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Energetic radiation during thunderstorms is studied. The possibility to identify the high-energy lightning
emission in the 10 s monitoring mode is demonstrated. Simultaneous measurements of gamma-ray
emission, high-energy electrons, and neutron radiation in the triggering mode are fulfilled. Energy spectra
of gamma emission and electrons are obtained. The intensity both of electrons and gamma rays in lightning
discharge prevail the background emission by 1.5 to 2 orders of magnitude.
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I. INTRODUCTION

The intensive gamma emission during a thunderstorm
was first observed inside thunderclouds [1,2]. Afterward,
multiple on-ground observations were fulfilled [3,4] (see
Refs. [5,6]). The high-energy electron spectrum measure-
ments [7] and detailed studies using the lightning triggering
method [8] could be specially mentioned.
The high-energy radiation observed during a thunder-

storm is of two types. One is a long-period emission lasting
some tens of minutes or even hours. Another is a short one
but very intensive. It lasts less than a second, and usually
the main part of this emission lasts even a few milliseconds.
The emission of the first type is connected with thunder-

clouds. It is usually supposed to be determined mainly by
the emanation of radioactive gases (Rn or Rn daughter).
This long-period emission gives the main input into the
high-energy emission of the thunderstorm. It is observed in
monitoring mode measurements using 5 min time intervals
usually. The short-time emission was observed previously
only in a triggering mode using lightning as a trigger.
In the paper, we demonstrate that the lightning high-

energy emission could be directly observed in the monitor-
ing mode. To achieve this, the monitoring time interval was
diminished down to 10 s. The results are confirmed by the
simultaneous triggering mode measurements.
The wide complex of measurements in a triggering mode

was fulfilled. The spectrum of lightning gamma emission
was obtained. Together with gamma, the relativistic

high-energy electrons are observed. The energy spectrum
of electrons is registered up to tens of MeV. The gamma and
electron high-energy spectra are obtained simultaneously in
multiple lightning events.
Additionally, the lightning neutron emission was regis-

tered. It was shown to consist both of low-energy neutrons
and of the intensive flow of energetic neutrons.

II. INSTRUMENTATION

The experimental complex Groza (i.e., “Thunderstorm”)
is designed for investigation of the high-energy radiations
which accompany the lightning development in thunder-
clouds. It is situated at the scientific cosmic-ray station in
the mountains of Northern Tien-Shan, 3340 m above sea
level, just at an altitude which corresponds to the local
altitude of thunderclouds movement [9–11]. During its
rather prolonged history and constant development, the
configuration of the detector system was steadily modified,
and at the present time, it consists of the following.
The registration of the low-energy gamma- and X-ray

radiation succeeds due to a set of scintillation detectors
based on the inorganic NaI scintillator crystal which is
coupled with a FEU49-type photomultiplier tube (PMT).
Internal arrangement of such a detector is shown in Fig. 1.
The scintillation crystal is of cylindrical shape with the
sizes ∅110 × 110 mm; together with PMT, it is put inside
an electrically grounded aluminum casing with the 1 mm
wall thickness.
Electric signals from the PMT anode with its amplitude

being proportional to the energy of registered gamma-
quantum are transmitted in parallel to the set of pulse*alex@lpi.ru
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discriminators with consecutively increasing operation
thresholds. At time, up to 8–12 amplitude discriminators
are used with every scintillation detector, their thresholds
being equivalent to gamma-radiation energies varying in
the range of 30–2000 keV. The standard digital pulses from
discriminator outputs are connected to the multichannel
computer-driven scaler board, which permits tracing the
time history of gamma-radiation intensity synchronously in
different energy ranges. The series of pulse counts is
measured by an electronic scaler board simultaneously
in two diapasons of time resolution, low- (1–10 s) and a
high-resolution (50–200 μs) ones; in the latter case, the
sum duration of the uninterruptable high-resolution signal
record Tr can be stretched up to 1–5 s. The scaler system
keeps constantly in its internal memory the time history of
input pulse intensity measured during the lapse of the last
Tr interval, and can write it down with the arrival of a
special control signal—the trigger. In intensity records
obtained with this system, the arrival moment of the trigger
signal coincides always with the median of the written time
history, i.e., with the Tr=2 moment. So, the first half of
every record corresponds to the prehistory of intensity
development in the period before the trigger arrival, and the
second half corresponds to the after trigger time.
The low-resolution intensity measurements are kept

continuously without any binding to some control signal;
these data are used for a steady check of the detector
operation consistency and for monitoring of the back-
ground environmental radiations around the point of
detector placement.
Absolute energy calibration of the NaI scintillators is

performed with the use of a 241Am and 137Cs gamma-ray

sources. The detector’s energy resolution defined as a half-
width of a full absorption peak is estimated to be about 60%
around the cesium peak (660 keV) and about 40%–50%
in the range of americium energies (20–30 keV). Also,
operation of a NaI crystal scintillator in real geometry of the
Groza experiment is checked with the simulation made on
the basis of the Geant4 package [12]. The right plot of
Fig. 1 presents simulation results for energy dependence of
the gamma-ray registration efficiency with typical NaI
scintillator used in our experiment. It is seen that for the
keV energy range radiation the scintillator ensures a rather
high efficiency of the order of some tens of percent, which
permits compensating its low aperture caused by a com-
paratively small sensitive area of the crystal.
For registration of the high-energy (above some MeV)

gamma rays together with charged particles accelerated by
an electric field in thunderclouds, the special large-size
ionization detectors are used at Tien-Shan station. The
detectors are built on the basis of SI5G-type Geiger-
Müller tubes operating with reduced high-voltage feeding
in the proportional mode. As calibration measurements with
a set of radioactive sources have shown, these counters are
mostly sensitive to the charged relativistic particles which are
registered with a 95%–99% efficiency, while their efficiency
relative to gamma radiation of MeV range energies varies in
the limits of 0.05%–1% (see the right plot in Fig. 2). Hence,
the ionization detectors are complimentary to the crystal
scintillators, and permit to select the signal from charged
particles against a much more intensive background of the
scattered electromagnetic radiation.
The cross-cut of the ionization detector is shown on the

left drawing of Fig. 2. The SI5G-type counters are grouped

FIG. 1. Left: internal arrangement of the scintillation gamma detector: 1—PMT, 2—NaI crystal, 3—electronics board, 4—external
1 mm thick aluminum housing. Right: the gamma-ray registration efficiency with the NaI crystal used in the Groza experiment (Geant4
simulation). Dimensions are shown in millimeters.
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by 20 pieces into a box with the walls made of 1 mm thick
aluminum and with 5 mm thick plywood tops; the walls of
counter tubes are glass and have 1 mm thickness. Output
pulses of all 20 counters in a box are connected in parallel
to the common signal cable so every box corresponds to a
single informational channel. The length of the cathode
coating inside the SI5G-type tube is about 560 mm with a
60 mm diameter, and hence the 20-tube box provides an
effective sensitive area of about 0.67 m2 (for a vertically
directed particle flow).
As seen in Fig. 2, the counter boxes of the ionization

detector are stacked pilewise, four counter layers in every
vertical pile, and a number of lead and rubber absorber
sheets are placed between the boxes in a pile. Such a setup
converts the detector into a full absorption spectrometer,
which permits estimating roughly the energy of the
registered particle due to the presence or absence of its
signal in subsequent counter layers. The structure of
absorber layers, their sum thickness, and corresponding
energy thresholds (for vertically going relativistic particles)
are shown in Fig. 2; a ∼2 g=cm2 roof thickness of a
wooden cabin where detector setups are hosted should be
added to the matter depth above every layer. An additional
3 mm thick sheet of lead spread beneath the lower counter
box shields the detector from upward-going scattered
gamma radiation.
At the time of the discussed experiment, two ionization

detector points, ID1 and ID2, were operating at Tien-Shan
mountain station; both of them had three piles of four
vertically arranged counter boxes inside a light plywood
cabin. Hence, the sum sensitive area of every counter layer
in a point was about 2 m2. Detector points ID1 and ID2
were situated on the level of Tien-Shan station at the
distance of about 160 m from each other. The line
connecting these points was roughly perpendicular to usual
direction of thundercloud movement.

Output pulses of all ionization tubes constituting every
counter layer inside a detector point are connected to one
and the same cable line, which is used for their transmission
to the data registration center. Hence, four pulse signals
come into this center from each detector point; these are
the signals from its upper, two intermediate, and lower
counter layers. Another three information signals are the
pulses of successive coincidences 1þ 2, 1þ 2þ 3, and
1þ 2þ 3þ 4 between subsequent counter layers of the
detector point. Because of the strong difference in the
registration probability of charged and neutral particles,
the coincidence signals correspond mostly to the passages
of charged particles through detector pile and permit
selecting effectively the electron component among all
radiation flows generated in a thundercloud.
All information signals from ionization detector come

to the same multichannel scaler board and are registered
just in the same way as applied for the acquisition of
scintillation data, i.e., with registration of both the low-
resolution intensity monitoring records without any def-
inite time binding and the high-resolution time series of
signal pulses relative to an external control signal—the
trigger.
Besides the radiation of electromagnetic type from

thunderclouds, the search for a lightning-correlated neutron
signal was done during the last measurement seasons at
Tien-Shan. A number of neutron detectors effective in
different ranges of neutron energy, from thermal energy and
up to the values of the order of some MeVare used for this
purpose (see Fig. 3); this detector system together with the
results on neutron registration are described in detail in our
works [13] and [14]. The intensity of the neutron signal is
registered in the same way as by other detector types: the
low-resolution monitoring data are written together with
the high-resolution records bound to an external lightning
trigger.

FIG. 2. Left: internal arrangement of ionization spectrometer: 1—rubber, 2 and 3—lead sheets, 4—the Geiger-Müller counter, 5—the
lower 5 mm thick lead shielding. Right: the gamma-ray registration efficiency for a single ionization counter (calibration measurements).
Dimensions are shown in millimeters.
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Both neutrons and MeV range gamma radiation could be
registered with proportional counters. As a mean against
misinterpretation of counter signals caused by gamma
radiation as caused by neutrons all boxes of low-energy
neutron detector have outer screening made of 1 mm thick

lead sheets. As for the NM64-type supermonitor which is
used for the detection of the high-energy neutron compo-
nent, its counters are just within internal lead tubes with the
wall thickness about 10 cm, which plays the role of gamma-
radiation absorber. Besides, as the special Geant4 simu-
lation of the complex physical processes which take place
in detectors of the considered type has shown, their
efficiency relative to electromagnetic components achieves
some noticeable value about 1% only above the gamma-ray
energy of 10–30 MeV; below this energy range, the
probability of neutron registration prevails by many orders
of magnitude. A more detailed description of neutron
detectors of the Tien-Shan station and the discussion of
their background can be found in Ref. [14].
A set of radio antennas operating in the 0.3–1 MHz

frequency range together with a corresponding receiver and
fast ADC system is used for registration of close lightning
discharges through their radio emission over the time gap
�0.15 s around the lightning [15]. Simultaneously, the
amplified signal from the radio receiver comes to a
threshold discriminator scheme which generates the trigger
pulse just in the beginning moment of discharge. This
trigger is transmitted to all registration subsystems of the
Groza installation and is used there for the synchronization
of the high-resolution records of detector signals.
The strength of the near-Earth electric field in thunder-

storm periods is measured by the "field-mill" type field
sensor. The quasi-potential output voltage of this sensor is
digitized and recorded also in two modes, the low-
resolution continuous monitoring, and high-resolution
triggered ones, similarly to registration of the pulse
intensities from radiation detectors. Another electric filed
detector of a capacitor type with a grounded plate is used
for registering the moments of the fast field variations
around the times of nearby discharges. Also, the standard
weather station provides continuous measurements of
pressure, temperature, the amount of precipitation, and
other atmospheric parameters.
The direction and linear distance from the detector site to

the region of atmospheric discharge in thunderstorms is
roughly estimated through the time delay of accompanying
sound, which is measured by a distributed set of micro-
phones synchronized with a general lightning trigger
signal.
The present disposition of the Groza detector complex

on the territory of the Tien-Shan station is shown in Fig. 4.
For comparison of the results on the intensity of particle

detector signals obtained experimentally with what should
be expected for particle flows originated in thunderclouds
according to existing models of particle interaction, the
development process of an electron-photon avalanche
inside a large-scale electric field was simulated with the
use of the Geant4 simulation toolkit. For this purpose, a
simple simulation model which takes into account the
characteristic features of the Tien-Shan experiment was

FIG. 3. Neutron detection in the Groza experiment. Top: the
low- and intermediate-energy detector (1—1 mm thick wall of an
aluminum box, 2—the proportional neutron counter “Helium-2,”
and 3—polyethylene moderator tubes). Middle: the NM64-type
neutron monitor used for registration of the high-energy neutrons
(1—lead, 2—polyethylene, and 3—the SNM15-type propor-
tional neutron counter). Bottom: the energy dependence of the
neutron registration efficiency (Geant4 simulation; 1—for a six
“Helium-2” counters box without any moderator, 2 and 3—for
the counters inside a moderator tube with wall thickness of 0.5 cm
and 1 cm; 4—for the NM64 neutron monitor).
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built: a 5 × 5 × 5 km3 volume V was supposed to be filled
by the air with standard gas content (75.5 mass percent of
N, 23.2% O, 1.28% Ar, and 0.01% C) and exponentially
decreasing height dependence of its pressure and density;
the air pressure on the “bottom” side of this volume was
taken to be 675 mb, which corresponds to the average
atmospheric pressure at the level of the Tien-Shan station.
The presence of an electric field in a thundercloud was
imitated with a cylindrical spatial region, 3 km in the
height and 1.5 km in diameter, where the homogeneous
electric field was set with the corresponding tools of the
Geant4 package. The direction of this field ensured accel-
eration of negatively charged particles (electrons) toward the
bottom surface, and the center of the cylindrical thunder-
cloud field region coincided with the geometrical center of
the considered volume V. In each simulation run the seed
electrons were placed just in this center point, the directions
of their initial speeds were uniformly distributed. The
development of the avalanche was followed through tracing
the trajectories of all electrons.
The set of physical models included in simulation

involved the common processes of electromagnetic phys-
ics: the bremsstrahlung, multiple scattering, and ionization
losses for electrons; the photo and Compton effects and
the pair production for gamma radiation; and the positron
annihilation. Since the presence of low-energy charged
particles which could be accelerated by the field is crucial
for the task, we were interested in the trajectories of both
electrons, and gamma-quanta were traced until their kinetic
energy fell down to a rather low threshold of 100 eV (due to
ionization losses and the photo effect correspondingly). At
the same time, only the particles with energy above 30 keV
at the final point of their trajectory were included in the
output set of the simulated avalanche products. The energy
corresponds to the Groza complex lower registration limit
of some tens keV.

III. RESULTS

A. Low-resolution measurements in monitoring mode

During the longstanding realization of the Groza experi-
ment, a multitude of storm events was observed at the Tien-
Shan mountain station, and most of them constantly
demonstrated one and the same characteristic features in
the monitoring data of radiation activity. A typical example
of such events is presented in Fig. 5 where intensity records
for the signals from a number of radiation detectors (the
gamma-radiation crystal scintillator, four ionization detec-
tor layers, and the mutual coincidences between the latter)
are shown together with the data on the near-Earth electric
field and the minute amount of precipitation fallout. The
distributions of radiation intensity in Fig. 5 are normalized
to the number of detector pulse signals Np which was
accepted during the standard 10 s long exposition time.
Two kinds of characteristic signal irregularities which are

generally typical for every thunderstorm period could be
seen in the monitoring records of the Fig. 5. First, there are
the comparatively prolonged increases in radiation inten-
sity, all having a relaxation time of the order of some tens
of minutes. As seen in the left frame of Fig. 5, these slow
enhancements are mostly prominent in the signal of the NaI
crystal scintillator, which is sensitive generally to the low-
energy gamma rays. Also, an obvious correlation between
the beginnings of precipitation fallout and the start
moments of long-term gamma-radiation growth is steadily
seen in the figure.
Because of all mentioned features—its gamma-ray

nature, a connection with the precipitation moments, and
the nearly constant relaxation time after a relatively sharp
initial extremum—the long term surplus radiation can be
supposed to be originating from additional temporary entry
of some radioactive gases, probably radon and its disinte-
gration products into the near-Earth atmosphere, which
usually attend the precipitations [16–18]. Especially for the
environment of the Tien-Shan station, this effect is inves-
tigated more precisely in our work [19].
Another temporary feature abundantly seen at stormy

times in monitoring records are the short spikelike bursts of
radiation intensity (see Fig. 5). Namely, it was distinctly
seen that the bursts could be easily traced in the signal of
the gamma detector, in separate counter layers of the
ionization detector, and in the coincidence signal between
the layers. It means that both gamma spikes and energetic
electron spikes were registered. The characteristic duration
of the spikes clearly seen in the expanded Fig. 6 is 10 s—
exactly equal to one exposition interval of the monitoring
process. One can see from the figure that the short time
bursts are closely connected with the lightning triggers. It
means that in a 10 s monitoring mode we directly observed
the high-energy gamma emission of lightning.
Lightning is a very short and very intensive phenome-

non. Its gamma emission lasts a few milliseconds only. But

FIG. 4. Schema of the detector complex used in the present
experiment. ID1 and ID2—ionization detectors; Γ—scintillation
detector of the low-energy gamma rays; ND—the neutron
detector complex; A1–A3—radio antennas; E1–E3—electric field
sensors; MIC1–MIC3—acoustic sensors of the thunder sound.
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FIG. 5. Two typical stormy periods happened on 13 and 20–21 July 2013. Left frames: 10s-resolution monitoring records of electric
field, precipitation, the gamma-ray intensity, and the intensity of ionization detector signals. Right frame: same distributions stretched
around the time of intensive nearby storm when multiple transient short-time bursts were seen among radiation signal.
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its intensity is orders of magnitude higher than the back-
ground. That is why lightning gamma bursts were clearly
seen in the 10 s monitoring. Note that in the longer
monitoring mode the lightning gamma emission became
nonpronounced and practically could not be detected. It is
seen from Fig. 6.
Note that the intensity of gamma bursts seen in the 10 s

monitoring mode generally decreases with energy, Fig. 6.
But, in a part of the bursts (20%) the relation of the
amplitude to the gamma background increases with energy
and reaches a value of about 50% at the highest observed
energy 1.5 MeV.
Thus, we see that lightning could be diagnosed by

its high-energy emission in 10 s monitoring. For a

detailed study, a high-resolution triggering method should
be used.

B. High-resolution time measurements

The next step ahead from the monitorlike intensity
recording would be the registration of detector signal
intensities with resolution enhanced up to the milli- and
microsecond time range and with a strict binding of these
detailed measurement series to a precise moment of
atmospheric discharge. This issue is addressed now at
the Tien-Shan station by its system of multichannel pulse
intensity measurements operating with the 100–200 μs
time resolution and synchronized immediately by a trigger
signal from the radio antenna of discharge registration.

FIG. 6. Examples of gamma-ray flashes seen in 10 s monitoring mode. In every column from top down: 10 s, 1 min and 5 min
monitoring mode. Twelve curves in each panel present gamma-ray count rates for different gamma-ray energy thresholds. From top to
down: > 30 keV, > 50 keV, > 80 keV, > 110 keV, > 160 keV, > 240 keV, > 330, > 420 keV, > 510 keV, > 600 keV,
> 960 keV, > 1500 keV. Arrows at the top of the figure indicate the trigger moments.
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Two typical samples of the events registered by close
lightning discharges are shown in Figs. 7 and 8. The data
presented here were measured with the 0.02 μs (for the
radio signal), 188 μs (for the electric field), and 160 μs (for
all detector pulse counting rates) time granularity.
The time history of atmospheric discharge in both events

of Figs. 7 and 8 can be traced precisely through the fast
record of the radio signal emitted immediately by the
lightning; generally, the beginning of every lightning
discharge is accompanied with a simultaneous sharp
change of the local electric field. The linear distance from
the discharge region in thunderclouds to our detector set

can be appreciated by microphone records of a thunder
report from Fig. 9; taking the usual estimation of sound
velocity about 0.3 km=s, these records correspond to
distances within the range of 0.6–1 km from the lightning
channel.
In the case of thundercloud passage close enough to

the detector set, the fast transient outbursts (both the
gamma and electron ones) were frequently seen during
the lightning initiation—the initial breakdown marked by
the first strong bursts of HF radio emission. A number of
such outbursts can be found on the two left frames of
Figs. 7 and 8. It is seen that these outbursts coincided with

FIG. 7. The high-resolution time history of signal intensities registered in a close lightning event on July 13, 2013. Left frames, from
top to bottom: the root-mean-square amplitude of the discharge radio emission on antenna input, the strength of the near-Earth electric
field, and the pulse counting rate in different types of particle detectors (see the text). Right frames: same distributions stretched around
the moment of the lightning trigger (slow record of the averaged field is changed by the fast field variation signal from the capacitor
sensor).
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lightning initiation and usually had a very sharp abrupt
shape, typically of 1–5 time extents of the measurement
period, i.e., of 150– 800 μs. Radiation bursts of this type
were present both in the signal from the low-energy crystal
scintillator, from ionization counter detectors, and in
coincidence signals between succeeding ionization layers.
Additionally, short and rare gamma bursts were seen
sometimes during the whole discharge time; they were
possibly related to lightning leader emission.
The ionization detector had four counter layers. Because

of a low probability for every particular gamma quantum to
be registered by a single counter layer, the presence of
noticeable coincidence signal from the short-time radiation
burst was a plain sign of the presence of energetic charged
particles (evidently, electrons accelerated inside the electric

field of a thundercloud) among the short-time enhancement
of the particle flux; the possibility to see clearly the
transient increase in the signal of four-times coincidence
between successive layers means that the energy of these
accelerated particles must have been at least about some
tens of MeV.
The two lower plots in all frames of Figs. 7 and 8 present

the time distributions of neutron intensity measured with
two separate types of neutron detectors in the range of
thermal energy (∼0.025 eV) and in the high-energy range
≥1 MeV (see Ref. [14] for details). A prominent increase of
neutron flux was seen in both energy ranges just around the
time of the atmospheric electric discharge.
The possibility of neutron production inside the devel-

oping electron-photon avalanche in the atmosphere was

FIG. 8. Same distributions as in Fig. 7 for another discharge event that happened on July 21, 2015.
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ensured by the means of photo- and electronuclear reaction
models from the standard Geant4 distribution. The simu-
lation took into account elastic and inelestic neutron
collisions for low (0.01–4 eV), intermediate (4 eV–
20 MeV), and high (above 20 MeV) energies, and radiative
neutron capture.
The observation results demonstrate that the neutron flux

was 2 orders of magnitude higher than predicted by the
model. So, the considered physical processes do not
explain the observed neutron flux.

C. Energy spectra of registered radiation

The whole set of signal intensity distributions from
Figs. 7 and 8, which have been obtained with a number
of energy thresholds can be used for estimation of the
energy spectrum of additional transient particle flux
responsible for the sharp radiation bursts accompanying
the close lightning discharges on the micro- and millisec-
ond time scale. In the two right frames of this figure,
intensity distributions are stretched around the zero point of
the time axis, which coincides with the lightning trigger
moment, so the number of additional pulses can be
immediately counted over the space of transient burst both
for the NaI gamma scintillator and all channels of the
ionization detector. Taking into account the corresponding
energy thresholds, the effective sensitive area of both
detector types (0.05 m2 for NaI crystal and 3 × 0.67 m2

for the sum sensitive area of a single ionization counter
layer in a detector point), the particle registration efficien-
cies from the plots of Figs. 1 and 2, and the duration of the
transient burst in the vicinity of the zero point (it was set to
four time intervals, i.e., to 0.64 ms for both events in Figs. 7
and 8), one can calculate the energy spectra of transient
surplus radiation accountable for the bursts around the
lightning trigger moment in the events of July 13 and 21.
These two spectra sets are shown by the light gray (for the
July 13 event) and dark gray (for July 21) colored point
distributions 1 and 2 in Fig. 10; the circles correspond to the

gamma radiation, and the triangles correspond to the flux of
charged particles.
Analogously, using the levels of the average counting

rates in different detector types from the low-resolution
time series of Fig 5, one can calculate the spectra of the
radiation background which is typical for the “quiet” gaps
between any transient bursts. For both stormy days of
July 13 and 21, these background spectra occur being very
close; they are shown correspondingly by the light and dark
gray pairs of distributions, 3, in Fig. 10.
It is seen from Fig. 10 that the peak amplitude of

radiation spectra in the moment of a sharp lightning-
associated burst is at our observation level up to 1.5–2
orders of magnitude above its mean values, which have
been routinely registered in monitoring mode without the
binding to the lightning trigger.
It should be noted that the presence of short-time

intensive radiation flashes just around the discharge
moment may have been a cause of noticeable under-
estimation of their integral flux due to a limited time of

FIG. 9. Microphone records of thunder sound taken in two
events from Figs. 7 and 8.

FIG. 10. Energy spectra of gamma radiation (circles) and
accelerated electrons (triangles). 1 and 2—two spectra for the
transient radiation bursts around the lightning trigger moment in
the high-resolution series from Figs. 7 and 8, light gray points for
the July 13 event and dark gray ones for July 21; 3—average
spectra calculated over monitoring-type measurements at Tien-
Shan in thunderstorm days of July 13 and 21, 2013; 4 and
5—correspondingly, the gamma-ray and electron spectra ob-
tained in Geant4 simulation of an electron avalanche developing
in electric field of a thundercloud; 6 and 7—the levels of neutron
intensity correspondingly at a quiet time and just in the moment
of transient burst on July 13 and 21; 8 and 9—electron spectra
registered in two thunderstorm events at Mount Aragats
([7], see the text).
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scintillation decay in inorganic NaI scintillators and insuf-
ficient operation speed of the subsequent pulse shaping
electronics. Typically, the overall dead time of the pulse
counting apparatus in our experiments was of the order of
1–3 μs which could result in a pileup of unresolved
gamma-radiation quanta emitted in a single intensive flash.
Hence, the above estimations given for the transient
gamma-radiation flux must be understood in the sense of
its lower possible limit.
With continuous thick gray lines 4 and 5 in Fig. 10 are

shown the expected energy spectra of gamma radiation and
of electron particle flows which have been generated in
Geant4 simulation of the development of an electron
avalanche inside a thundercloud electric field. By simu-
lation, the concrete conditions of the Tien-Shan mountain
station (the typical air pressure, density, temperature, and
humidity) were taken into account; the thundercloud region
with a homogeneous static 1.5 kV=m electric field was
supposed to be located 2.5 km above the station’s obser-
vation level, and the complete development of an electron-
photon avalanche with all its products was traced since its
origin due to the acceleration of a seed electron particle
until attenuation in the space outside of the cloud. The
simulation spectra presented in Fig. 10 correspond to the
distance range of 0.3–1 km from the discharge region, like
the situation in the real events of July 13 and 21, 2013. A
reasonable agreement is seen in both the general power law
shape and the slope between the simulated spectra and the
ones restored from experimental data, which is evidence of
the reliability of the procedure of particle energy determi-
nation accepted in the present experiment.
Two pairs of horizontal lines 6 and 7 in Fig. 10 indicate

intensity levels of the neutron signal registered in the time
gaps between electric discharge, 6, and just at the moments
of transient radiation burst in the considered events of July
13 and 21, 7; see Ref. [14] for details. It is seen that a short
time relative increase in neutron integral flux occurred at
the moment of a burst is more than that in the electro-
magnetic component, and can achieve the values about
2.5–3 orders of magnitude above its background level.
Similar spectra of the transient radiation enhancements

which were registered at Mount Aragats in the time of two
intensive storm events on October 4, 2009, and September
19, 2010, published in Ref. [7], are shown in Fig. 10
with white diamond distributions 8 and 9. It is seen that
the intensity and slope of these spectra do match satisfac-
torily to our background data 3 obtained in monitoring
mode at the thunderstorm time. The monitoring-type
organization of the measurements is generally typical

for the experiments held by the Aragats group, so the
mutual correspondence in spectra means an agreement
between the results on thunderstorm connected particle
flows registered independently at Tien-Shan and Aragats.
Nevertheless, it should be noted that using an enhanced
time resolution together with a strict binding of intensity
measurements to the lightning trigger in the present
experiment permitted investigating more precisely the
fine time structure features of transient particle flow
enhancements and gaining much higher estimations for
their momentary integral flux.

IV. CONCLUSION

The measurements of all types of penetrating emissions
were fulfilled during a thunderstorm at Tien-Shan
Mountain Station. Simultaneous measurements of radio
and gamma-ray emissions, high-energy electrons, neutron
radiation, and the electric field and its variations are
fulfilled. The measurements were done in both the mon-
itoring mode and in the high-resolution trigger mode. This
integrated approach opens up a new area of research in
atmospheric physics at high energies.
We have received new information about the features

of penetrating radiation in the period of thunderstorm
activity, which show that the processes occurring in the
thundercloud are much more complex than previously
imagined. These processes are characterized by sporadic
and rapid variability in both space and in time. Wherein
different types of elementary particles are generated, their
energy varies on many orders of magnitude. We also
showed a significant difference in the magnitudes of
penetrating radiation fluxes, depending on the time
resolution of the recording apparatus. Measurements of
characteristics of penetrating radiation in the atmospheric
discharge with a high-time resolution—up to the order of
tens nanoseconds—allowed us to obtain new information
on the mechanism of the processes occurring in the
thunderstorm atmosphere. It is especially important for
a detailed study of the initial stage of the discharge. Such
measurements could lead to quite unexpected results.
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