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ABSTRACT

This article presents results of fi eld experiments 
with bistatic optoelectronic communication sys-
tems (OECS) in the atmosphere using diff use laser 
radiation. The work was performed in 2013–2016. 
The experiments were carried out in order to es-
timate communication quality (based on the con-
trol of probabilities and errors, as well as their root 
mean square deviations) and allow deriving the fol-
lowing conclusion: it is possible to create bistat-
ic OECSs, which operate eff ectively in the atmos-
phere with hundreds of metres in UV and hundreds 
of kilometres in visible intervals of wave lengths, 
with orientation of the receiver axis both in a hem-
isphere containing the direction to the source and 
in a hemisphere containing the direction of propa-
gation of non-diff used laser radiation.

Keywords: optoelectronic conmmunication, la-
ser radiation scattering in atmosphere, time- pulse 
modulation, error probability

1. INTRODUCTION

The main questions associated with developing 
bistatic (over the horizon) optoelectronic commu-
nication systems (OECS) using diff use laser radia-
tion are discussed in [1] and a Monte-Carlo method 
choice was substantiated for the simulation of trans-
mission characteristics of atmospheric bistatic chan-
nels. Published in the same journal in 2012, were 
a description of laboratory implementation of the 

experimental installation and an example of its test 
under real atmospheric conditions.

In 2013–2016, a series of fi eld experiments was 
performed during the summer and autumn seasons 
to evaluate the possibility and quality of receiv-
ing information using bistatic optical communica-
tion channels under various atmospheric conditions 
and when changing the geometric parameters of the 
send-receive OECS circuit.

The work reproduces new and previous results 
of these studies performed at atmospheric routes 
in Tomskaya region.

2. EQUIPMENT, OPTICAL AND 

GEOMETRICAL CONDITIONS OF THE 

EXPERIMENTS

A flow chart of the bistatic OECS laboratory 
model, which is described in detail in [1], is given 
in Fig. 1.

Copper bromide vapour lasers [2] were used 
as a radiation source. They were developed in the 
IOA of the Siberian Branch of the Russian Academy 
of Science. They had the following characteristics: 
radiation wave length  = 510.6 nm, pulse frequen-
cy repetition of (11–14) kHz, pulse duration t = 
30 ns, average power P = (4–14) W, beam diame-
ter on entering the atmosphere  = 15 mm; radia-
tion divergence Δv = 0.06 mrd.

The visual fi eld angle of the receiving telescope 
was FOV = 2. As a photodetector, a photoelec-
tric multiplier (PEM) ФЭУ-84 was used. The op-
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tical axis of the receiving telescope crossed the 
optical axis of the laser beam, and its inclination re-
lative to the horizontal plane was set by α angle. 
The transmitting OECS was placed in the northern 
tower of the IOA building A at the height h0 = 13 
m from the ground surface, or 173 m above sea le-
vel. The direction of the laser beam axis was de-
termined by altitude angle 5o <  < 15o and by az-
imuth angle –  10o <  +10o in the horizontal plane 
from the direction to the receiving OECS. During 
experiments in 2013, the average power of the laser 
source was equal to 4 or 6 W, in 2016 it was equal 
to 8.5 or 14 W.

The laser beam passed (depending on the receiv-
ing optical system location) over the city of Tomsk 
and the Tom River (Fig. 2, direction 1), over Tomsk, 
Tom River and a suburb area (Fig. 2, direction 2), 
over Tomsk, Tom River and the town of Beryozki-
no (Fig. 2, direction 3), and over Tomsk, Tom Riv-
er, forest areas, Ob River and fragments of the Ob 
swamp (Fig. 2, direction 4).

During the experiments, the time interval be-
tween the radiated laser pulse and clock pulse 
was measured. This modulation type of the radi-
ation (pulse-time) exactly is used in the laborato-
ry model of the bistatic OECS. During the exper-
iments, by means of the Zond M active-and-pulse 
highly sensitive OECS [3] operating in a passive 
mode, the ray’s diff use trace in the atmosphere was 
recorded on video, selectively. Fig. 3 shows exam-
ples of these images.

A mobile OECS receiving offi  ce could be placed 
in any point accessible for vehicle transport. The 
fi rst successful fi eld experiments were made in 2013 
when the OECS receiving offi  ce was placed at a dis-
tance of 9.9 km from the laser radiation source and 
the receiver height above sea level was 79 m. The 
main experiments were performed in 2013 when 
the receiving system was placed in a fi eld behind 
the Tom River in the radiation direction 2 in Fig. 1. 
The source-receiver base was 8.77 km, the receiv-
er height above sea level was 77 m. The maximum 
length of line sections from the source to the re-

Fig. 1. A fl ow chart of the laboratory model of the communication system bistatic laser. Labels: A –  "transmitting" com-
puter, 1 –  interface, 2 –  data coding device, 3 –  master generator of the laser, 4 –  modulator, 5 –  laser thyratron, 6 and 

7 –  alignment units, 8 –  diff using volume, surface, 9 –  telescope + photoelectronic multiplier (PEM), 10 –  signal amplifi er, 
11 –  decoding device, 12 –  interface, B –  "receiving" computer

Fig. 2. A scheme of laser ray directions to the points of placing the receiving OECS (green arrows) in 2013–2016
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ceiver through the intersection point of optical axes 
of the receiver and of the laser beam was 11 km 
(we name this distance the communication line 
length).

The experiments were made from August to Oc-
tober 2013 in a dark time under cloudy atmosphic 
conditions (separate cloud formations and solid 
cloud cover), as well as in a cloudless atmosphere 
and with precipitation. The information which was 
transmitted along the atmospheric bistatic channel 
for an evaluation of communication quality, was an 
image of graphic test signal in the form of a periodic 
triangular structure (without a horizontal leg).

Each experiment was carried out according 
to layout presented in (Fig. 4). One of two orien-
tations of the transmitting laser beam with an alti-
tude angle α ≈ 5 and 15 was recorded at azimuth 
angle φ ≈ 0. The receiving telescope was oriented-
ed in the directions corresponding to the α angles 
(15–85). To control the communication operation, 
an additional transmitting laser beam orientation, 
corresponding to φ ≈  10, was carried out. Dura-
tion of each communication session at the stable ex-
periment geometry depended on atmospheric con-
ditions and was equal to between 7 and 30 min. 
Information (a graphic test signal) containing be-
tween 7,000 and 40,000 symbols was transmitted 
and registered in a computer. Each experiment last-
ed between one and three hours.

The control of the bistatic atmospheric commu-
nication channel under fi eld conditions cannot be 
achieved completely. Therefore, to analyse the in-
fl uence of weather and optical conditions on the 
quality of the OECS’s work the following parame-
ters were applied:

– Meteorological visibility range SM, which was 
measured with an interval of 1 hour within the terri-
tory of the basic experimental complex of the IAO 
[4] located at a distance of 12 km from point S 

(Fig. 2). The SM measurement interval was limited 
from the top by SM value equal to 30 km.

– Aerosol pressure, humidity and concentra-
tion (with particle size greater than 0.3 μ), which 
were measured on the TOP-station [5] placed at the 
High-rise station of the IAO (located at a distance 
of 400 m from the radiator of the bistatic OECS).

– Coefficient of atmosphic aerosol extinc-
tion a

ext  at wavelength λ = 0.5 μ, which was de-
termined along a horizontal route (coming from the 
building, where the OECS transmitting laser was 
placed) using the equipment and the technique de-
scribed in [6–8].

3. RESULTS OF THE EXPERIMENTS

In order to estimate the quality of the commu-
nication, probability p and its root mean square 
deviation (RMSD) σ were used during communi-
cation sessions, when all geometrical parametres 
of the experiment setup were recorded. An algo-
rithm of the real-time statistical characteristic cal-
culation (i.e. at the time of carrying out the experi-
ment) is described in detail [18].

It is clear from the information about the statisti-
cal characteristics of transmission quality that both 
atmospheric distortions, and changes of characte-
ristics and send-receive optoelectronic units can be 
reasons for error, (for example, laser radiation pow-
er, photoelectronic multiplier (PEM) noise, etc.).

The error probability and error RMSD analysis 
has shown that some communication sessions have 
an ideal communication quality, i.e. p = 0 and σ = 0 

Fig. 3. Videos frames: (a) –  of information laser ray diff used along a cloudless route in atmosphere, (b) –  of diff used radia-
tion passing a cloudy formation, and (c) –  of radiation diff used on aerosol non-uniformities

Fig. 4. Geometric experiment layout
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(for example, on September 4th), or close to it (for 
example, on September 11th). In other situations, p 
and σ values reached 0.8 and 0.9 respectively (for 
example, on September 29th).

To fi nd out the reason for th variation in error 
probability p, aerosol concentration, transmittance 
coeffi  cient, meteorological visibility range, tem-
perature, humidity and atmospheric pressure were 
monitored.

The physical basis of bistatic communica-
tion is the diff usion eff ect, and both aerosol, and 
molecular components of atmosphere play their 
part. Therefore, we should fi rst determine which 
of these processes aff ects communication quality 
more, or whether their infl uence is equal. With this 
end in sight, molecular diff usion coeffi  cient m

sct  va-
lues and aerosol diff usion a

sct  values were compa-
red. Aerosol scattering coeffi  cients were determined 
using the LOWTRAN-7 package [9], and molecular 
diff usion coeffi  cients were calculated by the formu-
lae given in [10] using the temperature and pressure 
data measured at the TOR-station [5].

It follows from this data comparison that aerosol 
diff usion coeffi  cients considerably (almost by an or-
der of magnitude) exceed molecular diff usion co-
effi  cients, i.e. one can assume that along cloudless 
routes, the aerosol component directly determines 
information transmission quality in bistatic OECS, 
at least, for a 510.6 nm wave length. The analysis 
has shown that there was no stable correlated rela-
tionship between error probabilitiy values and opti-

cal and meteorological atmospheric characteristics 
near the transmitting OECS.

As already mentioned, other sources of error 
in information transmission via atmospheric com-
munication channels can be parameter change 
in the equipment of separate units. With the se-
lected method of information modulation (pulse-
time), the quality of information received is primar-
ily infl uenced by the laser radiation power P, which 
in the experiments was changed within an interval 
of 4–6 W. When reducing P, we can expect a de-
terioration in communication quality, i.e. increase 
of error probability p. This is confi rmed, for exam-
ple, by a comparison of p values obtained diring ex-
periments performed on September 16th (P = 6 W) 
and on September 25th, 2013 (P = 2 W). In these ex-
periments, p equalled 0.01 and 0.572 respectively, 
air temperature was + 14.7°C on September 25th, 
and –  4.3°C on September 16th, meteorological vi-
sibility range SM on September 16th and 25th ex-
ceeded 30 and 7 km respectively, and aerosol ex-
tinction coeffi  cient a

ext  restored from the 9 p.m. 
measurements was equal to 0.102 km-1 on Septem-
ber 16th and to 0.260 km-1 on September 25th.

Therefore, before specifying the main rea-
son of the abrupt change in p errors (temperature, 
laser radiation power, or aerosol extinction), we will 
consider the infl uence of PEM temperature on the 
communication quality.

The results are presented in Table 1, where p 
and  values are given depending on the time of the 

Table 1. Selective values of communication error probabilities and their RMSD 

in the experiments of 10/1/2013.

Time P σ Time P σ Time P σ

8:35 p.m. 0.538 0.565 8:55 p.m. 0.053 0.065 9:08 p.m. 0.043 0.060

8:36 p.m. 0.277 0.308 8:56 p.m. 0.046 0.059 9:09 p.m. 0.035 0.069

8:37 p.m. 0.221 0.252 8:57 p.m. 0.054 0.065 9:11 p.m. 0.030 0.041

8:38 p.m. 0.143 0.163 8:58 p.m. 0.089 0.103 9:12 p.m. 0.041 0.054

8:39 p.m. 0.114 0.135 8:59 p.m. 0.103 0.120 9:13 p.m. 0.033 0.051

8:48 p.m. 0.043 0.061 9:02 p.m. 0.064 0.082 9:14 p.m. 0.026 0.035

8:49 p.m. 0.060 0.079 9:03 p.m. 0.055 0.063 9:15 p.m. 0.026 0.039

8:50 p.m. 0.068 0.086 9:04 p.m. 0.041 0.054 9:16 p.m. 0.029 0.043

8:51 p.m. 0.083 0.106 9:05 p.m. 0.039 0.060 9:17 p.m. 0.031 0.049

8:53 p.m. 0.069 0.081 9:06 p.m. 0.040 0.054 9:18 p.m. 0.030 0.047

8:54 p.m. 0.039 0.054 9:07 p.m. 0.035 0.046 9:20 p.m. 0.024 0.040
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communication sessions in 2013. The first ses-
sion was held without PEM forced cooling (begin-
ning of the session was at 8:35 p.m.), and PEM tem-
perature T corresponded to the ambient temperature, 
i.e. T = + 6.7°C. The second and the next sessions 
were held with a switched-on cooling installation, 
which gradually cooled the PEM to a tempera-
ture of –  17C over 30 minutes. As it can be seen, 
PEM temperature signifi cantly infl uences the com-
munication quality, and its change from + 6.7°C 
to –17°C leads to a reduction in communication er-
rors by almost by an order of magnitude. This result 
confi rms the known result of the infl uence of tem-
perature conditions on PEM operation quality [11].

The fi rst series of experiments in 2016 was per-
formed at a laser source average power of 8.5 W 
and with the location of the receiving telescope near 
Berezkino settlement at a distance of 26 km from 
the laser radiation source (Fig. 2, direction 3, com-
munication line length was equal to 26.12 km). The 
experiments were carried out under a cloudless fi r-
mament (along the laser beam propagation line). 
The angle of altitude of the telescope optical axis 
and altitude angle of the laser radiation axis were 
α ≈ 5° and β ≈ 10° respectively. Fig. 5 shows an 
example of the real-time result evaluation of error 
probabilities p and  in this experimental series.

On September 29th, 2016, an optoelectronic 
communication over the horizon, with diff use laser 
radiation from 69.5 km and the length of the com-
munication line at 69.83 km was carried out. The 
averaged power of the laser radiation source was 
14 W. The receiver was placed in close proximity 
from the Tomsk-Novosibirsk road between Nash-
chekovo and Desyatovo settlements (Fig. 2, direc-
tion 4). The receiver captured the radiation, which 
was distributed over Tomsk, Tom River, Ob River, 
Ob swamp and forest area between the swamp and 
the road. The angles of altitude of the receiver opti-

cal axis and radiation axis were α ≈ 10° and β ≈ 7° 
respectively.

In Fig. 6, results probability error evaluations 
and their RMSD for this experiment are given. The 
absence of results for the 5–7 time intervals in Fig. 6 
is due to the fact that at this exact time interval a ve-
hicle convoy drove the road with brigh headlamps, 
which diff used the radiation (there were no cutoff  
fi lters) and was registered by the PEM.

External limiting factors, such as the OECS’s 
applicability area are noises connected with na-
tural and artifi cial radiation sources in this wave 
length interval. Therefore, their use along atmos-
pheric routes can be especially diffi  cult in day time, 
or in night time if used close to intensive artifi cial 
sources (see Fig. 6, time interval 5–7).

This problem can be solved or rendered less sig-
nifi cant, with the use of UV interval wave lengths 
lasers and, primarily, solar-blind wave length inter-
val lasers as OECS radiation sources. This is evi-
dent from a growing body of theoretical research 
[12–15], which has expanded during the last decade.

In the experiments of 2016, a hardware imple-
mentation of the bistatic OECS was used as the 
baseline, which was tested in the visible wave 
lengths interval and was described in detail in [16–
18]. A stationary copper bromide laser (wave length 
λ = 510.6 nm, of 10 W average power) was used 
as the primary source, the radiation of which was 
transformed to the radiation with wave lengths of λ= 
255.3; 272.1 and 289.1 nm. A nonlinear transforma-
tion based on a ВВО (BaB2O4) optical crystal was 
used. In the experiments considered below, radi-
ation with wavelength 289.1 nm was used (0.3 W 
average power, 14 kHz frequency repetition puls-
es, 30 ns pulse duration). The beam cross section at 
the point of entry to the atmosphere was a square 

Fig. 5. Error probabilities and their root mean square devia-
tions (RMSD) in the experiments of September 13th, 2016

Fig. 6. Error probabilities and their RMSD in the experi-
ments of September 29th, 2016
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of 2 mm side with full angular divergence by the 
sides equal to 2.5o. This wave length was selected 
based on the analysis of diff using and absorbing at-
mosphere properties in the bottom layer. The receiv-
ing optical system was assembled using a refractor 
telescope scheme. Some its characteristics are as 
follows: the diameter of the light lens is 94 mm, the 
glass material is quartz glass КУ-1, uniformity class 
is 1, and focal length is equal to 300 mm. The fi eld 
of vision of the receiving system is 2o. As a con-
verter of optical radiation into the electric signal, 
PEM PhEM 142 was used. The experiments were 
made along routes 1 and 2, represented by a satellite 
photo of the IAO buildings given in Fig. 7. A sta-
tionary laser source was placed on the third fl oor 
of building A –  north tower of the Institute (on the 
right in Fig. 7). In the fi rst series of experiments, ra-
diation was directed towards a receiver placed in the 
main building of the Institute (direction 1 in Fig. 8). 
Arrows 1 and 2 in Fig. 7 are horizontal plane pro-
jections of optical axes of the laser beams used 
in the experiments.

Fig. 8 shows geometrical schemes of three se-
ries of these experiments (side view). A receiving 
telescope was placed in a room on the second fl oor 
of the IAO building and was directed to the radia-
tion source. The radiation was directed sequential-
ly to points 1, 2 and 3. Point 1 corresponded to n1 
direction vector and was at a distance of 3 m over 
the receiver. The n2 and n3 direction vectors cor-
responded to points 2 and 3, and they were located 
at a distance of 4 and 8 m from point 1 respective-
ly. This geometry excluded entering a non-diff used 
radiation into the lens of the receiving telescope. 
The length of the communication lines was equal 
to 96.2; 96.26 and 96.5 m.

The second series of experiments was per-
formed, where the laser radiation was directed 
into free atmosphere over the IAO main building 
at an angle of 2 to the horizon. The receiving tele-
scope was placed on a site behind the main Institute 
building under ray 2 in Fig. 7. The receiver’s opti-
cal axis was directed at angles between 15o to 110o 
to the horizon relative the source direction. The 
length of communication lines in these experiments 
was changed from 100 to 108 m.

In Fig. 9 as an example of error probabilities and 
their RMSD dependencies on the experiment se-
ries number are given. The experiments were per-
formed on May 20th, 2016 according to the diagram 
in Fig. 8 for points 1 and 3. The squares and trian-
gles designate the error probabilities, and horizontal 
intervals of diff erent size designate upper and lower 
RMSD boundaries for points 1 and 2 respectively.

Probabilities and their RMSD corresponding 
to point 2 in Fig. 8 for all experimental series are be-
tween the values for points 1 and 3. It follows from 
a comparison of these results that the communica-
tion quality decreases with increasing communica-
tion line length (a sequential transition from point 1 
to point 3). This conclusion is rather obvious, if we 
take into account that during the two hours, when 
the experiments were performed, optical conditions 
in near the ground atmosphere according to the 
TOR-station [5] did not change signifi cantly.

Levels of communication error probabilities ob-
tained in the experiments and their RMSD for the 
laser radiation propagation direction 2 in Fig. 7 are 
presented in Fig. 10. To illustrate the results ob-
tained in these experiments, two situations were 
selected: (a): optical axis of the receiving system 
is directed to the hemisphere of directions from the 
source at an angle of 45 to the horizon, and (b): this 
axis is oriented into the hemisphere of directions 
from the source at an angle of 135 to the horizon. 
In Fig. 10, along the abscissa axis, relative time cor-
responding to the experiment series number for si-
tuations (a) and (b) is given.

Fig. 7. A satellite picture of IAO cases of the Siberian 
Branch of the Russian Academy of Science and directions 
of radiation of a stationary laser UV source (arrow 1, 2)

Fig. 8. Geometric diagrams of the fi rst experiments
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The following conclusions can be drawn from 
the error probabilities and their RMSD compa-
rison in Fig. 9 and 10. The values of these para-
meters in situations (a) and (b) are rather close. 
This can be explained by the fact that the prevail-
ing radiation diff usion source at a wavelength of λ 
= 289.1 nm is molecular but not an aerosol atmos-
phere component, for which the diff using indicatrix 
is symmetric relative to the directions of the front 
and to the back hemispheres. This leads to the fact 
that when the geometrical parameters of the com-
munication lines correspond to situations (a) and 
(b), the fl uxes diff used by air molecules become 
comparable.

A possible reason of this could be the fact that 
the experiments performed for series (b) were con-
ducted 1.5 h later. All experiments were undertak-
en between 9 and 11 pm local time. We can assume 
that aerosol concentration decreased during this 
time, and since the moment of carrying out the ex-
periment series for situation (a), it remained almost 
constant, and this is confirmed by the TOR-sta-
tion data [5]. Therefore, error probabilities va-
lue variations as well and their RMSD in Fig. 10 
(curve b) are somewhat lower. In particular, pro-
bability p variations in situation (a) did not exceed 
0.014141, RMSD module –  0.01829, and in si-
tuation (b) p variations did not exceed 0.008889, 
RMSD module –  0.005541.

It is interesting to compare the quality of com-
munication in visible and UV wavelength inter-
vals. For this purpose we refer to [16], where exam-
ples of the evaluating error probabilities and their 
RMSD are given. These data were obtained in fi eld 
experiments using a laboratory model of the bistat-

ic OECS with diff use laser radiation in the visible 
wavelength interval (λ = 510.6 nm) at communica-
tion line length of more than 10 km. This compari-
son shows that communication quality in the visible 
interval is signifi cantly higher than in the UV inter-
val. It would seem that the UV interval is preferable 
for high-quality communications, because solar ra-
diation noise in this case is signifi cantly lower.

However, if we remember that the experiments 
were conducted in twilight time and that the visible 
interval laser radiation power was higher than the 
UV interval power by more than 15 times, and that 
various PEMs were applied, then the comparison re-
sults are practically assured.

4. CONCLUSIONS

The fi eld experiments conducted in 2013–2016 
in order to evaluate the possibility and quality of in-
formation transmission along bistatic OECS using 
a diff use laser radiation, allow formulating the fol-
lowing general and particular conclusions.

1. A high-quality bistatic optoelectronic commu-
nication in the visible wavelength interval can be 
implemented under both cloudy and cloudless at-
mospheric conditions.

2. In the case of a a cloudy sky, the communica-
tion can be accomplished via intromission and dif-
fusion areas of laser radiation on the lower bound-
ary of the solid cloud cover, or on the bottom and 
a side boundary of individual clouds.

3. Statistical characteristics of the quality if in-
formation transimission using bistatic atmospher-
ic channels (error probabilities and their root mean 
square deviations) depend on laser radiation pow-

Fig. 9. An example of the estimated results of communi-
cation quality in the experiments according to the Fig. 8 

diagram for points 1 and 3

Fig. 10. An example of the evaluation results output 
of communication quality in the experiments for the laser 

radiation direction 2 in Fig. 7



Light & Engineering  Vol. 25, No. 4

48

er (decreasing in proportion with its growth) and 
on PEM sensitivity. Cooling of the PEM (ФЭУ 84) 
used in the experiments from + 6.7 to –  17°C led 
to a reduction of error probability almost by an or-
der of magnitude.

4. An analysis of the infl uence of the optical and 
meteorological state of the atmosphere on statistical 
characteristics of communication quality at a wave 
length of 510.6 nm has showed that in the case 
of bistatic communication, when laser ray intercep-
tion is accomplished by the receiving system in the 
surface layer of the atmosphere, it is determined 
by radiation diffusion, which generally depends 
on atmospheric aerosol concentration and on the 
fact that a maximum base, with which a stable com-
munication with error probability at a level of 0.1, 
can exceed 70 km.

5. To exclude or reduce the infl uence of hard-
ware failure during operation of an over the hori-
zon OECS, fi eld experiment carrying out conditions 
should provide for a guaranteed power stability 
of the radiation transmitter and constant tempera-
ture of the PEM.

6. The fi eld experiments affi  rmed the possibility 
of developing and operating at a high level of qua-
lity bistatic multiple-address OECS in UV wave-
length interval with an operating range exceeding 
hundreds of metres.

7. At basic distances up to hundreds of metres 
and more, optoelectronic UV interval communica-
tion is possible both with the receiving system op-
tical axis orientation in the direction to the source 
of horizon angles at more than 10, and in the direc-
tion from the source to the receiving system optical 
axis tilt angles to the horizon up to 30–40.

8. The results presented by this research require 
a further replication and correction as part of subse-
quent pilot and theoretical studies in order to deter-
mine the main infl uences on communication quality 
and long-range operation areas of bistatic OECS ac-
cording to their optical and geometric characteristics 
and parameters of their implementation versions.

The authors are grateful to Belov D.V. for parti-
cipation in the experiments, as well as for the PEM 
cooling solution and to Protasova V.P. for engineer 
processing of the work.
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