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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Chris Chantler On July 11, 2023, we observed a remarkable 500% increase in positron flux, coinciding with a significant

Thunderstorm Ground Enhancement (TGE). The enhanced flux of electrons and gamma rays was attributed to

KeyW?r ds: relativistic runaway electron avalanches (RREAs) generated within the dipole formed between the main nega-

COST‘“C rays tively charged layer in the middle of the thundercloud and the Lower Positively Charged Region (LPCR) at the

iosulronst bottom of the thundercloud. Concurrently, a substantial enhancement in the 511 keV gamma-ray flux resulting
ccelerators

from electron-positron annihilation was recorded. This surge is intricately linked to the LPCR within the thun-
dercloud. The emergence of the LPCR induces a polarity change in the atmospheric electric field (AEF) below the
LPCR (fourth dipole), leading to the deceleration of electrons and the acceleration of positrons.

Particle flux measurements were conducted using scintillation and NaI(TL) spectrometers. To mitigate the
contamination of natural gamma radiation and refine the 511 keV flux measurements, the ORTEC spectrometer
was shielded with a 4 cm thick lead filter. CORSIKA simulations corroborate the observed positron flux

enhancement.

Highlighting the synergy between high-energy physics in the atmosphere and astroparticle physics, we
introduce a new scenario to elucidate the enigmatic large flux of galactic positrons measured by the Alpha
Magnetic Spectrometer (AMS) aboard the International Space Station (ISS).

1. Plain Language summary

Cosmic rays encountering atmospheric electric fields can undergo
substantial increases, sometimes by orders of magnitude within minutes
and by significant percentages over hours. Tracking the charge evolu-
tion within thunderstorms poses challenges due to their rapid and dy-
namic nature, compounded by the difficulty of direct measurements.
Leveraging cosmic rays as universal indicators, we monitored changes in
atmospheric charge structure during thunderstorms.

Our investigation revealed a remarkable surge in positron flux
coinciding with the emergence of a mature Lower Positively Charged
Region (LPCR) within thunderstorms. Particularly noteworthy was the
observation that the dipole formed between the LPCR and the Earth’s
surface led to a profound enhancement in positron flux, marking the first
documented instance of such a phenomenon.

This research advances our fundamental understanding of atmo-
spheric physics and bears practical implications. It enhances our ability
to predict and mitigate the impacts of severe weather phenomena and
sheds light on analogical phenomena in high-energy astroparticle
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physics.
2. Key points

e We identify a fourth dipole in the lowest part of the atmospheric
electric field (AEF).

e The fourth dipole between the lower positively charged region and
the ground decelerates electrons.

e A 500% surge in positron flux during thunderstorms was observed
within the fourth dipole on July 11, 2023.

e When the AEF decelerates electrons, bremsstrahlung, and pair pro-
duction intensify significantly.

e CORSIKA simulations corroborate the substantial boost in positron
flux within the fourth dipole.

e We propose a novel scenario to explain the large flux of galactic
positrons measured by the Alpha Magnetic Spectrometer (AMS).
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3. Introduction

At the beginning of the last century, C.T.R. Wilson discovered that an
atmospheric electric field (AEF) applied in the direction of electron
motion would add to the atmospheric electron energy sufficient to
counterbalance ionization losses (Wilson, 1925). Wilson proposed that
the Earth acts as a source of negative charge due to the beta radiation of
the radon progeny emanating from the ground and the deposition of
negative ions by precipitation. This negative charge forms a layer near
the Earth’s surface. Above the negative surface layer, Wilson suggested
the existence of a layer of positive charge, which he attributed to pro-
cesses such as ionization by cosmic rays and the transport of positive
ions aloft by convection. The AEF between these "Wilsonian layers"
(Wilson, 1921) accelerates free electrons upward toward the open space.
Thus, the flux of electrons and positrons is modulated by electrostatic
fields arising in the atmosphere, which are governed by the charge
structures within thunderclouds. In the early stages of particle interac-
tion theory development, when the radiation losses and particle ava-
lanches in the atmosphere were poorly understood, the Wilsonian model
of electron acceleration suffered from overestimating the expected gain
in electron energy. This led to negative results in observing electron flux
on the Earth’s surface due to inadequate experimental arrangements.
The experiments in South Africa (Schonland, 1930; Schonland and Vil-
joen, 1933; Halliday, 1934, 1941) fail to measure relativistic electron
flux during thunderstorms. Only after 100 years was the energy spec-
trum of boosted atmospheric electrons measured on Aragats (Chi-
lingarian et al., 2010, 2011).

AEF investigations atop Germany’s highest peak, Zugspitze
(1945-1948), challenged the prevailing understanding of cloud charge
distribution. Joachim Kiittener’s experiments unveiled a more compli-
cated intracloud electric field, deviating from the conventional Wilso-
nian layers (Kiittener, 1950). He identified a transient Lower Positive
Charge Region (LPCR) in the bottom of the cloud, formed by a positive
charge on graupel, a specific state of water characterized by an ice shell.
Subsequent studies (Nag and Rakov, 2009) affirmed the tripole structure
of cloud charge, highlighting the role of "graupel" hydrometeors in LPCR
formation. The discovery of the LPCR and subsequent refinement of the
tripole model marked a significant paradigm shift in atmospheric sci-
ence. With its Main Negatively Charged Layer (MN), LPCR, and Main
Positively Charged Layer (MP), the tripole model elucidates the particle
modulation and lightning initiation. The MN-MP dipole propels elec-
trons toward open space (first dipole), while the MN-LPCR and
MN-MIRR dipoles accelerate electrons earthwards (second and third
dipole). All three dipoles create relativistic runaway electron avalanches
(RREAs, Gurevich et al., 1992; Babich et al., 2001; Alexeenko et al.,
2002; Dwyer, 2007). RREAs cause a sizeable impulsive enhancement of
the electrons and gamma rays registered on Earth’s surface by particle
detectors and spectrometers as thunderstorm ground enhancements
(TGEs, Chilingarian et al., 2010, 2011). TGEs developing in the
large-scale AEF consist of billions of gamma rays, electrons, positrons,
and rarely neutrons. RREA started when electric field strength exceeded
a critical value specific to the air density (Roussel-Dupré et al., 1998;
Dwyer, 2003; Babich et al., 2004). Balloon experiments conducted in
New Mexico (Marshall et al., 1995; Stolzenburg et al., 2007) and TGEs
detected on Aragats (Chilingarian et al., 2019a, 2022a, 2023a), Zug-
spitze (Chilingarian et al., 2024), Musala (Chilingarian et al., 2021a) and
Lomnicky Stit mountains (Chum et al., 2020) demonstrate coherence of
strong AEFs and emerging particle fluxes. Numerous simulations have
also demonstrated the exponential increase in particle numbers after the
modeled electric field surpasses the critical value through distances of
1-2 km (Chilingarian et al., 2021b, 2021c).

In the present research, we investigate the modulation of particles by
a fourth dipole between LPCR and its mirror on the Earth. The evolution
of LPCR is discernible in the transition from negative to positive near-
surface electric field (NSEF) readings captured by BOLTEK’s EFM-100
sensor (BOLTEK, 2024). This sensor, widely employed in atmospheric
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physics research, measures NSEF and distance to the lightning flash up
to 33 km with a 20 Hz frequency. NSEF data, transmitted via WiFi, is
stored in a MySQL database. Typically, 1-s averaged NSEF time series
are used for multivariate visualization and correlation analysis. Weather
parameters are recorded by the DAVIS weather station (DAVIS, 2024)
and stored as a 1-min time series for the correlation analyses and spread
(difference between outside temperature and dew point) calculation.

For natural gamma-ray radiation (NGR) spectroscopy, the ORTEC-
905-4 spectrometer is employed. This gamma spectrometer features a
3" x 3" Nal (TI) crystal, 1024 measuring channels, and a relative energy
resolution of FWHM (full width at half maximum) 7-10% at energy
levels of 0.3-1.5 MeV (Hossain et al., 2012). To suppress contamination
of 511 keV gamma rays from Compton scattered gamma rays from the
Radon decay chain, a 4 cm thick lead brick enclosure surrounds the
spectrometer from the bottom and all sides, leaving only the top open.

The TGE particle fluxes were measured with a STAND1 network of
stacked 1 m? area and 1 cm thickness scintillators covering a 50 000 m?
area at the Aragats research station (Chilingarian et al., 2022c). Energy
spectra of TGE gamma rays and electrons are measured with two 0.25
m? area and 20 cm thickness scintillators equipped with 1 m? area and 1
cm thickness “veto” scintillator (Chilingarian et al., 2024a). A loga-
rithmic amplitude-to-digit converter (LADC) is a key component of
spectrometer electronics, allowing energy release measurements from
0.3 to 50 MeV.

4. Extreme TGE on July 11, 2023

After detecting the ~20% enhancement of the positron flux during
the minor TGEs in June 2023 (Chilingarian and Sargsyan, 2024b), a
substantial TGE event, significantly surpassing the fair-weather flux,
was documented on July 11, 2023. Fig. 1 illustrates the dynamics of the
NSEF disturbances (black curve) and corresponding particle flux
enhancement (blue curve). NSEF started to rise at 4:46, and at 4:47-4:49
was in the positive domain (shown by vertical green lines). The corre-
sponding surge in the count rate was delayed by approximately 40 s and
correlated well with the NSEF rise. At the peak enhancement, TGE
particle flux surpasses the fair-weather flux ~2.3 times, escalating from
550 to 1250 counts per second. During the TGE’s decaying phase at
4:49:10, the NSEF was in the negative domain (outlined by yellow lines
in Fig. 1). Notably, the count rate gradually decays, exhibiting a slower
decline than the NSEF.

At the positive NSEF, the positive charge accumulates above the
detectors, intensifying the electric field strength in the lower dipole MN-
LPCR. Concurrently, the dipole between LPCR and its Earth mirror de-
celerates electrons and accelerates positrons. At the negative NSEF, the
MN-MIRR dipole continues to accelerate electrons within the cloud until
smoothly decaying at 4:51. This large TGE, encompassing both positive
and negative NSEF periods, provides an opportunity to compare the
operation of the different electron-positron accelerators at distinct
charge structures within the thundercloud.

Usually, we gauged TGE intensity through a 1-s time series of count
rates (Fig. 1). In this study, we adopt a more granular approach, utilizing
a 50 ms time series to follow the details of the count rate dynamics
throughout several tens of seconds. Fig. 1 showcases the overall
behavior of the TGE particle flux, while Fig. 2 provides its detailed
narrative with the 50-ms time series capturing the stability of the TGE
development (upper time series). These representations are compared
with the count rate during fair weather, measured simultaneously on the
preceding day (lower time series). For our analysis, we have identified a
42-s interval during the peak flux of TGE, wherein the electron accel-
erator maintained a consistent flux. In this brief window, the flux
experienced a remarkable enhancement of 130%, exhibiting a signifi-
cance of 5.45¢. Extrapolating this stable flux to a minute (for compar-
ative purposes) would elevate the significance of the 1-min peak to an
impressive 189c. A noteworthy aspect of the TGE flux lies in its relative
standard deviation (RSD), which stands at 16%, in contrast to the 24%



A. Chilingarian et al.

Radiation Physics and Chemistry 222 (2024) 111819

- e .
- o _
E 0L SisfE  asf BLACK—NSEF, Y
8 Ei200f £ 4f BLUE—countrate of
g o § 1s0F 8 25 1 cm thick 1 m? area scintillator,
a 100 RED — distance to lightning flash.
e »E
r g
1050f & sE
L 1000f g ok
950 £
33 |
(2]
F 200 F +» / !
g 0
850F = ]
5
r 800 F
750 B =9
i 700 F 15
L 650 .
600 F 25
L 550 F -30 4:47:18— 4:49:15—
500 -35 4:50:59 4:49:02
L 4s0E 40 TR | R A W WA
04:42:0004:43:00 04:44:0004:45:00 04:46:00 04:47:00 04:48:00 04:49:00 04:50:00 04:51:00 04:52:00 04:53:00 04:54:00 04:55
July 11, 2023; Time (UT)

Fig. 1. One-second time series of STAND1’s upper scintillator’s count rate (blue) and NSEF (black). Vertical green and yellow lines indicate times of positive and
negative NSEF, and the horizontal red line separates the positive and negative domains of NSEF.
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Fig. 2. 50 ms time series of count rates of STAND1’s upper scintillator at TGE and fine weather. The legend shows the count rate’s mean value, standard deviation,

and relative standard deviation.

observed during fair weather. This implies that the flux from the at-
mospheric electron accelerator during 42-s interval exhibits greater
stability than the ambient population of cosmic rays.

5. Localization of the electric field in thundercloud

In the dynamic environment of thunderstorms, the complex process
of charge separation and accumulation leads to the amplification of
electric fields in the lower atmosphere. Precisely localizing these electric
fields within a cloud is pivotal for the comprehensive study of AEF and
RREA, accurate prediction of weather patterns, and effective assessment
of risks associated with severe weather phenomena triggered by
thunderstorms.

Due to thunderstorms’ stochastic nature, achieving sub-kilometer
accuracy has historically been a significant feat. In this section, we
introduce innovative techniques designed to precisely localize the lower
boundary of the strong electric field within a thundercloud. Registering
TGEs from the electron accelerator within the cloud, we employ
recovered electron and gamma-ray energy spectra to estimate the height
of the strong electric field above the ground with an impressive accuracy
of ~50 m (Chilingarian et al., 2021c).

To determine the Free Path Distance (FPD), at which the accelerating
field terminates and RREA traverses dense air until it reaches the
ground, we employ an empirical equation (1) whose parameters were

also fitted by simulations.
FPD (meters) = (C1*Efax — ESax)/Ca @

The coefficients C; and C; are empirically estimated as 1.2 and 0.2
MeV/m, respectively. Notably, our TGE simulations indicate that the
maximum energy of electrons exiting the electric field surpasses that of
gamma rays by 20%. Consequently, we estimate the maximum energy of
electrons leaving the field by Ci*E} ..

Additionally, we make key assumptions: first, that gamma rays’
maximum energy remains relatively constant when traveling 100 m or
less in the atmosphere, and second, that electrons experience an
approximate energy loss of 0.2 MeV per meter at altitudes around
3000-3500 m.

Fig. 3 represents the recovered gamma ray and electron spectra and
corresponding maximum energies at the minute of the maximum flux
achieved at positive and negative NSEFs. The FPD at positive and
negative NSEF, according to the corresponding maximum energies and
equation (1), are 90 and 55 m, consequently. More intriguing is the
percentage of electrons relative to gamma rays. For positive NSEF it
equals 1774/152290 =~ 1.2%; for negative NSEF — 982/23700 ~ 4.2%.
Thus, electron flux decelerated and diminished in the gap between LPCR
and the ground.

The cloud base height is determined by calculating the difference
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Fig. 3. a) integral energy spectra of electrons and gamma rays at positive NSEF and negative NSEF b). The total number of electrons and gamma rays are (1774,

152290) at NSEF+ and (982, 23700) at NSEF .

between air temperature and dew point. This approach is grounded in a
well-known approximate equation (2) (Spread, 2024), where the cloud
base height H is estimated as:

H(m) =~ (Air temperature at surface {oC} — dew point temperature {oC}) X
122 (2)

The computed difference (spread) between air temperature and dew
point indicates the cooling required for condensation. It’s important to
note that this method assumes a linear and uniform decrease in tem-
perature with altitude, which might not perfectly represent the
complexity of real atmospheric conditions featuring local variations.

In Fig. 4, we present the 1-min time series of weather parameters.
Two symmetric black curves represent the outside temperature and dew
point. During the TGE event, solar radiation was negligible (green
curve), indicating substantial cloud coverage. Relative humidity stood at
97% (blue curve), and the outside temperature was recorded at +4.2 °C.
No rainfall or lightning flash was detected during this period. In the
inset, we show a cloud base height time series. The red arrows show the

TGE time.

By applying Equation (2), we estimate the cloud base height to be
approximately 70 m. The consistency in estimates of the FPD and cloud
base height suggests a gradual weakening of the intracloud electric field
as it approaches the Earth’s surface. Large TGE flux, observed during
positive NSEF, provides evidence of the emergence of the mature LPCR
and the formation of a fourth dipole between LPCR and its mirror in the
Earth.

This dipole accelerates positrons toward the Earth and decelerates
electrons. To gauge positron flux intensity, we rely on the flux of its
proxy—the "annihilation" 511 keV gamma rays, which are measured by
the ORTEC precise spectrometer.

6. Measurement of the natural gamma radiation and the
annihilation 511 keV line

In Fig. 5, we present 1-s spectrograms of NGR at positive and nega-
tive NSEF, measured by the ORTEC spectrometer over 105 s. We
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Fig. 4. A 1-min time series of outside temperature and dew point (black curves), relative humidity (blue curve), rain rate (red curve), and solar radiance (green
curve). In the inset, we show the changing height of the cloud base calculated by equation (2). Red vertical lines and red arrows indicate the TGE time.
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Fig. 5. NGR spectrograms obtained with the ORTEC spectrometer during positive a) and negative b) NSEF, as indicated by lines in Fig. 1 (each period equals 105 s).

The histogram bin width equals 10 keV.

segregate the spectrograms for times of positive NSEF (Fig. 5a) and
negative NSEF (Fig. 5b).

The 511 keV annihilation line is notably more pronounced at positive
NSEF than negative NSEF, further supporting the correlation between
LPCR emergence and enhanced positron intensity. The 511 keV lines are
well pronounced due to suppression of the gamma radiation from Radon
progeny, which is absorbed by the lead filter enveloping the ORTEC
spectrometer. This “background-free” spectrographic analysis provides
valuable insights into the dynamics of charge structures within the
thundercloud during TGE events.

Table 1 compares radionuclide and 511 keV line enhancements
during positive (TGE1) and negative (TGE2) NSEF measured for 105 s
each. The second row shows the energy range for selecting isotopes and
the 511 keV gamma rays. In the next row, we show the intensity of the
gamma rays measured at fair weather after TGE (04:05:00-04:06:45)
and at positive and negative NSEF. The two last rows show the intensity
enhancement relative to fair weather. The 511 keV gamma rays reveal a
remarkable 500% enhancement during positive NSEF and a 150%
enhancement during negative NSEF, underscoring the substantial in-
fluence of emerging LPCR and fourth dipole on the positron flux bust.
We also confirm our finding (Chilingarian and Sargsyan, 2024b) that
negative aerosols more effectively lift radon progeny to the atmosphere
than positive ones. The NSEF lifts aerosols into the atmosphere, and
precipitation returns them (radon circulation effect, Chilingarian et al.,
2020).

7. Simulation of the influence of the fourth dipole on TGE
Particle flux

Monitoring RREA development within thunderclouds is challenging.
Therefore, combining simulations of RREA development in the thun-
dercloud with measured TGE particle intensities on Earth’s surface of-
fers valuable insights into AEF strength and extension (Chilingarian
etal., 2021c; see Figs. 2 and 3). Using CORSIKA simulations (Heck et al.,

Table 1

1998), we explore possible RREA scenarios above Aragats, introducing a
uniform electric field at 5300 m above particle detectors at 3200 m. We
vary the strengths and extensions of the intracloud electric field and
consider FPD for RREA electrons and gamma rays in dense air before
reaching the ground from 50 to 200 m.

Based on the RREA threshold electric field of 284 kV/m at sea level
and an air density of 1.225 kg/m°, we calculate a critical field of 1.70
kV/cm at 5300 m (air density 0.7364 kg/m®). The modeled AEF of 2.20
kV/cm exceeds the critical value by approximately 30%. At 3200 m (air
density 0.9093 kg/m?), the critical electric field strength is 2.10 kV/cm,
exceeding the threshold by approximately 5%.

For an introduced uniform electric field of 1.90 kV/cm at 5300 m,
the energy is only 6% higher than the critical value; at 4000 m, it
matches the critical energy. Consequently, electron acceleration ceases,
with maximum electron and gamma-ray energies not exceeding 30 MeV.
For higher electric field strengths, RREA electrons can reach energies of
approximately 70 MeV and gamma-rays around 50 MeV, resulting in
electrons having about a 20% higher maximum energy than gamma rays
upon exiting the accelerating field. Subsequently, in dense air, electron
energies diminish rapidly due to ionization losses, whereas gamma-ray
energies remain relatively stable for FPDs up to 100 m.

In our previous work (Chilingarian et al., 2021b, Fig. 5 and Table 2),
we directly compared simulations with experimentally measured
spectra. For lower electric field strengths (1.8 and 1.9 kV/cm), the RREA
process attenuates before reaching the observation level at 3200 m
(refer to green and brown curves in Fig. 5a of Chilingarian et al., 2021b).
Thus, for smaller TGE events (observed in the summer of 2020), the
accelerating electric field extends less than 1500 m, with a potential
drop in the cloud of less than 250 MV.

We estimated the maximum atmospheric electric field strength in our
study at Mt. Lomnicky Stit in Slovakia (2600 m). Comparing simulations
with a large TGE event registered by the SEVAN detector (Chum et al.,
2020; Chilingarian et al., 2018), we determined a potential drop of 500
MV (see Figs. 5 and 6, Table 2 of Chilingarian et al., 2021a).

Enhancements of radionuclides and 511 keV line measured on July 11, 2023 during 10 s of positive and negative NSEF.

ORTEC Count Rate 105sec 0.511 k 214 Pb 214Bi sum of radionuclides 0.7-3 MeV CR + Compton scatter SUM 0.3-3 MeV
MeV 0.352 MeV 0.609 MeV

Energy range (MeV) [0.47-0.55] [0.32-0.38] [0.56-0.66] [0.7-3] [0.3-3] [0.3-3]

Bg at time 04:05:00-04:06:45 80 49 46 99 2084 2358

Bg + TGE1 at time 04:47:18-04:49:02 475 172 115 304 8389 9455

Bg + TGE2 at time 04:49:15-04:50:59 281 81 65 195 4563 5185

Enhancement 500 250 150 207 213 266

TGE1 (%)

Enhancement 150 65 41 96 119 120

TGE2 (%)
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Table 2
The number of particles reaching the observation level at 3200 m per initial 1
MeV seed electron.

Run Ez (kV/cm) at Number e Number e+&e- Number y
number different heights + perseed e-perseed  per per seed
seed
1 +2.1 kV/cm 0.07 1.94 2.00 142.4
(3300-5300m)
2 +2.1kV/cm 0.35 0.57 0.92 124.1
(3300-5300m)
—2.0 kV/cm
(3200-3300m)
3 +2.2kV/cm 0.8 28.8 29.7 1452.8
(3300-5300m)
4 +2.2 kV/cm 3.9 6.6 10.5 1355.11
(3300-5300m)
—2.0 kV/cm
(3200-3300m)
2/1 5 0.3 0.46 0.87
4/3 4.9 0.23 0.35 0.93

Thus, through extensive RREA simulations and comparisons with
recovered TGE energy spectra, we identify characteristics of TGE
(maximum energies) associated with AEF strength and location. These
comparisons confirm an overall intracloud electric field strength of
1.8-2.2 kV/cm and an extension of 1-2 km for TGEs observed on
Aragats.

In this study, we simulated particle propagation through the two
dipoles to estimate the influence of the fourth dipole on TGE particle
flux. The first dipole is between the main negatively charged layer in the
middle of the thundercloud and the lower positively charged layer. This
dipole accelerates electrons downward toward the Earth’s surface. Upon
leaving this electron-accelerating field, TGE particles enter an electric
field of the opposite direction, accelerating positrons and decelerating
electrons.

To ensure accuracy, we conducted the simulation in two independent
versions. In the first version, we used electrons with an energy of 1 MeV
entering an electric field of 2.1 and 2.2 keV/cm at an altitude of 5300 m.
The second version simulates the interactions of primary protons with
an energy of 1000 TeV in the terrestrial atmosphere. The particles from
the resulting extensive air showers (EASs) enter the same electric field.
For comparison purposes, we also conducted both simulations in a
"pure" mode, considering only the electron-accelerating field. The en-
ergy cutoff of secondary particles is the same for both simulations: 0.3
GeV (hadrons), 0.01 GeV (muons), and 50 KeV (electrons, positrons, and
gamma rays). The Zenith angle was: 8 = 0°. Number of simulation trials

Table 3
Number of particles reaching observation level at 3200 m, from EAS initiated by
a primary proton with energy, Eo = 10° GeV.

Run Ez (kV/cm) at Number Number Number Number
number different heights e+ e— et+&e— Y
100 0 0.110° 0.210° 0.310° 2.76 10°
101 +2.1 kV/cm 0.2110° 2.6510° 286 10° 156.2
(3300-5300m) 10°
102 +2.1 kV/cm 0.6 10° 0.9 10° 1.510° 144.5
(3300-5300m) 10°
—2.0 kV/cm
(3200-3300m)
103 +2.2 kV/cm 0.2410° 6.810° 7.0 10° 329.8
(3300-5300m) 10°
104 +2.2 kV/cm 1.210° 1.910° 3.110° 356.2
(3300-5300m) 10°
—2.0 kV/cm
(3200-3300m)
102/ 3.5 0.34 0.53 0.93
101
104/ 5.0 0.28 0.44 1.08
103
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for seed electrons was 10 000. Tables 2 and 3 present the results of these
simulations. We consider electron propagation in a 2.0 kV/cm deceler-
ating field after acceleration in the extended acceleration field of 2.1 kV/
cm and 2.2 kV/cm.

Both simulations show good agreement. In the last 2 rows, we show
the ratio of the observed particles in the composite electric field
(including the inverse field in the lowest dipole) to the “pure” dipole. A
notable observation is the significant enhancement of positron flux and
suppression of electron flux, with little change observed in brems-
strahlung gamma-ray flux. The positron flux enhancement obtained in
both simulation versions agrees with the measured one on July 11,
2023.

The process of bremsstrahlung radiation is essentially the same
whether the electric field is positive or negative; however, the effects on
the particle’s motion and the resulting radiation can differ. In a positive
electric field (accelerating field), electrons will be accelerated in the
direction of the field and gain kinetic energy. When these electrons
decelerate due to interactions with atomic nuclei or other particles, they
emit bremsstrahlung radiation. The energy of the emitted radiation will
be proportional to the energy lost by the decelerating electron.

In a negative electric field (decelerating field), electrons moving
through the field will experience a force opposing their motion, causing
them to slow down. As these electrons decelerate, they emit brems-
strahlung radiation as well. The difference here is that electrons in a
negative electric field are already losing kinetic energy due to the field’s
opposing force, leading to increased deceleration and, thus, potentially
more intense bremsstrahlung radiation than a positive electric field of
similar strength.

When a high-energy photon interacts with an atomic nucleus in a
negative electric field, pair production can also be influenced. The
decelerating field may affect the trajectories and energies of the pro-
duced electron and positron, potentially leading to different energy
distributions compared to pair production in an accelerating field.

Consequently, the increased flux of gamma rays significantly con-
tributes to producing electron-positron pairs, explaining the huge posi-
tron flux measured during the July 11, 2023 TGE event.

8. Discussion and conclusions

Understanding and predicting severe weather events, including
lightning initiation and associated hazards, crucially depends on the
meticulous study of electric field strength and localization within
thunderclouds. Previous investigations have revealed the modulatory
role of the AEF on various cosmic ray phenomena, encompassing cosmic
ray electrons and gamma rays (Chilingarian et al., 2012a), natural
gamma-ray radiation (Chilingarian and Sargsyan, 2024c), atmospheric
muons (Chilingarian et al., 2021d) and neutrons (Chilingarian et al.,
2012b).

Our research has identified a significant correlation between the
emergence of an LPCR—originally discovered by Joachim Kiittner in the
lower part of thunderclouds and the modulation of positron flux. Uti-
lizing energy spectra measurements of electrons and gamma rays, we
could estimate the boundary of a robust accelerating electric field of
2.1-2.2 kV/cm positioned 50-90 m above the ground, coinciding with
the cloud base at 50-100 m.

The enhanced flux of 511 keV gamma rays strongly suggests the
origination of a fourth dipole between the LPCR and the ground.
Thunderstorm-generated electrons, accelerated and multiplied within
dipoles located within the thundercloud, enter the oppositely directed
fourth dipole. Here, they undergo intense bremsstrahlung and pair
production processes. This leads to significant attenuation of the elec-
tron flux and enhancement of the positron flux.

Our observations reveal that when LPCR and the fourth dipole
emerge, the positron flux, estimated via 511 keV annihilation gamma
rays, exhibits a 500% enhancement during positive NSEF. Conversely,
during negative NSEF, only a 150% enhancement is recorded.
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Furthermore, our research highlights the differential efficiency of
pair production in the electron accelerated and decelerated fields.
Electrons in a decelerated field emit bremsstrahlung radiation more
efficiently. Some of the emitted gamma rays possess sufficient energy to
undergo pair production near atomic nuclei, resulting in a higher pro-
duction rate of electron-positron pairs compared to when no deceler-
ating field is present.

Consequently, our spectrometric measurements of cosmic rays
traversing the AEF offer precise insights into the field’s strength and
localization, demonstrating the emergence of the fourth dipole between
LPCR and the Earth’s surface. These findings contribute significantly to
our understanding of atmospheric electricity and its impact on particle
interactions within thunderclouds.

Our previous publication (Chilingarian, 2023) emphasized the
importance of synergy between high-energy physics in the atmosphere
and high-energy astrophysics. The measured bust of positron flux gives
another example of this synergy. One of the intriguing observations
made by the Alpha Magnetic Spectrometer (AMS) aboard the Interna-
tional Space Station (ISS) is the measurement of an unexpectedly high
flux of positrons (Aguilar et al., 2019). Several hypotheses have been
proposed to explain this unexpected result.

e Dark Matter Annihilation: some theories suggest that dark matter
particles may annihilate or decay into standard model particles,
including positrons and electrons.

Astrophysical Sources: Pulsars, black hole jets, and supernova rem-
nants (SNRs) are known to produce high-energy particles, including
positrons. Their enhanced activity or unusual properties could
contribute to the observed high positron flux.

Secondary Production in Cosmic Ray Interactions: Cosmic rays can
interact with interstellar gas and produce secondary particles,
including positrons. Variations in cosmic ray flux or interactions with
specific regions of the interstellar medium could influence the
observed positron flux.

Our results suggest an additional scenario for the elevated positron
flux: the deceleration of electron flux in the electric fields emerging in
space plasmas. Strong electric fields can emerge in most potential
sources of relativistic electrons, producing abundant positrons.

e Particles accelerate within supernova remnants (SNRs) at the shock
front produced by the interaction between the supernova ejecta and
the interstellar medium. However, emerging electric fields can
potentially decelerate electrons in certain regions where the shock is
decelerating or encountering obstacles.

Strong magnetic fields near neutron stars can induce localized elec-
tric fields, in which electrons can experience acceleration or
deceleration.

Black hole jets are characterized by intense magnetic fields and
localized electric fields. In these regions, electrons can experience
deceleration or acceleration depending on the interplay between
electric and magnetic fields and the surrounding environment.

Charges can be separated in areas with varying magnetic fields in all
three cosmic ray sources. This separation leads to the emergence of
electric fields, which can influence the motion of electrons. The field’s
direction and strength can cause the electrons to accelerate or decel-
erate. Although the AMS results refer to much higher energies, electric
fields in exotic galactic sources are expected to be much stronger than
those in the terrestrial atmosphere.
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