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Employing large thunderstorm ground enhancements (TGEs) as a manifestation of the strong electric
field in thundercloud we measure fluxes of almost all species of secondary cosmic rays to estimate the
strength of the intracloud electric field. The modulation that electric field poses on charged particle flux
gives a sizable change in count rate of detectors measuring high energy muon flux and inclined muon
flux in the presence of a TGE. The muon stopping effect, observed by the particle detectors located at
3200 m altitude at Aragats Space Environmental Center (ASEC) implicates the abrupt decline of count
rate of high energy muons (at vertical incidence with energies above 250 MeV and at inclined incidence
with azimuth angle 6> 22° for lower energies). For the large TGE events (relative enhancement > 10%
in SEVAN detector upper layer, registering low energy charged particles and electrons) muon count rate
decreases down to 2-5% from the mean count rate measured before the TGE event. A simple model of
shifting of the energy spectrum of particles entering the electric field was applied for the analysis of sev-
eral events where the muon stopping (deceleration) effect has been observed. For the large TGE events
that occurred during last decade the maximal potential drop of 350 MV was estimated. The most proba-

Keywords:
Cosmic ray muons
The atmospheric electric field

ble electric field strength for this event was found to be ~2 kV/cm.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

During thunderstorms, large synchronized impulsive enhance-
ments in count rates of electrons, gamma rays, and neutrons have
been observed by a variety of particle detectors [1-7]. These flux
boosts, called thunderstorm ground enhancements (TGEs, [8]) im-
ply that during a thunderstorm special conditions are established
inside the cloud, leading to the modification (modulation) of the
energy spectra of charged particles as well as to multiplication and
acceleration of seed cosmic ray (CR) electrons. It is believed that
these conditions are based on the presence of strong electric field,
which accelerates or decelerates electrons, positrons, protons, and
muons and, if the strength of the electric field exceeds the crit-
ical one, then the runaway breakdown (RB), also referred as rela-
tivistic runaway electron avalanche (RREA) are unleashed exponen-
tially multiplying seed electrons number. The idea of runaway elec-
trons in the atmosphere was suggested by C.T.R. Wilson in 1924
[9] and theory was developed in [10]. In RRE avalanche-accelerated
electrons emit a large number of gamma rays via bremsstrahlung,
gamma rays, in turn, produce neutrons by photonuclear reactions
with air molecules. Along with the detection of a TGE, usually, the
simultaneous decrease in the flux of high-energy muons was ob-
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served [11,12]. The positive to negative atmospheric muon ratio
is measured to be 1.2-1.3 below 100 GeV/c [13,14]. Therefore, the
overall muon flux can be reduced due to the deceleration of pos-
itive muons by the atmospheric electric field. This effect has been
theoretically analyzed in several papers [4,15,16], however, the es-
timates of the decrease in muon flux fail to explain the muon flux
decrease measured at Baksan Astrophysical Observatory [17]. An
alternative model was presented in [18] where the decline of muon
flux was related to the limited lifetime of muons from the gen-
eration at ~15 km above sea level till observation level at lower
altitude. Strong fields, as a rule, have a layered structure with alter-
nating field polarity [19-23]. If due to charge separation large un-
compensated potential arises in the thundercloud near the earth’s
surface (common case for TGE) it will lead both to the large in-
crease in the fluxes of electrons and gamma rays, and to the de-
crease of the high-energy muon flux [24].

At the Aragats Space Environmental Center in 2009 [25] we
routinely measure TGE events, observing significant enhancements
of electron and gamma ray flux simultaneously with enhancement
of neutrons and drop of muon flux (positive muons are declined by
the same intracloud electric field that accelerated electrons down-
ward in the direction of Earth, see for instance Fig. 4 and Tab. 3 of
[26]. In [27] we estimate the size of the emitting region in the
thundercloud by registration of the muon flux depletion under
large zenith angles. In the present paper, we perform analysis of
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Fig. 1. The module of the European “Space Environmental Viewing and Analysis
Network” (SEVAN).

the particle fluxes modulated by the atmospheric electric field and
estimate the maximal potential drop and the maximal strength of
the electric field based on the large TGEs measured by the SEVAN
detector. In present paper we will call “large” TGE, the TGEs that
demonstrate a more than 10% enhancement in the 1-minute count
rate time-series measured by the 5 cm thick and 1 m? area plastic
scintillator (upper scintillator of SEVAN detector).

2. Registration of TGEs with SEVAN and other particle detectors
on Aragats

Observational data from Aragats particle detectors demonstrate
several remarkable TGE events, usually accompanied by the muon
flux decrease. In Fig. 1 we show the chart of a SEVAN detector
belonging to European space environmental viewing and analysis
network [28]. SEVAN is assembled from standard slabs of plas-
tic scintillators of 50x50x5cm? size. Between 2 identical assem-
blies of 100x100x5 cm? scintillators (4 slabs) are located two
100x100x4.5 cm3 lead absorbers and thick 50x50x20 cm? scin-
tillator assembly (5 slabs). The data stream from the SEVAN com-
prises 1-minute count rates from 3 stacked scintillators. All com-
binations of signals from detector layers are stored as well: “100”
combination means that the signal was only in the upper layer;
“111” - that signal comes from all 3 layers, etc.

Different combinations of SEVAN coincidences effectively select
various particles from the cosmic ray flux. The combination “100”
for example, means low energy particles; the combination “010”
- mostly neutral particles; combinations “111” and “101” - high
energy muons. The purity of particle selection by SEVAN coinci-
dences was estimated by simulations, see Fig. 4 in [28]. The purity
of muon selection is rather high ~95%, due to a 10cm lead filter
to be traversed by the particle. The energy threshold of the upper
detector due to the matter of the roof (1 mm thick metallic tilts
and 3 cm thick wooden bricks) above and detector housing matter

Table 1

The mean values, variances, and relative errors of SEVAN, and Neutron Monitor
one-minute count rates and ASNT 10-sec time count rates measured at 17:40-
18:10, on 4 October 2010 in fair weather. Peak of the flux in natural value and
in percent occurred at 18:23 (deficit of muons).

Detector Mean o Re (%)  Peak % No
Neutron Monitor 32249 237 0.7 34127 5.8 7.9
SEVAN Coinc.111 2691 51 1.9 2546 -56 -29
SEVAN Coinc.100 16586 130 0.8 27228 65 82

SEVAN Coinc. 010 2040 39 1.9 3487 70 37

ASNT 4 m.sq. (10s) 16530 133 0.8 34204 107 133
ASNT vertical 2192 46 2.1 2383 8.7 4.2
ASNT Coinc. 2-8+1-7 506 23 4.5 476 -59  -13

is ~ 7 MeV. The minimum energy of muons to be detected in all
three layers is ~250 MeV.

In Fig. 2 we show the one-minute time-series of particle fluxes
before, during, and after the TGE occurring on 4 October 2010.
The TGE was sustained for ~ 7 minutes and exhibits a large peak
at 18:23 (Tab. 1). Due to the large difference in the count rates
of various detectors the natural count rate scale is not illustrative
(Fig. 2a): the deviations from the mean count rate are not well pro-
nounced for time series with a low count rate. Thus, to emphasize
and digitize the significance of enhancements (peaks) we present
time series not only in natural units but also in percent (Fig. 2b),
and in units of the number of standard deviations from the mean
count rate (No) measured before the enhancement at fair weather
(Fig. 2¢). The mean values and variances for all detectors used were
estimated during one and the same time 17:40-18:10, see Table 1.
Mean and peak values, variances, and peak significances (No') are
in natural numbers; the relative abundances (%) and relative errors
(Re) - in percent. The count rates shown in percent (Fig. 2b) do not
reflect the differences in accuracy of particle detectors; the time
series shown in number of standard deviations (No, Fig. 2¢) give
the possibility not only to estimate the chance probability (signif-
icance of enhancement), but also to compare the “strength of evi-
dence” provided by different detectors. In Table 1 we show the sig-
nificances of the peaks in time-series of count rates measured by
various detectors and combination of registered signals in SEVAN
detector layers. From Fig. 2c and Table 1 we can see that low en-
ergy particles (red, coincidence “100”), neutral particles (green, co-
incidence” 010", mostly gamma rays), and neutrons (black) demon-
strate significant enhancement in the number of o. The chance
probability of enhancement to be a background fluctuation even
for the smallest enhancement (neutrons) is vanishingly small.

The 65% flux enhancement (significance 82¢ is due to pene-
trating electrons and gamma rays) from the RRE avalanche devel-
oped in the thundercloud just above the building where the de-
tector is located [8]. The counts of the standard neutron moni-
tor 18NM64, located nearby the SEVAN detector, show a 5.8% in-
crease. For the same time interval, the “111” combination demon-
strates a pronounced decrease of counts (~5.6%). By getting sec-
ondary fluxes at 3200 m from the WEB calculator EXPACS [29] one
can deduce that particles initiating these counts represent mainly
muons (purity of muon selection by “111” combination of SEVAN
is ~95%).

In Fig. 3 we present the pattern of the near-surface electric field
disturbances during the TGE event of 4 Oct 2010 along with en-
hancement of the count rate measured by the large plastic scin-
tillators of the Aragats solar neutron telescope (ASNT, occurred at
18:22:50, see Fig. 5, 10-second time series). In Figs. 2c and 3 one
can see that the peaks measured by SEVAN and ASNT detectors oc-
curred simultaneously and that due to larger size, the relative en-
hancement measured by ASNT is two times larger than measured
by the SEVAN “100” combination. The significance of the 1-minute
time series equivalent of ASNT is outstanding, exceeding 300 o'!
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Fig. 2. Time series of the SEVAN detector count rates: muons (combination “111”, blue), electrons (combination “100”, red), gamma rays (combination “010”, green), and
neutrons (measured by the Neutron Monitor 18NM64, black). In a) we show the particle fluxes in number of counts per minute; in b) - particle one-minute flux in the
percent to the fair-weather flux measured before the TGE; in c) the same flux but measured in the number of standard deviations, the one-minute mean and variance of
the flux were calculated from the time-series measured in fair weather before TGE.
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Fig. 3. Near-surface electric field disturbances measured by the electric mill EFM-100 of BOLTEK firm and enhancement of the 20-sec count rate measured by 4 m? and 5cm

thick plastic scintillator of the ASNT detector.

The impulsive increase of particle flux happened during negative
near-surface electric field when a brief outburst of the strength
of the electric field was directed to the positive field domain. The
model of the TGE event identifies such a burst as the emergence of
a lower positive charge region in the bottom of the cloud, which
significantly enlarges the strength of the intracloud electric field
and initiates large TGEs (see Fig. 1 in [30]). The large intracloud
electric field leads to the enormously large maximal energy of TGE
electrons (=50 MeV) measured by the 60 cm thick scintillator of
the ASNT detector (Fig. 11 in [31]). Energy spectra of electrons and
gamma rays observed simultaneously with the TGE ~5.6% deficit of
muon flux (blue curve in Fig. 2), is another evidence of a large intr-
acloud electric field that accelerates electrons and negative muons
respectively and decelerates positive muons.

To estimate quantitatively the strength of the electric field, we
develop a simple model, based on the modification of energy spec-
tra of different species of CRs due to traversal through the electric
field of the thundercloud.

3. Description of model for inferring the intracloud electric
field

Suppose that muon detector has a threshold E; and that be-
fore detecting the traverse of muons throw the net potential drop
V (we assume that the electric field in the cloud accelerates elec-
trons and negative muons in the downward direction to Earth and
decelerates positive muons). In the presence of an electric poten-
tial V, positive muon energies will change by a value U=eV, so that
number of positive muons, contributing to the count rate will be
Im+(E¢+U), and the number of negative muons correspondingly -
Im-(Et-U), where I(E) is the integral spectrum, giving the number
of particles with energy >E (i.e. the count rate of the detector) at
3200 m, the altitude where the SEVAN detector is located. Due to
this transformation, the flux of accelerating negative muons will
increase, and the flux of decelerating positive muons - decrease. A
total change of the count rate F(U) is determined by the increase
of negative muons and decrease of positive muons:

fWU) - f(0)

F(U) = 100==F ==

(1)

10

g 0 $
8 — sum
s m+ S~ T
§ -10 \
[~
-15 ™~
-20
0 200 400 600 800 1000

Potential drop (MV)

Fig. 4. Modulation of particle count rates by the electric field; energy thresh-
old of SEVAN “111” combination (95% muons) ~ 250 MeV. Curves correspond to
Egs. (1) and (2) for flux changes of different species of CR dependent on the poten-
tial drop V. By double-sided arrow we denote the potential drop region correspond-
ing to the muon depletion values measured by the SEVAN detector on Aragats.

fU) = I+ (B +U) + In_(Ec ~ U) (2)
where indexes m+, m- correspond to positive and negative muons.
To calculate integral spectra, we use the EXPACS WEB calculator,
results are presented in Fig. 4.

Curves in Fig. 4 represent the percent of change in muon flux in
electrified conditions relative to storm-free conditions. As we can
see in Fig. 4 after a potential drop of 300 MV the increase of neg-
ative muon flux stopped. This is because the existent portion of
low energy muons from cosmic ray flux has already gained energy
from the electric field and has energy above 200 MeV. The num-
bers of positive muons continue to decrease with increasing poten-
tial drop. As a result, the deficit in the detector’s count rate will be
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proportional to the deficit of positive muons. Thus, as seen from
Fig. 4 we estimate for a net potential drop 400 MV expected muon
deficit of 3.8% and, for the observed 4 October 2010 5.6% deficit -
slightly above 500MV.

4. Inclined muon trajectories during TGE

The large variety of particle detectors operated at Aragats gives
possibility to measure one and the same event with independent
facilities and investigate correlations between different species of
cosmic rays. As usual, the muon stopping effect was checked with
another particle detector operated on Aragats. The Aragats Solar
Neutron Telescope (ASNT, see detailed description in [32]) regis-
ters both near-vertical and inclined fluxes of CR particles. The ASNT
comprises 4 separate identical modules, as shown in Fig. 5. Each
module consists of standard slabs of 50x50x5 cm? plastic scintil-
lators stacked vertically on a 100x100x10 cm? horizontal plastic
scintillator slab.

A near-vertical flux (0-20°) is composed of the particles, which
are registered by the pairs of scintillators (1,5), (2,6), (3,7) and
(4,8). Inclined fluxes are registered by other pairs of scintillators
i.e. combinations (1,7) and (2,8) coincidences correspond to the in-
clined direction at a zenith angle (20-60)°.

The energy threshold of the upper 5 cm thick scintillators is
~5 MeV. Count rates corresponding to the near vertical and in-
clined muon incidences are shown in Fig. 6. The count rate dy-
namics of the near-vertical and inclined particles during TGE are
dramatically different. If we observe a sizable enhancement in the
near-vertical direction (expected arrival direction of the TGE parti-
cles), at the same time on the same detector using the same DAQ
electronics and analysis software we measure a deficit in the in-
clined particle flux (significant fraction of muons enters the ASNT
under large zenith angles). The measurement of TGEs on Aragats
in the last decade demonstrate that the height of the thunder-
cloud base usually is 25-150 m (corresponding to a location near

the freezing temperature (0 C) in the lower part of the cloud)
for the largest TGE events. Thus, bremsstrahlung gamma rays en-
ter detectors mostly from the near-vertical direction. In contrast,
CR particles from extensive air showers (EASs, the source of CR
muons) that start well above the detector site (~10 km) have much
broader angular distribution and are entering particle detectors un-
der large zenith angles as well. Measuring inclined particle trajec-
tories (mostly muons), we can avoid the overwhelming contribu-
tion of TGE particles accelerated by the vertical electric field and
seen in the near-vertical direction (Fig. 6, black curve). The muon
stopping effect is apparently seen in Fig. 6, because the blue curve
goes down at the same time the near-vertical flux (black curve) is
enhanced. The pronounced decreases of the count rate of inclined
trajectories at ~18:20 - 18:24, coincide with a muon count rate de-
crease in the SEVAN detector (Fig. 2). The statistical significance of
the measured deficit is low due to larger fluctuations of inclined
particle fluxes; however, it coincides well in time with the deficit
measured by the SEVAN 111 combination and with the enhance-
ment of count rate of particles coming from the vertical direction
measured by the same detector. Thus, the ASNT observations pro-
vide additional evidence of muon deceleration effect.

Almost the same pattern of the muon stopping effect was ob-
served on 21 May 2009, see Fig. 7. However, on 21 May the TGE
was weaker compared with that of 4 October TGE (gamma ray
and electron enhancement were ~14%, on 4 October 2010 - 60%).
Flux enhancement measured by the “100” combination of SEVAN
reaches only ~17%; neutron flux enlarged by ~3% and muon flux
declines by ~3%, as we can see in Fig. 7. The inclined muon flux,
again demonstrated depletion (Fig. 8).

5. Meteorological conditions supporting emergence of the
strong atmospheric electric field that modulates particle fluxes
registered on the earth’s surface

In the Aragats events database we select several TGEs large
enough to observe the muon flux deceleration. The selection was
performed according to condition that the enhancement of the
“100” combination of SEVAN detector (signal was registered only
in upper scintillator, energy threshold 7 MeV) be larger or equal to
9% of the mean flux measured before the TGE. To get insight in the
atmospheric conditions supporting the emergence of the electric
field in the atmosphere we analyze these events along with mete-
orological conditions and near-surface electric field records. Typical
TGE events observed in 2012-2015 are shown in Figs. 9 and 10 and
enumerated in Table 2. Frames a-d in the Fig. 9 demonstrate en-
hanced electron - gamma ray fluxes and suppression of the muon
fluxes. The electric field during events was highly disturbed, as we
can see in Fig. 10. All 4 TGE events occurred at rather narrow out-
side temperatures -0.8 - 2.2 C° (from the start to the end of TGE
according to the time-scale in frames a-d in Fig. 10, see details in
Table 2). And for all 4 TGE events the temperature is descending
from the start to the end of TGE. The freezing level is above near
the cloud base and a local positive charge is located precisely there
at the freezing level [19], where charge reversal become possible.
Thus, temperature appears to be the most important parameter in
controlling the charge structure [22], and, in particular, in the cre-
ation of the lower dipole that accelerates electrons downward. The
same dipole will decelerate positive muons and reduce total num-
ber of counts registered by the “111” combination of SEVAN detec-
tor.

Another demonstration of the intensification of the electric field
is the graupel growth and fall in the form of snow pellets just be-
fore the TGE. In Fig. 11 we show the shots of the panoramic cam-
era located on the roof of the MAKET experimental hall. We mon-
itor skies above Aragats making shots each minute (now at high
near-surface electric field - each second). Sometimes before and
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Fig. 6. 10-second counts of ASNT from near vertical direction (black) and, inclined direction (blue). By red lines we denote time span of muons with inclined paths and
muons with near-vertical paths.
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Fig. 7. Time series of the SEVAN detector: blue - muons, combination “111”, -3% (-1.30); red - low energy gamma rays and electrons, combination 100, 14% (170 ); green -
mostly gamma rays, combination 010, 18% (6.30'); black - neutrons (18NM64), 3.6% (60').

Table 2
Characteristics of the TGEs shown in Figs. 9 and 10.
Muon Electron & gamma Cloud base Outside
deficit ray boost El field record height Temp. interval RH
Date [%] SEVAN/STAND1[%] [kV/m] [m] [Co] [%]
a) May 13 2012, -4.4 9.3/22 -30--16 65 04 --05 95
19:24
b) May 27 2014, -4.6 12.3/31 -17 - +5 60 1.9 -0.2 94
9:02
c) Sept. 30 -3.5 19/65 -11- 45 95 1.9-04 94
2014, 13:02
d) May 11 2015 -2.5 11/36 -24 - +29 130 22-14 92

10:45




A. Chilingarian, G. Hovsepyan and G. Karapetyan et al./Astroparticle Physics 124 (2021) 102505

L
I

Significance of Count Rates

1 1 1 1 1 1 1 1

17:10:00

17:50:00
May 21, 2009; Time (UT)

Fig. 8. One-minute counts of the ASNT from near-vertical direction (black) and inclined direction (blue). By red lines, we denote the time span of muons with inclined

trajectories relative to the vertical (17:11 - 17:20).

a)

Count Rate(%)

Court Rate(%)

18:40:00 18:44:00 18:45.00 18:52/00 185600 19:00.00 1904 00 19:08:00 190 12:00 19 16:00 19 20:00 19:24:00 17,25 00 19.32:00 19.36:00 19740
May 13, 2012; Time (UT)

08: 20,0008 240008 28:00.08:32 00 06:35 00 08-40:00 08: 44.00 08: 43 00 08:52:00 G5 56:00 09:00.00 05 04 00 09.08:00 051 12:00 09 16:00 09 20
May 27, 2014; Time (UT)

Court Rate(%)

c)

Courtt Rate(%)

12200012240012 2500123200 12 36:00 12 40.00 1244 00 12 48:00 1242:00 12 56:00 13:00:00 13:04.00 12080013 12,00 13 16:0013 20
September 30, 2014; Time (UT)

10:00:00 70:04:00 10:08:00 10: 12:00 1 96:00 10:20:00 10-24:00 10:28:00 10 3200 10:36:00 10-40:00 10-44:00 9048 00 10:52,00 10:56:00 11.00:
May 11, 2015; Time (UT)

Fig. 9. Registration of the electron - gamma ray avalanches (RREA) and depletion of the muon flux during large TGEs occurred on May 13 2012 - a); May 27 2014 - b);
on September 30 2014- c); and May 11 2015 - d). Black curves - SEVAN 111 - combination, muons with energies above 250 MeV; blue curves - SEVAN 100 combination,
particles with energies avove 7 MeV, red curve - count rate of 1 cm thick upper scintillator of the STAND1 detector, energy threshold - 1 MeV.

during TGE graupel is reaching earth’s surface; the hydrometeors
fallen on glass of the camera didn’t melt immediately and we got
very special patterns, see Fig. 12. The staff of the station on March
31 2020 made photographs of the graupel on the earth’s surface.
The graupel fall started at 16:10-16:20 then changed to snow and
again to graupel at 17:05 just before start of TGE at 17: 15 (reach-
ing maximum at 17:58). On the panoramic camera shot, we show
graupel of the specific conical shape, see Fig. 13. Thus, we confirm
Kuettner’s conclusion that a pocket of positive charge (LPCR) in the
base of cloud is attached to precipitation and with the main neg-
atively charged layer (located at 5000-6000 m MSL [33]) formed a
“Graupel dipole” in the lower part of the cloud [19]. The developed
LPCR significantly changed the near-surface electric field from deep
negative to positive values, see Fig. 10 and Table 2. The amplitude
of the field excursions in a few minutes can reach several tens of

kV/m. The particle flux increases simultaneously with the emerg-
ing of LPCR.

Not only intensity, but also maximal energy of TGE electrons
and gamma rays (reaching 40-50 MeV) can be taken as evidence
for the large electric field in the cloud [30]. In Fig. 13 we show
energy spectra of 2 events from 4 posted in Figs. 9 and 10 and
in Table 2, namely events a) and c) obtained with network of Nal
spectrometers located on Aragats (see details the spectrometer op-
eration in [32]). The maximal energy was reached just during the
minute of the maximal depletion of the muon flux at 19:24 (13
May, 2012) and at 9:02 (27 May 2014).

Thus, large enhancement of the intensity of the gamma ray and
electron fluxes, large maximal energy of gamma rays, and electrons
and muon deficit, all evidenced strong electric field in the cloud.
As we can see in Fig. 13 and Table 2, maximal energies (20 and 40
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Fig. 10. Record of the near-surface electric field during TGE (black curve), muon flux depletion (blue curve, currespondent to frames a-d of Fig. 9); and outside temperature
(red lines) for four selected events: a) May 13, 2012; b) May 27, 2014; c¢) September 30, 2014; d) May 11,2015. The parameters shown in Fig. 10 are presented in Table 2.

Fig. 11. Shots of the panoramic camera located on Aragats made before start of TGEs observed on May 13 and September 30 2014 (frames b and c in Figs 9 and 10).

MeV) are well related to the muon flux drop (-4.4% - -4.6%) of the
analyzed events.

6. Propagation of the secondary species of cosmic rays through
the extended atmospheric electric field (a simulation study)

To check the potential drop - muon deficit relation obtained
with a simple EXPACS WEB calculator [29] we perform a simula-
tion study with CORSIKA code [34] using QGSJET [35] model for
high-energy hadronic interactions and UrQMD [36] model at low
energies. The electromagnetic interactions were simulated with the
EGS4 [37] model. The CORSIKA version 7.7400, which takes into
account the effect of the electric field on the transport of EAS par-
ticles was used in this simulation work. In the simulation trials,
we follow all species of extensive air shower (EAS) from the first
strong interaction high in the terrestrial atmosphere including all
secondary interactions until the muon arrival to SEVAN detector at
3200 m. The simulations were implemented for primary protons at
the energy range from 10 to 1000 GeV within zenith angles from

0 to 50°. The energy spectrum of primary protons was generated
according to the power law with spectral index -2.7. The shower
particles were followed until the energy decreases to 300 MeV for
hadrons and 100 MeV for muons, electrons, and photons. Each sim-
ulation trial includes 10° events.

The extent of the electric field varied from 1 to 2 km above
particle detectors. The largest TGEs occurred on Aragats when the
distance to the cloud base (a proxy of electric field lower bound-
ary) was 25 - 50 m. Using data from satellite measurements as
an input to the weather research and forecasting model (WRF) the
electrifications processes above Aragats was studied during some
of largest TGEs [38]. Runaway electrons were accelerated in the
lower dipole formed by the well pronounced lower positive and
middle negative layers separated by distances of 2 - 3.5 km [38].

If we assume this or smaller values of the field extent, the
corresponding strength of the electric field will be from 1.8 to
2.2 kV/cm in good agreement with simulations with CORSIKA and
GEANTA4 codes [39]. Thus, the electric field was introduced in sim-
ulations from 3225 to 4325, 4725, and 5225 m. The simulation of



A. Chilingarian, G. Hovsepyan and G. Karapetyan et al./Astroparticle Physics 124 (2021) 102505 9

Fig. 12. The “conical” graupel fallen before TGE outlined by the frames, Aragats,
March 2020

the relativistic runaway electron avalanches (RREAs) was done with
the same electric field parameters according to the scheme de-
scribed in [40]. Simulations were performed with an electric field
of 1.8 - 2.2 kV/cm spread uniformly above Aragats station. The uni-
form electric field accelerates negative muons and electrons and
decelerates positive muons and positrons. We use seed electron
beams with constant energy of 1 MeV to suppress the contamina-
tion of the MOS process (modification of electron energy spectra,
see details in [31,36]. Each simulation trial includes 10* events.

As it was demonstrated by CORSIKA and GEANT4 simulations
[31,40] RREA is a threshold process and avalanches started at
reaching the breakeven value of the atmospheric electric field. The
length of the electric field also should be enough prolonged to
allow cascade development. To fulfill the condition of large TGE
selection, we start with 1.8 kV/cm field and 1 km field length
subsequently enlarging field strength and extent. As we can see
in Fig. 14 at 200 MV potential drop (1 km length of a 2 kV/cm
strength field), few RREAs started to develop; at 300 MV potential
drop the energy spectra maximal value reaches 20 MeV (Fig. 15),
and at 330 MV(Fig. 16) number of avalanche particles exponen-
tially exceeds and maximal energy reaches 40 MeV. As we can
see from Figs. 14-16 with enlarging potential drop from 200 to
330 MV the intensity and maximal energy of the electron and
gamma ray differential energy spectra abruptly increase. Compar-
ing Figs 14 and 15 with Fig 13 a) and b) we can notice that smaller
TGE occurred on 13 May 2012 (enhancement in the SEVAN “100”
combination - 9.3% and in STAND1 upper scintillator 22%) can be
related to the ~300 MV potential drop (Fig. 15); maximal energy
for simulated and measured energy spectra are ~ 20 MeV. The
larger TGE on 27 May 2014 (enhancement in the SEVAN “100”
combination - 12.3% and in STAND1 upper scintillator 31%) in turn
can be related to the ~330 MV potential drop (Fig. 15); maximal
energy reaches ~ 40 MeV. Sure, these relations are only illustra-
tive; the atmospheric electric field is very complicated and our
“double dipole” model [41] with fast-changing electric field struc-
ture isn’t mimicked by the uniform constant electric field assumed
in the simulation. Nonetheless, the simulated and measured for
these 2 events muon deficits demonstrate the “correct” relation of
simulated and measured entities (see Tables 2 and 3).

On the other hand, muon deficits obtained with EXPACS spectra
(Section 3) differ from the CORSIKA simulations by1.4% - 3.2% (see
Table 3). This difference will lead to a positive bias of 100-150 MV
when the method described in Section 3 will be applied to mea-
sured muon deficit. Simplified estimates were obtained by shifting
energy spectra of positive and negative muons as they were calcu-
lated by EXPACS on 3200 MSL height to the left and to the right
according to energy gain or loss in the electric field. From the ob-
tained in this way integral spectra the muon deficit was derived
by subtracting modified integral spectra from each-other. In this
way, we neglect the details of the electromagnetic interactions and

=10"E —=10'E
% ; * TGE started at 19:21 05-13-2012| % - L ] TGE started at 9:2 05-27-2014
E L Nal spectrometer network % - e Nal spectrometer network
408l LA ) T T =
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Fig. 13. Differential energy spectra of the TGE events a) and c) measured by Nal spectrometers during the same minute when depletion of the muon flux was registered by

SEVAN detector.
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Table 3

Number of positive and negative muons after passing the electric field of 2 and 2.2 kV/cm strength, and 1, 1.5 km extent. The numbers of muons
reaching 3200 m height are used for calculating the muon deficit.

Simulation conditions >250MeV  Muon flux changes/%  Muon deficit (%)/Pot. drop (MV)  EXPACS results On muon deficit
N+ (Ez=0kV/cm) 24261

Ny- (Ez=0kV/cm) 21109

Nu+ (Ez=2kV/cm, z=1km) 21686 -2248/-5.0 2.3/200 0.8/200
Ny (Ez=2kV/cm, z=1km) 22127 1240/2.7

N+ (Ez=2kV/cm, z=1.5km) 20749 -3118/-6.9 3.9/300 2.1/300
Ny- (Ez=2kV/cm, z=1.5km) 22257 1370/3.0

Nu+ (Ez=2.2kV/cm, z=1.5km) 20818 -3443/-7.6 4.2/330 2.8/330
N, (Ez=2.2kV/cm, z=1.5km) 22671 1562/3.4

N, (Ez=2.0kV/cm, z=1.8km) 20462 -3800/-8.4 4.8/360 3.1/360
Ny- (Ez=2.0kV/cm, z=1.8km) 22738 1629/3.6

N, (Ez=2.0kV/cm, z=2km) 19681 -4580/-10.0 7.0/400 3.8/400
Ny- (Ez=2.0kV/cm, z=2km) 22445 1336/3.0
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decay probabilities of positive and negative muons during trans-
port in the electric field. Thus, the passage of muons in the elec-
tric field should be treated in all details by the simulation with an
appropriate code. CORSIKA made a full simulation of muon trans-
port and on each step of muon propagation, the electromagnetic
interactions are applied to the muons with modified (due propa-
gation in the electric field) energies. Therefore, as we demonstrate,
CORSIKA results, checked also by gamma ray energy spectra, are
trustworthy and can be used to correct the positive bias of EXPACS
estimates.

In Table 3 we show results of CORSIKA simulations for different
fields and field lengths.

For each potential drop, we calculate the expected muon deficit.
In the first column we put the conditions of simulation trials; in
the second the number of positive and negative muons with en-
ergies above 250 MeV that reach 3200 m height; in the third -
the change in overall muon flux and percent of change; in forth -
calculated muon deficit and corresponding potential drop; in the
last column - results obtained with simple method described in

Section 3. In Fig. 17 we show the relation of muon deficit to the
potential drop obtained by the CORSIKA simulations with different
strength and length of the intracloud electric field. Our calculations
are related only to the electric field parameters that can initiate
RREA, that was the first condition in the selection of the SEVAN
events with muon flux drop. The obtained potential drop interval
(200-400 MV) is shifted to the left by 100-150 MV compared with
outlined in Fig. 4 for the simplified method, thus the method de-
scribed in Section 3 is positively biased, i.e., estimate very high po-
tential drops for the same muon deficit comparing with the COR-
SIKA simulations.

7. Discussion and conclusions

The emergence and evolution of the intracloud electric field and
its impact on the high-energy particle flux are among the most im-
portant problems of atmospheric physics. Based on the measured
intensity and shape of the gamma ray energy spectra a method
was proposed for the estimation of the atmospheric electric field
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[42,43]. Now we suggest using additional important information
for the electric field estimation. At ASEC different species of cos-
mic rays are measured along with electric field and meteorological
parameters. SEVAN detector, a particle detector belonging to the
European network, 7/24 monitoring the muon component of cos-
mic rays. On Mount Aragats, huge enhancements of electron and y
ray flux were measured simultaneously with the decline of muon
flux. The muon deceleration coincides with strong TGEs; the dura-
tion of the high-energy part of the TGE usually continued only a
few minutes. A lightning flash [44] or a TGE current itself [45] sig-
nificantly reduced the potential drop and the electric field strength
abruptly goes below the threshold level of RREA initiation, also
stopping muon deceleration and the further decline of the muon
flux. These few minute episodes of large gamma ray/electron en-
hancement and muon depletion are accompanied as well with in-
clined muons suppression and emergence of high energy (up to
50 MeV) electrons and gamma rays. Particle fluxes of all species
of the cosmic rays are modulated by the atmospheric electric field

and registration of energy spectra and intensities of these particles
allows to estimate the potential drop and strength of the atmo-
spheric electric field (see Figs 14-17 and Table 3).

Using only muon decline information for the recovering intr-
acloud electric field can lead to erroneous estimates. There is an
overall problem of reproducing the number of muons in the simu-
lation of extensive air showers. The measured muon multiplicities
disagreement with the modeling at low energies has been reported
in several papers, see for instance [46]. The largest variations in
muon densities obtained with different models at the ground at
the lowest energies (50-250 MeV, energies controlling the muon
deficit) resulting from striking differences in the early stages of
shower development. Thus, the simulation results are crucially de-
pendent on the energy used spectra and composition of the pri-
mary cosmic rays, on the strong interaction model, and on the en-
ergy threshold of the detector.

Also, we investigate the muon charge ratio obtained in simu-
lation trials. Both CORSIKA and EXPACS give R=1.15 on 3200 m
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Fig. 17. The potential drop - muon deficit relation for the positive and negative muons and for the sum of both (the analog of the count rate measured by the SEVAN

detector). Data from Table 3. Error bars - statistical.

for muons with energies above 250 MeV). The historical measure-
ments of muon charge ration performed on Aragats give consis-
tent values of R=1.29 +/- 0.02 by the vertical magnetic spectrom-
eter [47] (energy threshold - 2.2 GeV) and R=1.28 +/- 0.06 by
horizontal magnetic spectrometer [48] (energy threshold 5 GeV),
that rather well coincide with a compilation of high-energy at-
mospheric muon data at sea level, R= 1.268 [49]. Measurements
with WILLI detector (Weakly ionizing lead lepton interaction, Na-
tional Institute of Physics and Nuclear Engineering Bucharest, Ro-
mania [50]) also yield a very coherent value of R=127 +/- 0.01
for muons of energies above 0.52 GeV of vertical incidence (mean
zenith angle 19°). However, the models of hadronic interactions in
the terrestrial atmosphere fail to reproduce such a high charge ra-
tio, giving significantly smaller values of R=1.15 - 1.20.

Additional simulations with CORSIKA and JEANT4 codes are
needed for establishing a decisive relation between the potential
drop and muon deficit.

Therefore, our conservative estimate based not only on muon
deficit but also on the measured TGE parameters is that for the large
TGE events registered on Aragats the maximal potential drop is reach-
ing 350 MV and most probable maximal electric field strength - 2
kV/cm.

Our “multisensory” approach included:

—

Registration of near-surface electric field dropping in negative

domain after the active phase of the storm;

2 Registration of large flux of electrons, gamma rays, and neu-
trons with multiple particle detectors and a simultaneous de-
cline of muon flux;

3 Registration of histograms of energy releases in the network of
Nal spectrometers and in 60 cm thick plastic scintillator and
the subsequent recovery of differential energy spectra;

4 Registration of simultaneous decline in the intensity of SEVAN
“111” combination (~250 MeV muons) and decrease in the
muon flux coming from inclined oblique direction observed by
the ASNT with simultaneous increase of the flux coming from
near-vertical direction;

5 Estimation of the cloud base height above the particle detec-

tors.

In [51], an estimate of the atmospheric electric potential at a
height of 8-10 km was obtained based on the measured decline

of muon flux. However, independent consideration [52] shows that
this estimate was inconsistent, and the reported 1.3 GV potential
within a gap of 2 km at 8-10 km altitude above sea level was
highly overestimated. Any physical inference based only on data
from one detector and neglecting corresponding atmospheric phe-
nomena is highly risky.

Several modules of the European SEVAN network are located
on mountain tops and are well suited for the detection of TGEs
and the stopping muon effect; recently measured at Lomnitcky
Stit (Slovakia) [53] and Musala (Bulgaria) [54] muon decline was
more than10%, signaling that the intracloud electric field there is
much larger than measured on Aragats. The intensity of particle
flux was also extraordinarily high, exceeding the fair-weather level
more than 200 times. The mountain tops seem to be truly genera-
tors of the huge atmospheric electric fields and the SEVAN detector
is an appropriate device for revealing this exciting phenomenon.
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