
the roof of MAKET building).
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A0 T
Oclober 7, 2015 Time (UT)
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Figure 4. The same TGE as in Figure r observed in 2-second time series
of the 60-cm thicj scintillator of the ASNT detector.; in the middle —
disturbances of electric field with lightning coinciding with particle flux
decline; in the top — distance to lightning by EFM-100 MAKET.

The 50 ms time series of STAND1 detector can bring
additional evidence on the relations of lightning and parti-
cle flux decay. In Fig. 5 we demonstrate four seconds of the
count rates of 3 cm thick outdoors plastic scintillator in-
cluding the lightning time and particle flux decline time. In
the left two “pre-lightning” seconds the count rate is larger
than in the two “right” seconds. The lightning started at
14:45:07 and reached its maximum at 14:45:07.10 (the start
and maximum are denoted by arrows in Fig. 5). The count
rate declined at 14:45:7.175 and returned to the background
level after the electric field reached its maximum, i.e. after
the return stroke deposited the negative charge on the
ground and the overall electric field in the cloud generally
rearranged. Thus, after charge redistribution in the thunder-
cloud the electric field, which accelerates electrons down-
ward during TGE declines and particle flux abruptly termi-
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nates. The synchronization signal from Picoscope arrives
before the lightning struck at 14:45:6:95.

14:45:06" 14:45:07" 14:45:08"

14:45:05"

Count Rate

L y
3200 400¢
Oct 7, 2015 14:45.05 + 4000ms; Time (UT)

L L L L
0 800 1600 2400

Figure 5. Four seconds of 50 msec time series before and after sharp
decline of particle flux at 14:45:07 as measured by 1-sec time series;
seconds are separated by the vertical lines; the picoscope (fast waveforms)
trigger at 14:45:06.95 and maximum of near surface electric field (return
stroke) at 14:45:07.15 is denoted by an arrows.

The exact time synchronization can be checked by the
Picoscope trigger pulse and by the corresponding myRio
registrations. In Fig. 6a we show the TGE occurred on Oc-
tober 14 2015 along with disturbances of the near-surface
electrostatic field and solar radiation. As usual, the particle
flux increased when the field was in the negative domain.
Before the TGE several lightnings occurred, some of which
generated triggers in the picoscope. In the zoomed Fig 6.b
we show the time of the picoscope triggers. The corre-
sponding GPS time stamps from myRio were as follows:
13:22:25.291, 13:23:17.586 and 13:24.23.634. Thus, we
have now time stamp of picoscope trigger with at least one-
millisecond accuracies. In this way we can synchronize
particle fluxes and fast waveforms with the same accuracy.
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Figure 6 .The enhancement of the particle flux by the 1-minute time
series of the upper scintillator of STAND1; in the bottom solar radiation
decreasing till zero at TGE time (thick cloud was sitting just on the
station. In the Fig. 6b zoomed version of the 5 negative discharges, 3 of
which generate picoscope trigger.

5. CONCLUSION

New DAQ electronics based on NI myRio boards
proves high effectiveness for the lightning-TGE research.
DAQ electronics provides continuous registration of the 50
msec time series of count rates from 10 particle detectors.



The time stamp from the external trigger provides synchro-
nization of the particle fluxes and fast waveforms of electric
field with an uncertainty not worse than 1 pc.

The dynamics of the TGE events will be registered
with all necessary details. For the first time it will be possi-
ble to solve long standing problems of the particle-lightning
relations (Chilingarian et al., 2015a and 2015b):

Avre particles born in the lightning bolt?
Do lightnings follow the path of Extensive air showers (EASes)?

On what stage of its development does a lightning abruptly
cease the particle fluxes?

Do particle avalanches from the thundercloud initiate light-
ning?

Do LPCR prevent cloud-to-ground lightning, transforming
it to an inter-cloud one?

The achieved synchronization accuracy will be very helpful in
the lightning initiation researches planned in 2016.
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ATTACHMENT: HARDWARE DETAILS

NI myRI10O-1900

The National Instruments myRI10-1900 portable recon-
figurable 1/0 (RIO) device integrates a dual-core ARM
real-time processor, and a customizable Xilinx FPGA, and
1/0 on a single printed circuit board (PCB). It is ideal for
low- to medium-volume applications and rapid prototyping.
Xilinx FPGA and dual-
core ARM Cortex-A9
processor
Wireless, USB  Host
Port, USB Device Port
10 analog inputs (12bit,
500 kS/s)
6 analog outputs (12bit,
345 kS/s)
40 digital 1/0 lines

GPS Module

MediaTek
MT3329 is a
compact solution
for adding GPS
functionality to
any device.

It features a
high performance
positioning engine with up to 12 multi-tone active interfer-
ence canceller. It supports up to 210 PRN channels with 66
search channels and 22 simultaneous tracking channels.
There is also an “Antenna Advisor” that helps with the de-
tections of different antenna statuses, including active an-
tenna connection, antenna open circuit and antenna short-
age.

And the most attractive there is a high accuracy 1-PPS
timing support with only 10ns jitter.
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Programmable Local High VVoltage Power Supply

Features:

Voltage programming in two hardware selectable
ranges + 900V to 2100V and +1500 to 3000V in
2V steps

Output voltage ripple less than 1mV

Max. output current 1.2 mA for £ 900V to 2100V
range; 0.8 mA for +1500 to 3000V range

Input voltage from +12V to +15V

Absolute output voltage regulated to accuracy 1V
Optional temperature sensor

RS-485 half-duplex 2-wire 9600 baud interface for
programming and monitoring the output voltage



5-th

2019

International TEPA Symposium
Thunderstorms and Elementary Particle Acceleration
October 5-9|Nor Amberd| Aragatsotn Province| Armenia

Development of atmospheric polarization LIDAR System
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Abstract LIDAR (Light Detection And Ranging) system sensitive to the polarization of the backscattered signal is being developed in
Yerevan Physics Institute. The system is designed primarily for remote sensing of the atmospheric electric fields. At present, the system
is being tuned for measuring vertical atmospheric backscatter profiles of aerosols and hydrometeors, analyze the depolarization ratio of
elastic backscattered laser beams and investigate the influence of external factors on the beam polarization [1]. In this paper, we describe
the complete LIDAR system — the laser transmitter, receiving telescope and the polarization separator. The data acquisition and pro-

cessing techniques are also described.

1. INTRODUCTION

Intensive studies in fields of high-energy phenomena in
the atmosphere revealed electron acceleration and the
bremsstrahlung photons generation caused by the electric
field emerging in the thunderclouds [2]. Further studies
demand knowledge of electrical field distribution inside
clouds [3]. We are suggesting a measurement technique of
the electrical field inside the clouds based on the continuous
observations by a LIDAR (Light Detection And Ranging)
system. This technique is based on precise measurement of
the backscattered laser radiation polarization changes in the
clouds [4].

The real time measurements of the spatial and temporal
distribution of the electric field in and around thunder-
clouds is important for understanding of the thundercloud
formation mechanisms, for the prediction of lightning
strokes initiation and for understanding of the processes of
acceleration of cosmic ray electrons and generation of
bremsstrahlung photons caused by the electric field of
clouds.

The electric field meters, currently used for this pur-
pose, are set on the Earth’s surface or on board of balloons.
These techniques are limited as electrostatic field on the
Earth’s surface significantly differs from that in the clouds;
and balloons typically provide a single sample at discrete
altitudes at one time. LIDAR systems are the main instru-
ment which allows to realize real time remote measurement
of the electric field strength and direction with high spatial
and temporal resolution. LIDAR systems are based on the
absorption and/or scattering of light by the gas, liquid or
solids. The atomic and molecular spectra can be in a sensi-
tive manner and very accurately measured by spectroscopy.

2. LIDAR SYSTEM OVERVIEW

LIDAR systems consist of three main parts: a Laser
Emitter (LE), a Receiving System and a registration and
control system.

The Laser Emitter of the polarized laser radiation is a
solid state, flash-lamp pumped, Q-switched YAG: Nd3*
laser with a second harmonic generator (SHG) and a beam
expander. It generates linearly polarized 10 ns pulses with
1064 nm and/or 532 nm wavelengths and a repetition rate
of 10-20 Hz.

The Laser oscillator was designed to have a positive
branch confocal unstable resonator and a polarization out-
put. Designing the laser oscillator resonator we adopt that
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the focal length of the thermal lens is induced in the active
medium. With the help of a SHG the output laser oscillator
beam with 1064 nm wavelength, after amplification, is
converted into the second harmonic with 532 nm wave-
length. The SHG was designed to have a nonlinear crystal
KD*P with angular phase matching.

The laser construction is shown in Fig. 1. The Laser
beam output is equipped with an additional polarizer (a
Glan prism) to obtain a higher linear polarized output beam.

10 11 12 13 14 15 16 17

Figure 1. The Laser construction (left): 1 - Convex mirror, 2 — Electro
optical Q-Switch, 3 — Diaphragm, 4 — Output polarizer, 5 — laser oscilla-
tor pump chamber, 6 — Quarter wave-plate, 7 — Concave mirror, 8 and 16
— Two wavelength mirrors, 9 — Glan prism, 10 — Flash-lamp driver ca-
bles, 11 — mirror, 12 — Cooling system pipes, 13 — Laser amplifier pump
chamber, 14 — Flash-lamps, 15 - SHG, 17 — Hole for the output beam.
The Laser in operation (right).

The LE Beam Expander is an extra cavity Cassegrain
telescope with 14* magnification, which allows to expand
the 8 mm across laser output beam to 112mm diameter and
reduce the laser beam divergence down to < 0.1 mrad.

The Laser with the beam expander mounted on the re-
ceiving telescope (RT) is shown in Fig.2.

Figure 2. The Laser Emitter, including the beam expander in operation
mounted on the RT (in the right) and the Laser Emitter output beam-
spot on the distance of 2 meters (in the left).

Receiving System of backscattered radiation contains
250mm aperture Receiving Telescope (RT) and polariza-
tion separator (PS).

The PS is placed on the output of the receiving
telescope and its function is to separate the orthogonal to



each other polarization components of the back scattered
signals. To reduce an additional depolarization of the signal
in the optics, the PS was designed with minimum optical
components before polarization separation. Calculations
shows the possibility of polarization separation without
using collimation optics in the RT and overcome the
difference between the working angles of the Glan prism
and the RT concave mirror.

For polarization separation is used a Calcite prism and
two prisms with different refractive indexes (to reduce the
abberations in the calcite prism). For this configuration the
beams with orthogonal to each other polarization have been
refracted under different angles and separated from each
other in space for more than 8 mm. The separated beams
are channeled into two optical fiber bundles with 4 mm
apperture and transported to photo receivers.

Designed and assembled PS is presented on the Figure
3. The PS mount has two angular and two parallel (in
crossed directions perpendicular to RT optical axis)
alignment capabilities and also can be aligned parallel to
RT optical axis (RT focus finder). The polarization
separation angle against LE beam polarization can be
controlled by means of stepper motor and play free gear
system.

The PS was aligned on the optical table for checking
the calculations as well, as to design the procedure of
alignment for its integration into RT. The points are the
separated cross-polarized 532 nm diode laser beams
(Figure 3).

Figure 3. The Polarization Separator

Signal Detection and Processing System registers the
orthogonal to each other polarized components of the
backscattered radiation by means of photomultipliers
(PMT). It allows reducing the optical background noise by
means of filters to separate the signal according to wave-
length as well as changing the field of view of the receiving
telescope.

3. THE LIDAR SYSTEM

The developed LIDAR system is presented on three
photos below.

By means of the RT mirror the backscattered radiation
is directed and focused on the inputs of the fiber bundles.
On its way the radiation is passing through PS which sepa-
rates orthogonal to each other polarized components of the
backscattered radiation. Two fiber bundles transport the
separated optical signals to PMT boxes. After optical filter-
ing, signals enter into PMTSs, which amplifies and converts
them into electrical signals.

The electrical signals from PMTs passed to the signal
registration system. The signal observations are realized by
means of 500 MHz oscilloscope. The triggering of the reg-
istration system is organized by means of photodiode sys-
tem optically communicated with outgoing laser pulse.

The angle of the PS can be controlled by means of
stepper motor and play-free gear allowing orient the polari-
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zation separation angle perpendicular to LE beam polariza-
tion plane as well, as to any angle to it.

In the LIDAR Registration and Control System the
CAMAC crate is used as a framework for custom made
blocs and as a power supply for different subsystems and
modules. The NI USB DAQ system, custom made BNC
module for DAQ inputs and outputs, PMT power supplies,
custom made power supplies for system electronics, etc. are
installed into CAMAC crate (Figure5).

Figure 4. The LIDAR system. 1 - The Laser; 2 — Laser Beam Expander;
3-RT; 4-PS; 5 - Signal optical fiber bundles; 6 - Optical filter boxes; 7
- PMTs; 8 - LE alignment platform; 9 - Aiming optics; 10 - Triggering
and output energy control optical fiber bundles; 11 - Triggering
photodiode; 12 - PS alignment mount; 13 - Stepper motor with Play-free
Gear; 14 - RT mirror focus finder.

The system is used for the digitizing observed signals
and to control the LIDAR system, including:

= LE beam 1064nm output
energy.

] LE beam 532nm output
energy.

] LE beam repetition rate.

] LE Q-Switch driver pulse

delay.

] LE beam polarization
finder.

] PS — LE beam polarization
angle.

Registration delay, etc.

Figure 5. The LIDAR Registration and Control System.
1 - Stepper Motor Driver;

2 - PD and PMT Amplifier Power Supplies;
3 - NI DAQ BNC Inputs and Outputs;

4- NI USB DAQ;
5 - PMT Power Supplies;
6 - Oscilloscope 500MHz.

The main specifications of the LIDAR system are
listed in the Table 1.

Table 1. LIDAR System Specifications.

Laser Emitter

Laser source YAG:Nd3+ Custom made

1064 nm

Wavelength 532 nm

300 — 500 mJ (@ 1064nm)

Pulse energy 100-200mJ (@ 532nm)

Beam Expander 14x
. <10-4 rad (after beam ex-
Beam divergence
pander)
Pulse width 10 ns




Laser Emitter

Repetition rate 10-20 Hz

Polarization linearity <10-3

Receiving Telescope

Diameter 250 mm

Field of view 2 x10-4 rad

Polarization Separator Custom made

Optical fiber bundle aperture | 4 mm

PMT F_EU-lOO and FEU-83 (Rus-
sia)

Range 0.1-15km

Spatial resolution 5m

Signal and data processing

Oscilloscope HMO 3054 (Hameg)

Oscilloscope PicoScope 5444B

DAQ NI USB DAQ

Software interface NI LabVIEW

4. THE FIRST OBSERVATIONS OF THE
BACKSCATTERED SIGNALS

Fig. 6a and b present the first observations of the sig-
nals scattered from the clear atmosphere and the clouds. It
highlights the backscattered signal amplitude above the
noise level for the distance of ~7.5 km. The oscillograms
are the direct output signals from the PMTs (without ampli-
fication and processing) received from the atmosphere per
one laser shot/each. The triggering signals are at the begin-
ning of the oscillograms.

In Fig.6.1, the (a) curve is the backscattered signal par-
allel to the laser emitter beam polarization component and
the (b) curve is the crossed one (depolarization channel).
The laser emitter output beam is at the beginning of the
oscillogram. Taking into account the light velocity in the
air, the full scale of oscillogram indicates approximately 7.5
km distance (50 usec - laser pulse time of flight). The signal
from depolarization channel shows, that the LIDAR receiv-
ing system birefringence is negligibly small.

The oscillograms are obtained with one 100-mJ laser
emitter pulse (without averaging or special processing). The
PMT supply Voltage 2 kV also is not on maximum and the
output signals of the PMTSs are without amplification.

The estimations show that the reserve of the system is
enough to realize elastic backscattering measurements from
not less than 15 km distances.

The second oscillogram (Fig.6.2.) indicates the
backscattered signal with the same laser emitter beam and
with reduced PMT supply voltages allowing observing the
amplitude of the backscattered from the clouds signals
(about 6 km far from the system). On the oscillogram one
can notice that the laser radiation in the clouds is depolar-
ized ((b) one), which is an indication of the existence of ice
droplets in the cloud. From the oscillogram can be easily
calculated the heights, the thickness and distribution of the
cloud by measuring the attenuation of the laser radiation in
the clouds, and so on.

These first observations of the backscattered signals
from the atmosphere and clouds by means of the designed
LIDAR system show that its completion with a signal digit-
izing system and a signal processing PC program will allow
to use it in the numerous applications of atmospheric re-
search for distances not less than 15 km.
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2

Figure 6. The Scattering from Atmosphere and Clouds received signal
oscillograms. a — parallel with laser beam polarization channel, b —
crossed with laser beam polarization channel (Horizontal - 5us/div;
Vertical -20mV/div).

5. SUMMARY AND FUTURE PERSPECTIVES

A LIDAR system for remote sensing of the atmosphere
was designed at the Yerevan Physics Institute and current
plans are to use the system for backscatter measurements
from aerosols and hydrometeors. It is directed to investigate
the influence of the external factors on the backscatter sig-
nals including influence of the atmospheric electric fields. It
is planned also to add a nitrogen and water Raman channels
into the receiver to investigate the cloud and aerosol
backscatter and extinction, as well, as the influence of the
external factors (including the el A LIDAR system for re-
mote sensing of the atmosphere was designed at the Yere-
van Physics Institute and current plans are to use the system
for backscatter measurements from aerosols and hydrome-
teors. It is directed to investigate the influence of the exter-
nal factors on the backscatter signals including influence of
the atmospheric electric fields. It is planned also to add
nitrogen and water Raman channels into the receiver to
investigate the cloud and aerosol backscatter and extinction
as well as the influence of the external factors (including
the electric fields) on the deformation of the spectral bands.
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Abstract. The measuring equipment of cosmic rays SEVAN on Lomnicky Stit was put into operation on March 20, 2014. Since then we
have been recording continuous data with 1 min resolution. During the time interval covered by the measurements, several significant
changes have occurred that are probably connected with atmospheric electricity phenomena — lightning. The records of thunderstorms on
Lomnicky $tit are from visual observations as well as from data of lightning detector network. The examples of almost simultaneous
increases on SEVAN and lightning events are shown. All short time increases in cosmic rays are far not accompanied by lightning

events.

1. INTRODUCTION

Lomnicky §tit (LS, 2634 m above sea level in High Ta-
tras Mountain, coordinates 49.40°N, 20.22°E) is a suitable
location for high altitude solar, meteorological and cosmic
ray (CR) observations. CR measurements at Lomnicky Stit
(geomagnetic vertical cutoff rigidity ~ 4GV) started in 1957
in connection with the IGY [1]. Recording system of the
measurements used at present is shortly described in [2].
During years 2010-2013 the reconstruction of the infra-
structure at the mountain allowed to extend the measure-
ment to higher energies by SEVAN device described in [3,
4]. We illustrate the first results from the measuring equip-
ment SEVAN that can be related to thunderstorm effects in
vicinity of LS.

During recent years, relations between atmospheric
discharges and the responses observed in secondary CR
ground based observations, as well as in thermal neutron
detection, have been reported in several papers (e.g. [5-8]).
A huge event observed at ASEC by several detectors
supports the existence of long-lasting particle multiplication
and acceleration mechanisms in the thunderstorm
atmosphere [9].

Nowadays there are operating several systems/ net-
works of lightning observations, some of them described
e.g. in [10,11]. Using the in-situ observations of lightning
(at LS there is steady service by technical staff of IEP SAS)
and the data from LINET - professional lightning detection
network (http://www.nowcast.de, one of many stations
within the network is situated in Kosice) [12], we show
examples of possible coincidences between the CR short-
time increases observed by SEVAN and the lightning
events. Possibilities of the progress in the study is shortly
discussed.

2. INSTALLATION

The measuring container of the Institute of Experi-
mental Physics of the Slovak Academy of Sciences was
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installed in its final position on Lomnicky Stit on June 30,
2012. The container has been designed so that SEVAN
device was installed in its higher part on the left (Fig.1).
Due to spacing issues the initial height of the caps for upper
and lower 5 cm scintillator was lowered to cca 67 cm. After
the testing period in KoSice (from Sep. 2012 to March
2013) the SEVAN instrument started its measurements at
Lomnicky §tit on March 20, 2014. The data with 1 minute
resolution are stored automatically on the online server. The
measurements, namely three channels with the total count-
ing rate, four types of coincidences and pressure, are rec-
orded continuously.

Figure 1.. SEVAN is situated on the roof of the main building at Lom-
nicky Stit in the new measuring container highlighted by the red frame.

3. INTERVALS WITH THUNDERSTORM ACTIVITY

Several periods with thunderstorm activity occurring in
the vicinity of LS have been checked for short-term variations
at SEVAN, particularly in the upper channel (channel 1).
Counting rate in the channels 1 — 3 (upper, middle and low-
er ones) is plotted in Figure 2 for the interval of 18 days.
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Table 1 indicates the series of discharges in the neighbour-
hood of LS position during the interval 13:50 till 13:55 UT.

Table 1. Data from LINET [12].
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Figure 2. SEVAN 1 min data for period of 18 days (July 11 — 28, 2015)
along with barometric pressure. Short spikes in channel 1 are related
largely with thunderstorm activity. However, it is not a rule: e.g. first
increase on 2015-07-14 in the morning is not related to lightning.

3.1 STORMY DAY 2014-04-28.

Relatively clearly was observed the increase on April
28, 2014 (Figure 3).

Sevan Channel 1 event count/min from 2015-09-19 21:30:00 to 2015-09-20 02:29:00

30000 (1 min ave‘ragesj

29000

28000

27000

26000

25000

24000

09-19
22:00

09-19 09-20 09-20 09-20
23:00 00:00 01:00 02:00

Figure 3. SEVAN LS recorded a rapid increase in the counting rate of
channel 1 starting from ~ 13:50 UT, April 28, 2014. A direct hit into
Lomnicky Stit was observed at 13:55UT. Time corresponds to the end of
measurement interval

For comparison we have used the LINET records from
the region including Slovakia territory (obtained from [12]).
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3.2 STORMY DAY 2015-05-20.
Intensive thunderstorm activity has been observed dur-

ing the day May 20, 2015. Direct hits and hits in the imme-
diate surroundings of Lomnicky §tit (<10km) according to
LINET system have been recorded. Figure 4 and Table 2
present the measurements by SEVAN and LINET data.

27000

26500

26000

25500

25000

24500

24000

05-20
18:00

Sevan Channel 1 event count/min from 2015-05-20 18:00:00 to 2015-05-20 20:59:00 (1 min averages)

05-20
18:30

05-20
19:00

05-20

19:30

05-20
20:00

05-20
20:30

Figure 4. Observed direct hit (point 7), and hits in the immediate
surroundings of Lomnicky Stit (points 1 - 6).

Table. 2 List of hits in the surroundings of Lomnicky §tit on May 20,
2015, interval 18 -21 UT [12].

. Estimated Dist,
Nr. Time Termination | LAT | LON Type
of TGE (km)
1 | 18:21:30.229 18:26 49.22 | 20.09 | 9.361 | CC
2 | 19:17:05.641 19:19 49.17 | 20.21 | 2.808 | CG
3 | 19:26:40.437 19:25 49.21 | 20.20 | 1.903 | CG
4 | 19:34:59.208 19:35 49.17 | 20.29 | 6.256 | CC
5 | 19:56:46.562 19:57 49.19 | 20.31 | 7.072 | CC
6 | 20:03:51.598 20:03 49.18 | 20.09 | 9.101 | CG
7 | 20:12:19.958 20:12 49.17 | 20.26 | 4415 | CC

Figure 4 indicates all significant short time increases in
the counting rate of SEVAN channel 1 are related to the
discharges identified by LINET (Table 2). Later on May 20,
2015 (after 21:50 UT), the relations between discharges and
short time increases of counting rate at SEVAN (channel 1)
are presented in Figure 5 and Table 3.
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Figure 5. Counting rate in channel 1 from 21:50 until 22:50.
Labelling:8 - ( increase at 22:03 associated with direct hits (five times)
CG into Lomnicky §tit;9 - decrease observed at 20:19 - after an increase
with the peak 22:18 UT - could be associated with direct hits (13 times)
of CG in the Lomnicky $tit surroundings; 10 - increase at 22:32 —
without any hits in the surroundings (<10 km))

Relatively clearly was observed the increase on April
28, 2014 (Figure 3).

For comparison we have used the LINET records from
the region including Slovakia territory (obtained from [12]).
Table 1 indicates the series of discharges in the neighbour-
hood of LS position during the interval 13:50 till 13:55 UT.

Intensive thunderstorm activity has been observed dur-
ing the day May 20, 2015. Direct hits and hits in the imme-
diate surroundings of Lomnicky S§tit (<10km) according to
LINET system have been recorded. Figure 4 and Table 2
present the measurements by SEVAN and LINET data.

Table 3. Series of discharges from LINET data around event 8 in Fig. 5.
[12].

Nr. [ Time LAT LON (Ef(i;]t)' Type
1 |22:03:58451  [49.2000 |20.2200 |0.739 |CG
> |22:0358482  [49.2000 |201900 (1759 |cG
3 [22:03:58534 491900 |20.2200 (0.765 |CG
4 |220358538  |49.1000 |202200 [0765 |cG
5 [22:03:58557  [49.1900 1202300 (1360 |CG
6 [22:03:58572  [49.1900 1202200 (0.765 |CG
7 220358604 [49.1600 |201900 (4255 |cG
8 [22:03:58606 491900 |20.2200 (0.765 |CG
o [220358611 [49.1600 |201900 (4255 |cG

3.3 STORMY DAY 2015-09-19.

On September 19, 2015 the thunderstorm activity was
observed in the evening/night hours. Figure 6 displays the
counting rate of SEVAN.

Sevan Channel 1 event count/min from 2015-09-19 21:30:00 to 2015-09-20 02:29:00 (1 min averages)
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Figure 6. Counting rate in channel 1 on Sep. 19, 2015 since 21:30 UT.
Labelling: 1 - the increase with the peak at 22:08 could be associated
with discharge in the LS surroundings (visually observed and associated
with hits recorded by LINET system); 2 - moderate increase in counting
rate on Sep. 20, 2015 at 01:42 — indirect hit to LS.
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4. DISCUSSION AND SUMMARY.

Analysis of the relations between the thunderstorms
and short — time increases in counting rate of CR at LS —
illustrated by the examples here — is in its initial phase. The
TGE (Thunderstorm ground enhancement) related effects in
several cases are seen in the upper channel of SEVAN.
However, the observations also indicate that not all the dis-
charge effects (including also direct hits to LS position) are
impacting the upper channel. Moreover, there are recorded
short-time increases that are not connected to any nearby
surrounding discharges.

The usefulness of the LINET system in the type of the
study started here, is apparent. In order to obtain more ac-
curate results in the future, we are planning to include the
measurements of electrostatic field at LS. Thus combina-
tion of LINET, visual observations and in situ measurement
of electric field is expected to provide more information for
comparison of atmospheric discharges and CR variations
observed at LS altitude.

To discriminate at least roughly the type of secondary
CR particles related to discharges, various coincidences
provided by SEVAN measurements should be checked in
relation to TGEs. The same is valid for simultaneously
measured profile of counting rate at neutron monitor (NM)
LS having relatively high statistical accuracy and independ-
ent measurements by several counters. Higher temporal
resolution of both SEVAN an NM LS is assumed for the
future.

Since paper [13] the intense y ray flashes of
atmospheric origin are observed on satellites. Recently,
significant progress obtained from measurements of
FERMI satellite [14] is reported. Terrestrial gamma flashes
(TGFs) must be created at altitude > 30 km to escape
absorption in the atmosphere. The TGEs are observed on
the ground (e.g. [15]). High mountain measurements of
TGEs can contribute to the understanding of the possible
relations between TGFs and TGEs, if correlated
measurements with those on satellite(s) can be done in
future [16]. One of the positions (among others) for TGE
checking at high mountains can be Lomnicky Stit.
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Abstract. Variations of cosmic rays in thunderstorm atmosphere, as measured at the Baksan Neutrino Observatory with the Carpet air
shower array, are discussed. Their underlying mechanisms and accompanying phenomena are also considered. The observed effects in
cosmic rays include regular variations with the near-ground electric field of the soft (electrons, positrons and gamma-rays) and hard (mu-
ons) components of secondary cosmic rays and sporadic changes in intensity of both these components (bright events). Associated phe-
nomena occurring simultaneously with bright events in cosmic rays include geomagnetic pulsations (observed by high-sensitivity mag-
netic variation station deep underground) and large-scale atmospheric high-altitude discharge of a new type (observed by a video camera
placed at a distance of 75 km from the Carpet array). Implications of all these results and prospects for further studies are discussed.

1. INTRODUCTION

Thunderstorm variations of secondary cosmic rays dur-
ing thunderstorms were first proved to be related to the
strong electric field (measured near the ground surface) in a
pioneering experiment carried out by A.E. Chudakov with
collaborators in early 1980s (for references see Lidvansky,
2003). The new version of the same experiment (Alexeenko
et al., 2002; Khaerdinov et al., 2005) yielded a lot of data
on variations of cosmic rays during thunderstorms, a part of
which is discussed below. We consider two types of exper-
imental data: (i) regular variations of the counting rates of
the soft and hard components correlated with the near-earth
electric field of the atmosphere during thunderstorms and
(ii) bright events or strong changes in the counting rate of
these components. The soft component under study is rep-
resented by electrons, positrons, and gamma-rays in the
energy range 10-30 MeV, while muon intensity was inves-
tigated at three different energy thresholds. In this paper we
present a brief overview of the most important experimental
results and discuss their interpretation.

2. EXPERIMENTAL DATA AND MODEL OF

PARTICLE GENERATION

Experimental data on variations ‘intensity versus field’
published in Khaerdinov et al., 2005 are shown in Fig. 1
together with theoretical estimation of the predicted trans-
formation in the near-earth field made in Lidvansky et al.,
2004. The plot of Fig.1 is constructed using 52 carefully
selected thunderstorm events detected in Baksan Valley
(North Caucaus) in 2000-2002.

The red solid curve in Fig. 1 is the weighted mean of
approximations by second-degree polynomials made in
each thunderstorm event. The left part of Fig. 1 (negative
field) corresponds to acceleration of electrons (all electrons
of secondary cosmic rays gain additional energy in the elec-
tric field so that their counting rate increases at a constant
threshold of detection). Similarly, the right branch of the
curve of Fig. 1 should correspond to acceleration of posi-
trons in the field of the opposite sign. The blue dashed and
dot-dashed lines represent theoretically calculated effect for
two extreme values of calibration coefficients. The curve
best fitting the experimental data is selected to subtract ex-
pected behavior from the real data. The result is shown in
Fig. 2.
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Figure 1. Experimental deviation of the soft component count rate
versus near-ground electric field. The result is obtained for 52
thunderstorms selected from 106 having occurred in 2000-2002 seasons
in the Baksan valley. Also shown are calculated expectations for electron
spectrum transformation in the field at two extreme values of calibration
coefficients of electric field meter.
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Figure 2. Experimental data of Figure 1 after subtraction of theoretical
curve obtained as weighted mean of two calculated curves of Figure 1.
See text for explanations.

The effect of spectrum transformation in the near-
ground field is pretty small. The linear term of this depend-
ence is such that when field strength changes by 1 kV/m the
counting rate changes 20 times weaker than when atmos-
pheric pressure changes by 1 mm of Hg. Nevertheless, this
effect is observable (as show the data of Fig. 1) and reason-



ably well described by calculations in the range of near-
ground field from — 7 kV/m to + 7 kV/m. Beyond these
limits there are bumps of excess particles whose origin is
rather obvious.

According to experimental measurements of the ver-
tical profile of electric field during thunderstorms, it has a
layered structure and quite frequently the strong field in the
cloudy layer has opposite sign with rather weak near-
ground field. Electrons accelerated in the strong field (run-
away electrons) and their avalanches produce gamma-ray
emission that is detected at the observation level.

The regular part of distribution in Fig. 1 has linear
and quadratic terms. The same situation is with the muon
intensity, the difference being in the fact that the quadratic
coefficient in the data of Fig. 1 is positive, while for muons
it is negative. Also, it is strongly dependent on the muon
energy threshold (for details see Lidvansky et al., 2004). In
both cases the linear terms are connected with charge
asymmetry of the particle flux, and quadratic terms are de-
termined by the character of energy spectra (dominated in
case of muons by particle decays).
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Time in seconds, initial point corresponds to 20:00 LT on Oct 11, 2003
Figure 3. The strong enhancement of the soft component intensity
during a thunderstorm on October 11, 2003. The lower panel presents
the electric field meter record with lightning discharges clearly seen.

Another experimental fact is observation of strong en-
hancements of the soft component intensity. The most pow-
erful event of this type was detected on October 11, 2003
and is shown in Fig. 3. This event is remarkable not only by
its amplitude. We observe in it two interruptions of regular
process simultaneously with lightning discharges and natu-
ral saturation of the generation of particles with subsequent
decay.

The analysis has shown that such large variations of in-
tensity cannot be produced by simple transformation of
energy spectra even in the strong field of thunderclouds.
Two lightning discharges marked by arrows that change the
region of particle acceleration are rather distant (estimated
as 4.4. and 3.2 km). The third lightning discharge marked
by arrow is very close and produces no effect on the parti-
cle intensity. One can conclude that the acceleration region
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is located rather far, and it is impossible to get so strong
disturbance of intensity without additional generation of
particles. The model of this generation was suggested by us
and described in some detail in Lidvansky & Khaerdinov,
2007a. The main points of this model are as follows.

Compensating field in critical ficld units

0.8

0.1 1 10 100

Kinetic energy (MeV)

Figure 4. Admissible regions for runaway (2) and feedback (4) particles.

Figure 4 presents in a simplified form the result of ana-
lytical calculations made in Lidvansky & Khaerdinov,
2007b for trajectories of particles moving with Coulomb
scattering in a homogeneous electric field. Curve 1 repre-
sents energy losses of particles (dashed line for ionization
only), and ordinate axis gives a field strength that compen-
sates them. Accordingly, in the standard theory of the run-
away electron breakdown (Gurevich et al, 1992; Roussel-
Dupre et al, 1994) this curve is a separatrix: above it any
charged particle becomes a runaway particle. However,
proper account for Coulomb scattering gets curve 2 as a
separatrix for the zone of runaway particles. As a result, the
critical field (minimum of the curve) turns out to be higher
by approximately 25% in comparison with the field used by
Gurevich et al., 1992. And (what is even more important)
the minimum of the separatrix is displaced to the region of
higher energies

Owing to the last circumstance, contribution of brems-
strahlung to the total losses becomes significant, and this
process leads to generation of gamma rays that are still suf-
ficiently energetic to produce electron-positron pairs. One
component of each pair continues acceleration along the
field direction, while another one, moving in decelerating
field has some chances to make a turn by 180° and become
a runaway particle in the opposite direction. Thus, a flux of
runaway positrons originates in the field accelerating elec-
trons. For this flux the same scheme of reasoning is valid.
These positrons produce an additional flux of runaway elec-
trons, and a positive feedback loop arises. If this feedback
is sufficiently stable and efficient, exponential increase of
intensity should take place.

The allowed region for such a process is shown in Fig.
4. It is located between curve 4 and the right branch of
curve 2. As is seen in Fig. 4, the minimum field necessary
for this process is higher than critical field of runaway
breakdown theory only by 30%. This minimum is achieved
at energy of about 10 MeV (this is just the energy threshold
in our experiment). This process has some advantages over
mere cascade multiplication of runaway electrons, for
which a field of long extension is needed (many character-
istic lengths). In addition, this is the process that can ensure
temporal properties of observed events (long duration).

Usual runaway avalanches are developed very quickly,

while the above feedback process can have different dura-
tion: this depends on the filed strength and extension. Fig-



ure 5 presents the calculated minimum possible field
strength for which effective cyclic generation is allowed.
Each curve represents a fixed time of exponential increase.
The ordinate represents the field strength in the units of
Gurevich critical field (216 kV/m at sea level), and the field
extension is laid as the abscissa. Thick blue line corre-
sponds to 10 s (really observed time in our event on Sep-
tember 7, 2000 published in Alexeenko et al., 2002. Red
curve corresponds to infinite time. Empty circles mark the
curve calculated by J. Dwyer for absolute instability due to
the runaway avalanches. The regime of our model lies deep
in the region which he defined as semi-stable. It is worthy
of noting that the rate of exponential growth of intensity in
Fig. 5 depends on the product Dxd, where D is the excess
(in comparison to critical value) strength of the field and d
is its extension (complete analogy with the Paschen’s law,
where breakdown voltage depends on the product of pres-
sure and distance).

200 400 600 800 d@m)

Figure 5. Electric field strength (in critical field units) versus field
extension for particle generation process with different rise time.

3. THE BRIGHT MUON EVENTS

Figure 6 presents for the event of September 24, 2007
the following averaged data from top to bottom: the record-
ed strength of the near-ground electric field (upper panel),
the intensity of the hard component (mostly, muons with a
threshold of 100 MeV), and the recorded precipitation elec-
tric current (bottom panel). Following these data one can
trace the evolution of the thunderstorm that has started ap-
proximately at 19:50 with an increase of negative electric
field, which soon has changed its polarity.

In the meantime, two lightning events approximately at
22:11 and 22:30 have caused jump-like changes of the in-
tensity again to the mean level with the subsequent recov-
ery of the depressed muon intensity in a time of order of a
few minutes. Arrows in Fig. 6 mark these disturbances of
the muon intensity associated with lightning strokes. So
long suppression of muon intensity is obviously connected
with the elevation of thundercloud higher than the effective
level of muon production. The lightning effects are ex-
tremely important as a direct proof of the fact that the sup-
pression is indeed connected with electric field changes: no
other factor can give so fast jump of intensity. Not so im-
pressive muon events take place in virtually every thunder-
storm. Statistical properties of them are presented in Khaer-
dinov and Lidvansky, 2011. It is shown in the latter paper
that the amplitude of muon variation does not exceed 1%,
and their mean duration is about 8 min. Some theoretical
considerations about variations of the muon flux in atmos-
pheric electric field are given in Khaerdinov and Lidvan-
sky, 2005 and in Khaerdinov and Lidvansky, 2013b.
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Figure 6. Event on September 24, 2007. The largest and longest decrease
of the hard component intensity throughout the entire period of
observation with well-pronounced lightning effects.
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Figure 7. Thunderstorm event observed in Baksan Valley on October
15, 2007. Interval of averaging is 4 s. From top to bottom the panels
represent the strength of the near-earth electric field, intensity of the soft
component 10-30 MeV (percent deviation from daily mean value), the
hard component (muons > 100 MeV) and the h-component of the
geomagnetic field with subtracted trend of the daily wave.



Approximately at 20:40 a strong lightning activity be-
gan, being accompanied by a small positively charged rain.
In this case, there are two unequivocal disturbances in the
muon flux associated with lightning strokes recorded simul-
taneously (at 20:41 and 20:48). Finally, at about 21:40 the
thunderstorm pattern changes radically: negatively charged
rain begins and is permanently intensified, lightning signals
becomes stronger and less frequent, while (the most inter-
esting effect for us) the muon intensity drops down approx-
imately by 1% for a pretty long time.

4. GEOMAGNETIC PULSATIONS

The event of October 15, 2007 presented here (Fig. 7)
is discussed in more detail in Kanonidi et al., 2011. The
amplitudes of enhancements in the soft and hard compo-
nents are not outstanding. But a remarkable feature of this
event is the presence of simultaneous pulsations of geo-
magnetic field measured deep underground in a tunnel of
the Baksan Neutrino Observatory and far (4 km) from the
EAS array.

The pulsations are shown in Fig. 7 for one component
(bottom panel) where the daily trend of the geomagnetic
field is subtracted. The red dashed horizontal bar marks the
region of pulsations with typical duration of pulses 100 s.
Other details of this event also deserve attention, and they
have been partially given in Kanonidi et al., 2011.

5. NEW TYPE OF HIGH-ALTITUDE DISCHARGE

Thus, it was established in this experiment that the ac-
tive period of a thunderstorm was frequently accompanied
by anomalous disturbances of muon intensity whose inter-
pretation needs to assume the potential difference of about
100 MV in the stratosphere (Khaerdinov & Lidvansky,
2013a). These disturbances can coincide with anomalous
disturbances in the electron-photon component (see Fig. 7),
which can be explained by generation of bremsstrahlung
photons produced by avalanches of runaway electrons ac-
celerated in the stratosphere (Khaerdinov & Lidvansky,
2013b).

So, experimental facts and their model explanation
give a lot of indirect evidence in favor of existence of a
rather slow high-altitude large-scale discharge resulting in
electric breakdown of the stratosphere. In recent years an
attempt has been made to observe this new atmospheric
phenomenon directly. For this purpose the sky region above
the array was continuously viewed by two video cameras
CS-265-1P, whose information is stored on hard disks. The
distances from the experimental setup to the cameras were
1 km and 75 km, observations being carried out in night
time in the BW mode, without color resolution. The expo-
sure time is 0.7 s, and sensitivity of recording brightness
variations is 108 Ix (101 W/m?) of illumination. The field
of view of the remote camera (75 km) is 60° x 45°. The
lower edge of frames is set to make an angle of 3° with the
horizon.

Thunderstorm event on September 15, 2013 (Fig. 8)
occurred in the night and had two active periods. Due to
technical problems no data of electric field measurements
and near camera were available at this moment. The distant
camera recorded a luminous front in the middle atmosphere
moving from north to south. Figure 9 presents images (with
brightness intensified by a factor of 25) corresponding to
different stages of development of this glow.
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Simultaneously with emergence of the glow (Fig. 9a)
rain is getting heavier and thunderstorm begins. This is ob-
vious from a sharp increase of precipitation electric current,
growing pressure, and lightning indicator data. With the
appearance of glow the intensity of muons started decreas-
ing, which means formation of a negative potential differ-
ence in the troposphere. At the maximum of the decrease
(Fig. 9b) the glow is observed for 2 min in the region lower
than 6.5 km a.s.l. (altitudes of less than 4 km are screened
by mountains). At the same time, there is a large-scale glow
at altitudes higher than 20 km above sea level. The moment
of Fig. 9c corresponds to a maximum of fast positive dis-
turbance of the muon intensity. One can see a descent of the
glow region in the stratosphere, now it correspond to alti-
tudes 12.5 - 20.5 km above sea level.

Its intensification in comparison with the moment of
maximum negative disturbance of muons is evident. The
moment when thunderstorm activity has stopped corre-
sponds to Fig. 9d. It is seen that the process supporting the
glow continues on a smaller scale and slightly to the right
from the array. The air transparency was good during the
first active period, and this allowed us to observe by the
distant camera the lightning discharges recorded by the
lightning indicator and precipitation electric current meter.
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Figure 8. Thunderstorm event on September 15, 2013. Interval of

averaging is 15 s in all cases except for two upper panels. From top to
bottom: 1. lightning indicator (arbitrary units proportional to amplitude
of electromagnetic signal from lightning discharges), 2. mean brightness
of different sky areas on distant camera images (red colour for
ionosphere, violet for stratosphere, and blue for troposphere), 3.
pressure, 4. variations of the soft component, 5. variations of the hard
component, 6. precipitation electric current. Units of optical data in the
second panel 107 Ix (data are presented with one-minute intervals
averaged over four adjacent frames).



Later the thunderstorm front propagated in the direc-
tion of the remote observation point, which caused deterio-
ration of transparency and appearance of diffuse glow near
the ground.

Approaching lightning discharges are also recorded by
the camera. The quick termination of recorded glow is ap-
parently caused by degradation of air transparency due to
beginning of rain at the place of camera location.

Figure 9. Development of glow in the atmosphere for thunderstorm
event on September 15, 2013. Brightness of images is intensified by a
factor of 25.

6. DISCUSSION AND CONCLUSIONS

This paper includes neither description of experimental
facilities and methods of processing, nor details of calcula-
tions made. The aim of it is just to present a list of most
interesting results, so that it is a sort of guide over publica-
tions where necessary information is given in some detail.
We also do not cite experimental data of other groups, since
most of them are concentrated on recording radiation asso-
ciated with lightning and make use of detectors of relatively
small area. Some of these experiments, like those at Tien
Shan, Tibet and Mt Aragats in Armenia are carried out at
higher atmospheric level, where particle effects during
thunderstorms are more frequent and have larger ampli-
tudes. At the same time the proximity to the region of
strong electric activity should make experimental condi-
tions more dangerous as far as induced interference is con-
cerned. Our experimental setup is located deep in the at-
mosphere (the altitude of observation is 1700 m a. s I,
while the heights of surrounding mountains is about 3900
m), and even in this case the electric interference effects are
important. For example, in order to obtain the picture of
Fig. 1 we had to take into analysis less than a half of detect-
ed thunderstorms. The rest of data were excluded as more
or less suspicious with respect to noise. Due to so strict
criteria of selection we can be sure in reliability of present-
ed material. In addition, we study variations of cosmic rays
with large area detectors (54 m? for the soft component
observations, and 200 m? and 175 m? for detecting muons
with thresholds of 100 MeV and 1 GeV, respectively),
which allows us to have sufficiently high statistical accura-
cy of particle detection.

The data on optical observations are described above in
more detail in comparison with other results, since they
were obtained after purposeful search: the entire set of pre-
vious data and models interpreting them had led us to a
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hypothesis of existence of a new type of high-altitude dis-
charge simultaneously with disturbances of cosmic ray mu-
on intensity, and this effect was indeed observed. Thus,
some predictive power of our concepts was demonstrated.

Summarizing, we can conclude that the experimental
data accumulated for a period longer than a decade have
produced a lot of information about processes occurring
with cosmic rays and caused by them in thunderstorm at-
mosphere. Some new effects have been discovered that
require confirmation and further investigation. It should be
noted that it became possible to observe some new effects
due to adding new types of data to original set, first mag-
netic measurements, and then visual observations.

Accumulation of data in this experiment is rather long,
since the rate of bright events is pretty low: a few events
per thunderstorm season. For optical data the number of
observable events is even less (only night thunderstorms
and only at favorable geometry of cloudy layer position and
motion are suitable).

So, in the future it is naturally planned to continue ob-
servations in order to increase statistics and to include more
additional data into analysis in order to make investigations
as comprehensive as possible. Also, based on the results
and knowledge obtained up to now, one can plan some new
experiments in the field of atmospheric research using cos-
mic rays.
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Abstract. SINP MSU provided a number of experiments with scintillator gamma-spectrometers for study of spectral, temporal and spa-
tial characteristics of TGEs as well as for search of fast hard x-ray and gamma-ray flashes probably appearing at the moment of lightning.
The measurements were done in Moscow region and in Armenia at Aragats Mountain.

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

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

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

1. INTRODUCTION possible short flashes. Energy resolution must be suitable
It is known from many experiments that sometimes the ~ for detection of discrete gamma-ray lines.
gamma radiation additional to constant background appears In this paper the design and characteristics of couple of

during thunderstorms. The nature of detected gammas is  such gamma-ray spectrometers produced in SINP MSU will
usually explained by the acceleration of electrons in large  be described. Then the results of measurements made with
electric fields existing in thunderclouds. Spectral character-  these instruments in Moscow region and in Armenia will be
istics can be described in general by the model of relativ-  presented and discussed.
istic electrons avalanche (Gurevich, 1992, Dwyer, 2012a).

Phenomena in gamma rays connected with atmospheric 2. DESIGN AND CHARACTERISTICS OF GAMMA-
electricity are observed in wide range of time scale includ- RAY SPECTROMETERS
ing such fast flashes as so-called Terrestrial gamma flashes The instruments used in this work are scintillator
(TGFs) lasting for less than 1ms (Briggs et al, 2013) and gamma-ray spectrometers based on common non-organic
such slow phenomena as so-called Thunderstorm ground  scintillators. Electronic circuits used in these spectrometers
enhancements (TGEs) lasting up to several hours (Chil-  can work with single-crystal detectors as well as with phos-
ingaryan, 2014). TGFs are usually studied in orbital exper- ~ Vvich multilayer detectors providing determination of the
iments with gamma spectrometers working in “classical”  crystal where interaction took place by pulse-shape analy-
energy range from several hundreds of keV to several MeV,  sis. Such kind of analysis also allows one to remove imita-
but there are several observations of TGFs from lightnings  tions of gamma-events by thunderstorm electric discharges
at the ground level (Dwyer et al, 2012b). It must be noted  because the shape of the imitated pulse will differ from one
that the radiation from TGFs is hard up to several tens of ~ produced by scintillation.
MeV. The best conditions for study of TGEs are present in The design of the detector electronics is very similar to
mountains because of low absorption of measured radiation  one of DRGE instrument developed in SINP MSU for
in atmosphere and low distance between the clouds and the  space experiment RELEC on-board “Vernov” satellite
detector. Many measurements of gamma-ray and electron  (Panasyuk et.al. 2015). Such transient phenomena as TGFs,
flux variations were made with large detectors based on  GRBs and some other were studied during the space exper-
organic scintillators specialized for cosmic ray study (Chil-  iments with this instrument.
ingar)_/an,_ 2014) These detectors Usua"y measure count The structural diagram of electronics of gamma-
rates in high energy range from MeVs to GeVs and unfor-  gpectrometer is presented at fig.1. It consists of three
tunately can’t provide accurate spectral measurements of  hoards. First one is “Power supplying unit” providing high
gamma radiation in energy range of several hundred keV  ygltage (~1000V) for PMT and low voltage (+/-5V) for
and below (Chilingaryan et.al. 2013). To complete the ob-  analog and digital electronics. Second board is “Event”
servations in low energy range well-calibrated detectors  card, containing analog electronics such as preamplifier,
based on scintillator crystals are needed. The instruments  discriminator producing event trigger pulse and circuits for
must have stable (up to ~1%) characteristics for long-  pylse shape analysis. The switch controlled by delayed trig-
lasting measurements and enough time resolution to detect  ger signal is used for separate integrating of first and last
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parts of PMT current pulse. The signals of so-called “fast
component” and “slow component” proportional to corre-
spondent part of PMT pulse are formed and then digitized
by two ADCs of microcontroller located on “Data collect-
ing card”

CATA

H

Figure 1. Design of scintillator gamma-ray spectrometer

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

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

Forming data frames for each second.

Producing ~15 mcs timer data starting from the
beginning of the frame

Interrupting on the request from “Event” card and
digitizing pulses of fast and slow components

Digitizing signal on the additional analog input at
the beginning of the frame

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

Table.1. Data frame format

Size What is recorded Details
7b Frame start marker gg 5784 CO 3F 66
4b Frame number
6b Time YY MM DD
hh mm ss
Number of events in the
2b
frame
Number of counts of
4b 15mcs timer during the
frame
2%b ADC data for external
analog input
N*(3b+3b) | Data records ADC data + timer
value
4b end marker CC 110000

Two gamma-ray spectrometers were produced for the
study of TGEs and the search for gamma-flashes from
lightnings. First one has detector based on 80x80 mm
CsI(TI) crystal coupled with Hammamatsu R1307 PMT. It
provides measurements in 20-3000 keV energy range with
energy resolution 7.2% at 662 keV. Second spectrometer
has considerably small Nal(Tl) detector with size 40x40
mm coupled with Russian PMT FEU-176. It is designed for
measurements in 20-1000 keV range. The resolution of this
instrument is ~12% at 662 keV.
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The spectrometer with 80 mm crystal was modified for
experimental determination of the predominant direction of
detected gamma-radiation if this radiation if not uniform.
The instruments detector was collimated by lead layer
shielding half of its FOV and placed to the platform rotated
with frequency 2 min™. The sensor of the direction was
made as a resistive divider, changing output voltage in de-
pendence on the instrument orientation. The voltage from
the divider was recorded in data frames for every second as
ADC data for external analog input (see tab.1).

Photos of both small instrument equipped with 40mm
Nal(TI) detector and large one equipped with collimated 80
mm CslI(TI) detector placed on the platform are presented at
fig.2.

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

[p——

A B
Figure 2. A) Photo of the gamma-spectrometer equipped with 40mm
Nal(Tl) detector, B) Photo of the gamma-spectrometer equipped with
collimated 80 mm CsI(TI) detector placed on the rotating platform
(without cover)
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Figure 3. Energy spectra of several radioactive sources obtained during
calibration of gamma-spectrometer equipped with 40mm Nal(Tl)
detector

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

It must be noted that 1.46 MeV line can’t be used for
auto-calibration of small detector because it is out of its
range. There were attempts to use 609 keV background line
from Bi-214 for auto-calibration but the results appeared to



be not enough reliable because this line is not bright and
stop-factor of small Nal(Tl) detector described above is not
enough high.

Measurements of radiation of Cs-137 source placed ~3
m far from rotating spectrometer were used to estimate its
angular characteristics. The source was positioned at three
different angles from the ground plane: 0° 30° and 70°.
Then the data from the rotating instrument were recorded
and the numbers of events in 662 keV peak were compared.
Correspondent modulation curves are presented at fig. 5.
One can see that the depth of modulation is about 2 times
for all three positions of the source.
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Figure 4. Energy spectrum of Cs-137 gamma-ray source (E=662 keV)
placed far from detector obtained during calibration of gamma-
spectrometer equipped with 80mm Csl(TI) detector. Background lines
from K-40 (E=1.46 MeV) and TI-208 (2.6 MeV) are seen
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Figure 6. Modulation curves of Cs-137 radiation measured with 80 mm
CsI(TI) collimated detector placed on rotating platform.

3. RESULTS OF MEASUREMENTS IN MOSCOW
REGION

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

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

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

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

Gamma-ray lines from Rn-222 are seen during all time
intervals but their amplitudes are much greater during the
thunderstorm than during the fine weather segments. The
result of subtraction of thunderstorm and sunny weather
spectra, presented at fig.8, shows that most of the additional
gamma-ray flux can be explained by radiation of Rn-222
and its daughters. Some small increase of gamma-ray rate
above 2.6 MeV seen at fig.8 is much less than one from Rn-
222 radiation.
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Figure 7. Monitoring data for 27-30 of July, 2015 obtained in Moscow

region. Readings in several energy channels are plotted. The sawtooth
line displays the time of the day (right scale)
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Figure 8. Energy spectra for 27 of July, 2015 obtained in Moscow
region.

Monitoring data at fig. 9 and energy spectra at fig. 10
correspond to the data of measurements made 05.09.2015.
There was a rainy day with cloudy sky and there was no
thunderstorm. However one can see large variations of
gamma-ray count rate. Comparison of spectra obtained for
regions of large and small flux leads to the conclusion, that
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the observed variations are connected with changes of Rn-
222 concentration near the instruments.
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Figure 9. Monitoring data obtained 05 of September, 2015 in Moscow
region
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Figure 10. Energy spectra obtaiﬁgfjrgsisk;f September, 2015 in Moscow
region.

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

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

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

The monitoring data selected for the time intervals cor-
respondent to definite orientation of the instrument are pre-
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sented at fig.12. There is no significant difference in the
shape of the curves so one can conclude that the observed
radiation is omnidirectional.
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Figure 11. Monitoring data for 27 of September, 2015 obtained in
Moscow region
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Figure 12. Monitoring data selected for the time intervals correspondent
to definite orientation of gamma-ray spectrometer

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

700
« All events
» 200-530 keV

4 Bursts

500

400

300

AL
BOOCO 90000 100000

Py
60000 70000

o 10000 20000 30000

50000
Time,s

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

The graph of expected number of imitations versus thresh-
old value for thunderstorm region and before it is plotted at
fig. 14. It definitely shows that probably all candidates
pointed on the fig. 13 are random and the criterion must be
some harder with threshold of 9 gammas per 1 ms. such
events were not observed.



Another way to detect gamma-ray flashes from light-
nings is to look at the detailed data of gamma-spectrometer
at the moment of lightning. Several nearby lightnings hap-
pened during the thunderstorm of 27.09.2015. The time
between lightning and thunder sound for some of them was
less than 1 s. Data analysis shows that there was no signifi-
cant fast data increase on the millisecond scale within sev-
eral seconds around these moments.
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Figure 14. Expected number of 1 ms pulse imitations versus threshold
value.

4. RESULTS OF MEASUREMENTS IN ARMENIA

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

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

The energy spectra of the background gamma-radiation
without TGEs were measured at the site of Aragats cosmic
ray station (h=3200m) in several places. These spectra (see
fig.17) were measured inside one of the buildings and out-
side near the lake. Also a spectrum measured with fiber
absorption block between the concrete of the building and
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detector was measured. The peculiarity seen some above
600 keV can be associated with 609 keV line from Bi-214.
It is visible on all graphs having different intensity. One can
see that this line is very contrast on the spectrum of differ-
ence between spectra measured in the building and near the
lake. It is possible to conclude that some part of the radia-
tion in the building comes from isotopes generated in decay
cascades of Ra-226 existing in concrete.
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Figure 16. A) Spectra obtained before TGE and during TGE measured
22.09.2014 in Nor-Amberd. B) Calibration spectra of several gamma-ray
sources. The scale is the same as at Figurel6A.
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Figure 17. Energy spectra of the background gamma-radiation without
TGEs measured at the site of Aragatz cosmic ray station (h=3200m) in
several places.

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



Figure 18. Monitoring data for period from 07.11.2015 to 14.11.2015
obtained with 40mm Nal(Tl) gamma-ray spectrometer on Aragatz
mountain (3200 m).

o000 1. background

2. Thunderstorm
3. TGE ["2"-"1")
& Position of peaks of Rn-222 & daughters

Number.of.events

01

0 100 200 300 400 0o 700 800

900

500 100C
Energy, ke

Figure 19. Energy spectra obtained during thunderstorm 11.11.2015

with 40mm Nal(Tl) gamma-ray spectrometer on Aragats mountain
(3200 m)

5. DISCUSSION

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

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

There were no indications on gamma-flashes observed
at the moments of lightning. Instruments with larger effec-
tive area placed in mountains will improve the quality of
measurements.
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Abstract. The possibility of probing the geometry of a thunderstorm near the place of observation using experimental data on count rates
of a large-area muon detector is investigated for the conditions of high surrounding mountains with a complex profile. A method of anal-
ysis is suggested and demonstration to one particular event of this type recorded by the Carpet air shower array of the Baksan Neutrino

Observatory.

1. INTRODUCTION

Anomalous disturbances of particle intensity recorded
in the experiment studying variations of cosmic rays during
thunderstorms at the Baksan Neutrino Observatory are ex-
plained using a model of slow electric breakdown of the
stratosphere under the action of avalanches of runaway
electrons. In this case, according to the theory of formation
of intensity disturbances for muons detected by a horizontal
array, significant angular dependence should exist for the
effect amplitude. Indeed, for vertical muons the preferential
decay of decelerated particles is the main effect, and it
forms a strong negative quadratic field dependence of the
total intensity. At the same time, for particles moving at
large zenith angles the effect of focusing by vertical field is
most significant: it increases the effective detection area for
them, forming as a result a positive quadratic regression.

Studying the disturbances of muon intensity during
thunderstorms at different zenith angles, one can get some
information about geometry of the process of the strato-
sphere breakdown, that is, about its dimensions and dis-
tance from the observation point. In addition, one could
determine the potential difference in the stratosphere asso-
ciated with the breakdown. Below, a method of determining
parameters of the breakdown region with the use of data on
variations of secondary cosmic rays during thunderstorms
at different angles is described.

The Carpet air shower array of the Baksan Neutrino
Observatory is located in the Baksan Valley, North Cauca-
sus at an altitude of 1700 m above sea level. The tops of
surrounding mountains (4-5 km a.s.l...) are at a distance of
about 5 km. The particle fluxes of secondary cosmic rays
are permanently recorded by the array together with atmos-
pheric pressure, temperature, near-ground electric field and
precipitation electric current. Detected particles are divided
in two components. The soft component (electrons, posi-
trons and photons) is recorded in the energy range 10-30
MeV. The hard component is represented mainly by muons
(83%) with energy higher than 100 MeV. These two com-
ponents form two independent channels of recording sec-
ondary cosmic rays. They are going through the atmosphere
whose diagnostics can be performed by deciphering varia-
tions of their intensity. Fig. 1 present the angle of elevation
above horizon of the upper edge of mountains for an ob-
server looking from the center of the Carpet air shower ar-
ray.
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2. METHOD

Groups of muons with different effective angle of arri-
val are experimentally selected. The method is based on
separation of detected particles into channels with different
energy release in the detector (the incident angle and energy
release are interconnected). Variations in the channels dur-
ing thunderstorms should be substantially different (N.
Khaerdinov et al., 2013a). This is connected with focusing
action of the vertical electric field upon muons. This action
increases with increasing zenith angle. Analyzing variations
in separated channels one can determine model parameters
of the thunderstorm field that forms these variations.

90 180 270 360

Figure 1. Elevation angle of mountain upper edge around the array
center (on the left); and azimuth distribution of elevation angle of moun-
tains around the array center (on the right).

We describe the thunderstorm region forming muon
variations in the form of a cylinder with constant potential
difference between its bases. The upper base corresponds to
the effective height of generation of detected muons (11.5
km above sea level). The lower base corresponds to zero
isotherm level of about 3.3 km above sea level (N. Khaer-
dinov et al., 2015). Such a model allows one to characterize
the action of a thundercloud on detected muons by three
unknown parameters: potential difference, radius of bases,
and distance from the array to the thunderstorm region cen-
ter. Near-ground part of the field is estimated by direct
measurements made with the electric field meter. In order
to determine basic characteristics of thunderstorm activity,
it is sufficient to have three independent channels recording
muon intensity variations and sounding the region under
different angles. However, one cannot distinguish azimuth
orientation of the center of the thunderstorm region.

3. IMPLEMENTATION

During thunderstorms the variations of instrumental
origin are possible, and they reveal themselves as instability
of thresholds and maximum position of the energy release
spectrum. Therefore, in addition to three information chan-



nels one should have the fourth independent channel char-
acterizing the maximum position. We divide the spectrum
of detected muons in four parts with equal intensities (Fig.
2). Taking into account fluctuations of energy release of
muons in the detector, the accuracy of angle determination
using this method is about 20%. Hence, the regions of spec-
tral maximum (regions 1 and 2) correspond to vertical mu-
ons. Comparing their behavior one can get information
about stability of variation detection. The first (30-50 MeV)
and second (50-62 MeV) parts of the spectrum correspond
to arrival angles 0°-35°. Accordingly, the third (62-90
MeV) and fourth (>90 MeV) parts correspond to angular
ranges 35°-55° and more than 55°, respectively.
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Figure 2. The spectrum of detected muons with partition in equal inten-
sity parts that correspond to different directions of muon arrival. The
first part is soft component, next follow angular intervals from 0°to 35°
(1 and 2), from 35°to 55°(3), and higher than 55°(4). Electron-photon
component is cutoff by energy threshold with the best stability (30 MeV).
Surface topography of surrounding mountains prevents
a major part of muons with large zenith angles from being
detected. This fact reveals itself in the behavior of muon
variations caused by thunderstorm fields. In (N. Khaerdinov
et al., 2013b) regression coefficients for the case of infinite
field extension in the horizontal plane were calculated, as
well as potential differences. Fig. 3 present, for the case of
infinite field extension in the horizontal plane, distributions
of angular coefficients of linear and quadratic regression of
muons with allowance made for mountain border line.
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Figure 3. Azimuth distribution of angular coefficients of linear (left) and
quadratic (right) regression with potential difference in the stratosphere.
Regression coefficients are for muons with energy higher than 100 MeV.
The mean values correspond to a zenith angle of 65°.
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Figure 4. Thunderstorm event on June 20, 2014. The time of averaging
is 20 s. Local time. From top to bottom variations of: 1) electric field; 2)
soft component (10-30 MeV); 3) soft component (10-17 MeV); 4) soft
component (17-30 MeV); 5) precipitation electric current (nA/m?).

The mean values of these regression coefficients
correspond to a zenith angle of 65°. Hence, this is the
characteristic angle of formation of muon variations.

The linear regression coefficient varies with azimuth
within the range of 10%, while the quadratic coefficient
variation is more significant. This fact shows stronger
dependence of variations in the amplitude of the muon
intensity on geometry of the thunderstorm field, which was
not taken into account before.

4. DATA ANALYSIS

Let us demonstrate the method application using the
thunderstorm event on June 20, 2014 as an example. Figs. 4
and 5 present the plots of different parameters measured by
the Carpet array in this period. The recorded disturbances
of the soft and hard components correspond to realization
of a runaway electron breakdown in the stratosphere region.
This follows from the flat spectrum of disturbances of the
gamma-ray intensity and anomalous disturbance in muons
detected at 15:55. Details of analysis of such experimental
data are described in paper (N. Khaerdinov et al., 2013b).
The method described here allows one to characterize spe-
cific features of the active thunderstorm region that forms
these anomalous disturbances.

Fig. 5 present successive channels of detection for mu-
ons sounding the thunderstorm region at various angles.
Two upper panels represent intensity variations for vertical
muons, their synchronous behavior demonstrates stability
of detection. The existence and character of the anomalous
disturbance variation with channels corresponds to the



model of formation of disturbances by thunderstorm field
as described in (N. Khaerdinov et al., 2013b).

12:00 16:00 20:00
Figure 5. The same event as in Figure 4. From top to bottom variations
of: 1) muon intensity 30-50 MeV (0 =35 9); 2) muon intensity 50-62 MeV
(02359; 3) muon intensity 62-90 MeV (35 %55 9; 4) muon intensity > 90
MeV (> 559; 5) total muon intensity (> 30 MeV).
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5. CONCLUSIONS

An example of experimentally detected anomalous dis-
turbances of the intensity of muons with energies above 100
MeV, as measured by the Carpet air shower array, is pre-
sented and analyzed for different ranges of zenith angles.
The possibility of estimating experimentally the geometry
of thunderstorm field is demonstrated. A method to correct
the obtained data for variations of apparatus origin is de-
scribed. The effect of surrounding mountains on formation
of muon intensity disturbances during thunderstorms is
estimated.
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Abstract. All-optical sensor for atmospheric electric field detection and measurement is suggested and numerically modelled. Thin elec-
tro-optical crystal sandwiched between two distributed Bragg reflectors (DBRs) forming multilayer Gires-Tournois (G-T) microresonator
is used as a sensitive part of the electric field sensor. In the sensor device, an optical fiber delivers the wideband light spectrum to the
sensing multilayer structure of G-T microresonator. The reflectance spectrum of the sensor contains information on the electric field
strength and direction. The relevant reflectance peaks’ shift in the reflected spectrum can be observed by an optical spectrum analyzer
(OSA). Numerical modelling has been done by the method of single expression that is a suitable tool for multi-boundary problems solu-
tion. The obtained results of modelling will be useful in a new type of non-distorting sensor’s elaboration for atmospheric electric field
detection and measurement.

1. INTRODUCTION The wide range of atmosphere electric field’s variation

The magnitude of atmospheric electric field is an im-  complicates the operation of electro-optical sensor and re-
portant parameter in evaluation of the atmosphere state [1-  quires thorough computer simulations before specific de-
3]. Measurements of the atmospheric electric field provide  Vice realization. In this paper the relevant method for simu-
information about the thunderstorm activity and are useful ~lation of light propagation and reflection in the proposed
for weather forecasting and lightning alert. Conventional ~ Optical design is presented.

instrument used for measuring the strength of electric fields > CONSTRUCTION AND MEASUREMENT

in the atmosphere near thunderstorm clouds is the “field
mill” [4, 5]. Different types of “field mills” and E-field SCHEME OF ELECTRO-OPTICAL SENSOR

probes for electric field measurement and relevant devices For measurement of atmospheric electricity the follow-
are under exploitation [4-9]. However, all these devices are  ing construction of all-optical sensor is suggested (Fig.1.):
prepared by or contain metallic parts and wires, which dis- Sensor

tort the electric field distribution [10, 11]. Use of electro- . N

optical sensors makes possible creation of metallic free Lot emiting C@ e

electric field meters. Devices of this type are widely used in S

high voltage (HV) engineering, antenna and electromagnet-

ic compatibility (EMC) measurements, etc. [9, 12-14]. \

Photonic field meters utilize the Pockels effect or linear optical
electro-optic (EO) effect, which produces birefringence in spectrum
an optical medium. Substances such as KDP (Potassium analyzer
Dihydrogen Phosphate), KD*P (Deuterated KDP) and  Figure 1. All-optical sensor for atmospheric electric field measurement.
LiNbOs (Lithium Niobate) show large Pockels effect and A wideband optical source (light-emitting diode) illu-
are very popular in electro-optic modulators [15]. minates reflective microresonator and the spectrum of re-

Electric field measurement by use of the Pockels effect ~ flected light is observed by optical spectrum analyzer
implies some means of measuring a change in refractive ~ (OSA). The sensor is a reflective type of Fabry-Perot mi-
index caused by the applied electric field. Change in refrac-  croresonator (Gires-Tournois (G-T) [21]) where electro-
tive index causes phase change of light passing through the  optical crystal is sandwiched between DBR mirrors (Fig. 2).
EO crystal. Therefore, the problem reduces to the determi- F
nation of the phase shift. There are devices exploiting direct

measuring of phase shift by means of non-resonant interfer- ,
ence methods [13, 16, 17]. Fiber E'ecz:;::'ca'
We consider another type of electro-optical sensors us- = AR :
ing nonlinear resonator. These sensors contain an optical
fiber and electro-optical crystal within micro-resonator d
mounted on the end of the fiber [10, 11, 13, 18-20]. Change R i

in the refractive index induced by an external electric field

causes shift of the reflectance spectrum. Resonator is irradi-  Figure 2. All-optical sensor consists of optical fiber and Gires-Tournois
ated by a wideband optical source via optical fiber and op- microresonator formed by electro-optical crystal sandwiched between
tical spectrum analyzer is used for detection of the reflected ~ W DBR mirrors of high (DBR 2) and medium reflectivity (DBR 1).
light. The same configuration can operate by using mono-

chromatic light source performing phase shift measurement. The z-cut electro-optical crystal is sensitive to the elec-
In this case, phase shift is more sensitive than that in non- i field strength E directed parallel or anti-parallel to the
resonant case. z-axis. Let us consider an application of electro-optical
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crystal LiNbO3 as a sensitive part of micro-resonator. It is
known that the variation of the refractive index of LiNbO3
crystal by the amplitude of applied electric field is ex-
pressed as:

An=n’rE /2, (1)

where n =+/g is the refractive index at the absence of ex-

1

ternal electric field, 3 ~30.8-10" 2 m/V is an electro-

optic coefficient of the material [22]. The sign of the index
change depends upon the polarity of the voltage applied to
the crystal [15].

Atmospheric electric field is changed in the range of
E =102 -10° V/m and relevant interval of permittivity
change by (1) is: A¢ -079-10 7% ~0.79.1073. Here n=2
is taken at the light wavelength 45 =1.55 um.

Multilayer DBR mirrors are alternating quarter-
wavelength bilayers of low and high permittivity providing
high reflectance of mirrors necessary for microresonator
operation. To determine optical characteristics of the micro-
resonator the numerical simulation by means of the method
of single expression (MSE) is carried out [23-28]. In the
MSE, the solution of Helmholtz equation in each layer of
the structure is searched in the form of a single expression,
but not in the form of counter-propagating waves as in the
traditional approach. Due to this, a prior assignment of the
waveform in each layer of the structure is not required,
which makes the MSE a convenient tool in studies of opti-
cal structures consisting of layers with any complex values
of permittivity and permeability. The MSE is a valid tool
for solving intensity-dependent non-linear problems since it
does not rely on superposition principle.

3. CONCISE DESCRIPTION OF THE MSE

The backbone of the MSE for wave normal incidence
on a multilayer structure is presented [23-28]. From Max-
well’s equations in 1D case the following Helmholtz’s
equation can be obtained for linearly polarized complex

electric field component Ex (2):
d?E, (2)
dz?
where k, =w/c is the free space propagation constant,
£(2)=¢&'(2)+ je"(2) is the complex permittivity of a
medium. The essence of the MSE is presentation of a gen-
eral solution of Helmholtz’ equation for electric field com-
ponent EX(Z) in the special form of a single expression:

Ey(2) =U(2) - exp(- jS(2)) ®3)
instead of traditional presentation as a sum of counter-
propagating waves. Here U (z) and S(z) are real quantities
describing the resulting electric field amplitude and phase,
respectively. Time dependence exp(ja)t) is assumed but

suppressed throughout the analysis. Solution in the form (3)
prevails upon the traditional approach of counter-
propagating waves and is more general because it is not
relied on the superposition principle. This form of solution
describes all possible distributions of electric field ampli-
tude, corresponding to propagating or evanescent waves in
a medium of positive or negative permittivity, respectively.
No preliminary assumptions concerning the Helmholtz’s
equation solutions in different media are needed in the

+kg£(2) Ex(2) =0, O]
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MSE. This gives advantages in investigation of wave inter-
action with any longitudinally non-uniform linear and in-
tensity dependent non-linear media that can be done with
the same ease and exactness.

Based on expression (3) the Helmholtz’s equation (2)
is reformulated to the set of first order differential equations
regarding the electric field amplitude U (z), its spatial de-
rivative Y (z)and a quantity P(z) - proportional to the
power flow density (Poynting vector) in a medium:

du (z)
d(kyz)
d¥(z) _P(2)
d(k,2) U3(2)

dP(z) _ 4y 142
d(koz)_g (2)-U“(2)

ds(z)
d(ko2)
ther positive or negative describing relevant electromagnet-
ic features of dielectric or metal (plasma), correspondingly.

The sign of ¢"(z) indicates loss or gain in a medium.

The set of differential equations (4) is integrated nu-
merically starting from the non-illuminated side of a multi-
layer structure, where only one outgoing travelling wave is
supposed. Initial values for integration are obtained from
the boundary conditions of electrodynamics at the non-
illuminated side of the structure. Numerical integration of
the set (4) goes step by step towards the illuminated side of
the structure taking into account an actual value of struc-
ture’s permittivity for the given coordinate at each step of
integration. In the process of integration any variable of the
set (4) is possible to record in order to have full information
regarding distributions of electric field amplitude, its deriv-
ative and power flow density inside and outside of the
structure. At the borders between constituting layers of the
multilayer structure ordinary boundary conditions of elec-
trodynamics bring to the continuity of U(z), Y (z)and

P(z) . From the boundary conditions of electrodynamics at
the illuminated side of the structure the amplitude of inci-
dent field Ej,. and the power reflection coefficient R are

restored at the end of calculation. The power transmission
coefficient T is obtained as the ratio of the transmitted
power to the incident one.

=Y (2)
0]

£'(2)-U(2)

where p(z)=U?(z) The sign of &'(z) can take ei-

4. NUMERICAL ANALYSIS OF A GIRES-
TOURNOIS MICRORESONATOR WITH DBR
MIRRORS AND LiNbOz LAYER AS A SPACER

The electromagnetic modelling of the G-T microreso-
nator structure presented in Fig.2 is performed. Correspond-
ing permittivity profile and distribution of optical wave’s
electric component along the structure are presented in
Fig.3.

In Fig. 3, the thickness of the electro-optical layer be-
tween DBR mirrors is taken about 5 4m for demonstration
only. In the modelled structure, the thickness of the electro-
optical crystal is taken asd =200 gzm. The character of
internal field distribution in the microresonator at
d =200 um looks like in Fig.3, only the increased number
of field oscillations within the electro-optical crystal is ob-
served. Highly reflective DBR mirror consists of 13
SiO,/N-LASF9 bilayers and the front mirror consists of 7
bilayers.
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Figure 3. Permittivity profile ¢ and distribution of the amplitude of

optical wave’s electric field component E along the G-T
microresonator at the point of the lowest reflectance (R = 0.766 ). Here
the thickness of the electro-optical crystal is d =5.115 zm, the layers

of the mirrors are: | = 258 nm of permittivity ¢ =2.25 and

S0 ,

Ly _iase o = 212 nm of permittivity &£ =3.34 at ; =1.55 um .

For detection of atmospheric electric field, the sensor’s
z-axis should be oriented along external field. To model
electric field influence on spectral dependences relevant
calculation has been done for unperturbed permittivity of
the electro-optical crystal (¢ =4.5) and at its change at the
value ¢ = 4.505. This permittivity change is relevant to the
change under the highest electric field amplitude. The re-
sults of calculations are presented in Fig.4.
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Figure 4. Spectral dependences of reflectance of microresonator (1) at
unperturbed (& =4.5) and (2) perturbed (& =4.505) permittivity of
electro-optical crystal. The right shift of spectral dependences stipulated
by electrical field directed along crystal’s z-axis.

At the change of external field direction, the permittivi-
ty of the crystal decreases and spectral peaks are shifted to
the left.

The modelling permits to obtain information on
the optimal multilayer mirrors suitable for the best observa-
tion of spectral peaks’ shifts and information regarding in-
fluence of crystal thickness on the sensitivity of the sensor
from the value of external electric field.

The obtained results will be useful in design and
realization of all-optical atmospheric electric field detecting
and measuring device. The directional sensitivity of the
electro-optical crystal will permit to detect also the direc-
tion of atmospheric field that is also important in atmos-
pheric field monitoring.
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Abstract. The problem of thundercloud electrification is one of the most difficult ones in the atmospheric physics. Structure of electric
fields in the cloud escape from the detailed in situ measurements; few balloon flights recognize rather complicated structure much more
sophisticated than a simple dipole or triple. To get insight into the problem of charge structure of thundercloud we use new key evidence
— the fluxes of particles from 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 at the Earth’s surface are directly connected with the charge structure of the cloud.

In the presented paper we demonstrate that experimentally measured patterns of the near-surface electrostatic field during TGEs are con-
sistent with triple structure of the cloud electrification. The maximal particle flux and energy spectra extended above 4 MeV coincide
with special pattern of the disturbances of the near surface electrostatic field—the “bumps” arising from deep negative electrostatic field
domain. These features we identify with development of mature Lower Positively Charge Region (LPCR), with development of which
the electric field in the cloud get enough strength to unleash the Runaway Breakdown (RB) process accelerated electrons downward in
the direction of earth.

1. INTRODUCTION electric field in the cloud and, correspondingly, on the max-
One of the main problems of the atmospheric electrici-  imal dimension and charge of the LPCR. Fading of the

ty is the research of the spatial-temporal structure of the —9ammaray flux evidences the degradation of the LPCR.

electric field in the thunderclouds. Accurately measuring In (Chilingarian, 2014) we demonstrate that TGEs oc-

the electric potential within thunderclouds is extremely  cur when relative humidity exceeds 95% at near freezing
difficult because of the large time variability and the need  temperatures and that the rain abruptly terminates TGE.
to make spatially separated simultaneous measurements Thus, we conclude that LPCR resides on the rain droplets
within the highest field regions of the storm (Dwyer, 2005).  and the polarization of the droplets can play a role in the
Qie et al., 2005 observed a triple charge structure with a  enhancement of the electric field strength in the cloud. In-
large Lower Positively Charge Region (LPCR) in thunder-  vestigation of the Lightning-TGE relations based on one-
clouds over the Tibetan Plateau of China, and noticed that  second time series of particle fluxes reveals that usually the
the large LPCR prevents negative CG flashes from occur-  lightning terminates particle fluxes (Chilingarian et al.,
ring and, instead, facilitates negative IC flashes. Nag and  2015). In the time less than one-second particle flux can
Rakov, 2009 investigated the dependence of both of light-  diminish 2 and more times and return to the background
ning types on the magnitude of the LPCR region. They also  value. Recent observations with microsecond-scale elec-
inferred that when the magnitude of LPCR region is large,  tronics (Chilingarian et al, 2016) proved that the initiation
inverted IC flashes are expected to occur; when the LPCR  of TGE is connected with the very first stages of the light-
starts to decay negative CG flashes became possible. There-  ning initiation and the space-temporal structure of the TGE
fore, LPCR has a great impact on the lightning initiation ~ can map fast processes of lightning initiation.
and type. Thus, how do the size and thickness of LPCR
affect lightning discharges? And how to estimate the charge 2. INSTRUMENTATION
magnitude and distribution range of a LPCR? The main goal of the GAMMA detector (also referred
To answer these questions, we use a new type of key o as Aragats Multidirectional Muon Monitor — AMMM,
evidence in the atmospheric electricity research, namely  Chilingarian et al., 2003) measuring the Extensive Air
particle fluxes from the thunderclouds, the so-called, Thun-  Showers (EASes, Fig. 1) is to recover the energy spectra of
derstorm Ground Enhancements (TGEs, Chilingarian et al., ~ cosmic rays to understand their origin and particle accelera-
2010, 2011). Origin of the fluxes of electrons, gamma rays  tion mechanisms. About three hundred 5-cm thick 1m?
and neutrons detected on the earth’s surface are the Runa-  scintillators overviewed by photomultipliers are measuring
way Breakdown (RB) process (Gurevich et al., 1992) now- the number of electrons in the EAS and estimate the size
adays mostly referred to as Relativistic Runaway Electron  and the “age” of shower and finally the energy and type of
Avalanches (RREA, Babich et al., 2001, Dwyer, 2003) and  the primary particle. EAS detectors are triggered arrays;
Modification of the energy Spectra of the electrons (MOS,  however, each detector separately counts all incident parti-
Chilingarian, Mailyan and Vanyan, 2012). Chilingarian and ~ cles, thus measuring the one-minute time series of the
Mkrtchyan, 2012 relate particle fluxes to the origination of ~ changing fluxes of the secondary cosmic rays. GAMMA
the LPCR. The technique of detecting particle fluxes simul-  detectors consist of 2 parts: the surface array consists of 50
taneously with measuring near-surface electrostatic field scintillators and the underground muon-detecting array
and lightning occurrences, first developed on Aragats, al-  consists of 200 scintillators. The muon array is located in
lows to monitor the creation of the LPCR and its contrac-  the underground hall of the ANI experiment under 15 me-
tion. The maximal intensity of TGE pointed on the maximal  ters of soil and concrete and 12 cm of iron bars. Only mu-
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ons with energies greater than 5 GeV can reach this under-
ground detector. The 1-minute time series of the 90 scintil-
lators located in the underground hall continuously monitor
the 5 GeV muons flux to register violent solar events (see
for instance Bostanjyan and Chilingarian, 2007) or nearby
supernovae explosions.

Large area of the surface array makes it ideal for meas-
uring additional electron flux correlated with thunderstorms
(relative error of the 1-minute count rates is 0.13%, we use
only 27 scintillators from the 50 located on the roof of
GAMMA calorimeter, see Fig. 1).

AMMM
Detector

Figure 1. The GAMMA (AMMM) detector.

2.1. NETWORK OF STAND1 DETECTORS AND
EFM-100 ELECTRIC FIELD MILLS

Figure 2. Network of STAND1 detectors and EFM-100 electric field
sensors (electric mills); distance from MAKET to SKL ~ 100 m, from
MAKET and SKL to GAMMA ~ 300 m

The STANDLI detector consists of 3 vertically stacked
one-cm thick 1m? plastic scintillators and a stand-alone 3cm
thick plastic scintillator of the same type (see top of Fig. 3).
In the bottom of Fig. 3 we show 50msec time series of
count rates of upper scintillators of the STAND1 detectors
located near the experimental halls MAKET and SKL 100
m apart from each other. Both scintillators enhance the
count rate at 14:42 — 14:46 on October 7 2015, registering
strong TGE (the minute of the maximal flux has enhanced
by ~100 standard deviations). The scatter plot shown in the
center of the middle row of Fig. 3 demonstrates strong cor-
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relation of count rates measured by remote scintillators
proving that radiation region in the cloud illuminates at
least an area of ~ 5 x 10*m2. The count rates after and be-
fore TGE, as expected, do not demonstrate any correlation
(left and right scatter plots of the middle row of Fig. 3).
Maximums of TGE at ~14:44 is registered by STAND1
scintillators approximately at the same time; thus it was not
possible to estimate the structure of the emitting region in
the cloud by measuring the time delay and comparing it
with the wind velocity and direction. With the new, in-
stalled on the roof of GAMMA calorimeter (see Fig. 1),
third STAND1 detector located at a larger distance, ~ 300
m, from other detectors it will be possible to investigate the
structure of the LPCR above the detectors location site.
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Figure 3. STNAD1 detector located nearby SKL building and its chart
(top); scatter plots of count rates of the upper scintillators of 2 remote
detectors (distance ~100m, middle); 50 msec time-series of the upper
scintillator of the same detectors (bottom).

3. PATTERNS OF THE DISTURBANCES OF
ELECTROSTATIC FIELD AND DYNAMICS

OF TGEs

In Fig. 3 we depicted the algebraic sum of the electro-
static fields generated by the 3 point charges of the triple
structure above according to superposition equation:

where Q, E and H are the charge, induced electrostatic field
and height of the 3 charged regions in the thundercloud: the
main negative charged layer in the middle of the cloud (N,
blue); the main positive charged layer on the top of the
cloud (P, red) and transient lower positive charge region
(LP, green). Ewwm (black) is the superposition (algebraic
sum) of all 3 electrostatic fields. g - is vacuum permittivity
measured in Farads per meter units; r (distance, horizontal
axis) — is the location of the sensor measuring electrostatic
field strength.

We assume a plausible value of charges and heights for
our simplified model (see caption of Fig. 3). We recognize
that the charges in the cloud are distributed horizontally and
vertically specific for each thundercloud and these values
will significantly differ from the assumed. We made a vari-
ety of calculations with different sets of charges and
heights. However, what is important, every time when we



introduce LPCR there appeared a “bump” arising from the
negative field domain. We will look for the similar struc-
tures in the experimentally measured near-surface electro-
static field time series.
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Figure 4. The electrostatic field measured on the ground due to the ver-
tical tripole according to the “atmospheric electricity” sign convention;
Qr= 40 C;Qn = -40C; Qrpcr = 2.5C; Hp=12 km; Hx=7km; Hip=2.5 km

In Fig. 5 we show a large TGE that occurred on August
28 2015. At 23:15 the near-surface electrostatic field al-
ready in negative domain (-12 kV/m) started to decrease;
TGE started at the same time from the mean value of 2690
+/- 78 (2-sec time series of 60 cm thick. 1 m? area plastic
scintillator). At 23:18 the electrostatic field dropped to -24
kV/m and the TGE reached the maximum of ~2890 (+~7%)
and sustained near the maximal flux 1.5 minutes, until
23:19:30. With the TGE flux reaching its maximum, the
near-surface electrostatic field started to rise, reaching -14
kV/m at 23:19:30. After 23:19:30 TGE slowly faded, re-
covering the “pre-TGE” value at 23:28. Electrostatic field
in the same time abruptly declined, reaching -27 kV/m at
23:20; after reaching minimum, it started to rise again,
touching the positive domain at 23:23 and reaching +9
kV/m after 30 seconds. Thus, at TGE maximal flux we see
a well-developed bump of 12 kV/m amplitude and 2
minutes duration coinciding in time with TGE maximal
flux on rising phase.
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Figure 5. 2-second time series of 60 cm thick and 1 m? area plastic scin-
tillator and 1-sec time series of near-surface electrostatic field with a
“bump” at particle maximal flux; on the top — distance to lightning.

The emerging structures in the time series of the near-
surface electrostatic field are comparable with the structures
in the calculated superposition of electrostatic fields in-
duced by 3 charges mimicking a tripole structure of the
thundercloud (Fig. 4). Of course, the theoretical curve re-
veals the spatial distribution of the electrostatic field and
the experimental ones — temporal distribution. However, the
wind during TGEs is moving the cloud above particle de-
tectors “mapping” the space distribution of the electrostatic
field to the temporal one. We speculate that when the ma-
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ture LPCR arrives (or emerges) above the detector location
the lower dipole accelerates the electron in the direction of
earth providing maximal flux of bremsstrahlung gamma
rays. Electron flux reaching maximum when LPCR is
above detectors and with moving of the cloud from the de-
tector site the TGE subsequently terminates. Thus, the max-
imal flux of a TGE corresponds to the matureness (maximal
thickness - maximal charge) of LPCR. In the time series of
the electrostatic field measured at particle detector site, this
episode reflected in the sizeable “bumps” rising from the
deep negative domain of the near-surface electrostatic field.
Note also that during the maximum of particle flux (mature
LPCR) usually no lightning occurred (on the special case of
TGEs terminated by lightnings see Chilingarian and al.,
2016).

In the Fig. 6 we show the time series of count rate of a
network of twenty-seven five cm thick 1m? plastic scintilla-
tors of the AMMM array (Large TGE occurred on 25 Au-
gust 2015). We can notice the same bump-like structure
coinciding with maximal TGE flux.

Count Rate

8.38e4+5

2 036e+5

3 034esS)

af 032es5)

Peer Surface Electric Fisld (kvim)

13 0.30e+5

- 0.28e+5 |

23| 0.28e+5

92405 b
4500

2n L

24600 15300 N5T00 20100 20500 20600
Pt

21300
26, 2015, Time (UT)

Figure 6. 1-minute time series of 5 cm thick plastic scintillator array and
1-sec time series of near-surface electrostatic field with a “bump” at
particle maximal flux.
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Figure 7. 1-minute time series of 5 cm thick plastic scintillator array and
1-sec time series of near-surface electrostatic field with several “bumps”
corresponding to the particle flux bursts.

Another example of the disturbances of near-surface
electrostatic field during a TGE we show in Fig. 7. A net-
work of twenty-seven 5 cm thick 1m? scintillators measures
TGE. Prolonged TGE, lasting 35 minutes demonstrate sev-
eral peaks (the largest is 13% height above background
equivalent to 700 statistical significance). Carefully exam-
ining the Figure, we can outline several small “bumps” cor-
responding to TGE peaks.

4. CONCLUSIONS

From the observed patterns of electrostatic field dis-
turbances during the TGE occurrences we deduce that ris-
ing “bumps” in the time series are an essential characteristic
of the thunderstorm, evidencing creation of the LPCR and,
as a rule - development of a large TGE. Experimentally
measured patterns of the near-surface electrostatic fields
during TGEs are consistent with tripole structure of the



calculated electrostatic field in the cloud. The maximal par-
ticle flux coincides with the “bumps” rising from negative
electrostatic field. This feature we categorize with the de-
velopment of mature LPCR, which with the main negative
charge layer above forms dipole, accelerated electrons
downward in the direction of earth. Thus, the scenario of
the TGE development (Chilingarian, 2014) finds its proof
also in the measured shapes of the electrostatic field dis-
turbances during TGEs observed on Aragats.

However, the large variability in duration, amplitude
and shape of TGEs detected by ASEC facilities (see Chil-
ingarian, Karapetyan and Melkumyan, 2013) as well as
fluctuating patterns of the near-surface electrostatic field
disturbances support different scenarios of the emergence
of electric field strong enough to accelerate electrons
downwards. Recently was discovered downward RREA
occurred between the negative screening layer and the up-
per positive charge layer just below it (Kelly et al., 2015).
Following this discovery we can consider possibility of the
particle flux initiation by the electric field originated be-
tween main negatively charged region and its “charge im-
age” of the opposite sign on the ground. Extension of the
negative layer’s image should be much larger than size of
the LPCR due to much smaller size of the LPCR.

In 1963 Richard Feynman wrote: “The top of the thun-
derstorm has a positive charge, and the bottom a negative
one— except for a small local region of positive charge in
the bottom of the cloud, which has caused everybody a lot
of worry. No one seems to know why it is there, how im-
portant it is—whether it is a secondary effect of the positive
rain coming down, or whether it is an essential part of the
machinery. Things would be much simpler if it weren’t
there”. To our present knowledge LPCR is an essential
condition for the TGE development and, in turn, TGE is
vital for the realizing of the lightning stroke. Thus, without
this “local region of positive charge” maybe no lightning
will be possible and our planet will be silent and dark.
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Abstract. The ultraviolet and infrared optical sensors previously used at RELEC space missions were installed at the high-
altitude research station Aragats at 3200 m above the sea level. The spectral composition and temporal structure of the record-
ed optical signals and measurements of the electrostatic field and atmospheric discharges obtained by “fast” and “slow” field
sensors have been compared. Measurements of lightning and related to them phenomena observed at the mountain altitude and

on board of orbiting satellites are compared.

1. INTRODUCTION

The thundercloud electrical structure and its evolu-
tion during thunderstorm have not been yet described
and classified. The thunderstorm dynamics, lightning
initiation, and electron acceleration in the cloud, multi-
ple atmospheric discharges and their optical counter-
parts have to be measured simultaneously, and a non-
trivial correlation in the measurements can shed light
on the underlying physical models.

The discovery of the so-called transient optical
phenomena in the upper atmosphere observed between
thunderclouds and ionosphere increased the interest to
the study of the electric discharges in the electric cir-
cuit formed in the cloud - ionosphere-near earth space.
To study the properties of the electric discharges and
their interaction with particle fluxes, it is necessary to
perform measurements within a single storm system at
the mountains. A low elevation of the clouds allows to
locate sensors just inside the cloud during a thunder-
storm.

On the other hand, to observe the global phenome-
na of thunderstorms we need sensors located on board
of satellites having a polar orbit. These two methods of
surface and space research complement each other.
Studies at the mountains have the advantage to be in
close proximity to the thunderclouds where the electric
charge is accumulated and distributed and very compli-
cated processes of the self-organizing of discharges are
triggered. Such measurements are performed at Aragats
Space Environmental Station (ASEC, Chilingarian et.
al., 2005) of the Yerevan Physics Institute with the help
of a broad variety of particle detectors that measure the
neutral and charged particle fluxes, also using field
meters, weather stations and lightning detectors. The
data collected on numerous nearby thunderstorms ac-
companied by huge particle flux enhancements (so-
called Thunderstorm ground enhancements, which are
the subject of the study at Aragats station, Chilingarian
et al., 2010 and 2011) can be useful for the analysis of
the global data obtained from satellites, which are far
above the thunderstorms.
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2. DETECTOR FOR UV AND IR EMISSION AND
DETECTORS OF ARAGATS COSMIC STATION USED

FOR JOINT OPTICAL AND TGE MEASUREMENTS.

The measurements of the transient optical flashes were
performed by a detector of ultraviolet and red-infrared
emissions (DUVIR), which contains of UV (wavelength
240-380 nm) and IR detectors (wavelength, 610-800 nm)
(Garipov et al., 2006). R1463 photomultipliers with a mul-
tialkali photocathode and an ultraviolet glass window have
been used as photo sensors of ultraviolet and infrared radia-
tion. The bandwidth in the ultraviolet region of the photo-
multiplier is limited by filter UFS-2; in the infrared region -
by filter KS-11 with a thickness of 2.5 millimeters each.
Crosstalk between IR and UV sensor signals is less than
0.05 percent. Crosstalk between UV and IR sensor signals
is less than 1 percent. Selected were such multialkali photo-
cathodes which could maintain their parameters over a wide
range of illumination of the atmosphere, day and night, and
also maintain stable sensitivity for a long exposure time.
The block diagram of the detector electronics is shown in Fig.1.

The signals from the photomultiplier are amplified by
the charge-sensitive preamplifiers with an integration time
of ~20 microseconds and fed to the 2-input multiplexer
with a switching frequency of 0.5MHz. The output signals
from the multiplexer and ADC are transmitted to the pro-
grammable logic FPGA unit. This unit selects useful
events, implements the scientific program algorithms, per-
forms PMT gain control, and transmits the useful infor-
mation to an on-line PC. The selected events are recorded
in a waveform that is comprised of 256 measurement points
each with duration of record time of 128 milliseconds. A
waveform of a signal with the largest amplitude is selected
every 20 seconds and transmitted to the PC for further pro-
cessing. Adjustable high voltage power supply provides
tuning of the PMT high voltage supply in a way to keep the
average current in the middle of the dynamic range of the
ADC under all expected levels of the illumination of the
atmosphere.

The selected time constant of the automatic adjustment
of the high voltage is a few seconds which is considerably
larger than the duration of the expected signals, so that the
PMT gain remains constant during the signal registration.



Figure 1. Diagram of the electronics of the DUVIR device.

PMT 1 and PMT 2 are the photomultiplier tubes, PA1 and PA2 - charge sensitive amplifiers, MX - analog multiplexer, ADC- analog to digital
converter, FPGA - a logic programmable unit, RS232- communication port, WF- communication line, LVPS- low voltage power supplier, HVPS -
controlled high-voltage PMT power supplier, DAC- digital to analog converter for the PMT gain control, DC-DC - common galvanic isolation
transformer and circuit of preliminary voltage stabilization, F- noise protection filter

3. DETECTION OF UV AND IR RADIATION AT
ARAGATS STATION AND ON BOARD OF
VERNOV SATELLITE.

On 15 June 2015 at 18:00 -18:48 a huge storm with
numerous lightnings occurred above the Aragats station.
The electric field disturbances were prolonged and deep,
reaching -28 kV/m; the lightning activity was strong and
some of the lightnings were within 5 km from the station.
The network of three EFM-100 electric mills monitored the
near-surface electric field. The devices operated according
to the “atmospheric electricity” sign convention (a positive
electric field at ground is produced by positive charge over-
head and negative electric field on the ground is produced
by negative charge overhead). Thus, the recorded positive
field change corresponds to negative lightning, which de-
creases the negative charge overhead and negative field
change corresponds to positive lightning, which decreases
the positive charge overhead. The heavy-duty storm that
started at ~18:00 was followed by copious positive light-
nings lasting until ~18:45 (Fig. 2). In Fig. 3 (zoomed from
Fig. 2) we show the electric field disturbances measured by
the electric mills during 10 minutes when the UV and IR
radiation was detected by DUVIR device.

The pattern of rapid decrease of the electric field was
approximately the same for 3 electric mills located at a
maximal distance of ~300 m from each other. The abrupt
decrease of the near-surface electric field followed by a
relatively slow recovery is an indication for the neutraliza-
tion of the positive charge in the thundercloud, i.e. the posi-
tive lightning. However, the operation of the in-cloud
charging engine permanently recovers the positive charge
in the thundercloud. After very-well-pronounced 5 positive
lightnings at 18:29 — 18:32, another, a negative lightning
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started at 18:34:90 after a prolonged recovery and contin-
ued as a positive one with a very long recovery time. At the
same time very strong light flash was registered at the sta-
tion.

Near Surface Electric Field (kv/m)

-30
18:00:00 18:04:00 18:08:00 18:12:00 18:16:00 18:20:00 18:24:00 18:28:00 18:32:00 18:36:00 18:40.00 18:44:00 18:48:00
June 15, 2015; Time (UT)

Figure 2. Disturbances of near-surface electrostatic field measured by
the network of EFM-100 type electric mills at Mt. Aragats on June 15
2015

ce Electric Field (kV/m)

Near Surfa

18:31:00

18:32:00 18:33:00 18:34:00 18:35:00 18:36:00 18:37:00 18:38;

June 15, 2015; Time (UT)

Figure 3. Disturbances of near-surface electrostatic field measured by
the network of EFM-100 type electric mills at Mt. Aragats on June 15
2015 (zoomed version of 10 minutes from Fig.2)
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Unfortunately, at that time the on-line computer of | = ¢ f. V’
DUVIR was not connected to the synchronized NTP com- | 5 | 2 *F2
puter network of ASEC. That is why we cannot identify | ° § ofd °
each episode of UV/IR radiation with a particular lightning 4.2 s
on the millisecond time scale. However, the selected epi- °§ e
sode of storm shown in Fig. 3 overlaps with the UV/IR ra- sl by oa
diation peaks. i b
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nings overlapping in time with another episode of intense =l =F TR LAl ; .
UV/IR radiation on 4 October 2015 at 16:07 — 17:28. L e e e e
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Figure 6. Positive nearby lightning detected by the network of electric
mills and particle count rate (at the bottom)

At the bottom of the pictures we show 50-msec time
series of count rates of the 1 m? plastic scintillator located
outdoors at an altitude of 3200 m.

The selected lightnings shown in Figs. 5 and 6 coincide
within 1sec with the UV/IR radiation spikes (Fig. 7). In Fig
8. we show zoomed pictures of the fast wave forms regis-
w_w e ] tered from atmospheric discharges (see details in Chil-

Celober 4 2015; Teoe (T} ingarian et all., 2016) coinciding with one of the episodes

Figure 5. Negative lightning detected by the network of electric millsand ~ of UV/IR radiation.
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Figure 7. UV and IR radiation from the lightning flashes registered at Aragats station on 4 October 2015
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In Fig. 9 we show UV/IR transient flashes in the Earth’s atmosphere registered by the DUVIR device on board of Vernov

satellite (Garipov et all., 2015).
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4. DISCUSSION AND CONCLUSION

We have presented the preliminary results of the opera-
tion of a device designed to register the UV/IR radiation
from the lightnings that occur above the Aragats research
station in Armenia. The temporal structure of the lightnings
as measured by the DUVIR device consists of random puls-
es of ultraviolet and infrared radiation between which there
is no delay. In most of the coincident in time pulses, the
infrared signal by the amplitude exceeds the ultraviolet ra-
diation; in some of the pulses their amplitudes are equal.
The variations of the amplitudes of the coincident pulses of
infrared and ultraviolet radiation are caused by scattering and
absorption on the way to the detector and by reflection and
scattering of the lightning light in the stormy atmosphere.

It is evident that the temporal structure of the lightning
observed at Aragats station and that observed from the orbit
are very similar. In the flashes recorded on Aragats, there is
somewhat less ultraviolet radiation as compared with the
infrared radiation, which is explained by the non-ideal
transparency of the lower atmosphere. In some flashes ob-
served from space, the ultraviolet radiation sometimes ap-
pears in the absence of infrared radiation; it points to the
difference in the discharge properties of the transient lumi-
nous events and conventional lightnings. This phenomenon
has not been observed on high mountains, possibly due to
insufficient statistics of the recorded events.

In the 2016 observations we plan to attach DUVIR to
myRio board produced by National Instruments Company
(see Figs. 10 and details in Pokhsraryan, 2016). With the
help of this board we plan to register UV/IR emissions, fast
waveforms from atmospheric discharges and particle fluxes
on the nanosecond time’s scale.

NI myRIO-

Xilinx Zyng-T010

FPGA (Arthe?)

uuuuuu

1
| HY Converter. ST

Processor Core
{Dual ARM Cortex-A9)
m—-

Figure 10. National Instruments myRio board for the synchronized
detection of particle fluxes, UV and IR radiation and disturbances of the
near-surface electrostatic field.

The myRio board keeps the GPS absolute time with an
accuracy not worse than a few tens of nanoseconds. This
accuracy can be improved down to a few nanoseconds by
using calibration signals from the aircrafts or drones (Aab
et al., 2016). Thus, files with microsecond scale waveforms
of UV/IR radiation (DUVIR trigger) and files with nano-
second resolution from 5HGz frequency oscilloscope (fast
waveform trigger) will be synchronized at least on the mi-
crosecond time’s scale. As well we plan to synchronize
fluxes of electrons, gamma rays and neutrons from TGEs.
Moreover, arrival time of each particle in a time span of
100 msec before trigger and 400 msec after trigger will be
enumerated also with a nanosecond accuracy. It will give us
the possibility to check the hypothesis if the lightnings
themselves are the source of high-energy particles. We are
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planning to use another myRio board that will be triggered
by the Extensive air Showers (EAS), so that we can finally
check the hypothesis on the relation between EASes and
lightnings (RB-EAS hypothesis of Alex Gurevich et al.,
1999).
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Abstract. We present the observational data on fast electric waveforms that are detected at 3200 m altitudes above sea level on Mt. Ara-
gats in Armenia during thunderstorms. We analyse the relations of these forms with count rates of particle flux (during Thunderstorm
Ground Enhancements -TGEs); to the slow disturbance of the near-surface electrostatic field; and to the lightning location data from the
World Wide Lightning Location Network (WWLLN). An observed negative lightning that decreases a negative charge overhead often
abruptly terminates TGEs. By analysing the recorded fast electric field waveforms and comparing them with similar classified wave-
forms reported previously, we could identify the type and polarity of the observed lightnings.

1. INTRODUCTION

The in situ observation of the numerous Thunderstorm
Ground Enhancements (TGEs, Chilingarian et al., 2010,
2011, Chilingarian 2014), 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 above, helped to establish a new scientific
topic - high-energy physics in the atmosphere.

During the last 5 years, we experiment with the
“beams” of the “electron accelerators” operating in the
thunderclouds above the Aragats research station. Thunder-
storms are very frequent above Aragats, peaking at May-
June and almost all of them are accompanied with enhanced
particle fluxes. The station is located on a plateau 3200 m
above sea level, by a large lake. Numerous particle detec-
tors and field meters are located in 3 experimental halls and
outdoors; the facilities are operated all year round.

The runaway Breakdown (RB) process (Gurevich et
al., 1992) which is nowadays mostly referred to as Relativ-
istic Runaway Electron Avalanches (RREA, Babich et al.,
2001, Dwyer, 2003) and Modification of the energy Spectra
of the electrons (MOS, Chilingarian, Mailyan and Vanyan,
2012) are believed to be a central mechanism of the high-
energy processes in the thunderstorm atmospheres. Numer-
ous TGEs observed on Aragats Mt. in Armenia during
strong thunderstorms and first simultaneous measurements
of TGE electrons and gamma ray energy spectra proved
that RREA is a robust and realistic mechanism for electron
acceleration. The electrons giving rise to the RREA are
accelerated by the electric field formed by the main nega-
tively charged regions in the middle of the cloud and by the
transient, lower, positively charged region (LPCR, Chil-
ingarian and Mkrtchyan, 2012) at the bottom. LPCR charge
is much less as compared with the thundercloud main
charged regions; however, the local influence of LPCR can
be essential, for instance LPCR prevents the lightning lead-
er from reaching the ground and usually no —CG lightning
occurs when the LPCR is mature (Nag and Rakov, 2009).
Only after decaying of the LPCR, the stopped leader makes
its path to the ground. Continuous attempts to start the
stopped leader produce a large number of low-energy (few
eV) electrons by ionizing the air. The low-energy electrons
then drift in the thunderstorm electric field, producing dis-
charges and radiofrequency emissions. Bipolar radiofre-
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quency pulses, having possibly originated from these dis-
charges, appear in the early stage of the formation of the
conducting channel in the thundercloud (initial breakdown).

The paper is organized as follows. In the second sec-
tion, we describe the facilities used for the particle-
lightning research. In the third section, we review the TGE
events abruptly terminated by lightning. In the fourth sec-
tion, we analyse the fast waveforms of lightnings with an
extended data capture length of the digital oscilloscope and
in the fifth section, we relate the images of the slow near-
surface electrostatic field to the fast electric waveforms. In
conclusion, we discuss the preliminary results of our re-
search.

2. INSTRUMENTATION

The data presented in this study were acquired in the
fall 2014 and Spring-Summer 2015, at the Aragats Space
Environmental Center (ASEC) on Mt. Aragats, Armenia
(Chilingarian et al., 2005). Geographical coordinates of the
research station are 40°28'N, 44°11'E, and the altitude is
3200 m above sea level. A 52 cm diameter circular flat-
plate antenna followed by a passive integrator is used to
record the fast electric field waveforms. The decay time
constant RC of the integrator is 10 msec. The output of the
integrator is directly coupled to a digital oscilloscope. The
data presented here are recorded by two types of oscillo-
scopes: 1) Picoscope 3206 with a 100MS/s sampling rate
and data capture length of 5 msec, including 1 msec of pre-
trigger time, and 2) Picoscope 5244B with a 25MS/s sam-
pling rate and a data capture length of 500 msec, including
100 msec of pre-trigger time. The amplitude resolution is 8
bit in both cases. The recording system is triggered by a
signal from the high-frequency detecting system, which
uses a commercial MFJ-1022 active whip antenna that co-
vers a frequency range of 300 KHz to 200MHz. The dis-
turbances of the near-surface electrostatic field are meas-
ured with the Boltek EFM-100 electric field mill. The
measurements are taken 20 times per second, and the sensi-
tivity range extends up to ~30 km. We use also the data of
the World Wide Lightning Location Network (WWLLN) to
locate the geographical coordinates and to get the estimated
stroke energy for the lightnings simultaneously detected by
the Network and by our recording system. The estimated
stroke energy is the root-mean-square energy of the stroke
from 1.3 msec waveform sampling between 7 to 18 kHz



(Hutchins et al., 2012). TGEs analyzed in the present study
are detected by an outdoor 3 cm thick scintillator with a
sensitive area of 1m? operated in the particle counter mode.
The detection efficiency is ~98% for electrons and ~5%
for gamma rays, the energy threshold is ~2MeV.

3. TGEsTERMINATED BY LIGHTNING

We will consider six selected TGE events that have
been terminated by lightning. The observation data involve
1 sec time series of the count rate of particle flux, 50 msec
time series of slow disturbance of near-surface electrostatic
field, fast wideband electric field waveforms, and lightning
location and stroke energy data from WWLLN.

Three of the selected events, which were observed on
the same day, May 11 2015, are shown in Figure 1, where
the count rate of particle flux and the disturbances of the
near-surface electrostatic field are presented.
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Figure 1. A sequence of three TGEs abruptly terminated by negative
lightnings.The lower curve is the 1 sec time series of the count rate of the
particle flux detected by the 3 cm thick outdoor scintillator; the upper
curve is the 50 msec time series of the electrostatic field disturbances
detected by the electric field mill. Lightning detection time and distance
to the lightning is according to WWLLN data, and the electric field
changes, 4E, are indicated for each lightning.

As can be seen from Figure 1, all three TGEs are ab-
ruptly terminated by lightnings, which are characterized by
a strong disturbance of the near-surface electrostatic field
measured by the electric field mill. At 16:29:36, the electric
field starts its sharp increase, in 100 msec changing from
—=5.7 kV/m to 57.3 kV/m, and the particle flux count rate is
terminated at its rising edge. At 16:32:06, the electric field
changes from —6.5kV/m to 60 kV/m, and the termination is
observed at the maximum of the count rate. At 16:35:06,
the electric field changes from 5.5kV/m to 61.5kV/m, and
the termination is observed at the falling edge of the count
rate. All three lightnings that terminated the TGEs shown in
Figure 1, were detected by WWLLN.

The lightning detection time stamps and distance to
lightning are indicated in Figure 1 as well. The distances to
the lightning, according to the WWLLN data for the three
selected events, are equal to ~0.6km, ~13.7km, and 4.2 km.
However, the uncertainty in lightning location is rather
high, ~5 km.

For all observed TGEs terminated by a lightning the
electric field change measured at the ground is positive and
it can be attributed to the decrease of negative charge over-
head.

The “atmospheric electricity” sign convention (a down-
ward-directed electric field or field change vector is consid-
ered positive) is used throughout this paper. Thus, a posi-
tive electric field change measured at the ground is pro-
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duced by a negative lightning, which decreases the negative
charge overhead.
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Figure 2. Fast electric field waveforms of three lightnings that
terminated the TGEs corresponding to those shown in Figure 1. Data
capture length is 5ms, including 1 msec pre-trigger time, sampling
frequency is 100Ms/s.
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Figure 3. Fast electric field waveforms of Figure 2 are shown here with
10-fold time magnification. All three waveforms show multiple bipolar
pulses with typical duration of 1-2 microseconds.

Fast electric field change waveforms for the three se-
lected events are presented in Figures 2 and 3 with different
time magnification. All three waveforms show trains of
multiple short bipolar pulses of different polarity with typi-
cal duration of 1-2 microseconds, and with overall train



duration in the range from 150 microseconds to 1 msec. It
should be noted, however, that due to short data capture
length of 5 msec used in these measurements, the recorded
waveforms may show only the preliminary stage of a light-
ning flash. Therefore, identification of the type of lightning
discharge (cloud-to-ground, or intracloud) from the record-
ed fast electric field is problematic for these measurements.

In Figure 4, we present termination shapes for five se-
lected events. An abrupt termination of the count rate was
detected at the rising (c) and falling (b and e) edges of par-
ticle flux enhancement, as well as at the maximum of the
burst (a and d).

We assume that, most probably, the cloud-to-ground
lightning terminates these TGEs. An indirect argument
supporting this assumption is that all three lightnings are
detected by the WWLLN, which detects only the strong-
est lightnings with peak currents above 35-40kA with
detection efficiency of ~10 %, and vast majority of
lightnings detected by the network are cloud-to-ground
lightnings. This is primarily because a CG lightning is a
much stronger radiator in the frequency range from 3 to
30 kHz used by WWLLN for lightning detection. Never-
theless, we cannot ignore the possibility that a strong
intracloud lightning, which can also be recorded by
WWLLN, terminates TGE. Another method for the de-
termination of the lightning type is discussed in (Chil-
ingarian et. al., 2016).

The main characteristics of the electrostatic field
changes for the six observed TGEs terminated by light-
ning are summarized in Table 1. Distance to the light-
ning given in the third column is calculated using lati-
tude and longitude of the lightning determined by the
WWLLN data and the coordinates of the Aragats station.
The distance is calculated as the great-circle distance
between the two points according to the well-known
“haversine” formula on the basis of a spherical earth,
ignoring the ellipsoidal effects. The estimated stroke
energy and its uncertainty according to WWLLN data is
given in the last column. All observed lightnings are
characterized by very large positive change of the elec-
tric field strength. The “amplitude” of lightning as meas-
ured by the abrupt disturbances of the near-surface elec-

trostatic field AE= (Emaximum-Estart) ranges from 42.6 to
84kV/m.

However, the electric field strength at the start of its
abrupt change is quite different for the six selected events,
ranging from -25.5kV/m to +5.5kV/m. All six discussed
lightnings occurred near the Aragats research station: the
distance to the lightning according to the WWLLN data is
in the range 0.6-13.7km.

May 11,2015
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April 20,2015, 18:00:14, 2 km October 4 2014, 14:13:32, 6.8km

c d e

16.28:45 16:20:45 18:30.45 16:31:45 18:32.45 16.33:45 18:34.45 18:35:4

16:29:36, 0.6km 16:32:06, 13.7km 16:35:06, 4.2 km

Figure 4. Various shapes of TGE termination observed for five selected
events: at the maximum of particle flux (a, d); at the falling edge (b, €),
at the rising edge(c).

We examined the time coincidences of the abrupt
changes of the electrostatic field measured by EFM-100
field mills installed at the Aragats station and the time
stamps of lightning detection by the WWLLN. The statis-
tics for 137 event is presented in Figure 5, where the histo-
gram shows the number of events as a function of time dif-
ference between WWLLN time stamps and corresponding
maxima of electrostatic field disturbances.

As can be seen from Figure 5, the standard deviation of
the distribution is ~350 msec. The shift of the center of the
distribution towards negative values of the time difference
by about 250 msec is due to the fact that the maximum of
the electrostatic field change caused by lightning and meas-
ured by the field mill is achieved later than the time stamp
WWLLN which detects the maximum of the electromag-
netic emission pulse from the lightning.

Table 1. Parameters of electrostatic field change, distance to lightning, and estimated stroke energy observed for TGEs terminated by lightning.

_ ) Start electric Max electric | AE= 2’::::: Stroke Ener-

ate Time (UT) Distance km 'lf(ls/lldestan, ll‘(l\elllcin Emax, Emax - Estart change aqy

kV/m V)
20-Apr-15 18:00:14 2 12 49.2 48 1.1sec 23513+14259
20-Apr-15 18:02:01 8 -3.41 39.2 42.6 1.2s N/A
4-Oct-14 14:13:32 6.8 -25.5 58.5 84 5sec N/A
11-May-15 16:29:36 0.6 -5.7 57.3 63 8sec 56516+40695
11-May-15 16:32:06 13.7 -6.5 60 66.5 6sec N/A
11-May-15 16:35:06 4.2 55 61.5 56 5sec 5295+1660
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Figure 5. Histogram of time coincidences between WWLLN detection
time stamps and the time stamps of electric field maximum measured by
field mill EFM-100.

4. CLASSIFICATION OF LIGHTNINGS BY TYPE
AND POLARITY

After installing a digital oscilloscope with an extended
data capture length of 500 msec, we investigate the rela-
tions of the fast electric field waveforms and the disturb-
ances of the near-surface electrostatic field. The waveforms
of the selected lightnings recorded with a capture length of
500 msec have some typical features, which allow us to
identify the type and polarity of a lightning flash.

Fast electric field waveforms for three selected light-
nings are shown in Figures 6, 7 and 8. In all three wave-
forms, multiple weak microsecond-scale bipolar pulses are
followed by a strong bipolar pulse, the amplitude of which
is by an order of magnitude higher than that of the weak
pulses. Typical amplitude is 10-20mV for weak pulses, and
200-300mV for the strong ones. Time interval between the
beginning of weak pulses and start of the strong pulse is
160 msec, 74 msec, and 28 msec for the lightnings shown
in Figures 6, 7, and 8, respectively. In order to identify the
type and polarity of lightnings, we compare the waveforms
shown in Figures 6-8 with the waveform of the negative
cloud-to-ground (CG) lightning recorded at Lightning
Observatory in Gainesville Florida, USA (Zhu et al 2014),
shown in Figure 9. Multiple weak bipolar pulses around 4-
5 msec are identified by as preliminary breakdown (PB)
pulses, and the strong bipolar pulse at 21.5 msec with
positive polarity of initial half cycle is identified as negative
return stroke (RS). The typical duration of PB process is a
few milliseconds; the time interval between PB pulses and
strong bipolar pulse considered as stepped-leader duration
(Zhu et al., 2014). We believe that fast electric field
waveforms of lightning flashes detected on Aragats and
shown in Figures 6-8 can be interpreted in a similar way.

Thus, weak bipolar pulses followed by a strong bipolar
pulse in the waveforms of Figures 6-8 we identify as pre-
liminary breakdown (PB) pulses (and stepped leader pulses
in Figures 7 and 8) followed by the return stroke pulse. In
waveforms of Figures 6 and7, the PB pulses are followed
by a positive return stroke at 162 msec and 74 msec after
trigger, respectively. In both cases the return stroke is posi-
tive, because the polarity of the initial half cycle of the
strong bipolar pulse is negative. In the waveform of Figure
8, the PB pulses are followed by a negative return stroke at
28.7 msec after trigger.
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gure 9. Fast electric field waveform of negative CG lightning recorded
at Lightning Observatory in Gainesville Florida, USA (Zhu et al 2014)

Here, the return stroke is negative because the polarity of
the initial half cycle of the strong bipolar pulse is positive
(as mentioned above, we use the “atmospheric electricity”
sign convention for electric fields, in which a positive elec-
tric field change corresponds to negative return stroke). In
the waveforms of Figure 7 and 8, some bipolar pulses are
observed also in the time interval between PB pulses and
the return stroke pulse. We assume that they can be inter-
preted as leader pulses.

We note that the peak-to-zero time of the initial half
cycle is 125us for the waveform of Figure 6, and about
100us for the waveforms of Figures 7 and 8. This long fall
time, or return from the minimum (or maximum) to zero
supports the classification of the observed events as CG
lightnings. According to the criterion used by (Heavener et
al.,2003) at the Space and Atmospheric Science Group, Los
Alamos National Lab, the classification of CG events is
based solely on the relatively slow (greater than 30us) fall
time.
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5. IMAGES OF THE CORRESPONDING NEAR-

SURFACE ELECTROSTATIC FIELD

In Figure 10 we show the disturbances of the near-
surface electrostatic field for three lightnings discussed in
the previous section and measured by EFM-100 electric
field mill.

The main characteristics of the electrostatic field
changes, the distance to lightning and estimated stroke en-
ergy, are summarized in Table 2. The difference AE =
(Emax-Estart) between the electrostatic field at the maximum
and at the start of its abrupt change is -64.6kV/m and -
41.5kV/m for lightnings occurred on August 6. For the
lightning that occurred on August 2, the electrostatic field
abruptly rises from 11 kV/m to 39 kV/m during 100 msec
and then drops down to -23 kVm in 50 msec with a subse-
quent long recovery time of (FWHM=30sec). These param-
eters of the slow electric field measured by the field mills
fulfill the conditions for CG lightnings introduced in (Chil-
ingarian et al., 2015, Tab. 1). Thus, we have the same clas-
sification of lightning type made by fast waveforms and
“slow” near-surface electric field patterns.
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Figure 10. 50 msec time series of near-surface electrostatic field for
three selected lightnings. a) 15:51:21 August 6,2015; b) 02:58:49 August
2,2015; c) 15:42:31 August 6,2015. Distance to lightning for a) and b)
which were detected also by WWLLN is 3.7km and 5.9km, respectively.
Distance to lightning for c) estimated by EFM-100 field mill is about
6km.

It is interesting to compare the disturbances of the elec-
trostatic field and fast electric field waveforms for the three
lightnings. For the lightning that occurred on August 6 at
15:51:21, the electrostatic field change is negative and
hence, it is produced by a positive lightning, which neutral-
izes the positive charge overhead.



Table 2. Parameters of electrostatic field change, distance to lightning, and estimated stroke energy for three observed lightnings.

AE FWHM

Distance = .

Time K Start electric field | Max electric field of field Stroke Energy

N Date m Emax Estart
(uT) Estart, KV/m Emax, KV/m change )

kV/m

1 6-Aug-15 15:51:21 3.7 15.8 -48.8 -64.6 4sec 458611160
ro. 5.9 11 39 28 35 msec

2| 2Aug-15 | 02:58:49 39 » et 30560 30714802

3 6-Aug-15 15:42:31 6 35 -38 -41.5 2sec N/A

This is consistent with the polarity of the lightning deter-
mined from the fast electric field waveform shown in Fig-
ure 6. For the lightning that occurred at 02:58:49, there are
two changes of the electrostatic field having opposite polar-
ity: a large positive change is immediately, within
100 msec, followed by a huge negative change. This nega-
tive change is produced by a positive lightning, which neu-
tralizes the positive charge overhead, and this is again con-
sistent with the polarity of the lightning determined from
the fast electric field waveform shown in Figure 7. A ques-
tion arises: what is the origin of the positive change of the
electrostatic field in the beginning? The fast field waveform
of Figure 7 shows that the positive return stroke is preceded
by a long stage (about 50 msec) of multiple weak bipolar
pulses, which can be identified as preliminary breakdown
and stepped leader pulses, as it was already mentioned
above. Even though these pulses are weak, the total charge
neutralized by these multiple discharges can be quite large,
and the electric field mill can detect the electrostatic field
change produced by charge neutralization prior to the return
stroke.

We also note that the lightning occurred on August 2 at
02:58:49.244 has the strongest PB pulses among the select-
ed three, and only for this event (among the three) the elec-
trostatic field change is not typical, showing a large positive
change followed by an even larger negative one. If we as-
sume that the positive change of the electrostatic field ob-
served in the beginning of the lightning is related to the
stage of preliminary breakdown and negative change then -
to the stepped leader, we come to the conclusion, that prior
to the positive return stroke which neutralizes positive
charge overhead, the discharges of the preliminary stage
neutralize the negative charge overhead.

For the lightning on August 6 at 15:42:31, the electro-
static field change is negative and hence, we can expect that
a positive lightning, which neutralizes a positive charge
overhead, could produce it. However, this conclusion is in
contradiction with the lightning polarity determined from
the fast electric field waveform shown in Figure 8, where
the positive polarity of the initial half cycle (Figure 8 c, d)
clearly indicates a negative lightning, which neutralizes a
negative charge overhead.

We can suppose that a possible reason for this contra-
diction could be the sign reversal of the electrostatic field
with distance (e.g., Rakov and Uman, 2003, p. 71.), and
that the true polarity (negative) of this lightning is deter-
mined from fast field waveform, since the polarity of radia-
tion field does not change with distance. However, no po-
larity reversal of electrostatic field has been detected by our
three field mills for this lightning, so an unambiguous iden-
tification of the type and polarity is not possible.

6. CONCLUSION

The TGE events copiously measured on Aragats during
thunderstorms are represented by the 50 ms, one-second and
one-minute time series of the gamma ray and electron count
rates as well as by gamma-ray energy spectra, meteorological
conditions, fast and slow disturbances of the near-surface
electric field, which allowed us to investigate their causal
relation to lightning initiation (Chilingarian et al., 2015).

We monitor the particle fluxes from thunderclouds and
atmospheric discharges by networks of near-surface electric
field sensors and fast electric field waveforms. TGE slowly
discharge the lower dipole allowing smooth decaying of the
large negative electrostatic field on the ground. In contrast,
lightnings “kill” the TGE immediately; the abrupt change
of the near surface electric field by the negative cloud-to-
ground lightning is accompanied by the abrupt termination
of the TGE. Thus, investigation of the lightning-TGE rela-
tions can shed new light on the long-standing problem of
lightning initiation.

Extended data capture length of digital oscilloscope al-
lows investigating relations of the fast electric field wave-
forms and disturbances of near-surface electrostatic field.
Weak bipolar pulses followed by strong bipolar pulse in the
waveforms can be identified as preliminary breakdown
(PB) pulses followed by stepped leader pulses and by the
large return stroke pulse. Long fall time of the return stroke
pulse supports the classification of observed events as CG
lightnings.

For the lightning of August 6 at 15:51:21, the electro-
static field change is negative and hence, it is produced by a
positive lightning, which neutralizes a positive charge
overhead. This is consistent with the polarity of lightning
determined from the fast electric field waveform.

The lightning of August 2 at 02:58:49.244 has the
strongest PB pulses among the three selected, and only for
this event (among the three analyzed) the electrostatic field
change is not typical, showing a large positive change fol-
lowed by an even larger negative one. We can speculate
that the positive change of the electrostatic field observed in
the beginning of the lightning of August 2 is related to the
stage of the preliminary breakdown and negative change
then - to the stepped leader. Thus, we conclude that prior to
the positive return stroke, which neutralizes the positive
charge overhead the discharges of the preliminary stage
neutralize the negative charge overhead.

For the lightning of August 6 at 15:42:31, the electro-
static field change is negative and hence, we can expect that
a positive lightning, which neutralizes a positive charge
overhead, produce it. However, this conclusion is in a con-
tradiction with the polarity of lightning determined from the
fast electric field waveform. The question of an unambigu-
ous identification of the type and polarity of this lightning
remains open.
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Abstract. The relationship of lightnings and particle fluxes in the thunderclouds is not fully understood to date. Using the particle beams
(the so-called Thunderstorm Ground Enhancements — TGES) generated in the lower part of clouds by the strong electric fields as a probe,
we investigate the characteristics of the related atmospheric discharges. The well-known effect of the TGE dynamics is the abrupt termi-
nation of the particle flux. We demonstrate that among 12 atmospheric discharges that abruptly terminated TGE all are the negative
cloud-to-ground lightnings. The flux termination and lightning occurred at one and the same second.

With new precise electronics on millisecond time scales we can see that particle flux decline occurred simultaneously with abrupt in-
crease of electrostatic field after the return stroke of the lightning. Therefore, the declining of particle flux is connected with rearranging
of charge centers in the cloud involving removal of the Lower Positive Charged Region (LPCR).

1. INTRODUCTION

Thunderstorm Ground Enhancements (TGEs, Chil-
ingarian et al., 2010, 2011) are abrupt enhancements of the
secondary cosmic rays measured on the Earth’s surface in
correlation with thunderstorms and lasting from several
seconds to several tens of minutes. The origin of TGEs are
the very strong electric fields in the thunderclouds; if all
electrostatic fields induced by the charge layers in the thun-
dercloud join in a resulting field that accelerates the elec-
trons downwards, the seeds from the ambient population of
Cosmic Rays (CR) can gain energy from the field, multiply
and produce bremsstrahlung gamma rays which are regis-
tered at the Earth’s surface. Plenty of the seed electrons
originate from the multiple Extensive Air Showers (EASS)
unleashed by the galactic high-energy protons and stripped
nuclei interacting with the atmosphere.

The mechanism of the acceleration and multiplication
of seed electrons, namely Runaway Breakdown (RB), was
suggested in (Gurevich et al., 1992) along with emphasiz-
ing its role in the lightning initiation. This mechanism re-
cently is referred also as Relativistic Runaway Electron
avalanches (RREAs, Dwyer, Smith, and Cummer, 2012;
Dwyer and Uman, 2014). RB operates only at very high
electric fields in the cloud and is capable to originate TGEs
with energies up to 40-50 MeV and intensities tens of times
exceeding the cosmic ray background (Chilingarian, et al.,
2013).

In 2002 Chilingarian, Mailyan and Vanyan proposed a
compatible with RB mechanism — Modification of electron
energy Spectra (MOS), which can increase the secondary
cosmic ray flux by a few fractions of a percent, but in a
larger energy scale.

In 1999, Alex Gurevich and colleagues suggested that
when the electric field in a thunderstorm cloud reaches the
critical value of E > E¢, every cosmic ray secondary elec-
tron with “runaway” energies (0.1 — 2 MeV) initiates a mi-
cro-runaway breakdown (MRB). Usually it is very difficult
to select these nanosecond-lasting showers originated in the
cloud from the individual electrons (Extensive Cloud
Showers — ECSs, Chilingarian et al., 2011) within the ongo-
ing TGE of several minutes duration. ECSs (MRBs) should
be distinguished from the plenty of large EASs originated
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high in the atmosphere and containing millions of particles.
Nonetheless, at Aragats research station where clouds
sometimes are “sitting” on the surface we detect several
large TGEs, within which “resolve” numerous very short (<
400 nsec) showers originated in the thundercloud from a
seed electron (Chilingarian et al., 2011). Furthermore, by
the 2-way classification we demonstrate systematic differ-
ences of ECSs and EASs. Thus, TGEs are superposition of
the multiple avalanches initiated by the individual CR elec-
trons in thundercloud and reaching the Earth’s surface.

The relation of RBs, TGEs and lightnings are not yet
fully discovered. If we can definitely state that RB is capa-
ble to initiate a TGE and a lightning cannot initiate a TGE
(Chilingarian, 2014), then the role of RB in lightning initia-
tion is still dimmed.

According to the theory of a combined effect of RB-
EAS (Gurevich, et al., 1999), the ionization of the atmos-
phere by a high-energy EAS (E > 10'® eV) in RB conditions
is growing strong enough to produce spark-type local elec-
tric breakdown that can radiate a strong local pulse of elec-
tric current and serve for lightning leader initiation.

For proving this theory we need simultaneous and syn-
chronized on nanosecond time scales detection of EASS,
TGEs and lightnings by particle detectors with fast elec-
tronics, detectors of the fast waveforms of radio emission,
sensitive fast cameras, precise lightning detectors and elec-
trostatic field sensors. Certainly, in-situ measurements of
the electric field in the cloud will be very helpful. Unfortu-
nately to date there are no convincing experiments for solv-
ing the lightning origination enigma.

In the present paper we will try to approach this prob-
lem by the analysis of a special kind of TGEs, i.e. TGEs
abruptly terminated by lightnings. To our knowledge, the
Baksan group reported the first TGEs of this kind
(Alexeenko et. al., 2002). They demonstrated that the parti-
cle count rate increased at energies of ~30 MeV then quick-
ly returned to the background level when lightning oc-
curred. In (Khaerdinov and Lidvansky, 2005) they correctly
deduce that the detected flux enhancements are not directly
related to the lightning activity; the lightnings serve rather
as a switch-off for the electric field. Recently several
groups report such special TGEs as well (Tsuchiya H. et al.,



2013, Chilingarian et al., 2015, Kelley et al., 2015, Kollarik
et al., 2016, Kuroda et al., 2016).

With installing of new fast electronics at Aragats
(Pokhsraryan, 2016) it became possible to investigate time
series of the near-surface electric field, fast waveforms of
atmospheric discharges and particle fluxes on the millisec-
ond time scale. Various particle detectors and field meters
are now synchronized by GPS receivers providing a time
stamp with an accuracy of better than a few tens of a nano-
second.

In the paper we present the analysis of a TGE event oc-
curred on 7 October 2015 for the first time detected on a
millisecond time scale. We also consider a sample of TGEs
observed during 2013-2015, all of them being abruptly ter-
minated by lightnings, in order to deduce what kind of at-
mospheric discharge had ceased the particle flux.

2. INSTRUMENTATION: ARAGATS SOLAR NEU-

TRON TELESCOPE !

Aragats Solar Neutron Telescope (ASNT, Fig. 1) is a
part of the worldwide network coordinated by the Nagoya
University and aiming primarily to measure the fluxes of
the neutrons born in the violent solar flares. Now ASNT is
monitoring 7/24 charged and neutral fluxes of secondary
cosmic rays. ASNT observation of the ever-largest TGE
detected at Aragats Space Environmental Center (ASEC,
Chilingarian et al., 2005) on 19 September 2009 (Chilingar-
ian et al., 2011) allows for the first time to measure simul-
taneously the energy spectra of the electrons and gamma
rays and firmly establish the neutrons production in the
photonuclear reactions of gamma rays in the atmosphere.

ASNT

Aragats Solar Neutron Telescope

Figure 1. Setup of the Aragats Solar Neutron Telescope (ASNT)

ASNT consists of 4 upper and 4 lower scintillators,
each having an area of 1m2. The distance between the lay-
ers is ~1.2 m. The data acquisition system can register all
coincidences of detector signals from the upper and lower
layers, thus enabling measurements of the arrival of the
particles from different directions. The signals ranging from
0.5 mV to 5 V, from each of 8 photomultipliers, are passed

'Particle detectors and field meters used in the present research are
described in other papers of proceedings. Here we present only
description of the ASNT detector.
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to the programmable threshold discriminators. The output
signals are fed in parallel to the 8-channel logical OR gate
triggering device and to a buffer. If there is a signal in the
channel we will denote it by 1 and the channels that were
not fired within the *“opening’” time of the gate (~1 ps) by
0. The ASNT trigger condition is defined by detecting at
least one signal in the 8 data channels. The trigger rate of
the entire detector system does not exceed 10 kHz. The
duration of the entire data readout and signal processing
procedure is less than 10 ps. There are 23 different possibil-
ities of so-called “*basic states’. Sixteen of them carry in-
formation about the direction of the incident particle. For
example, the state configuration 0010 for the upper layer
and 0010 for the lower layer corresponds to the charged
particle traversal through the third upper and third lower
scintillators (zenith angle between 0 and 30). Combination
0010 and 1000 corresponds to the traversal through the
third upper and the first lower scintillator (zenith angle be-
tween 20 and 40). The other 7 possibilities give additional
valuable information on the particle flux incident on the
detector. For instance, the combination 01, i.e., no signal in
the upper and the signal in the lower layer can be attributed
to the traversal of a neutral particle. However, due to small
sizes of the anticoincidence shielding (see Fig. 1), several
charged particles can hit the detector from the side. None-
theless, if the particle beam is near vertical (it is just the
case of a TGE hitting ASNT), we can measure the energy
release spectrum of the thunderstorm-correlated gamma
rays. Histograms of the energy releases in the thick scintil-
lators are measured and stored each minute, providing the
exact pattern of the energy releases during solar transient
events and during thunderstorms. The top scintillators have
the thickness of 5 cm (energy release for the vertical elec-
trons is ~10 MeV) the combination 11 will select charged
particles with energy greater that 20 MeV. The advanced
data analysis system (ADAS) provides registration and
storage of all logical combinations of the detector signals
for further offline analysis and for issuing warnings and
alerts on the dangerous space weather conditions.

3. LARGE TGE OCCURRED ON 7 OCTOBER 2015

On 7 October 2015 the weather at Aragats was stormy.
Disturbances of the near-surface electrostatic field started
around 7:00 UT and followed with several lightnings
t012:00. The atmospheric pressure was 685.3 mbar; wind
speed 2.5 m/sec from ~270° N direction. The solar radiation
decreased from 500 W/m? at 10:15 down to zero at 11:45
due to thick cloud preventing solar radiation to reach the
Earth’s surface. The temperature followed the decline of the
solar radiation with a short delay decreasing from 2.8 C°
down to 0.5 C°. The location of the cloud just above the
particle detectors and developing of the Lower Positively
Charged Region (LPCR) in the bottom of it assisted un-
leashing of the large TGE, which started at 14:40 and all
the particle detectors of ASEC registered it. The relative
humidity during TGE was very high — 97%. In Fig. 2 we
show the two-second time series of the ASNT detector (Fig.
1). The upper blue time series correspond to the flux meas-
ured by the four 60 cm thick 1-m? plastic scintillators; the
black time series are measured by the same scintillators
conditioned on the absence of a signal in the upper (veto)
scintillators; and the read one — the near-vertical flux of
particles registered in both layers of detector (11-
combination, mostly electrons with energies above 20
MeV).



1500
1000
500

|||||||
14:42:00

...... )y
14:50:00 1454:00
October 7, 2015; Time (UT)

L Lot Lt
14:30:00 14:34.00 14:46:00

Figure 2. TGE seen in the two-second time series of the ASNT detector;
blue time series — total flux; black time series — flux with veto on near-
vertical charged particles; red time series — high energy particles with
energies greater than 20 MeV.

In Fig. 3 we show p-values of the same two-second
time series observed by ASNT detector. The significance of
detecting peaks in the time series of the particle count rates
is determined by the p-values of the peak significance test,
i.e. by the value of the peak divided by the standard devia-
tion of count rate (number of standard deviations contained
in the peak, No). The p-value is the most comprehensive
measure of the reliability of detecting peaks in a time series.
Large p-value corresponds to small chance probabilities
that the observed peak is a background fluctuation and not a
genuine signal. Therefore, we can safely reject the null hy-
pothesis (background fluctuation) and confirm the TGE.
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Figure 3. TGE as seen in the p-values of the two-second time series of
the ASNT detector; black time series — total flux; blue time series — flux
with veto on near-vertical charged particles; red time series — high
energy particles with energies greater than 20 MeV.

Closeness of the particle flux with and without veto
proves that most of the TGE particles were gamma rays.

The high-energy gamma ray flux was confirmed by di-
rectly measured differential energy spectrum with the net-
work of Nal spectrometers, see Fig 4. Differential energy
spectra measured by 3 Nal spectrometers extended at least
up to 30 MeV (therefore the “parent” electrons have ener-
gies up to 40-50 MeV). The integral near-vertical energy
spectra of the TGE event measured by the CUBE detector
(energy threshold ~ 4 MeV) with capability of separating
electron and gamma ray fluxes was: le ~ 350(min*m?)2; Iy
~ 9500(min*m?)L; le/ly ~ 3.8%.

The particle flux reached the maximum at ~14:44 and
on the declined phase at 14:45:07 the negative lightning
“Kkilled” it (see Fig. 5). The disturbances of the near-surface
field started at 14:45:07, reaching the maximum at
14:45:07.10; the amplitude was ~70 kV/m and the distance
to lightning was ~7 km.
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Figure 4. Differential energy spectrum of the TGE measured by the Nal
spectrometer with energy threshold 0.4 MeV

After the shaping of the LPCR in the bottom of the
cloud, the emerged strong electric field accelerated the elec-
trons downward in the direction to the ground. The LPCR is
usually small as compared to the main negative charge; so
it can influence only the electrostatic field locally beneath
the cloud. LPCR, as well, can control the development of
the downward negative leader starting above in the cloud.
The main negative charge region in the middle of the cloud
and its image charge of the opposite sign (under the as-
sumption of perfectly conducting ground) form much more
extended field also accelerated electrons downward. The
superposition of these two fields and electrostatic field in-
duced by the main upper positively charged region is
changing fast, dependent on the wind speed that moves
LPCR above the particle detector location. Deposition of
the negative charge to the ground by lightning leads to an
abrupt increase of the positive charge overhead, resulting in
the particle flux decay. We note that the “atmospheric elec-
tricity” sign convention (a downward-directed electric field
or field change vector is considered positive) is used
throughout this paper. Therefore, negative lightning depos-
iting negative charge to the ground produces positive elec-
trostatic field change as indicated in the Figure 5 (see the
discussion on the atmospheric electricity sign convention in
(Krehbiel et al., 2014).
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Figure 5. TGE abruptly terminated by the negative lightning; in the

bottom are shown electric field disturbances detected by the electric mill
EFM-100; in the middle — 1-sec time series of count rate of 3 cm thick
outdoor plastic scintillator, on the top — distance to lightning; Lightning
occurred at 14:45:07 coinciding with decline of particle flux by 14.4%.

In our previous paper (Chilingarian et al., 2015) we
compared the 50 msec time series of the near-surface elec-
trostatic field measurements with the 1-sec time series of
the count rates of particle detectors. This, 20-fold incon-
sistency in the time series prevents definite inference on



start of the particle decline relative to lightning time. With
installing of the new fast electronics (Pokhsraryan, 2016) it
becomes possible to compare lightning and particle fluxes
on the same temporal scale.

In Fig. 6 we demonstrate five seconds of the 50-ms
time series of the count rates including abrupt increase of
the near-surface electrostatic field and particle flux termina-
tion. Visible decline of the particle flux occurred within 100
ms from (14:45:07.175 to 14:45:07.275) of the abrupt in-
crease of the near-surface electrostatic field that is manifes-
tation of the negative lightning strike. It is expected that the
maximum of electrostatic field change is reached later than
the maximum of electromagnetic pulse from the lightning.
Our statistics of the time difference between WWLLN time
stamps and EFM-100 field maximum time stamps (137
coinciding detections, see Fig. 5 in Chilingarian et.al.,
2016) shows a delay of electrostatic field maximal value of
~ 185 ms. Thus, the decline of the particle flux detected at
~14:45:07.175 was simultaneously with abrupt increase of
the near-surface electrostatic field after the return stroke
which deposited the negative charge on the ground. This is
further supported by the fact that detection of the fast elec-
tric field waveform was triggered at 14:45:06.995 that is
180 ms prior to the abrupt termination of TGE.

The electric field measurements are fed to the myRio
board by the TCP-IP connection (WiFi) scaled ~ 5 times
less than the firmware application provided by Boltek via
Internet cable (Pokhsraryan, 2016). It explains ~5-fold de-
crease of the electrostatic field strength of myRio output.
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Figure 6. Five seconds of 50 ms time series of all 3 layers of the
STANDLI detector (located near SKL hall) before and after sharp decline
of particle flux at 14:45:07.225. The flux decline coincides with an
abrupt increase (100 ms rise time) of the near-surface electrostatic field.
14 GPS satellites participate in the precise time synchronization.

4. TYPE OF ATMOSPHERIC DISCHARGE
ABRUPTLY TERMINATING TGE

We add to the already published 5 TGE events terminated
by lightning that occurred in 2014 (Chilingarian et al., 2015) 5
new TGE events observed in 2015 and 2 old events from 2013
and 2012 found in the databases. The goal of our analysis is
the identification of the discharge type for all 12 TGEs.

First of all we can claim that only negative discharges
terminate TGEs (see for instance, Chilingarian, Hovsepyan
and Mnatsakanyan, 2016). However the question still to be
answered is: are these discharges intracloud ones (IC-), or
cloud-to ground (CG-)? In our analysis we will use the data
from the network of near-surface electric field sensors, pho-
tographs from lightning monitoring cameras and data from
the World Wide Lightning Locating Network (WWLLN).
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All 12 TGE events terminated by an atmospheric dis-
charge are shown in the Fig. 7. The abrupt decline of TGE
is shown in the 1-second time series of count rates of 3-cm
thick outdoor plastic scintillator of STAND1 detector. In
2012-2014 years the data from STAND1 near MAKET
experimental hall was used (Fig 7 e-h); in 2015 — the data
from STAND1 detector near SKL experimental hall (Fig 7
a-d). For all 12 TGEs the disturbances of electrostatic field
and distances to lightning performed by the EFM-100 elec-
tric mill located on the roof of MAKET hall were used.

In the Tab. 1 we summarize characteristics of TGE
events interrupted by lightnings. As we can see from Fig. 7
lightning occurred in the same second with the count rate
decline. Negative lightning in the disturbances of near-
surface electrostatic field is seen as abrupt positive change
of the field with subsequent slow recovering.

Table 1 contains essential parameters of the selected
TGEs. In the first column we put the date of the event, in
the second — time of start of the abrupt change of electric
field and corresponding value of the electrostatic field. In
the third column we put the time and value of the reached
maximal electric field. The fourth and fifth columns show
the rise time (from start to maximum) and recovery time
(Full width at half maximum - FWHM) of the measured
disturbed electrostatic field respectively. In the sixth col-
umn we show the drop of the particle detector count rate.
The seventh column shows the drop of electric field (differ-
ence between maximal and start values). The next two col-
umns show the distance to lightning estimated by electric
field mill EFM-100 and WWLLN, respectively. The
WWLLN time stamp of detected lightning is shown in the
last column. In the last 2 rows of the Table we show calcu-
lated values of measurements means and mean standard
deviations (MSD). The typical features of the negative
cloud-to-ground (-IC) lightnings terminated TGE are:

1. Mean rise time of the near-surface electrostatic
field ~ 242 + 88 ms;

Mean field recovery time (FWHM) ~ 4.3 £ 2.3 sec;
Mean particle flux drop — 37 + 23%;

Mean field surge —60 + 19 kV/m;

Mean distance to lightning ~ 5.3 + 2.9 km.

Very large amplitude of the negative lightning field
changes (~60 kV/m) achieved in very short time (~242 ms)
and large recovery time of electric field (4.3 sec) indicate
strong discharge processes at nearby distances (up to10 km)
in the thunderclouds above Aragats.

To determine the type of lightning we incorporate in
our analysis another type of evidence from the network of
electric mills. Since our network is rather lengthy, extend-
ing from top of Aragats to Yerevan (~ 40 km) for the classi-
fication of the discharge types we can use the criterion de-
scribed by (MacGorman and Rust, 1998), see also (Kre-
hbiel et al., 2014). When measuring the disturbances of the
electrostatic field by network of sensors, the electrostatic
field can reverse polarity with distance from the lightning in
case of the intracloud discharges (IC), whereas for the CG
ones the polarity remain constant. All 12 lightnings (with
exception of one not reliably classified event) did not re-
verse the polarity in the domain of electric mill network.
Examples of IC lightning changing polarity with distance
and confirming the type by the simultaneous photographs
are shown in Figs. 8 and 9. Therefore we conclude that only
— CG lightnings terminate the TGE.

2
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4.,
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Figure 7. Time series of the 1 second count rates of the outdoor 3 cm thick scintillator sharply terminated by the lightning and disturbances of the
near-surface electric field; in the top of figures the distance to lightning from particle detectors is shown. Electrostatic field and distance to lightning
are measured by the EFM-100 electric mill located on roof of the MAKET experimental hall. Particle count rate was measured by the 3-cm thick
scintillator of STAND1 detector located outdoors the SKL experimental hall and(a-d) and MAKET experimental hall (e-h).
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Table 1. Main parameters of the TGE events terminated by lightnings

Time of max- Deca Dro Surge
Start of lightning | imum (UT) | Rise | oo P g EFM WWLLN
. - . time of of el. - WWLLN -
Date (UT) and el. field | and el. field time - Dist. - time
fwhm flux field Dist km
value kV/m max value (ms) km (um
sec % kV/m
kV/m

11/05 16:29:36.380 16:29:36.580 nq.
2015 57 573 200 8 24 63 4.0 0.6 16:29:36.337
11/05 16:32:06.550 16:32:06.800 .
2015 65 60 250 6 70 66.5 7.9 13.7 16:32:06.521
11/05 oE. 16:35:06.800 oE.
2015 16:35:06.550 5.5 615 250 5 44 56 2.9 4.2 16:35:06.534
20/04 . 18:00:14.350 nn.
2015 18:00:14.1001.2 49 2 250 11 91 48 2 6.7 18:00:14.757
20/04 18:02:01.100 18:02:01.300
2015 34 39.2 200 1.2 25 42.6 7.8 N/A N/A
4/10 14:13:32.400 14:13:32.550
2014 55 58.5 150 5 32 84 6.8 N/A N/A

20:58:10.050 20:58:10.350
2/06 2014 252 488 300 4 24 74 7.8 N/A N/A
2/06 21:00:11.000 21:00:11.000
2014 230 502 350 4 22 75.4 2 N/A N/A
26/05 13:12:41.500 13:12:41.800
2014 32 436 300 7 13 75.6 6.3 N/A N/A
19/10* 11:20:53.000 11:20:53.050 o
2013 9.3 211 50 0.05 58 11.8 11 4.9 11:20:53.392
12/05 06:37:52.000 06:37:53.000
2013 10 456 400 4 20 55.6 2 N/A N/A
7/10 2012 | 15:10:53.000 15:10:53.000 | 509 | 6 22 |e81 |29 N/A NIA

-17.9 50.2
Mean -11.1 49 242 4.3 37 60.0 5.3
MSD 12.8 11 88 2.3 23 19 2.9

*According to measurements of the electric mill located near GAMMA array the lightning was much closer and amplitude of near-surface electric field
disturbances was much larger. Unfortunately, lightning kills this electric mill and it is another evidence along with staff reports that lightning was much

closer than 11 km.
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Figure 8. The disturbances of the near-surface electric field due to intracloud lightning shown on the photograph shot at Burakan village in direction
of Mt. Ararat. On the top are shown the measurements of the near-surface electric field performed by the EFM-100 electric mills located at Aragats,
Nor Amberd and Yerevan. Polarity reversal of electrostatic field change for the negative IC flash is apparent.
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Figure 9. The disturbances of the near-surface electric field due to intracloud lightning shown on the photograph shot at Burakan village in direction
of Mt. Ararat. On the top are shown the measurements of the near-surface electric field performed by the EFM-100 electric mills located at Aragats,
Nor Amberd and Yerevan. Polarity reversal of electrostatic field change for the negative IC flash is apparent.

5. DISCUSSION AND CONCLUSIONS

We analysed TGE events abruptly terminated by the
lightning discharge. The new fast electronics recently in-
stalled at Aragats allowed synchronization of particle flux-
es, measurements of the near-surface electrostatic field and
electric field waveforms on the millisecond time scale. By
examining 13 TGE events, we have found that the atmos-
pheric discharges that terminated the TGE at Aragats all are
cloud-to-ground negative lightnings.

On 7 October 2015, ASEC particle detectors fixed a
large TGE event. One-minute time series of low-threshold
detectors demonstrate a huge enhancement equivalent to ~
100 standard deviations. The differential energy spectrum
of gamma rays extends till 30 MeV and more. The strong
negative lightning seen as an abrupt enlarging of the near-
surface electrostatic field with an amplitude of ~ 70 kV/m
terminates the particle flux. On the 50 ms time scales we
can see that the TGE decay started simultaneously with
abrupt increase of the near-surface electrostatic field.
Therefore, the initiation and termination of TGE is directly
connected with rearranging of charged structures in the
thundercloud, the most important of which is development
and decay of the LPCR.

In (Chilinarian et al., 2016) we demonstrate that 3 elec-
trostatic fields from the tripole structure of the electrified
thundercloud contribute to the resulting field that acceler-
ates electrons downward. The LPCR, as the nearest to the
Earth positively charged layer has the biggest impact on the
development of the resulting accelerating field and hence,
on the TGE initiation.

We assume that the magnitude of accelerating field and
hence, the particle flux intensity depend on the matureness
(thickness) of LPCR. At the maximum of particle flux the
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LPCR is mature and thick, whereas at the beginning
and at the decay phase the LPCR is thin.

12 TGEs terminated by lightning (Fig. 7) were equally
distributed by 3 categories: terminated in the beginning, at
maximum and on decaying phase (four TGEs in each cate-
gory). It contradicts the model of the LPCR development
and decay presented in (Nag and Rakov, 2009). According
to their model, the negative lightning leader can penetrate
LPCR only on its decaying phase. The mature LPCR do not
allow the negative leader to punch throw and change it to
intracloud lightning. Thus, maybe there are another players
that influence the lightning initiation much more than the
thickness of LPCR; i.e. the very large EAS occasionally
hitting the cloud and unleashing —CG by the RB-EAS
mechanism (Gurevich et al., 1999).

Based on TGE events detected on Aragats we conclude
that only negative cloud-to-ground lightnings terminate
TGEs and the particle flux decline starts after lightning
strikes and rearrangement of the electric field in the cloud
took place. Lightning can terminate TGE in the beginning,
on the decaying phase or at maximum of development with
equal frequencies. Only nearby lightnings (within 10 km)
can terminate TGE.
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Abstract. The measurements of the gamma radiation background at mount Aragats and in Yerevan, by 3”x3” standard Nal ORTEC de-
tector were performed. The measurements at fair weather conditions show that there are no differences between the forms of the radiation

backgrounds at Aragats and Yerevan.

1. INTRODUCTION

The natural background radiation consists of nuclides
radiation in the lithosphere, soil, water and air, and in con-
tribution of cosmic rays and technogenic radioactive
sources. The cosmic ray impact is expected to be higher on
the mountains due to thinner atmosphere that allows pene-
tration of the cosmic rays and radiation from the volcanic
rocks. Radioactive nuclides can penetrate from the soil into
the atmosphere, mostly radon isotopes (*2Rn, ?2°Rn) and
their daughter radionuclides.

Since 2009 hundreds of events of Thunderstorm
ground enhancements (TGE), i.e. enhanced fluxes of elec-
trons, gamma rays and neutrons detected by particle detec-
tors located on the Earth’s surface and related to the strong
thunderstorms above, were observed by the network of par-
ticle detectors located at Aragats space-environment centre
(ASEC, Chilingarian et al., 2005, 2010, 2011).

In order to measure the natural radiation background
possibly influencing in the TGE observations at Aragats
(3200 m above sea level) and Yerevan (1000 m above sea
level) the background measurements were performed by
3"x3” standard Nal ORTEC detector.

2. MEASUREMENTS AND RESULTS

In the Fig. 1, 2 and 3 there are shown the background
radiation spectrums inside the SKL experimental hall (Ara-
gats), outside the SKL hall on territory of Aragats research
station and at headquarters of Yerevan Physics Institute
(YerPhl) respectively. All measurements were done during
600 s at the fair weather conditions.

In the Table 1 the total counts of the spectrums are
shown.

Table 1.

Place of measurement Total counts (600 s)

SKL building inside background,

Aragats 381000+617
Outdoor background, Aragats 2130004462
22a building inside background, 3740004612

Yerevan

Background radiation measurement in the SKL exper-
imental hall was performed under the roof where five
Nal(TI) detectors of ASEC network are positioned. The
gamma spectrometer was located on the concrete layer just
below the roof. In the Fig. 1 we show the gamma lines of
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identified radionuclides of Uranium (***Pb (352 keV) and
214Bj (768; 1120; 1764 keV)), Thorium (2%TI (583; 2614
keV) and 2%Ac (911; 969 keV)) series and potassium “°K
(1460 keV).

SKL building inside background, Aragats
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Figure 1. The background spectrum measured inside the SKL building.
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Figure 2. The background spectrum measured outside the SKL building.
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Figure 3. The background spectrum measured in Yerevan.

For the identification of radionuclides the gamma lines
of “°K (1460 keV) and 28Tl (2614 keV) were used. For an
additional calibration and testing of the energetic resolution
of the spectrometer the gamma line of *’Cs isotope (662
keV) was used. The extracted spectrum of 3’Cs is shown in
Fig. 4. The energetic resolution of 3”x 3” standard Nal
ORTEC spectrometer was 100%*FWHM/(Photo-peak en-

0.00 1443.00



ergy) = 7.6 £1.5 % (Full Width at Half Maximum of photo-
peak) at 662 keV when the background is extracted from
137Cs spectrum. The total counts of the extracted spectrum
was 2200000+1483 during 600 s.

The background extracted 137Cs spectrum
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Figure 4. The background extracted spectrum of the **’Cs isotope.

As it shown in the Table 1 total counts of inside the
building is about two-fold higher than outdoor, which can
be explained by the accumulation of radon gas (?*2Rn, ?°Rn
and their daughter radioactive nuclides) in the building and
also by the contamination of radionuclides in the construc-
tion materials of the building. The measurements in Yere-
van were performed by positioning spectrometer on the
concrete layer in the building 22a of YerPhl (Fig. 3) for
comparison with high-mountain results at Aragats.

3. CONCLUSION

The radiation background measurements were shown
that they are gamma lines of radioactive nuclides of Urani-
um, Thorium series and 4°K in the spectrum.

The largest peak was the peak of “°K (1460 keV) and
the next one was the peak of 2°6T1 (583 keV).
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The total counts differences between Aragats inside
and outdoor spectrums can be explained by the accumula-
tion of radon gas (?°Rn, ?*Rn and their daughter radioac-
tive nuclides) in the building and also by the contamination
of the radionuclides of the constriction materials.

The measurements show that there are no special dif-
ferences between the forms of the radiation background at
Aragats and Yerevan.

More detailed measurements are provisioned during
this year to find out the influence of different weather con-
ditions on the local radiation background.
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Abstract. Experiment “RELEC” on-board satellite Vernov, launched July 2014, contains a suite of scientific instruments including
gamma-spectrometer (0.01-3.0 MeV), spectrometer of electrons (0.2-15.0 MeV), UV (300-400 nm) and opticsl (600--800 nm) photome-
ter and imager, radio wave low frequency (0.001 - 40.0 kHz) and high frequency (0.05 - 15.0 MHz) analyzers.

Gamma and electron spectrometers were used to study transient events, including terrestrial gamma-flashes (TGFs) and precipitations of
relativistic electrons from the Earth magnetosphere with ~15 mcs time resolution. Comparative correlating analysis of the data taken by
the on-board instruments were made.

First catalogue of TGFs detected by “RELEC” during is presented. Events that are included in this catalogue were selected by criterion of
having at least 5 gamma-quanta during the time interval of 1 ms, simultaneously in at least two gamma-spectrometer detectors. TGFs
included in this catalogue have a typical duration of about 400 microseconds, and in total contain from 10 to 40 gamma-quanta. For each
selected for catalogue TGF candidate, we will show light curve and a correlating data of other instruments of “RELEC” on-board Vernov
satellite.

Results of observations of trapped, quasi-trapped and precipitated electron flux and spectral variations in different areas in the near-Earth
space including low L-shells in wide dynamical range from ~1 up to 104 part/cm2s are discussed in this report.

et al., 1992; Dwyer et al., 2012), becomes of great interest.
L INTRODUCTIO_N ] ] High-energy cosmic rays could play a principal role in the

The Atmospheric Transient Energetic Phenomena,  evolution of such breakdown (Gurevich et al., 2004). Auger
SUCh as Terl’estl’la| Gamma FlaShes (TGF) and Transient Showers (Or Extensive Alr Showers - EAS) generated by

Luminous Events (TLE) are the main SubjeCt of scientific such cosmic rays contain a huge amount of high_energy
research in the RELEC experiment onboard the Vernov  glectrons to be seeds of REB.

spacecraft. The simultaneous observation of radio, optical and

TGFs and TLEs are observed both in stratosphere and  gamma flashes as well as direct electron detection from the
mesosphere, i.e. at the source altitude from about 12 km up propagated from the thunderstorm e|ectr0n_gamma ray ava-
to a few dozen kilometers (Cummer et al, 2014). They are  Janche will be the direct confirmation of the theory of run-
accompanied by short rising electron fluxes and electromag-  away electron breakdown and the mechanism altitude dis-

netic radiation bursts in very wide bands from radio to gam-  charges initiated by strong electric fields in the thunder-
ma including optical ranging from ultraviolet to red. storm atmosphere.

The optical phenomena known as sprites, elves and blue The thunderstorm activity can produce the upward
Jets are TLEs. The characteristics of TLEs including spatial  travelling beams of relativistic runaway electrons at the
and temporal structure, rate of occurrence and optical bright-  ajtitudes 60-80 km (Bell, 1995; Lehtinen 1997). Electrons
ness in different ranges are found, for ex., In Vaughan and  ith energies of E ~ 1 MeV and above are able to penetrate
Vonnegut, 1989; Fischer, 1990; Lyons, 1994. to the Earth’s magnetosphere and fed to radiation belts.

The intensive atmospheric X-ray and gamma-ray bursts ~ According to (Lehtinen et al., 2000), high-altitude dis-
were detected from space experiments in thunderstorm areas  charges with REB can be one of the inner radiation belt
(Fishman, 1994; Nemiroff et al., 1997). sources. Such electrons can produce long (about 20-30 ms)

TGFs and TLEs might be the consequence of physical ~ signals in gamma ray detectors. However, attempts of direct
processes resulting from a different kind of high-energy re-  measurements of runaway electrons by means of large area

lease during short time intervals (from 106 to 10 seconds). electron detector onboard Tatiana-2 satellite did not show
Despite more than 20 years of experimental and theo- ~ anY tangible results (Sadovnichy etal., 2011). _
retical research, there are no clear interpretations of such Relativistic electrons seeding the altitude discharges in

phenomena. The runaway electron breakdown (REB), pre-  the mesosphere may fall in thunderstorm area from space, for
dicted in 1992 and studied theoretically in details (Gurevich ~ example, by precipitation from the Earth’s radiation belts
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(referred to as “up-down” model in contrast to the
“down-up” model which describes the runaway electron
avalanche spreading). Indeed, electron flux transients
increasing at the lower edge of inner radiation belts and
beneath the belts were observed in a number of experi-
ments (for instance, see Nagata et al., 1988; Bo-
gomolov et al., 2005).

If precipitation electrons generated TGFs or TLEs
in the upper atmosphere, the influence of geomagnetic
activity on the TGFs and TLEs generation in the meso-
sphere should be taken into account. The study of such
influences on TGFs and TLEs is one of the main objec-
tives in the RELEC project.

The dynamics of relativistic electrons in the Earth’s
radiation belt can be regarded as a separate physical
problem that includes electron acceleration, drift and
loss processes caused by pitch-angle diffusion and their
local acceleration (for instance, see (Shprits et al.,
2008a; Shpritz et al., 2008b)). Relativistic electron
fluxes are now detected by satellites at high-apogee
(Van Allen Probes, GPS and Glonass), at the geosta-
tionary orbit (GOES and electro) and at the low-altitude
satellites (POES, Meteor). Measurements from the
Vernov satellite complement these experiments for the
study of relativistic electrons in the Earth’s radiation
belt.

The Vernov instrument parameters and the first re-
sults are presented in this paper.

2. INSTRUMENTATION

2.1. VERNOV SPACECRAFT

The scientific instruments complex of RELEC (ac-
ronym Relativistic ELECtrons) was developed and
manufactured as a component of the small Vernov
spacecraft (Khartov, 2011), which was named in honor
of academician Sergey Nikolaevich Vernov, one of the
founders of Russian space program The spacecraft was
manufactured by the S.A. Lavochkin space corporation.
Technical parameters of the spacecraft are following:

mass — 283 kg;
orientation accuracy — 6 angular minutes;

stabilisation accuracy — 0.0015°/s;
data rate — 5 Mbit/s.
satellite orbit - solar-synchronous with apogee of

830 km, perigee of 640 km, inclination of 98.4°,
and
period of 100 min.

The main operational mode is the observation with
all instruments operating simultaneously. The nominal
data transfer to the Earth is about 1.2 GB/day. The sat-
ellite was launched on July 8, 2014.

2.2. SCIENTIFIC INSTRUMENTS

The onboard instruments the DRGE, DUV, MTEL
(Telescope-T), low-frequency analyzer (LFA or
NChA), radio frequency analyzer (RFA or RChA) and
the electronic unit (BE) provide measurements of high-
energy electron flux with high time resolution (~15 mcs
in event by event mode) and anisotropy of flux, TEP
detection in wide range of electromagnetic spectrum
from radio to gamma with time resolution of ~15 ps,
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and electric and magnetic field measurements in the
frequency band from 0.1 Hz up to 15 MHz. All instru-
ments are connected with electronic unit BE (see Fig. 1)
which controls and powers the instruments and collects data
from them.

The DRGE instrument is designed for flux and
spectral measurements of X rays and gamma rays with
energy values of E = 0.01-3.0 MeV, electrons with en-
ergy E = 0.2-15 MeV and protons with energy E = 4-
100 MeV.

The instrument consists of three units: two identi-
cal units DRGE-1, DRGE-2 and unit DRGE-3. Physical
and technical parameters of these instruments are pre-
sented in Table 1. All instrument units include detec-
tors, electronics, frames and fixing elements. The in-
strument units are connected with BE as depicted in
Fig. 1.

Each of DRGE-land DRGE-2 units contains two
identical detector blocks including a Nal(TI)/CsI(TI)
phoswich read out by a photomultiplier tube (PMT).
The diameter of both scintillators is 13cm, while the
Nal(TI) thickness is 0.3 cm, and the CsI(TI) thickness
1.7 cm. An The 11 cm diameter Hammamatsu R877
PMT faces both scintillators. Electronic signals from
the PMT are digitized and processed by special elec-
tronic circuitry. The axes of the DRGE-1 and DRHE-2
detectors are directed toward to the local nadir with a
+3° accuracy.

The Nal(Tl) is placed on top of the CslI(TI) crystal,
both crystals seen by one PMT. In this way, the Nal(TI)
serves as the main detector for hard X-ray timing while
the CsI(TI) is used as an active shield against back-
ground gammas, and it can also detect gammas with
energy up to few MeV.

DRGE-3 unit contains three identical detector
blocks, whose axes are directed was follows: the
DRGE-31 detector axis faces the local zenith, the
DRGE-32 axis is principally directed against the satel-
lite velocity vector, and the DRGE-33 axis is directed
normal to the plane formed by the two other detectors
axes. The orientation accuracy for the each of all three
axes is +3°.

Each DRGE-3 detector consists of the phoswich of
a CsI(TI)/BGO with a 0.3 cm thick CsI(Tl) and a
1.7 cm thick BGO. The diameter of both scintillators is
1.5 cm. The cylindrical copper collimator has a height
of 1.0cm and a 0.1 cm thickness arranged above the
Csl(TI) crystal. This collimator limits the FOV of the
detector. The whole package is covered by an anticoin-
cidence cup which consists of a 0.5 cm thick plastic
scintillator. All scintillators are viewed by a single
PMT. The input window of the CsI(TI) crystal is
closed off by100 um thick Aluminum foil, which pro-
tects the scintillator crystals from light and absorbs
electrons with energies of less than 0.2 MeV and pro-
tons and nuclei with energies of less than
~5 MeV/nucleon. The CsI(TI)/BGO phoswich detector
is also sensitive to X-rays and gamma-rays of energy of
0.05-3.0 MeV. Electrons, protons and gammas are sep-
arated by measuring energy release in each scintillator.
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Figure 1. Wiring diagram of the instruments onboard Vernov satellite.
Table. 1.
DRGE-1(2) DRGE-3 Total
Energy range

photons 0.01-3 MeV 0.05-3 MeV

electrons 0.5-10 MeV 0.2-15 MeV

protons 10-100 MeV 5-100 MeV

. 4x120=480 cm? 2.5 cm?
Detector effective area (for 4 detectors)
Field of view 27 sr (£90°) 1.2 sr (£60°)
Mass ~10.4 kg (for each unit) ~2.8 kg ~23.6 kg
Size 0.36x0.36x0.18 m3 0.23x0.3x0.18 m®
Data volume ~150 MByte/day ~70 MByte/day ~370 MByte/day
Power consumption ~9 W (for each unit) ~TW ~25W

The output off all DRGE detector units is recorded
continuously. There are two types of data frames, both
transferred to the Earth:

= Monitoring frame, containing the number of
events in the Nal(TI) or CsI(TI) for exposure time
equal the time passed from previous frame (usual-
ly 15s);

= Event frame, containing the digital record of ener-
gy release amplitudes in the Nal(TI) or CsI(TI) on
the basis of gamma by gamma, a ~15 ps timing
accuracy for each event occurred during time
equal the time passed from previous frame (usual-
ly 1 s). The number of events recorded in frame is

limited by 800 in the case of total count less than

103 s%, and 200 if the total count is higher 10% s,
The DUV instrument is a monoblock unit consisting
of two PMTs of R1463 type with 13 mm input window
diameter, electronics boards and support structures. The
instrument is 130x95x65 mm in size and 0.7 kg in mass
Power consumption with input voltage of 27 V is less than
2.5W. The input windows of each PMT are closed by
special filters, each of 2.5 mm thickness. The filter on one
PMT is transparent in UV range (~240-400 nm), and the
filter on the other PMT is transparent in red and infrared
range (610-800 nm). Long-wavelength limit is determined



by PMT sensitivity. The part of infrared photons, which
can penetrate UV filter, is not more than 2%.

The Telescope-T (MTEL) instrument is able to detect
fine structures of atmospheric afterglow in space-time for
UV (300-400 nm) and red (600-700 nm) ranges. It is a
monoblock unit, consisting of two micro-electro-
mechanical systems (MEMS) micromirrors, two 64 channel
multi-anode PMTs (Hamamatsu H7546A) and electronics
(B.W. Yoo et al., 2009). The size and mass of the instru-
ment is 500x123x77mm and 3.9 kg, respectively. The pow-
er consumption at the input voltage of 27 V is not larger
than 8.0 W. There are two optical systems with different
focal length; one is the trigger optics with shorter focal
length and thus wide FOV, and the other is the zooming
optics with longer focal length equipped with MEMS which
allows the fast steering of the interesting image onto the
corresponding PMT (J.H. Park et al., 2008).. The rotational
speed of two axes micromirror is 10 ps?. The field of

view of the trigger and the zooming optics are 11.3" and

2.9°, respectively. The viewing area of MTEL is about
160x160 km?, i.e. one pixel area is 20x20 km? for observa-
tions from ~1000 km altitude (J. Lee et al., 2012)..

The axes of both DUV and Telescope-T instruments
are directed to the nadir with accuracy of +3°.

The complex of low-frequency (LFA or NChA) and
radio-frequency (RFA or RChA) analyzers is intended to
measure electromagnetic wave components and plasma
current with wide frequency range. The instrument units are
placed both on the special boom and on the thermostat pan-
el. All units have no resonance frequencies below40 kHz.

The LFA instrument consists of 6 units including three-
component fluxgate magnetometer DFM and its electronic
unit BE-FM, induction magnetometer 1M, two identical elec-
trometers or complex wave probes CWZ-1, CWZ-2 and
complex signal spectral analyzing processor PSA(SAS3-R).
Fluxgate magnetometer provides measurements of constant
magnetic field with intensity not less than 64000 nT. Com-

ponent non-orthogonality is measured to be not large than 1°.
The digitization frequency is 250 Hz. Mutual orthogonality
of three measuring axes is provided by DFM unit configura-
tion. Values and sign of three components of alternating
magnetic field induction vector are measured by induction
magnetometer IM and CWZ-1, 2 probes. The frequency
range is from 0.1 Hz to 40 kHz. The CWZ-1, 2 probes are
also able to measure plasma current density. Parameters of
low-frequency analyzer units are presented in Table 2.

Table 2

. . Mass | Consumption
Unit Size (mm
(mm) (k) | W)
DFM @(40£0.3)x62 0.13 <0.1
BE-FM 148.4x85x40 0.30 <0.25
Cwz-1,
CWZ-2 @(64+0.3)x(325+0.8) | 0.40 <0.25
IM ?(24+0,3)x212 0.15 <0.1
PSA
(SAS3-R) 150x200x40 1.10 <5

The RFA instrument consists of electronic unit RFA-E
and antenna RFA-AE, which is able to measure three elec-
tric field components of electromagnetic wave in the range
from 50 kHz to 15 MHz. The frequency resolution of the
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instrument is 10 kHz and the time resolution is 25 ns. The
size of RFA unit is 192x149x91.5 mm?, and mass is 1.5 kg,
while the size of the antenna unit RFA-AE is
54x26x66 mm, and mass is 0.2 kg. The total instrument
power consumption is about 10 W.

The BE instrument provides power supply, command
inputs and high accuracy time pulses on all instruments as
well as scientific and telemetry data collected from the in-
struments and its transfer to the satellite onboard systems in
daily volume about 1.2 GByte. It consists of three boxes:
one box of power controller (BE-POWER or KPP) and two
identical boxes of data controllers, the main (BE-DATA
main or KTzlmain) and the redundant (BE-DATA redun-
dant or KTzlred).

3. RESULTS OF TGFS OBSERVATION

3.1. TERRESTRIAL GAMMA-RAY FLASHES

The DRGE-1 and DRGE-2 large area detectors with
axes directed toward the Earth are the main instruments for
TGFs observations during the operation of RELEC in
space. To the extent that the TGFs are very short (<0.5 ms),
the “gamma by gamma” data taking mode was chiefly used
for their selection. The time of each gamma-quantum detec-
tion as well as the amplitude determining the energy release
in each part of the detector (Nal(Tl) or CsI(Tl)) was record-
ed for every detected gamma-quantum in this mode. The
energy threshold is about 10 keV for Nal(Tl) and about
25 keV for CsI(TI).

Due to the limited volume of data transfer the number
of recorded events in a row is restricted such that not more
than 800 events per second in one detector can be recorded
in the case of low background count (<1000 pulses/s in
both crystals). If background is over 1000 pulses/s or 1500
pulses/s, then not more than first 200 events or 50 events,
respectively, can be recorded consequently event by event
for every second. In the near-equatorial regions, the total
background in both crystals of each of the detector was less,
than 800 pulses/s, so data on all detected gammas was
stored. In the polar cap regions, the background exceeded
1000 pulse/s, and only one fifth of the events detected per
second was stored. Thus, in the near-equatorial regions,
gammas were detected without losses, which is very favor-
able for a TGF search, because these events are observed
mainly in equatorial thunderstorm regions.

At the background on average near the equator not
more than 1 noise event is detected every few milliseconds.
Consequently, the trigger was chosen to have simultaneous
detection of more than 5 gammas/ms by two detectors and
3 or more gammas by three detectors. Because the majority
of TGFs have a rather hard energy spectrum, only events
with energy release over 500 keV inside both sccintillators
were triggered for selection. Besides, an additional condi-
tion was utilized in order to lower the trigger rate caused by
charged particles background in the trapped radiation areas.
This condition limits average background per second before
firing trigger to 1 kHz.

The huge number of events was chosen which satisfied
the trigger criterion. However, the most events were caused
by cosmic rays, particularly heavy charge particles, passing
through the scintillation crystals. Such events can be select-
ed effectively from the “energy-time” diagrams which re-
flect the energy release values pointed againstthe time of
detection. Events originated by heavy charged particles



have a typical form of very high energy release at the be-
ginning and exponential decay because of large ionization
taking place in the scintillators.

Figure 2. Time profile of TGF candidate detected on 18.09.2014.
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The sample of TGF candidates is selected after exclud-
ing events caused by heavy charged particles. During the
observation period from July 20 to December 10, 2014, five
TGF candidates were found. The times of their detection
were 08.08.2014 22:20:55 UTC, 08.08.2014 00:31:07 UTC,
16.08.2014 13:06:55 UTC, 18.09.2014 10:15:34 UTC, and
02.11.2014 03:34:14 UTC. The most intensive flare was
detected on 18.09.2014. The time profile of this event is
shown in Fig. 2, and the area of the source location is pre-
sented in Fig. 3. The area circle diameter is about 5000 km.
As can be seen in the figure, this event was detected in the
western part of the Pacific Ocean in the vicinity of active
thunderstorm regions.
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Figure 3. The location area of TGF candidate detected on 18.09.2014. It is a circle around the sub-satellite point in the detecting time. The circle
diameter corresponds to the detector FOV. The satellite orbit as well as light and shadow areas, and the Sun and Moon projections are also marked

according to Orbitron (http://www.stoff.pl/).

The total time for which TGF candidates were selected
according to the trigger criterion, was 256.5 hours, or
10.7 days. Therefore the TGF detection rate is about 15
events per month, or one flash every few days. This rate is of
the same order as estimated from RHESSI (Grefenstette
et al., 2009), AGILE (Fuschino et al., 2011) and Fermi GBM
(Briggs, 2013) trigger data, but more than an order less than
the value obtained for Fermi non-triggered events (Briggs,
2011). It is conjectured that Fermi non-triggered events are
on average low-intensity and thus more numerous.

Although TGF candidates were observed in the regions
of rather high electromagnetic activity, there is no indica-
tion of these TGF candidates accompanied by short (i.e.
comparable with typical TGF duration) events both in low
and high frequency bands which could be caused by light-
ning. Additionally, no coincidences of TGF candidates with
WWLLN events were found. However, these results are
possibly explained by the low efficiency of WWLLN as
well as poor TGF statistics in the RELEC experiment.

4. RESULTS OF ELECTRON FLUX MEASURE-
MENTS

Detector unit DRGE-3 is the main instrument for high-
energy electron detection. Electrons can be detected also
indirectly by gamma detectors DRGE-1 and DRGE-2 via
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Bremsstrahlung. An example of electron flux measurement
is presented in Fig. 4, where the profiles of electron counts
in DRGE-3 channels versus L-shell number N (L) are plot-
ted. The dotted lines indicate the counts in the detector unit
with its axis directed to the local zenith (i.e. along the mag-
netic field lines at high latitudes), while the solid lines
(black and gray) correspond to the counts in detector units
whose axes are predominantly normal to the magnetic field
line at high latitudes. This means that for relatively high
latitudes (L>1.5) the thin lines indicate the N (L) depend-
ences of electrons with pitch-angles of ~0° (i.e. precipitat-
ed), and thick lines represent N (L) for electrons with pitch-
angles ~90° (i.e. trapped or quasi-trapped).

The data presented refer to the magnetic-quiet time in-
terval of September 5, 2014 15.30-18.50 UT, with the fol-
lowing interplanetary parameters: Kp < 2, Dst > -8 nT, AE
< 550 nT, solar wind velocity< 375 km/s, Bz > -5 nT. A
magnetic storm with Dst = —80 nT occurred on August 27,
2014, however, it ended on the first of September, 2014.

Fig. 4 shows the electron data for three consecutive
satellite orbits in the Southern Hemisphere for the longi-

tudes of ~ 112°, 135°, and 157° W at L = 2.5. Each subse-
quent orbit, top down in Fig. 6, moves further away from



the South Atlantic Anomaly (SAA) and magnetic field in-
creases for each subsequent orbit.

The lower edge of outer radiation belt at L ~ 3.5 and
adjacent gap are shown in the figure for all profiles. The
inner belt with electron flux intensity maxima at L ~ 1.5-1.6
is also seen for all orbits. As distance SAA increases inner
belt peak narrows and its intensity decreases. The interme-
diate structure at L ~ 2-3 with maximum at L ~ 2.4-2.6 is
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revealed in the gap between the inner and outer belts. This
structure is rather stable because it was observed on all pre-
sented orbits and occurred not less than 300 min, i.e. ob-
served on the subsequent orbits. At the inner belt it be-
comes narrower and less intensive as distant from SAA.
Moreover, unlike the inner belt, it is shifted gradually to the
higher L. Perhaps, it is caused by magnetic and electric
field pulsations.
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Figure 4. The space-time variation of counting rates N(s 1) for electrons with energy E = 235-300 keV (left panel) and E = 400-570 keV (right panel)
at L ~1.3-3.8 for three (a, b, ¢) consecutive orbits of the Vernov satellite in the Southern Hemisphere to the right of SAA. In order to obtain electron
fluxes, N values should be divided by the instrument geometry factor (see Table 1). Dotted lines indicate the counting rate in the detector with axis
directed to the local zenith, solid black lines in the detector with axis directed against the satellite velocity , and solid gray lines in the detector with axis

normal to previous ones.

The smaller structures are also observed at L ~ 1.7-2.2.
These are revealed more clearly in the 235-300 keV chan-
nel on the second orbit. Unlike the inner belt and structure
at L ~ 2-3 these structures are non-regular, short-time ef-
fects. Possibly, they are caused by natural electromagnetic
field pulsations (thunderstorms, seismic) or artificially
(power radio transmitters) as well as by equatorial electro-
jet field pulsations.

During the electron flux measurements onboard the
Van Allen Probe satellites, it was indicated that the back-
ground of the inner belt protons penetrated through the in-
strument side shield was very high (Li et al., 2015). Thus,
electron fluxes at L < 2.5 were too high (on 3-5 orders of
magnitude) and isotropy on the data from this experiment.
In (Li et al., 2015) significant overestimation of electron
fluxes at L < 2.5 was also indicated for the AE-8 & AE-9
models, whereas AP-8 & AP-9 models are in good agree-
ment with newest experiments at all L.

Electron fluxes at L < 2.5 were obtained from the DE-
METER and REPTiIle satellite data only for the SAA re-
gion. The orbits of these satellites were similar to those off
the Vernov probe. From these measurements only back-
ground levels were obtained for electron fluxes at L < 2.5
outside SAA (for instance, see (Li et al., 2015)).

Geometry factors of the RELEC electron detectors
were significantly larger than the ones of Van Allen Probes,
DEMETER and REPTIle satellites. Besides, using a combi-
nation of anti-coincidence shield and phoswich detectors
removes fake counts in electron channels caused by proton
background. As a result, significant electron fluxes were
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detected at L < 2.5 outside of the SAA. They are a few or-
ders lower than proton fluxes according to the AP-8 model.

Fluxes of electrons with E ~ 300-600 keV at L < 2.5
recover very slowly over dozens of days. Thus, we were
unable to exclude that the local structures of such electrons
at L < 2.5 given in Fig. 4 could have been formed during
the magnetic storm of August 27, 2014.

5. RESULTS OF ELECTROMAGNETIC WAVE

MEASUREMENTS

The complex of LFA-RFA (or NChA-RChA) instru-
ments onboard the Vernov satellite provides the physical
study in the following:
=  Electric and magnetic field spectral analysis in the ex-

tremely low, very low and high frequency bands in dif-

ferent helio- and geomagnetic conditions;

= Detection and analysis of electromagnetic events called
spherics or whistlers, which are generated in thunder-
storm discharges in the VVLF band;

= Analysis of the relationship of electromagnetic phenome-
na in ELF-VLF-HF bands in different regions of the
near-Earth space by comparing with synchronous wave
measurements at spacecraft and ground-based stations;

= Space weather monitoring in order to refine its prediction
taking into account impacts from the top (i.e. from space)
as well as perturbations coming from the bottom, of both
natural (earthquakes, typhoons, tsunamis etc) and artifi-
cial origin (explosions, man-made disasters etc).

So far only the database of spectra and detailed signal
shapes (time-functions) measured by the LFA - SAS3-R



instruments is available. Each spectrum in this database
gives the averaged values for 6.5 s of electric field E and
three orthogonal components of magnetic field: Bx, By, Bz.

Measurements with higher temporal resolution, called
wave-form mode, were also made for a number of time
intervals. One of the interesting examples of such meas-
urements will be discussed below.

The LFA instruments worked in the wave-form mode
on December 10, 2014 from 08:54:50.0 to 08:57:10.3 UTC
(140 s) in the range of 0.1 — 39062.5 Hz, channels CHO (E
— electric field tension) and CH3 (Bx-component of mag-
netic field tension).

The Vernov satellite orbit for this time is shown in
Fig. 5.

The E and Bx signal wave-forms, dynamic spectro-
grams and spectra averaged for the total time of observation
are presented in Fig. 6 for the time interval marked in
Fig. 5. The wave-form of E indicates that anthropogenic
disturbances with 1 Hz frequency does not lead signal to
any high level due to the amplitude high dynamic range (~
120 dB). Such a disturbance was not observed clearly in Bx
signal.
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Figure 5. The Vernov satellite orbit on December 10, 2014 from
08:54:50.0 till 08:57:10.3 UTC. Altitude ~ 670 km, local time ~ 21:10
LT, magnetic latitude ~ 75°.
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Figure 6. LFA (or NChA) instrument data. Left panel is E, right panel — Bx. Top down: wave forms, dynamic spectrograms, and frequency spectra
averaged for the total observation time interval. Time scales (UTC - 3 h) of wave forms and dynamic spectra are synchronous.
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Dynamic cyclograms, mainly E, indicate the satellite cross-
ing over geographic regions with different kinds of wave
activity. Accurate identification requires additional data
about thermal plasma concentration and low energy (about
10 keV) particle spectra. Using the data on satellite geo-
magnetic coordinates suggests that revealed areas are in the
night sector of the main ionosphere laydown and longitudi-
nal current regions.

The presence of three band-pass frequencies in the E
spectrum may be caused by 2- or, possibly, 3-wave decay
from ~ 20 kHz on ~ 18, ~ 15 and 11 kHz, which is more
pronounced in the dynamical spectrogram in the dedicated
range of frequencies, as shown in Fig. 6. Separation of this
range into two structures at 08:56:20 UTC also could be
seen. These structures have a size about of 30 km and both
band-pass 15017 kHz and narrow band ~13 kHz emissions
are observed in E.

Transformation of E frequencies is also observed at the
end of observation time interval ~ 08:56:50 — 08:57:05
UTC, when a frequency jump from ~ 13 to ~ 6 kHz took
place.

Component Bx changed considerably less, than £ on
this orbit. The narrow band emission was observed con-
stantly in this component at ~19 kHz as in dynamic as in
averaged spectra. Probably this emission was generated by
navigation transmitters.

The “large-scale” analysis made above indicates the
detection of geophysical processes by means of LFA in-
strument that allows turning to the small-scale processes.

Emission near ~5 kHz with increasing frequency can
be seen clearly in the right part of Fig. 6 left panels. The
details of this process are presented in Fig. 7, in which as in
Fig. 6 after “noise cloud” at 6-23 kHz on time scale ~ 1s
(Fig. 7a) signal with increasing frequency 6 - 7 kHz
(Fig. 10b) is observed on time scale ~ 0.4 s (Fig. 7c). Here
frequency parameters of this signal are similar to the long
time Aurora emission of the choir type. Possibly, due to the
satellite quick motion under the emission region only one
choir emission element was detected. However, the strict
linear increase of the emission frequency (Fig. 9¢) provides
a reason to consider this signal as technogenic from other
scientific instruments.

a

b

C

Figure 7. Dynamic spectrogram on time scale ~ 1 s (a), frequency spectrum (b), dynamic spectrogram on time scale ~ 0.4 s (c) for time interval

December 14, 2014, 08:57:02 — 08:57:08 UTC.

It is noted that events presented in Fig. 8 also clearly
show the well-known geophysical emissions of spheric or
electron whistler type, which were detected both in E
(Fig. 8a), and in Bx (Fig. 8b). However, in the Fig. 8 rec-
ords simultaneously with the “normal” electron whistlers

some interesting, co-existing and strange signal parts ap-
peared too, below and above 20 kHz. The whistler-group
propagating at the satellite with whistlers having slightly
different dispersions also generated some yet unanswered
questions about the propagation mechanism.

a.

Figure 8. Examples of electron whistler detection.

As is seen from Fig. 6, a noteworthy specific rare emis-
sion was detected at 08:54:57. This is the same event that
was detected first from the Chibis M microsatellite and
called “dovetail” (Klimov et al., 2014).

6. CONCLUSION

Several candidates of TGFs were detected from the
RELEC/Vernov gamma-detectors.
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A new phenomenon previously discovered from the
experiment onboard the Universitetski-Tatiana-2 satellite,
i.e. the series of UV flashes, was confirmed by the optical
detectors, especially by the DUV instrument. These series
of UV flashes connection with radiation from lightning
bolts is most likely hypothesis of their origin.

Nonlinear processes in low frequency bands were de-
tected by means of the NChA-SAS3-R instrument, includ-
ing two - and three-wave decay. The new type of “dovetail”



whistler previously observed during the Chibis M mission
was confirmed.

Measurements of flux of electrons with energy of hun-
dreds keV onboard the Vernov satellite indicate the for-
mation of isolated quasi-stationary structures of sub-
relativistic electrons in the gap between inner and outer
belts even during very quiet periods.

The first reliable experimental estimations of anisotro-
py index (A ~ 15-20) for the fluxes of electrons with energy
E ~ 300-600 keV at L < 2.5 were obtained from longitude
and latitude variations in our experiment.

Our measurement of local structures of electrons with
E ~ 300-600 keV at L < 2.5 that were formed during the
storm on August 27, 2014.
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Abstract. We analyze multi-scale dynamics of thunderstorm electric structure as related to high-energy radiation enhancements and
lightning initiation. First, we review experimental data on the multi-layer charge structure of thunderstorm clouds. A special attention is
paid to the lower positive charge region (LPCR) and its possible effects on the development of CG and IC discharges and thunderstorm
ground enhancements (TGEs). Based on the graph theory, we have developed a fractal simulation code to examine the occurrence of
lightning flashes of different type as a function of the cloud charge structure. We show in particular that presence of relatively intense
lower positive charge region prevents the occurrence of negative CG flashes by “blocking” the progression of descending negative leader
from reaching ground. Further, based on our recent observations of electrical discharges in the artificial cloud of charged water droplets,
we present the description of a complex hierarchical network of interacting channels at different stages of development (some of which
are hot and live for milliseconds), which can possibly be considered as a missing link in the still poorly understood lightning initiation
process.

1. INTRODUCTION green) and a cloud-to-ground flash (in purple) are shown as
The paper presents some results of experimental and ~ they might appear in lightning mapping data [Stolzenburg

theoretical studies illustrating a key role of thunderstorm  and Marshall, 2009].

electrodynamics in high-energy radiation enhancements and ey

lightning initiation. The main attention is paid to the role of K
so-called lower positive charge region (LPCR) and recently — _ ,rj
discovered unusual plasma formations (UPF) in electrified  ©
cloud. Both phenomena can be substantial for lightning 2(; 1
initiation. But first of all, we review some necessary infor- ¢ =
mation on the experimental data showing the complicated
charge structure of thunderstorm clouds. ‘

The gross charge structure of a "normal” thundercloud W 50
can be viewed as a vertical tripole consisting of three
charge centers (regions), main positive at the top, main
negative in the middle, and additional positive below the
main negative [Krehbiel et al.(1986), Williams(1989)]. The >  MODELING OF LPCR AND ITS INFLUENCE ON
model also includes a negative screening charge at the top LIGHTNING INITIATION
of the cloud. The magnitudes of the main positive and nega-
tive charges are typically some tens to hundreds of cou-
lombs, while the lower positive charge magnitude is con-
siderably less. The negative charge region is apparently
related to the — 10 to — 25°C temperature range, while the
lower positive charge is typically found just below the
freezing level, five or less kilometers above ground, de-
pending on season and latitude.

It should be noted that the charge structure of real
thunderstorm cloud is often far from idealized picture given

above. Conceptual model of the electrical structure in ma- a6 fiux of electrons and gamma rays correlated with thun-
ture, mid-latitude convection is presented in Fig.1. derstorms [Chilingarian et al., 2010, Chilingarian and

Four main charge regions (with red + for positive  Mkrtchyan, 2012]. Negative CG flashes produced by the
charge, blue — for negative charge) are typically found in  model suggested in [Mansell et al., 2002] are consistent
soundings through updrafts, while soundings outside up-  with the hypothesis that a lower positive charge region is
drafts have at least six charge regions in common. Repre-  critical for their development. On the other hand, the pres-
sentative electric field (E) and electrostatic potential (V) ence of excessive lower positive charge may prevent the
profiles in the nonupdraft (left) and updraft (right) of the  occurrence of negative cloud-to-ground discharges by
convective region are also shown; the altitudes in these  ~pocking” the progression of descending negative leader

soundings do not correspond exactly to the conceptual  from reaching ground [Qie et al., 2005]. The role of the
model. Schematic representations of an intracloud flash (in

Figure 1. Conceptual model of the electrical structure in mature, mid-
latitude convection.

The presence of the LPCR (lower positive charge re-
gion, see Figure 1) is an essential feature of the cloud
charge structure. Whatever the source of the LPCR [Rakov
and Uman, 2003; Nag and Rakov, 2009], it is generally
thought that it serves to enhance the electric field at the
bottom of the main negative charge region and thereby fa-
cilitate the launching of a negatively-charged leader toward
ground [Tessendorf et al., 2007; Nag and Rakov, 2009].
Also, it may play an important role in the facilitating of so-
called Thunderstorm Ground Enhancements (TGES), a siz-
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lower positive charge (LPC) as a potential well has been
examined previously observationally [e.g., Coleman et al.,
2008], statistically [e.g., Nag and Rakov, 2009] and in
cloud model simulations [e.g., Mansell et al., 2010]. Cole-
man et al. [2008] examined potential profiles derived from
electric field soundings to relate the relative strength of the
LPC region to the amount of lightning channel branching
and the time delay between initiation and ground contact.
They found that a stronger LPC resulted in more branching
and larger time delay, which makes sense from basic phys-
ics. Nag and Rakov [2009] developed the qualitative picture
of the inferred dependence of lightning type on the magni-
tude of the lower positive charge region. Mansell et al.
[2010] suggested that the electric potential of the channel
could be a determining factor for whether a discharge
reaches ground. Both of these results were based on com-
plicated (real or simulated) configurations and could be
nicely tested in a more controlled and methodical idealized
setup.

We have developed a fractal simulation code to exam-
ine the detailed space and temporal evolution of the light-
ning discharges initiated at the main negative charge region
and the corresponding structure of the electric field and
potential in the cloud [ludin et al., 2016]. We can demon-
strate how changes in the cloud charge structure can facili-
tate development of lightning flashes of different type, pay-
ing the special attention to the role of the lower positive
charge region.

Our model employs the four-layer charge structure de-
scribed above and located above a flat, perfectly conducting
ground plane, as illustrated in Figure 1. Each charge layer is
assumed to have a cylindrically symmetric charge density
distribution with Gaussian shape:

)

where p; (0) is the volume charge density magnitude of the
ith layer, zj, hi and R; are its altitude, depth (thickness), and
lateral extension (radius), respectively. The power exponent
o determines the width w, of transition zone from charge
density magnitude pi(0) in the center of the layer to nearly
zero value at the boundary of the computational domain; w,

~ Rj /o . In this paper, we use a relatively sharp transition
zone with a = 4. Similar to the characteristic time from
cloud-to—ground lightning initiation to the return-stroke
onset at ground of a few tens of milliseconds, the IC dis-
charge formation characteristic time is some tens of milli-
seconds [Rakov and Uman, 2003]. Since this time is much
shorter than the Maxwell relaxation time of the charges in
the cloud and in the air, the conduction currents in the latter
can be neglected. The electric potential ¢(r) produced by a
distribution of charges specified by the volume charge den-
sity p(r) is obtained as a solution of the Poisson equation. In
turn, the electric field vector E(r) is obtained from ¢(r) as
E(r) = —V(r).

Electric field lines produced by four charge layers, each
described by equation (1), for three different charge
configurations that are summarized in Table 1 (#1, #2, and
#3), are shown in Figure 2 by cross-sectional views in the
x-z plane at y = 0. The sets of parameters in Tables 1-3 are
in agreement with observations and well correlate with
those used by [Krehbiel et al., 2008].

Table 1. Parameters of different charge layers - configuration #1

Radi Charge
Charge | Height, | Depth, F\? 1US, I density, | Charge,
layer Z,km | h,km ’ Po: Q.c

km =

nC-m

NS 11 0.4 4 -0.77 -20
P 9.8 0.6 4 0.727 40
N 6.5 0.55 3 -2.185 -60
LP 4.7 0.7 1.8 0.855 11

Table 2. Parameters of different charge layers - configuration #2

Deoth. | Radi Charge
epth, , -
Charge | Height, | 1 P o | density, | Charge,
layer Z,km : ' Po> Q.c
km km 3

nC-m
NS 11 0.4 4 -0.77 -20
P 9.8 0.6 4 0.727 40
N 6.5 0.55 3 -2.185 -60
LP 4.7 0.7 18 0.967 12.5

Table 3. Parameters of different charge layers - configuration #3

Depth Charge
Charge | Height, hep ' | Radius, | density, | Charge,
layer Z ,km ' R.,km| Po: Q.c

km R

nC-m

NS 1 0.4 4 -0.77 -20
P 9.8 0.6 4 0.727 40
N 6.5 0.55 3 -1.82 -50
LP 4.7 0.7 1.8 1.32 17
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Figure 2. (a) A cross-sectional view in the x — z plane at y = 0 of the
model thundercloud with negative screening (NS), main positive (P),
main negative (N) and lower positive (LP) charge layers for charge
configuration # 1. Electric field lines produced by the charges are also
shown for reference.
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Figure 2. (b) The same as in Figure 2(a), for charge configuration # 2.
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Figure 2. (c) The same as in Figure 2(a), for charge configuration # 3.

Figure 3. Electric potential (at the top) and z-component of electric field
(at the bottom) before lightning discharge initiation. Curves 1, 2, and 3
correspond to3 different cloud charge configurations that are
summarized in Tables 1-3

Lightning discharge initiation starts with an electrical
breakdown between two adjacent cells of the computational
domain having the voltage drop (potential difference) that
exceeds the breakdown value Eith. For an adequate descrip-
tion of the discharge tree dynamics, we introduce the physi-
cal time t that is discretized with model time steps. Each
stage or step in the growth of the lightning structure be-
tween moment’s t and t +1 corresponds to an interval _ of
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physical time. Our calculations were made using . = 50 ys.
The discharge develops as a bidirectional leader from its
parent pair of adjacent cells. Positive and negative leaders
are propagated from opposite ends of the initial parent
channel. Positive branches gather net negative charge and
extending preferentially into and through regions of lower
electric potential. Negative branches distribute negative
charge and tend to propagate toward and through regions of
net positive charge and higher electric potential.

Configuration #1
b) =

L

Figure 4.  Three-dimensional views of model-predicted lightning
discharges for three configurations (see Tables 1-3). We specify the
viewpoint in terms of azimuth and elevation. The azimuth, (a) 75° and (b)
15°, is the horizontal rotation about the z-axis (labeled Altitude) measured
in degrees with respect to the negative y-axis. Positive values indicate
counterclockwise rotation of the viewpoint. The elevation of the viewpoint
is 15°. Color-coded equipotentials are shown in each plot in two
orthogonal planes: (@) x=0andy =5kmand (b) x=5kmandy =0.

Fractal modeling arises as a phenomenological ap-
proach and thus our choice of critical fields and thresholds
should be based on experimentally testable and reasonable
estimations. The first spark can initiate discharges in neigh-
boring pairs of cells with the electric field that is considera-
bly smaller than the critical one (required for initiation of
the first spark). Following Wiesmann and Zeller (WZ mod-
el) ideas we choose the electric field required for discharge
propagation at sea level air pressure makes E*pn = E*pin = E
ptn = 50 kV/m the same for both positive and negative di-
rections. It is assumed that values E*y, also vary propor-
tionally to the neutral atmospheric density.

To take into account both the breakdown value E;n and
propagation threshold E*,» we use the following weibul-
lized distribution of the probability of the channel growth
associated with candidate link i.



where r; (i = 1,...N) is the candidate link position vector and
m is a weibullized distribution index. For relatively small
values of m (slowly increasing function P(E)), the probabil-
ity of formation of several new segments from the stream-
er/leader tip is larger than that for rapidly in- creasing P(E).
In the present study we use m = 1.

Most implementations of the WZ discharge model (in-
cluding the most prominent one by Mansell et al. [2002)])
add only one new extension at a time and then update the
potential of the surrounding grid for the effect of extending
the conducting channel. In reality, growth may occur simul-
taneously on different branches or even come to a stop in
development. Charge transfer dq along the lightning chan-
nels is proportional to the potential difference dji j across
the link and obeys Ohm’s law

Here | is the current, t is the model time step, Ei j is the
local electric field amplitude, s is the conductivity of the
plasma channel, ai j is the channel length and a is the lattice
spacing. The charge distribution on the discharge tree nodes
obeys the continuity equation

where the right-hand term denotes the algebraic sum of all
the currents | that flow in and flow out the node. The varia-
tion in the channel conductivity s is determined by the bal-
ance between the production and dissipation of Joule heat
in the plasma lightning channel. As a first approximation, it
is assumed that the increase in the channel conductivity is
directly proportional to the energy release, i.e.

where h is the growth rate parameter for the conductivity
and dissipation critical level is determined by plasma chan-
nel internal field threshold.

Figure 4 shows examples of fully developed discharges
for the three different cloud charge configurations. The
simulated discharge is initiated at an altitude of 5.9 km
above ground level, where the maximum electric field (ex-
ceeding the breakdown value) is achieved (see Fig. 3b).
Figures 3a and 3b compare, respectively, the total electric
field and potential at the center of the simulation domain,
along the vertical axis before and after the flash for the
three cloud charge configurations presented in Figure 2 and
summarized in Tables 1-3 (configurations #1, #2, and #3).
The altitude of each new discharge tree node that gives rise
to more than three new links (channel segments) is plotted
in Figure 6 versus time represented by model steps. Our
simulations show that the characteristic time of CG dis-
charge formation gradually in- creases with increasing the
lower positive charge density (compare the LP rows in Ta-
bles 1-2 for configurations #1, and #2). The dying out of
nodes with incident links is a unique feature of the model
compared to the previous cellular automata models that
account for discharge tree extension only [Dulzon et
al.(1999), Petrov and Petrova(1995), Riousset et al.(2007) ,
Krehbiel et al.(2008)]. This feature allows us to include the
difference between sreamer and leader velocities.

Figures 4a and 4b show that, when LPCR is relatively
weak, the altitude of negative part of discharge rapidly de-
creases leading in either case to a negative CG flash. On the
contrary, Figure 4c demonstrates that the presence of rela-
tively large (excessive) LPCR prevents the occurrence of
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negative CG flash by ”blocking” the progression of de-
scending negative leader from reaching ground. Statistical-
ly, this "blocking” effect occurs when a negative potential
well at the cloud bottom is present and the electric field at
the cloud bottom is negative, as opposed to being positive
or zero for configurations #1 and #2, respectively, as seen
in Figure 2. Next, starting with configuration #2 we show
that the LPCR "blocking” effect can be achieved by slightly
changing the geometrical parameters, while keeping the
charge magnitudes the same. Note that changes in the di-
mensions of the cloud charge regions lead to changes in
their charge densities. When the LPCR radius decreases and
its depth increases in such a way that its charge density
increases, a negative potential well at the cloud bottom ap-
pears again, and the electric field at the cloud bottom
changes polarity. Such a configuration change prevents the
progression of descending negative leader from reaching
ground and leads to an IC flash, in contrast with configura-
tion #2 that leads to a negative CG flash. Conversely, when
both the LPCR radius and its depth increase in such a way
that its charge density appreciably decreases, the magnitude
of electric field between the main negative and lower posi-
tive charge layers falls below the threshold level (see Figure
3b). We observed that a noticeable depletion of the lower
positive charge density eliminates the possibility of nega-
tive CG flashes and leads to IC flashes between main posi-
tive and main negative charge layers instead. Figures 3a
and 3b show the total potential and electric field, respec-
tively, before the discharge initiation at the center of the
simulation domain, along the vertical axis for three differ-
ent cloud charge configurations that are summarized in Ta-
bles 1-3. It is clear from the previous analysis that the dy-
namics of thunderstorm cloud at the stage preceding a
lightning discharge, are very sensitive to the cloud electrical
structure, so that even minor changes in the geometrical
parameters and charge magnitudes can lead to significant
alteration of discharge activity, including its fine structure
and LCPR ”blocking” effect. This observation illustrates
once again that the thunderstorm cloud is a good example
of self-organized criticality. Our model is capable of repro-
ducing such a behavior and, moreover, finding quantitative
criteria for the prediction of the discharge development
based on available experimental data. On the other hand,
the model is in need of further elaboration to include the
processes responsible for the formation of the cloud charge
structure, such as corona beneath the cloud and charging
currents inside the cloud.

3. UNUSUAL PLASMA FORMATIONS FORMING
A HIERARCHICAL NETWORK OF CHANNELS

IN CLOUDS

We have observed unusual plasma formations (UPFs)
in artificial clouds of charged water droplets using a high-
speed infrared camera operating in conjunction with a high-
speed visible-range camera [Kostinskiy et al., 2015]. In-
ferred plasma parameters were close to those of long-spark
leaders observed in the same experiments, while the chan-
nel morphology was distinctly different from that of lead-
ers, so that UPFs can be viewed as a new type of in-cloud
discharge. These formations appear to be manifestations of
collective processes building, from scratch, a complex hier-
archical network of interacting channels at different stages
of development (some of which are hot and live for milli-
seconds). We believe that the phenomenon should com-
monly occur in thunderclouds and might give invites on the



missing link in the still poorly understood lightning initia-
tion process.

We used (a) artificial clouds of negatively charged wa-
ter droplets with an average radius of 0.3-0.5 um and (b) an
infrared (IR) camera sensitive in the wavelength range of
2.7-5.5 um to “see” what happens inside the cloud. We are
not aware of any previous IR observations of electric dis-
charges. Our cloud (10-15 m® in size), when negatively
charged, is capable of drawing long sparks from nearby
grounded objects and, hence, can be viewed as a model of
some natural charged aerosol systems. Our unique combi-
nation of cloud parameters (relatively small droplet size)
and relatively long recorded wavelengths allowed us to
observe a new class of in-cloud plasma formations, both in
the presence and in the absence of sparks between the cloud
and nearby grounded sphere. In our experiments, typically
the best images of these unusual plasma formations are
obtained when a spark is formed nearby. For this reason,
most of the presented images correspond to this latter kind
of the phenomenon.

Fig. 5a and 5b show two consecutive frames taken by
the IR camera viewing the upper part of cloud (the lower
frame boundary was about 70 cm above the grounded
plane). All the discharge processes seen in these frames
were hidden inside the cloud and, hence, were not imaged
in the visible range (only flashes of scattered light were
observed). Each frame had 6.7 ms exposure and 2ms dead
time, so that the two images could be separated in time by 2
to 15.4 ms. It follows that most of the discharge processes
recorded in the two frames were visible in IR for at least 2
ms. The processes seen in the IR images include (1) the
upper, in-cloud part of the upward positive leader from the
grounded sphere, whose lower part, developing in clear air,
was outside the field of view of the IR camera; (2) a large
streamer zone, crossing each frame from the lower right to
the upper left corner (presumably positive corona from the
upward positive leader channel, including its branches that
are outside the camera field of view); and (3) unusual plas-
ma formation (UPF) that is the focus of this paper. Both the
imaged part of upward positive leader and the UPF appear
to be inside or in the immediate vicinity of the streamer
zone. The upward positive leader current had a peak of 5 A,
lasted 35 ps, and transferred 15 pC of charge. No return-
stroke-type process was observed. This UPF was formed as
early as within 1.4 ps of the initial corona burst from the
grounded sphere.

It is clear from Fig. 5 that the UPF is very different
from either the upward positive leader or the streamer zone.
Its brighter parts are much (an order of magnitude) brighter
than streamers. Further, in Fig. 5a, the intensity of the IR
radiation coming from some elements of UPF is similar to
that coming from the hot upward-leader channel (this was
determined both visually and quantitatively, using image
analysis software). On the other hand, UPF morphology (a
complex network of channels pervading a relatively large
cloud region) does not resemble that of leader (main chan-
nel with branches indicating its direction of propagation
and streamer zones at its extremities). In Fig. 5b, the UPF
radiates even stronger than the decaying upward leader
channel.
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40x50 cm
70 cm AGP

Figure 5. Two consecutive infrared images (negatives) obtained with 6.7
ms exposure and separated by 2ms that show various discharge
processes inside the cloud. Only flashes of scattered light, as opposed to
distinct channels, were observed during this event in the visible range. 1:
upper part of the upward positive leader (its lower part, developing in
clear air, is outside the field of view of the IR camera), 2: streamer zone,
3: unusual plasma formation (UPF). AGP stands for “above the
grounded plane.”

The IR images of UPF shown in Fig. 5a and 5b are typ-
ical in the presence of upward positive leader from the
grounded sphere entering a negatively charged cloud. More
than 100 of such events have been recorded to date. We
observed that UPFs can take different forms and occur in
different contexts, essentially anywhere in the cloud and in
its immediate vicinity, with or without a spark discharge
(Figure 6). In Figure 7, we show an example of simultane-
ous IR and rare visible-range images of the same UPF in-
side the cloud.

10¢em 49, 38cm
100 cm AGP

|

10cm 40x 50 em
7ecm AGP

I

show the processes at different heights above the grounded plane (AGP)
and different horizontal distances from the cloud axis: (a) The upward
positive leader from the grounded sphere. No UPF is seen. (b) The upper
part of the upward positive leader (bottom right) and UPF (top left), both
inside the cloud. The two appear to be distinct discharge processes which
interact, via their streamer zones. Relative to Figure 5a, the field of view
of the IR camera was moved up and left (closer to the axis of the cloud).
(c) The lower part of UPF (inside the cloud). The upward positive leader
is outside the IR camera field of view, which was moved (relative to
Figure 5b) further up and left. The upward positive leader and the UPF
apparently interact (outside of the field of view) via their streamer zones.
(d) Same as Figure 5c, but for the upper part of UPF near the central
part of the cloud (see the dark formation on the left). Note that relatively
faint UPF channels branch toward the axis of the cloud, but do not cross
the axis This direction of branching is opposite to that seen in Figure 5c,
suggesting that UPFs extend bidirectionally.



Figure 7. Simultaneous IR (right) and visible-range (left) images of UPF
inside the cloud. The latter (smaller) image corresponds to a fragment of
the former, but main features of the IR image are clearly identifiable in
the visible-range one. Exposure time of the IR camera was 8 ms vs. 1 s
for the visible-range camera. Note the much greater level of detail
provided by the IR camera. IR image size: height — 40 cm, width — 50
cm; visible-range image size: height — 25 cm, width — 28 cm. The lower
IR frame boundary was about 100 cm above the grounded plane. The
lower visible-range frame boundary was about 120 cm above the
grounded plane. It can be seen that the contours of the brightest UPFs
are similar in both images.

Based on our analysis, we conclude that the brightness
of the IR images of UPFs reasonably represents the final
gas temperature, which is reached as a result of the dis-
charge process (leaving aside the issue of their size, since
the brightness of optically thin objects is proportional to
their spatial extent along the line of sight). A more detailed
analysis of the air vibrational kinetics during the entire dis-
charge process (including afterglow), needed for determina-
tion of quantitative relationship between the intensity of the
IR radiation and the final gas temperature, is in progress.

The UPF often involves multiple and more or less par-
allel channels of relatively high brightness that are repeat-
edly interconnected by a great variety of fainter channels or
branches. As a result, the overall structure of UPF looks
like a network of channels of irregularly varying brightness,
which pervade a relatively large cloud region, in contrast
with leaders which have a main channel with branches indi-
cating its direction of propagation, more of less regularly
varying brightness, and streamer zones at its extremities.
Thus, the morphology of UPFs is distinctly different from
that of leaders. Further, the secondary channels often ap-
pear to originate from and terminate on different points of
the same trunk or originate from a common point in space
and terminate on a neighboring channel, forming kind of
loops or splits in the overall channel structure. The latter
behavior has never been observed in leaders. Based on the
above, we conclude that UPF is a unique phenomenon, dis-
tinctly different from leader. Further, IR brightness of
streamers in spark discharges differs substantially from that
of leader, and a rather sharp boundary between the bright
leader channel and the weakly glowing streamer zone is
observed. In contrast, UPFs typically exhibit a more gradu-
al change of luminosity along the channel (compare, for
example, Figures 6a (leader) and 6¢ (UPF)).

We conclude with a brief discussion of some implica-
tions of our observations of UPFs in artificial clouds of
charged water droplets for the improving of our understand-
ing of lightning initiation process in thunderclouds. The
lightning initiation mechanism remains a mystery, but re-
searchers agree that it must involve the creation of a rela-
tively large ionized region (“lightning seed”) in the cloud
that is capable of locally enhancing the electric field at its
extremities. Such field enhancement is likely to be the main
process leading to the formation of a hot, self-propagating
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lightning leader channel. In our opinion, it is possible that
UPFs are the key to understanding the “lightning seed”
formation mechanism. Indeed, UPFs appear to be manifes-
tations of collective processes building, from scratch, a
complex hierarchical system of interacting channels at dif-
ferent stages of development, some of which are hot and
live for at least a few milliseconds. In fact, it is possible that
a UPF (a network of electrically floating plasma channels
interacting with each other via positive and negative
streamers) can serve to “metalize” a region of thundercloud,
as described by ludin et al. [2003], thereby creating a
“seed” needed for lightning initiation. The basis for our
speculation/prediction regarding UPF’s being possibly the
missing link in the lightning initiation process is the fact
that UPFs (1) occurred in charged cloud regions that did not
previously host any other discharge activity and (2) con-
tained hot channel segments in their overall network-like
structure, while being distinctly different in their morphol-
ogy from leaders. We believe that such formations can be
an intermediate stage between virgin air (in the presence of
water droplets) or initial low-conductivity streamer and a
hot, self-propagating leader channel, provided that the hot
segments of UPF can get polarized and grow within its
overall channel network pervading a relatively large cloud
volume.
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