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Analytics

NAS RK is pleased to announce that News of NAS RK. Series of geology and technical
sciences scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by Clarivate
Analytics to be accepted in the Science Citation Index Expanded, the Social Sciences Citation
Index, and the Arts & Humanities Citation Index. The quality and depth of content Web of
Science offers to researchers, authors, publishers, and institutions sets it apart from other
research databases. The inclusion of News of NAS RK. Series of geology and technical
sciences in the Emerging Sources Citation Index demonstrates our dedication to providing the
most relevant and influential content of geology and engineering sciences to our community.

KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOMmpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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THE GEANT4 SIMULATION
OF AN ELECTRON-PHOTON AVALANCHE DEVELOPMENT
IN THUNDERCLOUD ATMOSPHERE

Abstract. On the basis of Geant4 toolkit we created a special program for simulation of the electron-photon
avalanche development in a large-size atmospheric electrical fieldunder typical environmental conditions of the
Tien-Shan mountain cosmic ray station. This code is especially aimedat planning and analysis of experimental results
obtained in the frames of thunderstorm investigation program Groza.

The main simulation predictions concerning the electromagnetic components of avalanche: relative abundance
of the electron and gamma ray components (30:1), their energy spectra (approximately, a power law shape with
differential index -1.5-2 in the range of 30-10000 keV), and the anisotropy of their angular distributions occur in a
good agreement with the results of theoretical and experimental studies which have been made so far under mountain
conditions. The predicted value of the gamma ray ox which is of the order of 10°cm?2 at observation level also corres-
pond reasonably well to direct measurements made at Tien - Shan station. These agreements confirm the adequacy of
the used simulation model to real thunderstorm events.

At the same time, the predicted ox of avalanche neutrons seems to be an order of magnitude underestimated in
comparison with data of corresponding experimental measurements; such a rough discrepancy can be an evidence of
the existence of some effectivemechanism of neutron generation in natural atmospheric discharges, besides the fully
electromagnetic photo-nuclear and electron-nuclear interactions which have been applied in simulation.We discuss
the requirements to design of experimental set — ups appropriate for study of thunderstorm connected radiations at
mountain height which follow from presented simulation.

Keywords: thunderstorm, lightning, atmospheric electricity, runaway breakdown, Geant4.

Introduction. An investigation of the processes of atmospheric electric discharge in thunderclouds
(lightnings), and of the role of cosmic rays in discharge initiation is held at the Tien Shan mountain
cosmic ray station during two last decades. The complex experimental installation Groza (i.e.
"Thunderstorm") which has been created especially for this purpose gives a possibility of simultaneous
registration of various types of energetic radiations generated at the time of discharge: the X-ray and
gamma radiation [1 - 3], accelerated electrons [4, 5], the 0.1-30 MHz and 250 MHz radio emission [6-8].
A separate task is registration of the extensive air showers being born in thunderstorm atmosphere by
energetic cosmic ray particles, and the study of their role in the initiation of lightning discharge [5, 9, 10].
Another open question which remains so far unclear is connected with multiple observations of neutron
signal probably associated with lightning discharge, which have been made both at Tien Shan [11, 12],
and reported in publications of other groups [13-18].
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Specificfeature of the Groza experimental complex is its mountain location just at the height of
thunderclouds, so at thunderstorm times its detectors frequently occur being immersed immediately inside
the lower part of active zone of the cloud where intensive electric field is present, and acceleration of
charged particles have its place. Hence, for analysis of the data gained in this experiment, it is convenient
to use the theoretical information concerning expected behavior of the charged particles ow within the
range of a large scale atmospheric electric field. Such information could be obtained by the means of
Monte-Carlo simulation of discharge development in a media which corresponds to characteristic con-
ditions of Tien Shan experiment: the height of detector disposition between 3-4 km above the sea level,
the spatial size of electric field region of the order of some kilometers, a rather low energy threshold of the
used particle detectors (the thresholds about 30-50 keV for gamma-radiation, 1-3 MeV for electrons, and
of the order of thermal energy for the neutrons aretypical for Groza experiment). Also, it is desirable to
use a possibly complete set of existing particle models with precise account for interaction physics in a
wide range of particle energies: from some hundreds of eV for secondary avalanche electrons, and up to
some GeV for initial cosmic ray particles. These demands are met successfully by the modern program
toolkit Geant4 [19] which is commonly used for simulation of particle interaction by analysis of the
results of high energy physics and cosmic ray experiments in the leading centers of modern particle
research: CERN, FERMILAB, IceCube, Auger installation etc.

The subject of present paper is the development of a proper Geant4 model for simulation of the
particle avalanche behavior in thundercloud atmosphere, and the testing of its predictions in comparison
with known theoretical and experimental data on thunderstorm generated particles axes. Later on, the
simulations of this kind are intended for using in quantitative analysis of experimental data and in
planning of appropriate detector design, in particular for the Tien Shan complex installation Groza, and
can be useful in realization of other similar experiments.

Simulation model. Especially for the analysis of the data of Groza experiment, a simulation model
was built on the basis of Geant4 toolkit which takes into account typical characteristics of as it is shown in
figure 1, the spatial region to trace the particle trajectories in is a 5x5x5 km® cube, and its geometrical
center is accepted as an origin of the general coordinate system, with Z axis being directed "vertically" to
the top side of considered volume. The whole space is supposed to be filled by the air with standard gas
composition (75.5 mass percent of N, 23.2% O, 1.28% Arand 0.01% C). The air pressure and temperature
at "bottom" side of model volume are set to 675 mbar and 10°C correspondingly, in agreement with ave-
rage atmospheric conditions at the altitude of Tien Shan station, and with elevation h above this level both
the pressure and air density diminish exponentially (~exp(-h/Hg)) with characteristic scale height
H, = 8,4 km. The temperature decrease with altitude is accepted to be linear with the rate of 6°C/km. of the
local Tien Shan environment.

According to common views, the key role in generationof electric eld in thunderclouds must play the
convection mechanism of charge separation driven by the Farth'sgravitation [20], which generally acts in
vertical direction.Correspondingly, in considered model it is set a uniformelectricfield £ within a 1.5 km®
km high vertical cylinder with its direction parallel to axis, to ensure downward acceleration of the
negatively charged particles (electrons). This supposition agrees with modern data on existence of the
lower positively charged region in thundercloud structure [21]. The geometric center of cylindrical field
region coincides with the center of enclosing cube.Hence, the bottom side of the model cubic space
corresponds to observation level of Groza experiment, andl km above it occurs the lower border of the
electricfieldregion, like a situation commonly met in real thunderstorm events. The value of the field
strength ¢ was kept constantin each simulation run, and have been varied between 0.5-2.0 kV/m in
different calculation series (more on this seebelow in section 3).

As one of the reasons which could trigger an electricdischarge within thundercloud it is often
considered thepresence of charged seed particles in atmosphere, in particular electrons of extensive air
showers (EAS) which areborn abundantly by the 10'*-10'® eV primary cosmic raysnuclei [22, 23].
Following to this mechanism, in each simulation series the seed electrons with fixed energy wereplaced
just in the center point of considered model volume, and the directions of their initial momentum
wererandomly spread inside the 4m solid angle (since the real EAS particles can y into thundercloud
internals from anyside).A number of simulations was made with primary energy varied in the limits of
100-1000 MeV since these are the energies which are typical for the most part of EASelectrons. The
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Figure 1 —Geometry of the Geant4 simulation model.
It is supposed that the "bottom" side of model volume sits at the altitude of Tien Shan mountain station
(3.4 km above the sea level)

subsequent history of the seed particles soas of all succeeding avalanche products was traced in every
simulation run: the energy, momentum direction, 3D-coordinates of the start and final track point, and
arrivaltime to the end of trajectory (counted since the momentof primary interaction) were kept for each
product particlefor further analysis.

The set of Geant4 physical models included insimulation involves the common processes of electro-
magnetic physics: the bremsstrahlung, multiplescattering, and ionization losses for electrons; thephoto-,
and Compton-effects, and pair productionfor gamma-radiation; and the positron annihilation (correspon-
dingly, the modules G4eBremsstrahlung, G4eMultipleScattering, G4elonisation, G4PhotoElectricEffect,
G4ComptonScattering, G4GammaConversion, G4eplusAnnihilation of theGeant4 toolkit [24, 25]).
Electromagnetic interactions ofany charged hadrons were taken into account throughcorresponding model
processes G4hMultipleScattering andG4hlonisation.

Since the presence of low-energy charged particles whichcould be accelerated by the fieldis essential
for the taskwe are interested in, the trajectories of both electrons andgamma-quanta were traced until their
kinetic energy fallsdown a rather low threshold of 100 eV (due to ionizationlosses and photoelectric effect
correspondingly). At thesame time, in the output set of resulting simulation datafor further analysis (e.g. to
make a deposit into distributions presented below) were included only the particleswhich had the energy
above 30 keV in point of theirtrajectory, in accordance with lower registration limit ofsome tens of keV
which is typical for Groza detector complex.

The possibility of neutron production inside the developing electron-photon avalanche was ensured
by the means of photo- and electronuclear reaction models from the standard Geant4 distribution
(G4GammaNuclearReaction, G4ElectroNuclearReaction). Specific feature of neutron secondaries is
chaotic trajectories resulting from a series of elastic collisions with nuclei of surrounding matter. Since we
are interested in distribution of various characteristics of avalanche productsat a number of fixed distances
from the active zone of thundercloud, every neutron born in simulated avalanche was traced completely
along its trajectory through all intermediate elastic interactions, and in the final dataset wereincluded only
its characteristics (the energy, momentumdirection, etc) which happened to be in the most distant points
from the center of model thundercloud” volume (but which can occur being not a final point of the
wholetrack). The simulation module for neutron physics takesinto account the Geant4 models of elastic
coincidences inthe range from thermal and intermediate energies (~10°—4 eV, G4NeutronHPThermal
Scattering) to the high neutron energies (4 eV-20 MeV, G4Neutron HPElastic), andfurther on up to some
GeV (G4LElastic). Correspondingly, the inelastic neutron interactions are presented bythe low-
(~10%eV-20MeV, G4NeutronHPInelastic) andhigh-energy (20 MeV—5 GeV, G4BinaryCascade) reaction
models. Besides, the low- and high-energy neutron capture models (G4NeutronHPCapture and
G4LCapture) aretaken into account.

— 4) ——
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Figure 2 — The probability of an electron-photon avalanche generation in dependence on initial energy
of the seed particle E, and the strength of electric field E (varied from 0.75 up to 1.5 kV/cm)

The necessity to consider rather high energy of theorder of some GeV in present simulation is stipu-
lated bythe need to take into account the product particles of thehigh energy cosmic ray interactions.

For protons, anti-protons, and charged pionstogetherwith analogous processes of elastic and inelastic
hadronicinteractions the models of multiple scattering and ionization losses are considered (for negative
pions-alsothe process of their nuclear capture at rest, and for antiprotons, the annihilation process).
Interaction sets ofall unstable particles include the process of their decay(G4Decay).

Simulation results. Generation probability of a discharge avalanche. The conditions of effective
avalanche generation in thunderstorm atmosphere are the subject of a number of theoretical papers
concerning the theory of runaway breakdown mechanism [26-28] which is connected with energetic
electrons from the tail of thermal energy distribution and seems now to be one of the leading probable
hypothesis on the development of electric discharge in thunderclouds.The main conclusions which follow
from this theory are the following: (1) the development of an electron-photon avalanche is possible in the
field € with the strength above some critical value g., which is about 2.0—2.2 kV/cm at the sea level, and
for the heights of the Tien Shan detector complex €. = 1.3—1.4 kV/cm; (2) some charged seed particles
must be presented within the filed region, e.g. the fast electrons from cosmic ray interaction with typical
energy E > m.c’e./2e (which corresponds to condition of E > 200 — 500 keV for a near-critical field); (3)
the characteristic spatial size of the field region must exceed the typical length of exponential avalanche
development (about 100 m). The geometry of considered simulation model does satisfy all these demands.

In present simulation, the probability of an electron-photon avalanche was defined as a relation of the
events with multiple generations of secondary product particlesto the total number of simulated events. As
a sign ofavalanche development the threshold condition N, > 10000 was applied, where Ny, is the sum
number of secondary particles with the energy above 100 eV born in successive interactions of primary
electron; as preliminarysimulations have shown, in the absence of field this condition gives a correct
(zero) probability of avalanche generation excluding from the count d-electrons and the particlesof usual
low-energy electron-photon cascades.The resulting distributions of the avalanche generationprobabilityare
presented in figure 2 in dependenceonthe strength of electric field € and the energy of primaryparticleg,. It
is seen that the probability of avalanche appearance depends strongly both on the energy of the seed
particle and on the tension of electric fielde.

This probability starts to be noticeable (>10% of the total number ofsimulated events) by the strength
of model field E ~1.2-1.5 kV/cm, just about the value of critical field e.atwhich the discharge development
do occur at the altitude of Tien-Shan station due to the runaway breakdown mechanism (according to [28],
g~ 1.0 kV/cm for the height position of the model “cloud” center, e.~ 1.2 kV/cm atits lower border, and
€~1.4 kV/cm at the altitude ofTien Shan station). On the other hand, the test simulation runs have shown
that any attempts to increase the model field above 1.5 kV/cm lead to exponential growth of the
multiplicity of secondary products even with the seed particle energy g, below 1 MeV, which means an
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excess of the g, threshold and transition into overcritical regime. Such an almost quantitative coincidence
can confirm the principal correctness of the used simulation model.

Since it is well known that in real thunderstorm clouds the field values £>¢. were never observed [29,
30] all simulation results presented below were obtained in the runs with a fixed tension of the model
electric fielde = 1.5 keV/cm.

Electromagnetic components of avalanche.The spatial and energy particle distributions in discharge
avalanche was studied through building the energy spectra of generated secondary particles at different
distances d from the center of the field region. Since in accepted simulation model this center coincides

with the origin of coordinate system, the distance was defined as d =VX?2 + Y2 + Z2, where the coor-
dinates (X, y, z) correspond to the end of simulated particle track.The resulting energy spectra for electron
and gammaray avalanche components are presented in two plots on the top of figure 3. The spectra are
shown separately for various ranges of distance d which correspond both to inside of the spatial region of
electric field: d = 0.75-1 km (curves 1), d = 1.25-1.5 km (2), d=1.5-1.75 km (3); and the space outof the
field: d=2.0-2.25 km (4) d =2.5-2.75 km (5), d=2.75-3 km (6), d=3.25-3.5 km (7).

A characteristic feature of figure 3 spectra is the fast decrease of their intensity at the boundary of
electric field: just at the 2 km distance from center point theparticle intensity is an order of magnitude
below its average value within the field region, and at the distance~2.5 km (which corresponds to
observation level in considered simulation model) it is up to 100-300 times lowerthan in the field center.
Hence, a practical conclusion canbe drawn that for effective registration of the high-energyelectromag-
netic components of a discharge avalanche it isextremely desirable to place the detector system just inside
the spatial region of particle acceleration i.e. at apossibly high altitude above the sea level, just within
thethundercloud region.

Analogous conclusion on rapid recession of the particledensityhas been made in theoretical work [28]
where the equations of kinetic theory were applied to study of therunaway breakdown effect. Also, the fast
absorption ofgamma-radiation emitted by lightning discharges was immediately observed at Tien Shan
installation with a set ofsynchronously operating gamma-detectors distributed in a wide range (~500 m) of
altitudes over a mountain slope [2, 3].

For comparison with situation of the real thunderstormevents, the energy spectra of some transient
radiationbursts which have been registered experimentally in the moments of close lightning discharge at
Tien Shan areshown on the top plots of figure 3 with triangle-shapedmarkers. In these measurements, the
gamma-rays wereregistered with a scintillation detector based on a cylindrical Nal crystal, 110 mm in
diameter and 110 mm in the height, which has been equipped with a number ofthreshold counter schemes
to select scintillation pulses indifferent amplitude ranges, while the electron spectra wereobtained with a
multi-layer absorption spectrometer ona set of ionization counters.

The registration system of signal intensity in these measurements was strictly synchronized with the
moment of atmospheric discharge by aradio-pulse from the lightning and operated with a 160 ustime
resolution, so the pulses of transient radiation wereseen distinctly around the discharge moment, and their
relative excess above the background count level can becalculated. A more detailed description of the Tien
Shandetector system and the current experimental setups canbe found in [31].

In the two upper plots of figure3 it is seen a rather satisfactory agreement both in general form and
slope between the simulated and experimental spectra.The expected angular and time distributions of the
electron and gamma ray intensity are presented in the middle panels of figure 3. Zenith angle of particle

arrival at a distinct distance d by simulation was calculated asb = arcos(z/d = VX? + Y2 + Z?2), where the
(%, y, z) coordinates relate to the final point of particle trajectory. Since in accepted simulation geometry
the electric fieldis supposed to be directed along the Z axis, the angle 6 =180° corresponds to acceleration
direction of the negatively charged particles.

It is seen that angular distributions have an asymmetricshape which is strongly elongated in
backwardhemisphere,i.e. along the acceleration direction of electrons. Such a concentration means that the
scattering processes do notplay any significant role, and the most part of electron andgamma radiations
keep the direction distribution formedinside the acceleration area until the distance up to somekilometres.
Similar anisotropy for distribution of gamma radiation has been obtained also in [28] on the basis ofkinetic
theory, and in a study of the behaviour of highenergy charged particles in a strong atmospheric
electricfield made with the use of CORSIKA simulation package[32].

— 4y ——
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Figure 3 — The simulation results concerning electromagnetic avalanche components. Top plots: differential energy spectra
of the electrons (top left) and gamma-ray quanta (top right) obtained in simulation and seen both in- (curves 1-3) and
outside (curves 4-7) of electric field region (see text); with separate triangle marks are shown the spectra of real radiation bursts
registered experimentally by close lightning discharges [31]. The middle and bottom plots: the angular and time distributions
of the intensity of avalanche electrons (left), and gamma rays (right); the curve numbers and distance intervals in these plots
are the same as for corresponding energy spectra. Error bars correspond to statistical errors of either Monte Carlo simulation
or experimental data points

Two distributions in bottom plots of figure 3presentthe time delay between the beginning of ava-
lanche development and arrival of corresponding radiation particles tothe points placed at the distance d
from the center of thefield region. At observation level (d~2-3 km) both distributions have a prominent
maximum in the region of 10-30 ps, in agreement with characteristic spike-like recordsof the gamma
radiation signal which have been repeatedlyregistered in Tien - Shan experiments [2, 3, 8] held with al100-
200 ps time resolution. This result means that the requirement of a precise timing analysis of signal
intensitywith a better resolution time of the order of some microseconds is essentially desirable by design
of experimental setups aimed to the investigation of thunderstorm connected radiations.
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Figure 4 — The simulation results concerning the neutron component.
From top to bottom: the differential energy spectra of avalanche neutrons both within and out the region of electric field;
the angular and time distributions of the neutrons born
by avalanche curves 1 in both plots correspond to the distance range d=0.5-1.0 km from the field center,
(curves 2 to the range 1.0-1.5 km, 3 - to 1.5-2.0 km, 4 - to 2.0-2.5 km,
5-102.5-3.0 km, 6 - to 3.0-3.5 km, and 7 - to 3.5-4.0 km)

Besides electrons, the trajectories of positron typeavalanche products were traced in simulation as
well, andcorresponding energy spectra, zenith angle, and time distributions were obtained analogously to
the case of electron particles. The shape of all these distributions is quite similar to the shape of electron
ones, but relative intensityof positron component is 2.5-3 orders of magnitude lower. Fromthis one can
state that the positively charged particles do not play any significant role in formation of signaldetectable
in installations of Groza experiment.

Generally, a rather satisfactory agreement achieved between the computation, experimental, and
theoretic results on the electromagnetic avalanche components can beconsidered as an ample correctness
proof of presented simulation.

The neutron component.In the upper plot of figure 4theenergy spectra of the neutrons born by
avalanche development are shown which have been calculated over thevarious distance ranges from the
center of electric field. Incontrast to the case of gamma ray and electrons, the differential energy spectra of
neutron component demonstratetheir practical independence on the distance; all of themhave the same
power law shape with differential index y =-0.92, and the close absolute intensity. Hence, a noticeab-
leneutron signal could be expected at a rather significant distance, up to 2-3 km from discharge region;
and the lowenergy neutrons must absolutely prevail among this signal:it is seen that the intensity of ther-
mal neutrons is up to~10°imes above its value in the MeV energy range.The angular distribution of the
neutron type products in simulated avalanche is shown on the middle plot of figure 4.This distribution is
much more isotropic than in the caseofelectromagnetic component, and both within the fieldregion
(curves 1,2,3) and at a rather significant distancefrom it (curves 4,5) it is practically uniform in a wide
range of zenith angles.

—— Y4 ——
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Figure 4 — The simulation results concerning the neutron component. From top to bottom: the differential energy spectra
of avalanche neutrons both within and out the region of electric field; the angular and time distributions of the neutrons born
by avalanche curves 1 in both plots correspond to the distance range d=0.5-1.0 km from the field center,
(curves 2 to the range 1.0-1.5 km, 3 - to 1.5-2.0 km, 4 - to 2.0-2.5 km, 5 - to 2.5-3.0 km, 6 - to 3.0-3.5 km, and 7 - to 3.5-4.0 km)

The distribution of the neutron arrival times at differentobservation distances is shown in bottom plot
of figure 4.1t is seen that the maximum of neutron signal is achievedat typical times about 1-10 us after
initiation of discharge avalanche. Up to the times of ~30-50 us the relative decrease of neutron intensity
does not exceed an order ofmagnitude, in contrast to electrons and gamma raywhichtend to disappear
completely at this time. The neutronintensity remains at noticeable level (above 1% of its initial intensity)
until the times of 100-300 ps which is theconsequence of a comparatively long life time of thermal-
neutrons in atmosphere. From this, a practical conclusionfollows that any detector system aimed for
experimentalregistration of neutrons born in an atmospheric discharge must have a considerable collection
time of neutron signals,and the duration of data sampling periods of the order ofsome milliseconds besides
the microsecond scale time resolution are desirable. At present time, these requirementsare satisfied in
detector design accepted in Groza experiment.

It should be stressed that the low time delays <10 usbefore registration of neutron signal at a distance
of somekilometers from discharge region predicted by simulationare direct consequence of the accepted
mechanism of neutron production, where relativistic particles: the gammarays and high energy electrons
play an intermediate role,and can be responsible for the fast neutron origin just invicinity to observation
level. In practice, both the momentary and largely delayed (over a time of millisecond order) signals from
neutron detectors have been registeredin Tien - Shan experiments [12].

Relative composition of discharge avalanche. The figure Spresents distribution of simulated events
over the multiplicity M of different types of secondary product particles generated at avalanche
development. For both electromagnetic componentsMwas calculated as a sum number of,correspondingly,
electrons and gamma ray quanta with theenergy above 30 keV which have been found in simulate-
davalanche, for the neutron component the multiplicity was counted without any energy threshold; all
distributions arenormalized to a total number of generated avalanche events.
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Figure 5 — Probability density functionsofmultiplicity distribution of secondary products
in simulated discharge avalanche

In comparison of distribution maxima positions in figure 5 it is seen that electrons do prevail in the
avalanche,while the relative intensity of gamma ray flux must be 20-30 times lower. Obviously, the
significant abundance difference between electromagnetic components in an avalanche driven by electric
field results from acceleration of low-energy electrons, and this is a specific feature ofthis type of atmo-
spheric cascade which principally differs from the cascades of extensive air showers (EAS) initiatedby
cosmic ray particles, where a dynamic equilibrium constantly exists between both the electron and gamma
raycomponents.

According to figure 5, the multiplicity of neutron signals is quite negligible, about some particles per
a simulateddischarge avalanche. Seemingly, this prediction does contradict to existing observations of
thunderstorm relatedneutron signal in experiments mentioned above within the introduction section. This
discrepancy may be caused by a lack in the used list of physical simulation models ofsome neutron
production channel (besides the photo- electronuclear processes) which is significant in the realevents.

A qualitative estimation of the absolute amount of particles participating in a real atmospheric dis-
charge can bedrawn from following considerations. In the frames of hypothesis of a crucial role which
play the cosmic ray particles of 10'*-10'°¢V EAS in lightning initiation [22, 23]the multiplicity of primary
seed electrons N, which simultaneously can give a start to development of the multitude of partial
avalanches inside the electrically chargedregion of a thundercloud must be of the order of showersize, i.e.
N~10-10%for EAS of the said energies [33],and the great part of these particles must have the energy of
the order of critical energy of the electromagnetic cascade theory (about 80 MeV in the air).According to
figure 2, the particles with the energy of such an order mustgenerate an avalanche practically with 100%
probabilitywhen coming into the region of field with the strength about runaway breakdown threshold £,
so the sum multiplicity of the charged particles participating in dischargemust be of the order of N, % hni,
where hni is the mean particles number in a partial avalanche. The distributions from figure 5 predict the
most probable multiplicities about <ne>~ 2000 — 3000 and <n,>~ 100 correspondingly for electron and
gamma ray components in a partialavalanche initiated by a 100 MeV seed particle. After multiplication,
the sum multiplicity of discharge electrons occurs being about ~10°, and that of the gamma ray quanta
~10®. Analogous estimation for neutron component givesthe value about ~10°. Because of their roughness
and awide scattering of conditions in real thunderstorm events,all these estimations must be taken in the
sense of lowerlimit.

Taking into account the tendency to anisotropy of angular distribution which is specific for
electromagnetic components, and supposing the area of the emitting thundercloud region to be of the
order of 1 km* (i.e. 10'%m?),the total gamma-radiation flux from discharge area can be estimated as
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I=10%10"cm ™= 0.01 cm?, andthis flux as a whole is concentrated spot like in a nearlyvertical direction.
In this case, the number of signalsobtained from a gamma ray sensor of Grozaexperimentwhen detecting a
discharge related radiation flash must be n,~ I - S/e, where S is the detector sensitive area, and € - its
registration efficiency. Taking the typical values as S/e~(300/0.5) cm’[31] the resulting amount of detec-
torpulses 7, must be about 1-10. This is just the case oftypical experimental measurements like [2] and [3]
which have been routinely obtained at Tien Shan station. Hence,in spite of its roughness the result of
present estimation is quite reasonable.

Similar estimations concerning neutron component leadto resulting neutron flux about 10 °cm at
observation level, and to signal multiplicity about 7,~0.1 pulses froma neutron detector (for isotropic
angular distribution of theneutron avalanche component, and for a typical effectivearea of neutron detector
about 1000 cm?). In reality, bythe measurements with enhanced time resolution the number of neutron
signals frequently occurs quite comparablewith that of gamma ray, i.e. of some units or tens of neutron
pulses registered from a single atmospheric discharge[12]. This contradiction may be another sign of
essentialdiscrepancy between the models of neutron generation accepted at simulation procedure and with
what does takeplace in real events.e

Conclusion. The program code for as far as possible complete simulation of the processes of particle
acceleration inside a large-scale atmospheric electric field region was createdinthe frames of Groza expe-
riment. The program is basedontheGeant4 simulation toolkit and takes into account thespecific environ-
mental features of the Tien - Shan mountain station. The simulation results concerning observable para-
meters of the electromagnetic component of particleavalanche agree well with the data both of theoretical
andexperimental studies of avalanche development in atmospheric electric fields. This is an evidence of
adequacyofthe set of physical models put into simulation, and gives the reason for using the described
program code by furtherquantitative analysis of experimental results.

From the practical point of view, the simulation resultsconcerning an extremely anisotropic angular
distributionof the electromagnetic avalanche components, and their limited path by realistic atmospheric
conditions mean thatfor effective registration the active region of a thundercloudmust occur just above,
and as close as possible to detector system. Also, a large scattering must be expected inpractise between
the results obtained even in similar environment at different thunderstorm times. For precise registration
of the time profile of excessive electromagneticradiation from an atmospheric discharge the resolution
ofdata acquisition system must be at least of the microsecond order.

At the same time, the intensity of neutron flux predictedby simulation seems to be significantly below
the existingexperimental data. This can be an indication of eitheran existence in real thunderstorm events
of some unaccounted additional channel of neutron generation, besides the mechanisms of photo- and
electron production whichhave been included into simulation physics list, or thiscan be a sign of an extre-
mely high influence of electromagnetic interference on electronics of neutron detectorsfrom nearby
electric discharges which mask or imitate the real neutron signal.Correspondingly, the design of neutron
detector system for the next measurement seasons atTien - Shan now is greatly modified with special
attentionpaid to its electromagnetic shielding. On the other hand,the very fact of a possibility to exist for
some effective mechanism of neutron generation in natural atmosphericdischarges, besides any inter-
mediate electromagnetic channel, is quite interesting in itself, and this problem remainsopen for further
experimental investigations at Tien—Shanstation.

In spite of low intensityprediction whichresultsof simulation, the registration of neutron signal may
occurmorepreferable at a distance of some kilometers from theactive thundercloud region than that of the
electromagnetic components, due to more uniform angular distribution and prolongedlife time of emitted
neutrons. Becauseof latter circumstance, any data acquisition system usedfor neutron registration must
have a rather long samplinginterval, at least of the order of some tens of millisecondsafter a primary
lightning trigger signal, and a microsecond scale time resolution.
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GEANT4 IPOT'PAMMACBHI HEI'BIHJE KYH KYPKIPEYTE BAMJIAHBICTBI
TYBIHJIAUTBIH JIEKTPOH-®OTOH AFbIHBIH ) KOBAJIAY

Annoranus. Tsap-llane Ouik Taymnbl KEHICTIKTITIHIIE OpHAJACKAH FAPBIMITHIK COYJIEIEepAiH FBUIBIMH 3epTTEY
CTaHLMSCHIHBIH JACHIeHiHIe ayKbIMIBI JIEKTP OPICiHAE TYBIHAANTBHIH SJICKTPOH-(OTOH arbIHBIHBIH AaMyBIH MOJEII-
neyre apHanraH Geant4 MHCTpYMEHTapWJIBIK IporpamMma Kypbuiiel. By mHcTpymeHTapumit I'poza mporpammacsl
ayMarblHAa OHJIIPUIreH SKCIePHMEHTAIIBIK HOTIDKENEepHAl Talay SKOHE JKOCTapsay MAaKCaThIMEH IaibIHIAJIbL.
TacKpIHABI TPOLECTiH >IEKTPOMATHUTTIK KYpayIIbUIapblH MOJAENAEyre OalmaHBICTBI OOJDKAyHOTHDKEIEpi: DIIeK-
TPOHABIK KYpayIIbIHBIH IaMMa-coyielepiHe KaparaHIa CaJbICTBHIPMalbl KapKelHIbUIBIFEI 30:1 ecemeil koraphl,
oJIapIeIH 3HepreTuKaiblk crektpiepi (30-10000 k3B apanbiFrsiHaa qudepeHranIbk nHaeKe 1,52 nopexe mama-
chIH/aFbl (DyHKLMS), OYpBIITHIK Tapajlybl TEOPUSUIBIK JKOHE OyFaH JIeHiH Taylbl AEHreiile eHAIPUIreH SKCIepH-
MEHTAJIIBIK HOTHIKEIepre coiikec Kenesi. Bomkay apKbUibl TaGbLIFaH raMma-coyiecinin smuccuscel 10 cm” Tanb-
[Ilanp craHIMACH! AEHIeHiHAE aHBIKTAIFaH TiKeJel oJey HaTiKenepine Tycna-Tyc. COHABIKTaH KYHHIH KypKipeyi-
HEH TYBIHIAWTBIH IIBIHAWBI KYOBIIBICTAP bl MMUTALMSIIBIK MOJIENb apKbUIbI OOJDKay HOTHIXKENEpl IIBIH/BIKKA COlKec
KeJleNli Jem caHayra Heri3 Oap. JlereaMenze, Oomkay OapbICHIHIA KOPCETIITeH HEHTPOHIAp aFbIHBI IaMAaChl KaFbl-
HaH IKCIIEPHUMEHT HOTIDKEIIEPIHEH OH IIAKTHI €ce TOMEH eKeHMIri Oatikanael. OHBIH ceOeOiH Taburu aTMoc]epabikK
paspsin KesiHae maiina OoyiaThIH HEUTPOHIAPIBIH MOJENACY Ke3iHAe KONIAHBIC TalKaH AJIEKTPOMArHUTTIK (oTo-
SIPOJIBIK YKOHE AIIEKTPOHSIPOIIBIK dcepiiecyJiep/ieH 0acka /1a ecKepiiMereH MexaHU3iMiHIH OpbIH allybIMEH TYCIH[Ii-
pyre Gonanpl. COHBIMEH KaTap, MOZEJACY HOTIDKENEpiH Herisre aily apKbpUIbl OWik Tay AEHTrediHAe KYHHIH Kyp-
KipeyiHe OaiIaHBICTBI TYBIHOAWTBIH TYPJ COyJelepll 3epTIeyre KOJaiibl 3KCIEePUMEHTAIABIK KOHIBIPFBLIAPABI
xobayay Maceleci Jie KapacTbIpbUIabl.

Tyiiin ce3mep: KYHHIH KYpKipeyi, Hali3arall, aTMocdepaibIK 3J1eKTp, KAlIKbIH JIeKTpoHAap, Moaenaey, Geantd
KOOACHI.
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MOJEJIUPOBAHUE PA3BUTHUS JIEKTPOHHO-®OTOHHOM JIABUHbI B ATMOC®EPE
OT I'PO30BBIX TYY C IOMOLIBIO ITPOT'PAMMBI GEANT4

Annoranusi. Ha ocHoBe mHCTpymeHTapus Geant4 Opina pa3paboTaHa cIleIaibHAs Mporpamma IUisi MOJe-
JMPOBAHMS Pa3BUTUS 3JIEKTPOHHO-(OTOHHOW JIABMHBI B 3JIEKTPUYECKOM I10JIe OONBIIOro pa3Mepa B THIHYHBIX
YCIIOBHSIX OKpyKaromieit cpenbl TsHb-lIIaHBCKOW BBICOKOTOPHON HAYYHOW CTAaHIMH KOCMHYECKHX Jy4ded. DTOT
WHCTPYMEHTapUil MPEAHA3HAUCH, B YaCTHOCTH, IS IUIAHMPOBAHUS M aHAIM3a 3KCIIEPUMEHTAIBHBIX PE3yJIbTAaTOB,
MOJTyYEHHbIX B paMKax mporpaMmsl 1'po3a. OCHOBHBIE INpEICKa3aHUs MOJICIMPOBAHUS OTHOCHUTEIBHO JJIEKTPO-
MarHUTHBIX KOMIIOHEHTOB JIABUHBI: OTHOCHTEIBHOE NPEBBIIICHUE MHTCHCUBHOCTH 3JIEKTPOHHOM KOMIIOHEHTHI HaJ
ramma-rydamu (30: 1), uX sHEpreTUYecKre CIeKTPhI (MIPUMEPHO, (opMa CTEEeHHOro 3akoHa ¢ AU hepeHIIHATEHBIM
unaexcom -1,5-2 B auanazone 30-10000 k3B), a aHU30TpONUS MX YTJIOBBIX paclpeaeseHuil HaXOIUTCS B XOPOIIEM
corjlacuu € pesylibTaTaMUi TCOPETUUYCCKUX M OKCIICPUMECHTAJIbHBIX HCCJ’IeﬂOBaHHﬁ, KOTOpPbIC 6I)IJ'II/I IMOJYYCHBI 10
3TOr0 B TOPHBIX YCIOBHSX. [IpOrHO3MpyeMOe 3HAueHHEe YMHUCCHH raMMa-H3iyueHus nopsiaka 10° cMm” Ha ypoBHe
HaOIONICHUS TaK)Ke JOCTATOYHO XOPOLIO COOTBETCTBYET NPSMBIM M3MEPEHHSIM, BHIOJHEHHBIM Ha CTAHLIMH TSHb-
[Ianb. DTN HaHHBIE TOATBEPXKIAIOT aJIeKBATHOCTH MCIIOIb3YEMOM MMUTAIMOHHON MOZAENHN JUIsl peajlbHbIX COOBITHH
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rpo3bl. B To e Bpems npelnckazaHHBIC HAMHU JIABUHHBIC HEHTPOHBI, TIO-BUIMMOMY, Ha IOPSIOK HEIOOLEHEHBI 110
CPaBHEHHUIO C JaHHBIMU COOTBETCTBYIOLIMX JKCIICPUMEHTANBHBIX H3MEPEHHH; Takoe Ipyboe HECOOTBETCTBHE MOXKET
OBITh CBHACTENBCTBOM CYILECTBOBAHHS HEKOTOPOTo d((EKTHBHOIO MEXaHN3Ma I'eHepallii HEHTPOHOB B €CTECTBCH-
HBIX aTMOC(EPHBIX pa3paaax, IOMUMO IIOJHOCTBIO 3JIEKTPOMArHUTHBIX (DOTOSIEPHBIX U AIEKTPOH-SIEPHBIX B3aHMO-
JEeHCTBUI, KOTOpBIe OBUIM MPUMEHEHBI B MozaeaupoBaHud. OOCykHaroTcst TpeOOBaHMA K IPOSKTUPOBAHUIO JKCIIe-
PHMEHTAIBHBIX YCTAHOBOK, MOAXOIAIINX Ul M3yYEeHHS IPO30BBIX M3IyYEHUH HA BHICOTE TOPBHI, KOTOPBIE CIEAYIOT
U3 [IPE/ICTAaBICHHOTO MOACIUPOBAHUS.

KiroueBble c10Ba: rpo3a, MOJNHUA, aTMOC(EpHOE IEKTPUUECTBO, YOEraromye 3J1eKTPOHbI, MOAEIUPOBAaHHUE,
nporpamma Geant4.
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