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Abstract—The multipurpose detector complex of the Tien Shan mountain station of LPI provides the
means to carry out studies in the various fields of experimental geophysics. The detectors of cosmic ray
particles present at the station can be used for continuous monitoring of different types of background
radiation: of the current flux of (1—100) GeV cosmic ray hadrons, of thermal neutrons in the surrounding
environment, and of the gamma-rays with energy (30—3000) keV. Special system of the high altitude
detectors permits to register the electrons accelerated up to several tens and hundreds of MeV by the
atmospheric electric fields in thunderclouds, as well as the gamma radiation generated by these particles.
A combination of diverse radiation receivers can be used for simultaneous detection of the time profiles of
lightning emission in the different wave ranges of electromagnetic spectrum, starting from near ultraviolet
and up to (1-30) MHz radio-waves, as well as of the electromagnetic pulses propagating over the
global earth-ionosphere waveguide in the VLF, (1—10) kHz, and SLF, (1—10) Hz, frequency ranges. An
underground complex of the neutron, gamma-ray, and acoustic detectors placed in a borehole at an up to
~300-m depth below the surface of the ground is used for detection of the various signals of geophysical
origin, including those which could be triggered by interaction of penetrative cosmic ray particles with the
matter of the earth’s crust. Perspectives of geophysical experiments at the Tien Shan station are discussed
here together with application opportunity of their results to various problems of the space physics, of
the physics of atmospheric discharge and lightning development, of environmental monitoring, and of the

monitoring of seismic processes for the purpose of timely earthquake forecast.

DOI: 10.1134/81063778821130330

1. INTRODUCTION 1.

As result of a step-by-step development of the
experimental complex which lasted over decades at
the Tien Shan mountain scientific station of the
PN. Lebedev Physical Institute [1, 2], a possibility
has been now achieved to obtain experimental infor-
mation which is of interest for many topical prob-
lems of modern geophysics, physics of atmospheric
electricity, physics of the Sun and solar—terrestrial
connections. The list of the studies presently carried
out at the station includes the following subjects:
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Continuous, over duration of many years,
monitoring of the intensity of (1—100) GeV
cosmic rays, that is, of the particles whose
propagation is most influenced by the pro-
cesses taking place at the Sun and in the inter-
planetary space [3]. Prolonged series of such
measurements is necessary to construct the
models of solar activity and of the heliosphere,
to study various aspects of solar—terrestrial
relations, to predict the geomagnetic situation
and radiation level in the near-Earth space.

Similar direction of experimental activity at the
Tien Shan station includes continuous mea-
surements of the flux of thermal neutrons and
of the (30—3000) keV gamma-rays in sur-
rounding environment by the means of detec-
tors installed in a number of points at the terri-
tory of the station [4]. The result of such mon-
itoring may be useful for many urgent issues
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of ecological research, including the problem of
global warming.

3. Detection of the different types of radiation
which arise under the influence of strong elec-
tric field in thunderclouds: the streams of ac-
celerated electrons and gamma-rays [2, 5—11],
short-time neutron bursts in the moment of
close lightning discharges [12, 13], electro-
magnetic emission of lightning in the various
wave ranges [14, 15]. In particular, a possi-
bility has been realized presently at the Tien
Shan station to carry out direct registration of
radiation fluxes in the spatial vicinity of elec-
tric discharge in thundercloud, at a distance of
~(50—100) m only from the lightning core[16].
Such information is necessary for understand-
ing the mechanism of lightning development
which remains rather obscure up to the present
time.

4. Multi-component monitoring of a variety of
heterogeneous geophysical parameters, such
as the characteristics of the global ionospheric
waveguide, intensity of telluric currents, back-
ground level of hard radiations, intensity of the
electromagnetic and acoustic emission signals
deeply under the earth’s surface. The main
purpose of these measurements is to use col-
lected data for the prognosis of seismic activity
and earthquake forecasting in the seismically
hazardous region which surrounds the Tien
Shan mountain station [17, 18].

The information from all detectors of the Tien
Shan station is in real time accumulated in a sin-
gle database [19]. The latter is publicly accessible
through the Internet for processing the archived data
by participants of the third-party research groups.

2. MONITORING OF RADIATION
BACKGROUND

Current intensity of the flux of (1—100) GeV cos-
mic rays at the Tien Shan station is measured us-
ing a NM64 type neutron supermonitor of standard
design [20, 21]. Hitting the monitor, the cosmic
ray hadrons with energies above 1 GeV cause gen-
eration of evaporation neutrons by interaction with
target nuclei of a massive absorber which is a part of
the installation. The neutrons generated in absorber
can be detected by the gas-discharge proportional
counters with a special gas filling which makes them
sensitive to the thermal neutrons (the gas BF3 en-
riched with '°B isotope). Continuous recording of
signal numbers received from these counters during
successive time intervals with fixed duration (1 min) s
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thus a means for precision monitoring of the intensity
of hadronic component of cosmic rays.

The neutron monitor of the Tien Shan mountain
station includes three (3 x 2) m? units each of which
contains six large neutron counters with dimensions

(20.15 x 2) m2,

An example of monitoring record of the cosmic ray
intensity made at the Tien Shan NM64 supermonitor
is presented in the upper plot of Fig. 1. This plot
demonstrates a sharp recession of the cosmic ray flux
(Forbush effect) which happened around the date of
September 8, 2017 when the Earth was traversing
a disturbance region of the interplanetary magnetic
field caused by a solar flare. Together with the For-
bush decrease, the diurnal and 27-days variations
can be traced among the intensity of cosmic rays,
which correspond to the effects of the Earth and Sun
rotation.

For measurement the intensity of radiation back-
ground in the surrounding environment of the Tien
Shan station several groups of gamma- and neutron
detectors were installed in the three points at the
station territory, such that the distance between them
would be of about (100—200) m. The neutron detector
in each point consists of a set of 12 neutron sensitive
counters with the sizes (20.03 x 1) m2. In contrast
to the monitor, the neutron counters used for the
measurement of neutron background do not have any
internal absorber for hadronic interactions, and detect
the thermalized neutrons which come directly from
the outer environment. The gamma-detectors used
in the monitoring points of radiation background are
based on the crystals of inorganic Nal(TI) scintillator.
Effective area of a sensitive element in each detector
is 560 m?, and it ensures registration of the flux of
hard radiation simultaneously in 12 energy channels,
starting from 30 keV and up to (3—5) MeV.

Example records of the counting rate intensity in
the detectors of background radiations are shown in
the middle and bottom plots of Fig. 1. The measure-
ments presented here were made during a week in
September 2019. A drop of neutron intensity seen
in the middle plot since the date of 9 September
reflects emergence of snow blanket at the Tien Shan
station in those days, which induced a rise of neutron
absorption because of the presence of surplus amount
of hydrogen-rich material (water) in the environment.
Numerous enhancements of gamma radiation with
characteristic duration of (2—3) h in the bottom plot
correspond to the periods of intensive precipitations
commonly accompanied by the growth of local ra-
diation background because of fallout of radioactive
admixtures from the atmosphere together with the
rainwater.



1130

SHEPETOV et al.

5050
5000
4950

900

S B b
co
W
o

800
4750

Counting rate
%1000 neutrons/h

COSMIC RAYS

03 Aug 13 Aug 24 Aug

04 Sep
Days of the year 2017

15 Sep 25 Sep 06 Oct 17 Oct

29500
29000
28500 |
28000
27500
27000
26500
26000

Counting rate, N,/1000 s

THERMAL NEUTRONS

05 Sep 06 Sep 07 Sep

08 Sep

09 Sep 10 Sep 11 Sep 12 Sep

Days of the year 2019

64000
62000
60000
58000
56000

Counting rate, N,/100 s

54000

GAMMA > 100 keV

05 Sep 06 Sep 07 Sep 08 Sep

09 Sep 10 Sep 11 Sep 12 Sep

Days of the year 2019

Fig. 1. Examples of the radiation monitoring data obtained at the Tien Shan experimental complex. Top frame: footprint of the
big Forbush effect on September 8, 2017 in the time history of the counting rate at the Tien Shan neutron monitor. Middle
and bottom frames: the records of radiation background in the surrounding environment made by the neutron and gamma
detectors over a week duration in September 2019. Vertical axes are graduated in the units of signals number NV, normalized

to the time span of a single measurement.

3. INVESTIGATION OF LIGHTNING
PROCESSES IN THUNDERCLOUDS

The Tien Shan mountain station is a convenient
site for studying the processes of atmospheric elec-
tricity, since during the whole summer season the
thunderstorm clouds move here at a low altitude
above the ground surface, starting from distance of
~(50—100) m only. This circumstance permits a fairly
effective registration of the radiation from lightning
discharges using a variety of detectors which can be
installed both on the territory of the station itself,
and on the slopes of surrounding mountains. In
addition, the availability of the cosmic ray particles
detectors at the station makes it possible to study

the role of cosmic rays and extensive air showers in
the process of lightning initiation which presently
remains under active discussion. Correspondingly, a
detector system “Thunderstorm” has been created at
the station in early 2000s as a part of its multipurpose
experimental complex, and has been since remaining
under constant stepwise development.

The experimental system “Thunderstorm” in-
cludes the particles detectors for registering elec-
trons, gamma-rays, neutrons, as well as the receivers
of lightning emission in the different wave ranges of
the electromagnetic spectrum, and the sensors of the
local electric field and nearby atmospheric discharges.
In the technical design of all detector devices the
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Fig. 2. Short-time burst of the intensity of accelerated electrons and gamma-rays at a lightning initiation moment detected at
distance ~50 m from the discharge core. The time resolution of data series is 800 us in the left plot, and 160 us in the right;
zero point of abscissa axes corresponds to the initiation moment of lightning discharge.
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Fig. 3. The thunderstorm gamma enhancement event as seen in depth of thundercloud. Left: the monitoring data of gamma-
ray intensity with different energy thresholds. Right: the counting rate of gamma-radiation around the moment of lightning
discharge which has terminated the TGE. Zero point of abscissa axis corresponds to the moment of the lightning. Time
resolution of the data series is | s in the left plot, and 800 ps in the right.

possibility was especially foreseen of stable operation
in thunderstorm conditions, and under intensive
electromagnetic interference from close lightnings.

In particular, for the purpose of lightning inves-
tigation a special high-altitude detector point was
created at a mountain top, ~450 m above the average
level of the station. The electronic equipment placed
there is used for direct registration of accelerated
electrons and gamma-rays in the depth of thunder-
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cloud, at a minimum distance from the spatial region
of lightning development which frequently occurs to
be of the order of tens of meters only. The prox-
imity to lightning core makes it possible to avoid
significant absorption and distortion of energy spectra
of generated radiations on their way to the detector
[16]. Several examples of physical results obtained in
thunderstorm time at the high-altitude detector point
are presented in Figs. 2—4.
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Fig. 4. The differential energy spectra of gamma-
radiation in the two events from Figs. 2 and 3.

In Fig. 2 the time series of the counting rate in the
gamma-ray and electron detectors are shown which
were measured at the high altitude detector point
at initiation moment of a close lightning discharge.
The registration of radiation fluxes at that time was
made with several energy thresholds, of ~1 MeV and
~(100—200) MeV for electrons, and from ~20 keV
up to ~1 MeV for gamma-rays. The linear distance
from the detector point to the discharge region in that
case was ~(50—100) m, as estimated by the delay of
thunder sound relative to the lightning. The precise
time profile of lightning development can be traced
by synchronous record of the (1—30) MHz (MF/HF)
radio-emission in one of the panels of the figure.

[t is seen a short prominent intensity outburst
in all signal series of Fig. 2 which coincides with
the moment of lightning initiation and has a typical
duration <(0.1-0.3) ms. Because of the presence
at that moment of a distinct imprint of high-energy
electrons in corresponding panels of the figure this
burst can be interpreted as direct detection event of
an electron—photon avalanche which has given start
to development of the lightning discharge [22].

Another kind of atmospheric electricity phenom-
ena is illustrated by Fig. 3 where an event of thunder-
storm ground enhancement type (TGE) is presented
as it was detected at the high altitude point deeply
immerged into a thundercloud. Generally, the events
of such type are caused by passage of a quasi-stable
active region of thundercloud with the processes of
charge separation actively going on [23, 24]. In
contrast to the burst event above, the total duration
of radiation rise in this case lasted up to several
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minutes and terminated at the moment 05:04:53 UT
by a lightning discharge which occurred at distance
~100 m from the detector point.

At last, Fig. 4 demonstrates the differential energy
spectra of gamma-radiation calculated by the count-
ing rate data of both considered events. [t is seen
there a peak around the gamma-ray energy ~500 keV
which can be interpreted as a positron annihilation
line. The emergence of positrons in thunderclouds
is a cornerstone feature of some models suggested
up to date for explanation of the process of lightning
development [25—27].

Besides hard radiations, by study of the processes
related to atmospheric electricity it is of interest also
the fine temporal structure of electric discharges
which can be revealed through detection of the
different kinds of lightning emission. For the purpose,
there were installed at the Tien Shan station the
optical detectors sensitive in the ultraviolet, (200—
400) nm, and near infrared, (600—800) nm, wave
ranges of the electromagnetic spectrum [15], as well
as the receivers of radio-emission from close atmo-
spheric discharges in the MF/HF frequency range of
(1—30) MHz [14, 28]. Another experiment of similar
type presently running at the Tien Shan station is
connected with detection of the short-time electro-
magnetic pulses (“atmospherics”) generated by far
thunderstorms in the VLF range of (1—10) kHz,
and propagating to large distances over the global
earth-ionosphere waveguide. During thunderstorms
all these sensors operate synchronously to ensure
multi-channel registration of the temporal profiles of
lightning development with time resolution from 20
to 800 us. Some examples of such records are shown
in the plots of Fig. 5.

A most typical event is presented in the top left
plot of Fig. 5. It is seen there that in this case
the lightning process was accompanied by an abrupt
jump of the local electric field with absolute amplitude
of ~100 kV/m, and with a change of field polarity. The
lightning itself had characteristic stepped structure
consisting of a multitude of narrow peaks separated
by the deep gaps with a several orders of magnitude
smaller emission. The radiation peaks detected si-
multaneously in the ultraviolet and infrared channels,
as usual, had comparable amplitudes. The whole
duration of the discharge in the considered case was
of ~1 s, but relaxation of the electric field to zero level
afterwards took an order of magnitude longer time.
The sound of thunder arrived to the detector point
after a ~3 s time delay, so the distance to discharge
region in this particular event was of about 1 km.

Detailed investigation of the time series of light-
ning emission permitted to reveal the atmospheric
discharges with some peculiarities in their develop-
ment. An example of such events is presented in

PHYSICS OF ATOMIC NUCLEI Vol.84 No.6 2021
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Fig. 5. Exemplary time series of lightning emission detected in the different wave ranges of the electromagnetic spectrum. Zero
point of time axis in all plots corresponds to beginning of lightning discharge.

the top right plot of Fig. 5. In this case the elec-
tric discharge itself lasted over ~0.8 s, as it can be
traced by the time history of its (1—-30) MHz signal
which is shown in the RADIO panel of the plot. In
contrary, both in the ultraviolet and infrared wave
ranges the lightning started to be detectable only at
the moment of (300—350) ms after the starting point
of the discharge, so its whole initial part remained
“dark,” i.e., without any visible emission. Similar
behavior demonstrates the event shown in the bottom
left frame, which additionally had a peculiar energy
distribution in its spectrum: as it is seen in the plot,
an “ultraviolet” peak at the moment of ~50 ms does
not have any corresponding counterpart in the in-
frared wavelength range. This feature cannot be any

PHYSICS OF ATOMIC NUCLEI Vol.84 No.6 2021

artifact of incorrect detector operation at that time
since the group of emission peaks at ~300 ms in the
same distribution has an ordinary relation of signal
amplitudes between the two wave range channels. An
opposite inequality of signal amplitudes demonstrates
the event in the bottom right plot of Fig. 5, where the
amplitude of signal detected in the infrared channel is
essentially higher than that of the ultraviolet peak. As
well, the “red flash” event in bottom right is illustra-
tive case of a specific class of extremely short electric
discharges with total duration <1 ms, existence of
which was revealed in the experiments running at the
Tien Shan mountain station.
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4. SEISMOLOGICAL STUDIES

In recent years the works were initiated at the Tien
Shan station on a long-term monitoring of a variety of
diverse geophysical parameters. This line of research
includes the measurement of the Doppler frequency
shift at ionosphere sounding, registration of low-
frequency electromagnetic pulses in the frequency
ranges of (1—10) kHz and (1—100) Hz, monitoring
of telluric currents, as well as continuous intensity
measurements of the gamma-ray and neutron back-
ground, of acoustic signals, and of the level of subsoil
waters by a special set of detectors installed in a deep
borehole located at the territory of the station. The

main final goal of these measurements is using their
results for the purpose of seismological prognosis.

In particular, an experiment is presently running
at the station on the search for correlations between
the acoustic signals of seismic origin and the pas-
sage events of energetic particles of the penetrating
component of cosmic rays. As such, the muons
with the energy of about 1 TeV and above can be
considered which are capable to penetrate into the
earth’s crust up to the depth of the order of several
kilometers. Calculations show that the ionization
created by such particles could serve as a trigger for
release of elastic deformation energy accumulated at
the edges of a deep lithosphere fault situated under the

PHYSICS OF ATOMIC NUCLEI Vol.84 No.6 2021
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surface of the Tien Shan station [29, 30]. This process
leads to creation of micro-cracks in the lithosphere
material and generation of elastic vibrations in the
acoustic frequency range. The latter propagate over
the earth’s crust in the form of a sound wave and can
be detected near the surface of the ground by sensitive
microphones. It is important that the events of muon
passage supposedly preceding the microphone signal
can be effectively traced by the means of appropriate
detectors located at the Tien Shan station, so the dis-
cussed effect, if it would be confirmed by experiment,
could be a source of real time information on current
conditions at the depth of lithosphere.

The state of the art of an experiment aimed to
testing this hypothesis is illustrated by Fig. 6. In both
top frames of this figure a fragment of the time history
of microphone signal is plotted which was uninter-
ruptedly recorded in the borehole of the Tien Shan
station during the date of November 12, 2017. There
are two curves in these plots: a direct record of the
analog signal from the microphone output (above),
and its low-frequency envelope obtained by feeding
this signal to a low-pass analog filter (below). Over
a generally smooth background in both these records
a short standalone intensity outburst is seen with
duration of several tenths of second and amplitude
an order of magnitude above the standard deviation
level of background fluctuations. As it turns out,
such phenomena, which further on will be referenced
to as “acoustic events,” are frequently met among
the records of microphone signal. Their daily counts
variate sporadically in a wide range of values, starting
from (1—95) and up to several hundreds of events per a
day, and they do not demonstrate any obvious corre-
lation with daytime, seasonal, or weather conditions,
nor with the periods of human activity.

In supposition that the acoustic events could be
an observable effect of elastic vibrations provoked by
passage of penetrative cosmic ray particles at the
depth of lithosphere and propagating over the earth’s
crust, it was made a statistical analysis of the time
delay distribution between the passage moments of
extensive air showers (EAS) and succeeding acoustic
events. In this study the EAS were considered which
had been created by the primary cosmic ray particles
with the energy above 1 PeV, as defined by the Tien
Shan installation of the shower particles detectors[1].
[t is known that in the core region of such EAS the
muons with TeV scale energy can be concentrated
which stem from interaction of high-energy cosmic
ray particles at the early development stage of at-
mospheric cascade. A distribution of such type is
presented, by circles, in the bottom plot of Fig. 6.

An experimental distribution of time delays be-
tween the EAS and succeeding acoustic events in
the plot is compared against an analogous one which
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was built for the delays between the EAS and random
time moments. It is seen that in the range of time
intervals below (1000—2000) s there exists a statisti-
cally significant excess of the probability with which
such delays were met between the EAS and acoustic
pulses above the fully random distribution. This is an
experimental evidence in favor of the hypothesis on
possibility of induced generation of acoustic signals
of seismological origin under the triggering influence
of cosmic ray muons.

5. CONCLUSIONS

The scientific complex of experimental installa-
tions created at the Tien Shan mountain station of
LPI opens opportunity to carry out researches in a
wide range of problems connected with different Earth
sciences. Some exemplary results presented in the
paper demonstrate effectiveness of the investigation
methods developed at the station for the purpose.
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