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Proceeding from a stormy day on 22 September 2022, when seven thunderstorm ground enhancements
occurred (TGEs, three of them very large), we analyze closely the TGEs’ energy spectra and conditions
supporting the unleashing of the intense particle flux. For the first time, we present a detailed analysis of the
shape of the TGE energy spectra in the energy range from 0.3 to 50 MeV and discuss the conditions of TGE
origination. The cross calibration of different detectors is possible thanks to the 24 /7 monitoring of particle
fluxes with numerous detectors and spectrometers operated on Aragats cosmic ray observatory. Despite the
difficulties of measuring energy spectra from an electron accelerator with a beam size of several km?, which
can change the electron energy in seconds, we reliably recover energy spectra of electrons and gamma rays.
We estimate the intensity of the most significant particle flux to be ~1,25 million TGE particles with
energies greater than 0.3 MeV hitting each square meter of surface on Aragats, 3200 asl. We analyze the
charged structure of the thundercloud giving birth to the operation of the lower dipole, which accelerates
electrons, and discuss the precursors of the lighting flashes.
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I. INTRODUCTION

During thunderstorms, strong electric fields modulate the
energy spectra of cosmic rays and cause short and long
bursts. Large amplifications of particle fluxes, the so-called
thunderstorm ground enhancements (TGEs, [1,2]) manifest
themselves as prominent peaks in the time series of count
rates of particle detectors. Intense fluxes of electrons and
gamma rays, measured on mountain peaks, can exceed
the background up to 200 times [3]. Relativistic electron
runaway avalanches (RREAs) occur when the atmos-
phere’s electric field strength exceeds the critical value
for starting a relativistic electron runaway avalanche
(RREA [4]), during which the free electrons multiply,
accelerate, and form avalanches reaching the Earth’s sur-
face. Free electrons, abundant at any altitude in the
atmosphere from extensive air showers (EASs), serve as
seeds for atmospheric electron accelerators.

Measurements of the energy spectra of electrons and
gamma rays on Aragats make it possible to identify emerging
electrical structures in the atmosphere (lower dipole), which
accelerate seed electrons to 50 MeV or more [5]. The
accelerating dipole is formed by the main negatively (MN)
charged layer in the middle of the cloud and its mirror on the
Earth. Usually, during thunderstorms, an additional lower
positively charged region (LPCR) emerges at the bottom of
the cloud, also forming an accelerating dipole with MN [6].
This dipole was discovered by Joachim Kuettner on
Zugspitze at the end of 40ths of the last century [7] and is
related to falling positively charged graupel.

The time series of more than 300 TGEs registered
on Aragats, of near-surface electric field (NSEF) and
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geomagnetic field, lightning location, and weather param-
eters are available from the Mendeley dataset [8]. A lightning
flash abruptly terminates most TGEs on Aragats; see the
dataset of 165 TGEs in [9].

The relation of electron fluxes to lightning initiation is
one of the most challenging problems in atmospheric
research. Precise experiments on Aragats give clues for
understanding this relationship and establishing the time
sequence of both [10]. Understanding high-energy proc-
esses in the atmospheric plasma will help research particle
accelerators operating on much larger scales in the space
plasmas.

The summer of 2022 (July-September on Aragats
research station, 3200 m asl.) was dry and hot. The outside
temperature was higher than usual, exceeding 15°C half
the time. In 3 months, there were only six thunderstorms, as
shown in Fig. 1 by disturbances of the NSEF (blue time
series in Fig. 1) and lightning flashes (green lines at the top).
On the time series of the count rate of the particle detector
(black time series), impulsive enhancements were minimal,
suddenly enormously intensifying on 22 September, when
three enormous particle flux enhancements were registered.

In Figs. 2(a)-2(c), we presented four episodes of TGE
registration in the summer of 2022.

The particle flux enhancement during very few summer
TGEs in 2023 stayed at most 8%. The corresponding
significances measured in the number of standard devia-
tions relative to fair weather value was at most 10%.
Suddenly, on September 22, during an ordinary storm, in
5 hours, detectors registered three record enhancements, the
largest of which at 9:20 demonstrated ~150% enhancement

© 2023 American Physical Society
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Summer 2022: black—time series of 1-min count rates of STAND3 plastic scintillator of 1 m? area and 3 cm thickness; blue—

disturbances of the NSEF measured by EFM 100 electric mills produced by the BOLTEK firm, widely used in atmospheric physics
research; red—outside temperature; green—distances to lightning flashes.

in 1-mintime series of the upper from four vertically
stacked STAND3 [11] detectors scintillators [“1000”
coincidence, signal only in the upper scintillator, Fig. 2(d)].
To understand environments leading to such an enormous
count rate surplus and to demonstrate paths of TGE
physical analysis, we studied the 22 September events in
all detail, performing all necessary reliability checks.
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Among numerous particle detectors operated on Aragats,
the most important is the Aragats solar neutron telescope
(ASNT [12]), the only spectrometer that can resolve TGE
particle mixture and estimate the energy spectra of elec-
trons and gamma rays separately. We check the uniformity
of operation of eight scintillators of ASNT, examining the
background count rates before and after the TGE events.
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FIG. 2. TGE events occurred on Aragats from July to September 2022. The description of colored curves is the same as in Fig. 1.
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2 s time series of count rates of 8 ASNT scintillators (four 5 cm thick “veto” scintillators and four 60 cm thick spectrometric

scintillators). The insets show mean values and variances of the count rates before and after TGE.

In Fig. 3, we demonstrate the variation of the count rates
measured by eight scintillators, which comprises ~10% for
the 60 cm thick scintillators and ~5% for the 5 cm thick
ones. During TGE (with a large share of low energy
particles), the difference between count rates is more
prominent, reaching 30% for the second and third 60 cm
thick scintillators (blue and red) due to slightly different
energy thresholds. However, we present energy spectra

only for energies above 10 MeV; thus, the difference
between the count rates at low energies is unimportant.

A. The energy spectra recovering from the TGE
event occurred at 9:20, 22 September 2022

In Fig. 4, we present the time series of count rates of
the sum of four thick ASNT scintillators with different
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FIG. 4. 2 stime series of count rates of ASNT coincidences: “01”, mainly gamma rays, black; “11”, primarily electrons, red; and count
rate of all particles registered in the lower 60 cm thick scintillator, blue. In the insets, the maximum flux and background (measured
before TGE start) are shown; the difference of both (TGE flux) is calculated for the 2 s (left inset) and 1-min (right inset) count rates.
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selection criteria. The “01” coincidence (signal only in the
lower 60 cm thick scintillator) selects mainly gamma rays.
The “11” coincidence (signal in both layers) picks electrons
primarily.

TGE started at 9:17 when NSEF was near zero and
smoothly rose with the enhancement of NSEF [Fig. 2(d)].
At the maximum of TGE flux at 9:19:30, NSEF reached
20 kV/m. Afterward, TGE coherently declined with the
weakening of the NSEF until the normal polarity lightning
flash abruptly terminated it at 9:22:10.

In Fig. 4, we see that the electron flux (red curve) was too
small to be reliably recovered (see the left inset in Fig. 4,
only 62 “11” coincidences were observed in 2 s). We
summarize thirty 2 s counts to obtain a 1-min count rate
(see the right inset of Fig. 4). In 1-min, we have 500
electron candidates (coincidence “117); in turn, the number
of gamma ray candidates is 96400 (coincidence “017).
Thus, it will not be easy to disentangle the ~0.5% fraction
during the energy recovery procedure. Nonetheless, we
notice slight electron content in Fig. 5. Figure 5(a) shows
the 1-min time series of “11” coincidence (signals in upper
and lower scintillators). In Fig. 5(b), we offer the energy
release histogram in a 5 cm thick upper scintillator of
ASNT.

By the blue arrow, we point to a peak in the energy
release distribution in a 5 cm thick scintillator. As electrons
leave ~1.8 MeV energy release due to ionization in every
centimeter of the scintillator, we expect a peak from
electrons in the 6-9 MeV interval. The distribution of
the energy losses by gamma rays follows exponential law
and exhibits no peaks. Thus, this minor deviation from the
exponent is due to electrons in the TGE flux.

We also recover the TGE energy spectrum with the Nal
spectrometer network operated on Mt. Aragats. Five large
(12 x 12 x 28 cm) Nal (TI) crystals are located under the
roof of the SKL experimental hall on Aragats and have an
energy threshold of 0.3 MeV (see details in [7]). For fitting
TGE energy spectra, we use a five-parametric fit function,
which was used to fit the primary cosmic ray spectrum
measured by the MAKET ANI surface array [13,14].

dI/dN = A % E7 (1 + (E/Eynee)?)7",

energy spectra exhibit a “knee” feature (the spectrum
turnover point) around 6-7 MeV, Ay =y, —y, is the
difference of spectral indexes before and after the knee,
y, varies from 1.27 to 1.33, y,—from —3.00 to 3.17, and
the sharpness of the knee € from 2.53 to 3.3.

Before the knee, the TGE gamma rays are contaminated
by the intense radon progeny gamma radiation [15],
making spectra relatively soft. At energies higher than
10 MeV spectra smoothly hardening, indices change from
(1.27-1.31) to (2.81-3.17). TGE started at 9:18 and was
terminated by a lightning flash at 9:21:10; thus, in the first
and last minutes [Figs. 6(a) and 6(d)], intensities were
weaker than at 9:19-9:20 [Figs. 6(b) and 6(c)]. At the
maximum of TGE, 9:19-9:20, approximately 1,25 million
TGE particles with energies above 0.3 MeV hit every
square meter of the Earth’s surface, covering several square
kilometers on the ground; see Fig. 7.

In Fig. 8, we show the time series of the distance to the
cloud base, estimated by the difference between surface
temperature and dew point (the so-called spread). The blue
arrow shows that during TGE, the cloud base height was
~200 m. Assuming that the electric field is prolonged only
in the cloud, the distance is too large, even for >40 MeV
electrons, to reach the ground. If NSEF is positive, the MN
layer is screened, and electrons accelerate and multiply in
the dipole formed by the negatively charged MN layer in
the middle of the cloud and transient positively charged
region LPCR sitting on the falling graupel. The conical
graupel fall (3—5 mm in size) can be noticed by shots of
panoramic cameras monitoring skies above Aragats; see
Fig. 9. The characteristic specks on the camera’s glass are
graupel; the station staff performed the graupel identifica-
tion comparing the photos of specks and pictures of fallen
conical graupel, see Figs. 11 and 12 in [16].

As we can see from the camera shots, the graupel fall
starts just after the maximum TGE intensity and lasts 6 min.
The MN and LPCR control the sign of the NSEF; the main
positive charged layer on the top of the thundercloud only
weakly influences the NSEF. The existence or absence
of the LPCR is illustrated by the graupel fall, which
usually exists in the lower thunderous atmosphere at
surface temperature —3 °C—+ 3 °C. When low and large,
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(a) 1-min time series of the “11” coincidence; (b) the energy release histogram in the 5-cm thick upper scintillator of ASNT.
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FIG. 6. TGE differential energy spectra recovered from the Nal (TI) spectrometer. Parameters of five-parametric fit are shown in the

legend in each frame.

the graupel cluster can thoroughly screen the ground from a
larger main negative (MN) layer; NSEF will be positive. If
the graupel cluster is small or high above the ground, it can
only partially screen the NSEF sensors from MN; NSEF
will be negative or change from negative to positive. Thus,
the camera shots indirectly confirm the NSEF positive sign.

B. The TGE’s electron and gamma ray energy
spectrum recovery on 22 September 2022 at 4:22

At 4:22 and 4:27, two short TGEs occurred; see Fig. 10.
Both events were very close by the amplitude of the TGE

enhancement and by the lightning type that terminated
them at 4:23:14.470 and 4:47:43:940. The kind of lightning
was determined according to the methodology described
in [10], comparing the discharges registered by two NSEF
sensors on Aragats and Nor Amberd. Normal intercloud
lightning flash IC+ was registered as well by the world-
wide lightning location network (WWLLN, [17]) within
half of a second from our detection (at 04:23:14.978). In
contrast, the polarity of the NSEF was opposite (blue curve
in Fig. 10) for these two TGEs. In Fig. 11, we can see that
the TGE of 4:22 occurred during a deep negative electric

102003-5



A. CHILINGARIAN et al.

PHYS. REV. D 107, 102003 (2023)

§ - Nal spectrometer N2
= F Minute (9:19 — 9:20)
375010 peak 79260
[ Background 45660
70010t [ Diff (TGE) 33600
[ Energy threshold 300 KeV
Nal area (we assume TGE vertical flux)
85010 12¢m x 28cm =0.0336 m?
[ Nal efficiency to register gamma rays ~0.8
6.00x10¢ - Gamm ray intensity calaculate from count rate
L 1=33,600/0.036/0.8 = 1,25 mIn/m.sq min
t  well coincides with recovered integral spectrum
5.50x10% |-
5.00x10¢ f
450x10* !
09:05:00 09:09:00 09:13:00 09:17:00 09:21:00 09:25:00 09:29:00

September 22, 2022; Time (UT)

FIG. 7. Time series of 1-min count rate of Nal spectrometer N2. In the inset, we show the TGE flux calculation.

field (= —20 kV/m) and was terminated by a lightning
flash after reaching the maximum (the flux decreases by
34% in 2 s). The TGE of 4:27 occurred during positive
NSEF (+15 kV/m) and was terminated by a lightning
flash at the end of the TGE development. The two scenarios
of the lower dipole emergence between the main negative
layer, and its mirror in the Earth and between the same main
negative and LPCR were described in detail in [18].

In Fig. 11, we show zoomed versions of TGE events
shown in Fig. 10, now in percent of enhancement relative to
the fair-weather mean count rate. During TGE from 4:22:14
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FIG. 8. Time series of distances to the cloud base. During the

TGE maximum at 9:19 (denoted by a blue arrow) distance to the
cloud base was =200 m. Red lines indicate the graupel fall
(9:22-9:26).

to 4:23:12, the “11” coincidence enhancement reaches
~10%; see the green curve above the yellow line,
Fig. 11(a). Thus, we can expect a sizable number of
electrons. In the second 2-min-long TGE, Fig. 11(b),
there is no enhancement of the “11” coincidence above
the yellow line; consequently, electrons do not reach the
detector.

The next step to check if TGE electrons reach the detector
is examining the energy release histogram in the upper 5 cm
thick scintillator; see Fig. 12. We simulate the energy
release of gamma rays in the 5-cm thick scintillator using
the gamma ray energy spectra recovered by “01” coinci-
dence in the 60 cm thick “spectrometric” scintillator.

In Fig. 12, the green curve is measured energy release in
the 5 cm thick scintillator.

The black curve is the gamma ray energy release
histogram obtained by GEANT4 simulation using the recov-
ered gamma ray energy spectrum and performing a full
particle transport simulation through the ASNT detector.
The difference between these two histograms, the red
histogram, is an estimate of the electron energy release
in a 5 cm thick scintillator. Recovered this way, the number
of electrons (the integral of the red curve in Fig. 12) was
~15000.

Most electrons release 6-8 MeV n the 5 cm thick
scintillator (see peaks in green and red histograms), as is
expected due to =1.8 MeV ionization losses in 1 cm of
the scintillator. The registered number of electrons in the
upper 5 cm scintillator is 15000; in the lower 60 cm thick,
only 4100. These 4100 electrons were used in the energy
spectrum recovery shown in Fig. 13. The higher than
>10 MeV energy releases are due to multiple particle
traversal through the scintillator. During TGE, such events
are significantly enlarged compared with fair weather.
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FIG. 14. TGE differential energy spectra obtained with Nal
(black, energy threshold 0.3 MeV, and ASNT (red, energy
threshold 10 MeV) spectrometers.

The recovery of gamma ray and electron energy spectra
is performed by solving the inverse problem of cosmic rays
with a detailed particle transport simulation through the
detector setup, including the selection of robust a priori
energy spectrum for calculating bin-to-bin migration (see
details in [12]). In Fig. 13, we present the resulting electron
differential energy spectrum. The minimum electron energy
that the ASNT spectrometer can reliably recover is 10 MeV.

In Fig. 14, we compare TGE particle differential energy
spectra recovered with two independent spectrometers,
ASNT and Nal. ASNT spectrometer measures energy
spectra with good statistics because of a 4 m> sensitive
area; however, it misses low energy particles (below
10 MeV) due to attenuation in the substance of the massive
detector. Nal spectrometer is located under the roof built
with 0.6 mm tilts and can measure energy spectrum
from 0.3 MeV; however, due to the small sensitive area
(0.036 m?) and relatively low electron flux, the electron

TABLE I. Parameters of the five-parametric fit of the gamma
ray energy spectra. Parameter errors are shown in Figs. 6 and 14.
Time

22/09 2022 71 72 A/100,000 E,. Sharpness
4:22 1.67 282 2.89 6.21 6.70
4:46 1.59 281 1.86 7.06 5.99
4:47 1.57 3.05 1.91 7.44 3.33
9:18 1.27  3.05 1.45 6.91 3.30
9:19 1.33  3.17 3.64 6.97 3.30
9:20 1.31 3.0 2.57 6.08 3.09
9:21 1.30 3.01 0.84 6.36 2.53

spectrum can be measured only with ASNT spectrometer.
After 10 MeV, both spectra coincide well.

Parameters of gamma ray energy spectra measured
on 22 September are summarized in Table 1. If the spectral
indices after the knee (>7 MeV) are the same for TGEs
occurred at 4:22, 4:47, and 9:18, the index before the knee
(0.3-=7 MeV) is strictly different, probably due to changing
atmospheric conditions.

C. Small TGE events occurred on 22 September 2022:
the LPCR emergence and contraction

The series of TGE events that occurred at 3:10-3:22 was
not significant by amplitude but extended long enough to
follow excursions of NSEF and corresponding changes in
the particle count rates and occurrences of lightning flashes.
The first TGE started during positive NSEF of +8 kV/m
and was abruptly terminated ~1 min later by an inverted
intracloud flash stroked at a ~1.5 km distance.

Attempts to start TGE afterward during negative NSEF
reaching —8 kV/m at 3:12-3:16 were unsuccessful, and
count rate enhancement was minimal. At 3:17-3:19, NSEF
sign reversal occurred, recovering the +8 kV/m value.
However, two nearby normal intracloud flashes (6.5 and
4.5 km) did not allow TGE to progress. Only after another
NSEF sign reversal when the NSEF value reaches
—18 kV/m does TGE restart at 3:19 and smooth finish
at 3:22; see Fig. 15. Thus, we again observe TGEs both at
negative and positive NSEF.

Attempts to start TGE during not large negative NSEF
(=9 kV/m) were unsuccessful; only during deep negative
NSEF count rate increase significantly.

During positive NSEF, an LPCR was formed, as we can
see from the patterns on the glass of the panoramic camera
in Fig. 16. After finishing both episodes of positive NSEF,
we detect the graupel fall (3:12-3:13 and 3:18-3:20),
which evidenced the decay of the LPCR sitting on graupel.

Another small TGE occurred again during the positive
NSEF that reached +18 kV/m and extended from 4:57 to
5:07. The first attempt to start TGE at 4:59 was terminated
by inverted polarity lightning. However, afterward, TGE
restarted at 5:00 and smoothly finished at 5:05; see Fig. 17.
Thus, the lower dipole was formed by the main negative
layer and LPCR; and decayed with fallen graupel. The
camera shots demonstrate characteristic specks of the
graupel fall at 5:07-5:08, just after reversing the positive
NSEF and contracting of TGE; see Fig. 18.

D. Comparison of count rates measured by STAND3
and SEVAN detectors with ones obtained from integral
energy spectra recovered from ASNT

TGE energy spectra recovered by the ASNT spectrom-
eter were checked with particle detectors operated at the
Aragats station. Background count rates of the STAND3
and SEVAN detectors were calculated with EXPACS
code [19], and during TGE, to the background were added

102003-9



A. CHILINGARIAN et al. PHYS. REV. D 107, 102003 (2023)

" . :  om I ‘1 -

Distance (km)
o
T

- {
o
|
Near Surface Electric Field (KV/m)

3 a0 4
[ »
i v ) i Ll
- a0k i # 1 00 g

' . .
il j LRt
Tl

-80 1 1 :
03:05:.00 03:09:00 03:13:00 03:17:00 03:21:00 03:25
September 22, 2022, Time (UT)

FIG. 15. Disturbances of the NSEF, black; time series of 1 s count rates of STANDI plastic scintillator of 1 m? area and 1 cm
thickness, blue; distances to lightning flashes, red.
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FIG. 16. Shots of the panoramic camera showing characteristic specks on the glass, which identified the graupel fall.

the TGE spectra recovered by ASNT (presented in the  detector [21], located 20 m from ASNT and 100 m from
previous sections). Background and TGE spectra were ~ STAND3, consists of standard slabs of 50 x 50 x 5 cm?
tracked through particle detectors with the GEANT4  plastic scintillators. Between two identical assemblies of
code [20]. The vertically stacked STAND3 detector was 100 x 100 x 5 cm® scintillators (four standard slabs) are
described above (in the discussion of Fig. 2). The SEVAN located two 100 x 100 x 4.5 cm® lead absorbers and a
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thick 50 x 50 x 25 cm? scintillator stack (5 standard slabs).
Lights capture cones and photomultipliers (PMTs) are
located on the detector’s top, bottom, and intermediate
layers. In Figs. 19-21, we compare measured and simulated
count rates for the largest TGEs observed on 22 September.

Figures 19-21 show a good agreement between count
rates calculated from the ASNT spectra and measured by
STAND3 and SEVAN detectors, proving the correctness of
electron and gamma ray energy spectra recovery with ASNT.

E. Correlation analysis of the TGE particle fluxes:
Getting insight into the atmospheric electric field

Thundercloud charges and emerging atmospheric elec-
tric fields are the most challenging processes for measuring
and modeling. The relation of cloud electrification and
particle fluxes emerging in the cloud and traversing it
remains at the top of high-energy physics in the atmosphere

[t e —

FPS: 10.499/22/2022 05:08:59

st

Shots of the panoramic camera showing characteristic specks on the glass, which were identified with graupel fall.

(HEPA) research. The interactions with solar radiation and
cosmic ray fluxes, atmospheric discharges, and winds lead
to the highly volatile behavior of the atmospheric electric
fields. Electric charge in the atmosphere remains quasistatic
at different altitudes for brief periods (of the order of
milliseconds), and there is no possibility of obtaining an
analytical solution to the electrodynamic of the charged
cloud. The phenomenological approach is the only one
allowing investigation of the correlations of the emerging
electric fields and particle fluxes on a minute timescale. The
atmospheric electric fields originating TGEs can be
researched by measuring the energy spectra of TGE
particles. By registering TGE particle fluxes, we can relate
them to the atmospheric conditions that are more-or-less
stable during the TGE development.

The most intense TGEs are usually abruptly terminated
by lightning flashes; nonetheless, their duration rates from
a few to tens of minutes [22]. We developed the particle
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FIG. 19. Comparison of count rates measured by four stacked scintillators of STAND3 detector with calculated ones recovered by

ASNT (minutes from 9:17 to 9:21).
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FIG. 20. Comparison of count rates measured by four stacked scintillators of STAND3 detector with calculated ones recovered by

ASNT (minutes from 4:21-4:23).

detector network STAND1 synchronized with EFM 100
electric mills to understand how the electric fields change
during TGE [23]. The EFM 100 sensors are operational at
distances up to 33 km and estimate the distance to the

lightning flash with an accuracy of ~1.5 km. The network
of STANDI1 particle detectors (see Fig. 22) comprises
three units of stacked plastic scintillators 1 cm thick,
1 m? sensitive-area scintillators each. The three National
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Instrument’s MyRio boards generate an output signal
containing each site’s scintillator’s count rates and NSEF
measurements. The fast, synchronized data acquisition
(FSDAQ, [24]) provides particle fluxes and NSEF disturb-
ances registration with millisecond accuracy.

To investigate the correlations between particle fluxes
and NSEF disturbances, we developed in the data analysis
platform ADEI statistical methods for the visualization
of time series and calculating the “delayed” correlations
obtained by moving the time series relative to each other.

In Figs. 23(a) and 23(b), we show 1-s time series of
STAND1 network count rates for the two largest TGEs
occurred during positive NSEF. STANDI1 units on the
highland near MAKET and SKL experimental halls (blue
and red curves) demonstrate coherent TGE rise and decay.

FIG. 22. STANDI detector network. Each of the three units
comprises vertically stacked three 1 cm thick and 1 m? area
plastic scintillators and the same area stand-alone 3 cm thick
plastic scintillator.
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Comparison of count rates measured by upper scintillator of SEVAN detector with calculated ones recovered by ASNT.

For the unit located 20 m lower and 300 m distance from
the MAKET hall (black curve), which is opened to Ararat
Valley, electric field conditions are slightly different, and
the maximum flux was reached several seconds earlier.
Nonetheless, the STANDI network demonstrates that the
electric field in the cloud above was stable for several
minutes providing appropriate conditions for developing
the electron-gamma ray avalanche. In this way, TGE
detection allows fixing minutes-long periods when a strong
intracloud electric field reaches 2.0 kV/cm 1-2 km verti-
cally (the primary condition of the TGE origination).

Thus, for the TGE that started at 4:45:20 [Fig. 23(a)],
there were ~3 min more-or-less smoothly changing the
intracloud electric field, and for TGE, that began at
9:17:30-~4 min. As mentioned above, TGE occurrence
poses very stringent conditions on the accelerating electric
field, which remain more-or-less stable during particle flux
enhancement and consequent smooth decay. It allows us to
investigate the correlation of the atmospheric electric field,
which accelerates electrons with the intensity of the particle
flux. In Fig. 24, we show the results of the correlation
analysis made for the STAND]1 units nearby MAKET 24(a)
and SKAL 24(b) experimental halls for the TGE started
at 4:45:20. As we can see, with the growing NSEF, the
particle flux correspondingly increases, and when NSEF
declines particle flux coherently declines. We calculate
correlation coefficients between particle fluxes and NSEFs
(R) separately for TGE’s ascending and descending phases,
which are very significant. Figures 25(a) and 25(b) show
the same relations for the TGE started at 9:17:30. The
similarity of the correlation patterns for the distributed
particle detectors demonstrates that the atmospheric electric
field can be relatively stable for up to 10 min at distances ~
of 300 m, sustaining conditions for electron acceleration.
Only such a “frozen” static state of the atmospheric electric
field allows TGE origination.

F. Discussion and conclusions

Research of atmospheric electron accelerators requires
the 24/7 operation of advanced particle detectors. Free
electrons from the ambient population of cosmic rays born
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in the strong interactions of the galactic hadrons or gamma
rays with atmospheric atoms are modulated by the strong
electric field of the thunderous atmosphere.

On September 22, 2022, various TGE events occurred,
each under a specific condition. TGEs occurred during
positive NSEF, negative NSEF, and the electric field sign
reversal. Correspondingly, a lower dipole was formed by
the main negative (MN) charge region in the middle of the
cloud and its mirror in the earth or/and the same MN and
LPCR. By monitoring the NSEF and graupel fall, we
demonstrate that LPCR is a transient layer sitting on
graupel and disappears with graupel fall.

The TGE energy spectrum measured at minutes
9:19-9:20 was extraordinarily intensive. During the most
intense minute, TGE flux reaches ~1.25 million particles
(with energies exceeding 0.3 MeV) per minute per m?, with
the highest energy reaching 70 MeV. The radon progeny
gamma radiation governs the relatively soft energy spectra
at low energies. After the knee, the spectra became hard
and continued to energies up to 70 MeV. However, at the
highest energies, the contribution of the MOS process [25],
negligible at lower energies, becomes essential. Thus, the
genuine maximum energy of the TGE particles hardly
exceeds 50 MeV.
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We estimate the electric field strength and extension by
measuring the energy spectra of TGE electrons and gamma
rays [26]. Using particle fluxes measured by the distributed
STANDI network, we present the correlations between
particle fluxes and near-surface electric fields. The enhanc-
ing intracloud electric field controls the enhancement of
TGE flux. When NSEF declines, particle flux diminishes.
TGEs occurring during positive electric fields prolonged
for ten min, and the atmospheric electric field that origi-
nated them smoothly enhanced and decreased. Thus,
during TGEs, a quasi-static charged structure remains
stable for minutes. The smooth changes of accelerating
electric field we relate to moving graupel cluster.

During negative NESF at 4:22, TGE was abruptly
terminated by a lightning flash just after the maximum
of its development. Possibly at the maximum electron flux,
the lightning leader found the path and lowered voltage
in the cloud stopping the TGE. As it was normal polarity
intercloud discharge, we can speculate that a symmetric
particle flux was developing in the upper dipole between
the main negative and positive regions.

Thus, lightning flashes on September 22, 2022, abruptly
terminate TGEs in the beginning, at the maximum, and at the
decaying of the particle flux. It means that RREA/TGE
process precedes the lightning flash; i.e., it is a precursor.
Sure, we did not observe the lightning initiation process. We
have no developed model of lightning leaders or streamers
using the ionized path opened by an RREA for their develop-
ment. Nonetheless, by measuring both lightning flashes and
particle fluxes, we obtained definite relations between both

(i) About 70% of TGEs are abruptly interrupted by a

lightning flash.

(ii) Lightning terminates TGE in the initial stage, in the

maximum, and at the decaying stage.
(iii) The distance to the flash is 1-10 km.

(iv) The duration of the TGEs, which are terminated by

lightning, is usually 1-2 min, not larger than 5 min.

(v) After the lightning flash, the maximum energy of

TGE particles shrinks to 3 MeV, the runaway
process stops, and only radon progeny gamma
radiation remains till the complete decay of long-
lived 2!“Pb and 2'“Bi isotopes.

(vi) Usually, after termination, the particle flux again

rises till another lightning terminates it, and so on up
to 5 times.

(vii) If lightning sensors do not register any atmospheric
discharge within 10 km, TGE smoothly finished
with a bell-like shape prolonging up to 20 min.

Evidence from other experiments also confirms that RREA
precedes lightning flashes.

(i) Balloon and aircraft detectors usually observe TGE
abruptly terminated by the lightning flash; see
references in [26].

(i) The group from Langmuir Laboratory in central
New Mexico, after examining 23 thunderstorm
soundings, suggests that lightning occurs whenever
the electric field exceeds the critical field [27]. The
same group observed during balloon flights on
3 July 1999 the maximal field of 1.86 kV/cm
(130% of the threshold for starting a runaway
process) at 5.77 km altitude just before nearby
lightning flashes [28].

TGEs and lightning flashes depend on the strength of the
atmospheric electric field and occur when the critical value
of this strength is reached. We know the critical value for
RREA initiation for each height (air density); for the
lightning initiation, the critical value should be larger
than the critical value for RREA because TGEs preceded
lightning flashes that terminate them. Or atmospheric
conditions after the RREA changes in a way to make
the path for the lightning leader easier. From the TGE-
lightning time sequence measured on Aragats during the
last 15 years, we can assume that strong electric fields
initiate intense electron-gamma ray avalanches and,
afterward—lightning flashes when RREA electrons do
enough ionization in the atmosphere to make more acces-
sible the path for a lightning leader.

Data availability statement: The data supporting this
study’s findings are available at the following [29].
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