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General description of the thesis

Importance of obtained results:

1. Understanding Atmospheric Electrification and Natural Gamma Radiation (NGR)
The discovery of new physical phenomena, such as Thunderstorm Ground Enhancements
(TGE), is crucial for advancing our understanding of atmosphere electrification, lightning
mitiation, and the potentially dangerous consequences of severe weather events. These
findings contribute to developing more accurate weather forecasting models and strategies
for mitigating severe weather risks.
2. Insights into Particle Acceleration Mechanisms in Almosphenc Plasmas:
Elucidating mechanisms driving electron acceleration in atmospheric plasmas enhance our
understanding of terrestrial phenomena and provide insights into much more energetic processes
occurring in space plasmas. This knowledge can aid in studying phenomena such as supernova
explosions, neutron stars, and black hole jets, contributing to advancements in astrophysical research.
3. Utilization of Atmospheric Electric Fields for Monitoring and Safety Purposes:
The revelation of large atmospheric electric fields, particularly those near the Earth's surface, presents
opportunities for practical applications. Developed particle spectrometers can monitor these fields,
providing early alerts and wamings during rocket launching and charging. This enhances safety
measures and helps mitigate potential hazards associated with electrical discharges.

Thesis objective:

o Analyze the natural radiation measured on Aragats research stations by precise
spectrometers.

®  Recover energy spectra of TGE electrons and gamma rvays and Radon progeny
spectrograms.

o Analyze the gamma-ray flux enhancements during thunderstorms, emphasizing the most
pronounced spectral lines, 214Pb (0.352 MeV) and 214Bi (0.609, 1.12, and 1.76 MeV’).

o Examine the Radon progeny correlations with disturbances of the near-surface electric field
(NSEF).

o Measure NGR intensity during fair weather and large TGEs.

o Compare the concentration of different Radon isotopes in the rainwater and the air.

o [Investigate the positron flux and asymmetry of the intensity of the 511 kel “annihilation”
line at positive and negative NSEF.

Scientific innovation:

Discovery of the radon circulation eftect.

Discovery of amplification of NGR and positron flux during thunderstorms.
Registration of a new type of optical luminescence in the lower atmosphere.
Measuring the extension of the horizontal component of the atmospheric electric field
over tens of kilometers.
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Personal Commitment:

1. Detector and Electronics:
Active involvement in commissioning and installing particle detectors and modernizing their
electronics at key locations such as Aragats (Armenia), Milechovka (Czech Republic),
Hamburg, and Zugspitze (Germany). By ensuring the proper setup and calibration of
detectors, reliability and accuracy were achieved during multiyear experiments.

2. Experimental Work on TGE Registration:

A hands-on role in conducting experiments on TGE registration, leveraging the SEVAN

network and other particle detectors positioned on the slopes of Mt. Aragats.

3. Data Analysis and Interpretation:
The analysis of multivariate data obtained from networks of particle detectors provides
meaningful physical insights into high-energy atmospheric processes.

Main points for defense:

1. Elaboration of Thunderstorm Ground Enhancements (TGE) and electron energy
spectra recovery:

Electron and gamma-ray energy spectra measurements at the highest summits of Eastern Europe,
Armenia, and Germany provided evidence for a new physical phenomenon known as Thunderstorm
Ground Enhancements (TGE).

2. Discovery of Radon Circulation Effect:
Uncovered the Radon circulation effect, elucidating the phenomenon of aevosols lifting with attached
Radon progeny into the atmosphere and subsequent return to the ground through precipitation events.

3. Positron Flux Enhancement during Thunderstorms:
Discovery of a 5-fold enhancement in positron flux during thunderstorms by forming a fourth dipole
between the lower positively charged region and the ground.

4. Amplification of Natural Gamma Radiation:
Observed a large boost in natural gamma radiation levels during disturbances of the atmospheric
electric field, shedding light on the relationship between atmospheric dynamics and radiation
phenomena.

5. Registration of Light Glows during TGE Events:

Registrations of light glows during TGEs, a new optical phenomenon in the lower atmosphere

6. Observation of Large-Scale Atmospheric Electric Field:
Measuring large-scale atmospheric electric field, accelerating electrons at cosmic ray stations Aragats
and Nor Amberd, 13 km apart.

7. Methodological Developments:
o Developed methodologies for studying Radon progeny gamma radiation and estimating
positron flux during thunderstorms.
o Modernized the SEVAN particle detector to enable precise energy spectra measurements of
electrons and gamma rays separately



Conferences:

The main results of the dissertation have been reported

o Thunderstorms and Elementary Particle Acceleration (TEPA-2020), October 12-15, 2020,
Nordmberd International Conference Centre of the Yerevan Physics Institute, Byurakan,
Aragatsotn Province, Armenia

o TEPA 2022(THUNDERSTORMS & ELEMENTARY PARTICLE ACCELERATION),
October 17-20, 2022, Nuclear Physics Institute of the CAS, Prague,Czechia.

o TEPA 2023, October 2-5, 2023, Conference Hall of the Czech Academy of Sciences, Ndarodni
3, Prague, Czechia

o TEPA 2024, October 14-17, 2024, Conference Hall of the Cosmic Ray Division of Yerevan
Physics Institute, Yerevan, Armenia.

Publications:

Twelve scientific articles, the list of which is given at the end of the synopsis, have been published
based on the thesis results.

Structure of the dissertation

The dissertation is 108 pages long and includes an introduction, six chapters, a conclusion, 134
references, 76 figures, and 11 tables.

Chapter 1

Chapter 1 describes the origin of Natural Gamma Radiation (NGR) and gamma spectrometers used on
Aragats [1]. The TGE registration with both types of spectrometers allows us to measure and
understand TGE composition and behavior at different time and energy scales. Various particle
detectors and spectrometers at Aragats Space Environmental Center (ASEC) monitor 24/7 particle
fluxes of almost all species of the secondary CR flux. We use the ORTEC-905-4 spectrometer for
Natural gamma-ray radiation (NGR) spectroscopy. Fig. 1b. The relative energy resolution of FWHM
(full width at half maximum) is approximately 8% at energy levels of 0.3-3 MeV. Also, we utilize a
network of six large Nal spectrometers to observe TGE gamma radiation, Figure 1a. The sensitive area
of each spectrometer is roughly 0.035m2 (11.5 x 30 cm) with a thickness of 11.5 cm, which is about
six times larger than the ORTEC spectrometer's (a cylinder with a 3" length and diameter, cross-section
of 0.0056 m?). These Nal spectrometers provide ample statistics, with 50,000 to 60,000 counts per
minute, to recover the TGE energy spectrum in the energy range of 0.3 — 50 MeV. However, the energy
resolution of large Nal spectrometers is much worse than ORTEC’s, and we cannot resolve the isotope
spectral lines with it. Poor energy resolution turns discrete isotope energies into broad distributions.
Combining ORTEC with large Nal spectrometers allows us to perform accurate isotope spectroscopy
within the energy range of 0.3-3 MeV [4.5]. Additionally, we can retrieve energy spectra of up to 50
MeV for the most significant observed TGEs.



Figure 1. Large NAI spectrometer with lead filters above a); ORTEC spectrometers with lead filters
from the sides and the bottom b).

To investigate hour-to-hour variations of Radon progenies and enumerate the spectral lines, we monitor
the NGR from the Rn-222 daughter chain with an ORTEC firm spectrometer: Nal(TI), type 905-4
(ORTEC), 3” x 3” (diameter and length), 1024 channels, very high stability, and relative energy
resolution (FWHM ~ 7.7%).
The network of 5 large Nal spectrometers with size 12 x 12 x 30 cm continuously measure particle
fluxes on Aragats from 2010.

Figure 2 shows the time series of count rates measured by Nal spectrometers N 2(upper curve) and N
4 (lower curve, 4 cm lead on the top) [2]. The disturbances of NSEF measured by electric mill EFM-
100 are shown between these curves. In the insets to the left (a and c), we demonstrate a time series of
maximal energies ofthe recovered differential energy spectra for each minute of TGE. In the right
insets (b and d), we demonstrate the examples of these one-minute energy spectra for both
spectrometers. 50 MeV peak near 21:00, seen in insets 2a and 2b, corresponds to high energy gamma
rays from RREA developed in the thunderous atmosphere above the detector. The RREA process
produced a near-vertical flux of gammarays. The maximal energies measured by the spectrometer with
lead on the top (isotropic gamma rays from radon progenies decay, see Figs. 2c and 2d) never exceed
2 MeV.



Figure 2. One-minute time series of TGE measured on September 4 c) by Nal spectrometers with the
lead filter on top and without lead. The disturbances of the near-surface electric field are shown
between these curves. In insets a) and c), we show the histogram of maximal energies of energy
spectra measured each minute by both spectrometers and in insets b) and d) -examples of measured
energy spectra.

Summarizing, we analyzed the TGE development according to the main physical processes responsible
for TGE origination, namely RREA and Radon progenies radiation. We explain the impact of both
processes on the TGE shape and energy spectrum. We conclude that TGE is a rather complicated
phenomenon having roots in at least three physical processes related to thunderous atmospheres.
Gamma radiation of Radon origin starts when the updraft of aerosols (with attached radiated isotopes)
provides a sufficient concentration of gamma-ray emitters at heights above particle detectors. RREA
radiation is near-vertical, whereas isotope radiation is isotropic and can be registered at large zenith
angles [3].
Thus, the TGE time series are rather complicated and are controlled by the intracloud electric field and
near-surface electric field, and by the decay time of most frequent 214Pb (0.354 MeV) and 214Bi
(0.609 MeV), the shape of the TGE can be separated into three species:
¢ RREAs, providing up to a hundred percent peaks above the background, lasting a few
minutes with particle energies reaching tens of MeV; lightning flash usually interrupts
particle fluxes. Particles come from the near-vertical direction.
¢ Low energy Radon progeny radiation (< 2MeV), radiation continued as NSEF is high, never
interrupted by lightning; particles come isotropic.
e The decay phase - decay of Radon progeny after the storm finished. The half-life time of
TGE decay is consistent with the 214Pb (~300 keV peak) and 214Bi- (~600 keV peak)
isotopes from the Radon chain.



Chapter 2

During the spectroscopic measurement of NGR in 2019 [1], we detected an increase in the intensity
of the 511 keV annihilation peak. However, this peak had been contaminated by Compton scattered
gammarays (inthe body ofthe Nal crystal) ofhigher energies from the Radon decay chain, particularly
from 214Bi isotope (609 keV), see Fig. 3a, a large peak near a small 511 keV peak. To reduce
background interference, we utilized 4 cm thick lead bricks surrounding the spectrometer from the
bottom and all sides, leaving only the top open. This effectively suppressed the radon progeny gamma
radiation, as shown in Fig. 3b. As a result, the overall intensity of NGR decreased by approximately
ten times. However, the 511 keV peak's relative size became much larger than 214Bi, Fig. 3b.

Figure 3. NGR spectrograms obtained with the ORTEC spectrometer during an hour exposition without
a lead filter a) and a 4cm lead filter b). In frame a), the 511 keV peak is shown by the red arrow

After relatively small TGEs in June, a large TGE was registered on 11 July 2023[11]. In Fig. 4, we
show the enhancement of particle flux measured by the 1 m2area scintillator ofthe STAND1 detector.
The particle flux rises more than twice from 550 to 1250 per second. TGE duration was =5 minutes,
and the flux maximum coincides with the positive NSEF, green lines in Fig. 4. Thus, we compare the
enhancement of the positron flux (by its proxy 511 keV gamma rays) at positive and negative NSEF
(denoted by yellow lines in Fig. 4)

Figure 5 shows one-second spectrograms of NGR measured by the ORTEC spectrometer at positive
and negative NSEF. The 511 keV annihilation line is much larger at positive NSEF than at negative
NSEF.

Comparing count rates at positive and negative NSEF and “pure” TGE fluxes, we obtain the ratio of
TGE to fine weather, reaching 500% for positive and 250% for negative NSEF.



Figure 4. One-second time series of STANDI's upper scintillator near SKL hall (blue) and NSEF
(black). Green and yellow lines indicate episodes of positive and negative NSEF.

Figure 5. NGR spectrograms obtained with the ORTEC spectrometer during positive a) and negative
b) NSEF, as indicated by lines in Figure 4.

This research shows that positron flux is modulated when a “graupel” dipole, discovered by Joachim
Kuettner, emerges in the lower part of the thundercloud. The enhanced 511 KeV flux indicates positron
acceleration in the dipole between the cloud base and the ground, accelerating positrons and positive
muons in the direction of the Earth’s surface. RREA (electron-gamma ray avalanche) is developing
above this dipole in the much larger gap between the main negative layer in the middle of the cloud
and LPCR. Thus, by the 511 keV gamma-ray flux measurements, we can confirm the scenario of the
LPCR emergence and its role in cosmic ray flux modulation.



Chapter 3

During thunderstorms, the emerged NSEF lifts Radon and its progenies to the atmosphere, adding
additional gamma radiation to the TGE flux [10, 12]. As the storm finishes, the electric field strength
returns to fair-weather value, and the uplift of Rn progenies stops. In Figure 6, we show the time series
of count rates measured by Nal spectrometers N 2 (black curve) and N 4 (blue curve, 4 cm lead on the
top) and ORTEC detector count rate (red curve). To scale time series in one picture, we show time
series not in absolute counts but relative numbers (percent to fair weather value). By the green lines,
we outline the period when we compare the mean count rates of three detectors (Table 1). In the time
series ofthe Nal N2, we can see prominent peaks from the TGE particles coming from the near-vertical
direction. In the count rates of Nal 4, TGE particles are suppressed due to the 4 cm lead filter above.

Figure 6. One-minute time series of count rates of Nal spectrometers N2 (black, energy threshold 0.3
MeV), N4 (blue, energy threshold 0.3 MeV, 4 cm lead filter on the top), and ORTEC spectrometer
(red). Green lines show the time when the mean count was calculated.

Table 1 shows the mean count rates of 8 TGEs that occurred during one month in August-September
2019, measured by three spectrometers. The 1-minute count rates were averaged over time ofthe decay
phase of TGE at fair weather when there were no disturbances of NSEF and high-energy TGE flux.
The ratio of count rates of Nal N4 (second column) to ORTEC (fourth column) is very stable at
3.00+0.06, confirming that both spectrometers are measuring the same Radon progeny gamma
radiation coming under large zenith angles. The ratio of counts Nal N2 to ORTEC is more vulnerate
at 4.2+0.13, reflecting fluctuation of the near-vertical flux registered by the Nal N2. The last two
columns show the recovered half-life time of the Radon progeny gamma radiation estimated by Nal
(TI) and ORTEC spectrometers.
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Table 1. Mean count rates of 3 detectors measured after the storm at fair weather in the decay
phase of TGE (radon progeny gamma radiation only).

2019 Nal 4 Nal 2 ORTEC | Nal4/ORT Na”T’ OR To,:(aanin) % S(TTE[%
27/08 | 40841318 | 57728+938 | 13435:130 3.04 430 52 51
30/08 | 41030+282 | 56882t571 | 132864114 3.08 428 46 a7
2/09 | 40800£382 | 577741982 | 13755%153 2.97 416 50 50
4/09 | 43080+402 | 63024:403 | 143804154 3.00 438 49 46
8/09 | 417711296 | 587631716 | 136631160 3.06 430 48 49
11/09 | 398252191 | 52746371 | 13282134 3.00 3.97 40 40
17/09 | 397241271 | 55492511 | 13185112 3.0 4.21 50 48
28/09 | 38743:440 | 54061690 | 135674165 2.86 4.01 51 50
Mean | 40727+230 | 57059+340 | 13569+140 | 3.00:0.06 | 4.2+0.13 | 46 14,5 47 £33

To compare the NGR enhancement in positive (accelerated positrons in direction to Erath’s surface)
and negative (accelerated electrons in direction to Erath’s surface) electric fields, we select four stormy
events with both signs of NSEF. The NSEF values in kV/m were (5.6, 13.8,9.8,17.5)and (-16.0, -14.8,
-8.4, -6.0) correspondingly. An example of such an event that occurred on September 26, 2023, is
shown in Figure 7. The disturbances of NSEF started at 9:15 and simultaneously increased ORTEC’s
count rate. The NSEF reached its maximum value of 5 kV/m at 10:05, and ORTEC’s count rate rose
from a fair weather value of =10,000 to x11500, i,e, by 15%. Afterward, the count rate smoothly
decayed with decaying Radon progeny until 11:00; another enhancement, now due to negative NSEF,
happened. NSEF reaches a minimum of 10 kV/m at 11:25 simultaneously with a maximum ORTEC
count rate of 10900, surpassing the fair-weather value by 9%.
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Figure 7. NGR enhancement measured by ORTEC spectrometer at positive and negative NSEF
measured by BOLTEK’s EFM 100 electric mill.

In summary, we measure and present two additional sources 0f NGR: TGEs and Radon progeny lifted
into the atmosphere by NSEF during thunderstorms. TGEs can enhance NGR several times, Radon
progeny - 20-30%. TGEs prolonged for several minutes, Radon progeny radiation 2-3 hours.

As strong electric fields emerge globally in the terrestrial atmosphere, measured enhancements 0fNGR
are planetary effects and should be accounted for in the numerical models of Planet-Earth.

Chapter 4

Starting in 2014, we performed continuous (24/7) monitoring of the skies above the Aragats research
station. The used ALL SKY CAM model produced by Moonglow Technologies is a circular fisheye
system providing a 190° hemispherical field of view (FoV). The image sensor is a Color 1/3” Sony
Super HAD CCD Il with an effective pixel number across FoV of 546 x 457, with automatic exposure
time (10-5to 4 s) and high sensitivity in the visible wavelength band of 300-700 nm. The camera
provides motion detection with video analysis. Using a software package provided by the firm, we
upload image streams to the internet and store digital images in the ADEI database. We keep photos
every second in strong storm conditions (when NSEF exceeds 5 kVV/m)—otherwise, every minute.
The glow observed in April 2020 demonstrates a complicated pattern like multiple avalanches from
runaway electrons (inset on the left of Figure 8) [7]. Aragats particle detectors prove the presence of
electrons with energies above 20 MeV in the sky above Aragats at 17:05-17:19 (blue and red curves).
The image at maximal flux resembles optical radiation from multiple runaway avalanches. For
comparison, we put in the right inset a glow, possibly due to corona discharge that occurred after the
electron flux was in the atmosphere. The pattern is different from the multiple avalanche lights in the
left inset.
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Figure 8. TGE registered on April 20, 2020. The black-green curves show the 1-minute time series of
count rates of stacked scintillators of the STANDS3 detector. In the insets, we offer the glow in the sky
above Aragats; by blue arrows, we indicate when the panoramic camera took images. The yellow lines
indicate the “glowing” time.

Our analysis shows that when the storm's active zone is 10 km or more away from particle detectors,
the TGE extends for tens of minutes and smoothly terminates when the conditions of the atmospheric
electric field fail to support RREA. In Figure 9a, we show the distribution of distances to lightning
flashes abruptly terminated by the lightning flash. Figure 9b shows the same distribution for long-
lasting TGEs, accompanied by light glows. It is apparent that these distributions belong to distinct
classes; only the second class (presented in Figure 9b) supports the origination of light glows. Thus,
electron acceleration occurred in both cases, and RREA particles covered large areas below
thunderclouds. We conclude thatthe RREA can be unleashed in a very large spatial domain around the
active lightning zone and many kilometers apart.

The light glows observed are not local corona discharges on metallic masts but a discharge in the
atmosphere above the Aragats station that influences all electric field sensors. These discharges do not
initiate lightning flashes, only large disturbances of the NSEF, and they produce light glows in the sky
above the station.



Figure 9. Distribution of the distances to the lightning flash for TGEs terminated by a flash a), and
for TGEs accompanied by the light glows b).

Chapter 5

The variabilities ofthe electric field during thunderstorms exhibit intricate patterns in both vertical and
horizontal directions—large variability results from the constantly changing atmospheric conditions
during thunderstorm development. Understanding variations of electric fields and their underlying
causes can be of great importance in meteorology, atmospheric sciences, and safety. Several
atmospheric processes, such as the separation of positive and negative charges within thunderstorm
clouds, lightning discharges, and the interaction between charged particles and aerosols in the
atmosphere, influence the electric field in the atmosphere.

To get an idea of the atmospheric electric field over long distances, we installed in 2022 networks of
Nal spectrometers and electric field sensors on the slopes of Mount Aragats: at Aragats (3200 m a.s.l),
in Nor Amberd (2000 a.s.l.,13 km from Aragats), at Burakan (1600 a.s.l.,15 km from Aragats) [6,8].
During a severe storm on the first of May 2022, NSEF disturbances occurred at Aragats and Nor
Amberd, reflecting the storm's enormous size. Figure 10 shows a 1-minute time series of count rates
measured with plastic scintillators 5 cm thick and 1m2square under a 0.8 mm thick iron roof at Aragats
and Nor Amberd. Large count rate increases occurred at Aragats at 13:23-13:33 UT and Nor Amberd
at 12:30-13:23 UT. However, from 12:56 to 13:15, both Aragats and Nor Amberd stations significantly
increased the count rate. During 1 hour of the enhanced particle flux, the NSEF varied from -23 to 8
kV/m at Aragats and from -25 to 25 kV/m at Nor Amberd. Aragats experienced the TGE during the
deep negative electric field, while Nor Amberd experienced it during the positive NSEF. Despite the
different conditions of the NSEF perturbations, the TGE was registered by the same type of detectors
at both stations. This indicates that electron accelerators were operational for an hour above both
stations.
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Figure 10. Disturbances of the NSEF (black); 1-minute time series of count rates of 5 cm thick and 1
m2area plastic scintillators (blue); and distances to lightning flashes (red) measured on Aragats a) and
in Nor Amberd b).

Another large storm occurred on Aragats on September 6. Numerous lightning flashes accompanied it
on both stations; see Figure 11a. The pattern ofthe NSEF disturbances was approximately identical on
both stations. The particle flux enhancement started on both stations simultaneously at 15:59 UT, see
Figure 11b. The maximum peak significances measured by two identical 5 cm thick, 0.64 m2 area
plastic scintillators were achieved in Nor Amberd at 16:01 UT and on Aragats at 16:08 UT. Thus, the
storm induces a large electric field at both stations; although the maximum significances were achieved
at different times, both stations share the overall TGE time.

Figure 11. a) Disturbances of the NSEF measured on Aragats (black) and in Nor Amberd (blue); b)1-
minute time series of count rates of 1c¢m and 3 cm thick (both 1 m2area) plastic scintillators on Aragats

15



(black and blue) and two identical 5 cm thick and 1 m2area plastic scintillators in Nor Amberd (red
and green).

In Fig. 12, we present an episode from a very long storm from September 22, 2022. This time, the
pattern of NSEF disturbances was different on both stations. On Aragats, multiple lightning flashes
were observed (black curve), and in Nor Amberd, there were a few flashes, but the amplitude of NSEF
fluctuations was rather large (blue curve). The TGE occurred when NSEF on both stations was in the
positive domain, see Figure 61a. The TGE was measured with Nal(TI) detectors. At this time, a large
flux was observed also in Burakan, 2 km away and 200 m lower than Nor Amberd. Close occurrences
of flux enhancements and very large significances of peaks leave no doubt that this time, avalanches
covered an even larger area than on September 6, extended by 15 km. Our measurements show that a
strong electric field covers huge volumes in the thunderous atmosphere. Electrons are accelerated to
large energies by atmospheric electric fields, born gamma rays, and end up as TGEs, allocated to the
Earth’s surface sizable doses of radiation.

Figure 12. a) Disturbances of the NSEF measured on Aragats (black) and in Nor Amberd (blue);
b)1-minute time series of count rates of Nal (TI) detectors on Aragats (black), in Nor Amberd (blue),
and in Burakan (red).

TGEs measured on Aragats in Nor Amberd and Burakan confirm that the atmospheric electric field
unleashed TGEs in many cubic km of the atmosphere and square km of Earth's surface. This global
high-energy electron and gamma-ray flux influence the Global Electric Circuit (GEC) and the Earth’s
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climate. This additional radiation should be introduced to weather forecasting models and global
change. Remote sensing of electric fields in the lower atmosphere by measuring the fluxes of electrons
and gamma rays reveals the large extension of the strong electric field both vertically and horizontally.
Remote sensing can be done on the Earth’s surface, distant from the storm, and it does not require
balloon launches near the most intense weather. Surface detectors are stable and long-lasting, not
moved by wind or destroyed by lightning. Several detectors can monitor multiple regions of interest
simultaneously. The time resolution is in the order of seconds, and monitoring is performed 24/7,
without a chance of missing violent storms. Especially important is the monitoring ofthe strong electric
field just above the ground, which can reach very high values just tens of meters above the Earth’s
surface. The remote sensing of the atmospheric field can be used along with a field mill climatology,
usually saturated at high electric fields, to minimize the risk of launching space vehicles during
thunderstorms.

Chapter 6

SEVAN (Space Environment Viewing and Analysis Network) is a network ofparticle detectors located
at middle to low latitudes, primarily on mountain peaks. It started as a project of the International
Heliophysical Year (IHY-2007) and is currently operational as part of the International Space Weather
Initiative (ISWI). For almost 15 years, the SEVAN detectors have measured the time series of charged
and neutral particle count rates. In 2023, a new SEVAN light detector was installed at Zugspitze, the
highest mountain in Germany [9]. Just after installation, on the morning of May 23, during a
thunderstorm SEVAN light detector registered sizeable GLE in gamma-ray flux, see Fig. 13. At the
maximum TGE flux, the enhancement of count rate reached 44%, and the peak statistical significance
was 4la. TGE started at 6:58 when the NSEF was in the positive domain +8 kV/m. Then, after briefly
touching the negative domain, NSEF returned to the same positive value at was abruptly terminated at
7:06 by a normal polarity lightning flash that occurred at a distance =of 10 km.

Figure 13. One minute time series ofthe “01” coincidence measured by SEVAN light on Zugspitze,
black; One second time series of NSEF, blue, and distances to lightning flash, red.

During the same day at night of May 23, a significant TGE occurred on Aragats, see Fig. 14. The storm
on Aragats was severe, and there were numerous nearby lightning flashes. The TGE began at 00:16
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and finished at 00:35. Normal polarity lightning flashes at 00:25:06 (9 km distance) and 00:28:41 (3.8
km distance) interrupted its progression and slowed down count rate enhancement. The TGE reached
its maximum at 0:34-0:35 before ending with a flash at 00:35:08 (2.7 km distance) that grounded the
potential difference between charged layers in the cloud. The NSEF was mainly in the negative domain
and was deepest at =-30 kVV/m. Sometimes, it touched the positive domain before lightning flashes.

Figure 14. One minute time series of the “01” coincidence measured by CUBE detector on Aragats,
black; One second time series of NSEF, blue, and distances to lightning flash, red.

In Figure 15a, we show the measured histogram of energy releases of particles selected by “01”
coincidence. This coincidence picks gamma rays because the probability of a signal in the upper 1-cm
thick scintillator is very low for gamma rays and very high for electrons. The lower 20-cm thick
scintillator is much more efficient in registering gamma rays. Although atmospheric neutrons can also
be detected, the flux of neutrons resulting from the photonuclear reactions of TGE gamma-rays is only
1-2% of the gamma-ray flux. In the energy release histogram, the maximum energy exceeds 40 MeV.
Thus, the TGE on 23 May 2023 was enormously intense, surpassing all TGEs observed on Aragats last
15 years. Figure 15b shows the recovered differential energy spectrum of TGE gamma rays. The
spectrum is soft for small energies below 10 MeV, reflecting the low efficiency of gamma-ray
registration (much more pronounced in energy release histogram).
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Figure 15. a) Energy release histogram of particles selected by the “01” coincidence (mainly gamma
rays) in the 20-cm thick scintillator of CUBE detector; b) differential energy spectrum of TGE gamma
rays recovered from energy release histogram using detector response function.

In 2024, we introduce new logic in the CUBE detector’s data acquisition, calculating directly “11”
coincidences of 1 cm thick (veto) and 20 cm thick (spectrometric) scintillators. As the 1 m2area veto
scintillator fully covers the 0.25 m2 scintillator, the “11” coincidence selects the TGE charged flux
(electrons and positrons) with very high efficiency. During autumn thunderstorms on October 2, 2024,
a TGE occurred with large electron content, similar to the autumn storms of 2023 covered in [12]. In
Fig. 16, we show this TGE's electron and gamma-ray energy spectra. The electric field height
calculated according to equation 4 gives a value of 65 m, perfectly coinciding with the cloud base
height estimated by spread (difference between outside temperature and dew point, which is =60 m.)
shown in the inset to Fig. 16a. Thus, numerous electrons escaping from the strong accelerating field at
the height of 60 m from the surface survive in the dense air and reach spectrometers.

210
*  Gamma rays.Max Energy 41MeV Electrons,Max Energy 34Mev
TGE at 12:41, October 2, 2024 - 3" 7,5x103exD @73
TGE at 12:41, October 2, 2024
Energy (Mev) Energy (MeV)

Figure 16. Recovered gamma ray and electron differential energy spectra of TGE occurred on 2
October 2024. In the inset distance to the cloud base, red arrow shows the TGE time.

19



Conclusion

Studying TGEs is complex and challenging due to thunderstorms' dynamic and chaotic nature.
However, the newly installed research facilities on the Aragats and Zugspitze mountains will be vital
for understanding the intricate relationship between particle fluxes, electric fields, and lightning
flashes. These facilities will provide valuable insights and aid in the research of TGEs. The new
possibilities offered by SEVAN detectors present a unique opportunity for high-energy atmospheric
physics and solar physics research. The recovered spectra, coupled with the ability to estimate the
height and strength of intracloud electric fields, significantly advance high-energy atmospheric physics

research.
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Caprcesn Bamatex

JHepreTUYecKue CIeKTPhI 3IEKTPOHOB U ramMMa-iy4eil B juanasone saepruii 0,3-100 MaB Bo
BpeMsI CBSI3AHHBIX ¢ YCHICHHEM I'PO30BOT0 HA3¢MHOTO BO3PACTaAHUSL

W3MepeHusI sHEpPreTHUECKUX CIIEKTPOB SIIEKTPOHOB M I'aMMa-IIydeil Ha CaMbIX BBICOKUX BEPIIMHAX
Bocrounoit Epporel, ApmMeHmy U ['epMaHMM II03BOJIMIIM IIOTYYUTH JIOKAa3aTeIbCTBA HOBOTO
(H3MIecKOoro SIBICHUS, U3BECTHOTO Kak Tpo3zoBoe HazemHoe yemieHue (TGE). Otu coberrus TGE
XapaKTEPU3YIOTCS 3HAUUTENILHBIM YBEITMUCHUEM ITOTOKA YaCTHL] BO BPEMS I'PO3EL
OTKpeIT 5OdeKrT IMPKYISIMM pajioHa, OOBICHSIONMI SBICHHE II0JheMa a3po3oiell ¢
IIPUKPEIIEHHBIMA K HUM M30TOIIAMH PajioHa B aTMocdepy M HX IOCIETYIOMEro BO3BpAIeHUs Ha
3€MIIIO € OCAIKaAMMI.

OOCHapyXeHO 5 KpaTHOE yCHJIEHHE II0TOKa IIO3MTPOHOB BO BPEMS IPO3BI, KOTOPOE OOBICHAECTCS
(dopMUpOBaHHEM YETBEPTOTO JATIONS MEXIy HIDKHEH IIOJ0XHUTEIbHO 3apspKeHHONW oONacThio U
3eMIIeH.

YCTaHOBIEHO 3HAUUTENBHOE YCHIICHHE €CTECTBEHHOI'O TaMMa-H3IIy4eHUs BO BPEMSI BO3MYIIECHMI
aTMOC(EPHOTO FIEKTPUUECKOTO TIOJISL, UTO IIPOIMBAET CBET Ha CBSI3b MEXK/Y JIMHAMMKOH aTMOC(hepsl
U paJUalMOHHBIMH SIBTICHUSMH.

OGCHapyXeHBl CBETOBBIE CBEUECHMSI HOBOI'O THIIA B HIDKHHX CIIOSIX arMOC(ephl BO BPEMs IPO30BBIX
Ha3eMHBIX YCUICHUHA.

Toka3aHo BO3HUKHOBEHHE KPYITHOMACIITaOHOTO aTMOC(EPHOT0 3IEKTPUUECKOT0 [TOJISL, BO BPEMS IPO3
Ha CKJIOHAX rOphl Aparart.

PazpaboTaHbl METOAEI M3yUeHN TaMMa-W3/TyYeHUS W30TOIIOB PaJioHa U OLIEHKH II0TOKA IIO3UTPOHOB
BO BpeMsI I'PO3.

MogepuusupoBan gerektop dvactull SEVAN, IM0O3BOISIONMI IIPOBOJUTH TOYHBIE K3MEPEHUS
SHEPTETUUECKUX CIIEKTPOB.
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Uwpquyubh Pujuphkl

Wiy pnuwuyht yipgimiyw wjijugnuiatiph duiwbwy Gwmpniutph b guidw
twnwqujpltiph thtipgtinhY uytljmptipp 0.3 -100ULd. tutipghwitiph mhpnypnod

Unpbtpud Gypnuyuyh, <ujuunuth b Qtpduihuh wdtiupupap (tnbugququpitph
Ypu Hiipumpnbttph b quniduw Gunuquypitnh Tatpgtanh vytupbtiph sahndtitipp poyg) Gh
nwhu wyugnigtnt  bhqhjuutt tmp Gpunypep, npp hoywmih §ooputin udiwyponuquyhb
Jupgtmfyw wdtqugnudttn (WJW): Wy WU ghgptpp pmpugpynid. G wdwpnwittinh
duniwtmul] dwtthyjittipnh hnuptinh qquh uwnjqugnidttipnny:

Lwymbwptipyty § puynth pewtunn pjud LHtilpop, npp pugumpmd b wtipngnjtiph®
nnubg Yusnn nunth nnmunp hquuanyitiph Wptmunpu pupapubtogn: b mtigmdtbph hto gtogh
tnyph dwtiinygpe Ytpshbbitphu htan Ytpunupah $ttmdtitp:

Lwymbwptipgty t wdypnydtiph  dudwbwly wnghupnotbtiph  hnuph - hiquyuinhy
wytijugnuip, hbosp pmgumpymd Losnppopy phuymp abunnpdundp” - wnnphtt gpuljub
1hgpurnpifud opgwdh b qtanth dhel:

Lwununy iy  dptninpuught Ltlpopuljud nupnh pupupnidttiph duadwtu plujut
quuidw funuquypiubi qquih wmatph Gpunyen, hivp nyu § uthnmd dptmmnpnh ghtuihlugh oo
tunuquypuyhit tplinypitiph hele Juugh Ypu:

Wiypnuuyhtt Yyhipgtimiyuw aftjugmdttiph dudwitml dphnnpmh vnnphie ptiputipnd
hwymbwptpy § nyuayhl winuyénidatinh tnp wtiowl:

Smgunt L uytudun]uy dpinnpuuyghit Gajupuljub guynh mnuewgnnip Upuqud
[t ubetipht uniypnu itipnh dudwiinuly:

Uoulpyty Gttt dtgenniitin pumnith hqnunnmytitiph quiiw Gunwugquyenidit niundtuwuhptyng
U uniypny titiph dudwinul] wnghwpniiitiph hnuptiph gioohundwd hudup:

Upphuuinugyty T SEVAN dwmubthyjatiph glantinpp, hisp pmygy § wughu Juuowpty
tatingtinhy wytijupbtinh G)gppun sunhnidotin:
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