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ABSTRACT

The paper draws attention to the transmission of useful
information over long distances using radio equipment, GW
power, with a duration shorter than ns.The estimation of the
maximum breakdown strength of the electromagnetic radiation
(EMR) pulse propagation in air space and the estimation of
breakdown conditions in the discharge gap under the effect of
microwave EMR range have been conducted.

The conditions under which the breakdown in the atmosphere
will not occur regardless of the EMR power level have been
determined.The spatial parameters of the EMR and the effect
of the air on the EMR power loss and electron heating have
been calculated.

Key words: radio electronic means, electromagnetic radiation,
ultrashort pulse duration, plasma protection technologies,
gaseous plasma media.

1. INTRODUCTION

Modern radiolocation media have the ability to generate GW
power pulses, with a duration shorter than ns, in order to solve
the problems of transmitting useful information over long
distances.
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For example, the use of broadband signals (BBS) in
radiolocation or communications is considered in terms of
protection of useful information.

The need to transmit information over long distances requires
an increase in strength, which may lead to a breakdown in the
atmosphere, which preconditions the study of the space-energy
and spatiotemporal characteristics which are generated [1, 6,
13-17, 22, 24, 25].

The aim of the article is to determine the conditions for reliable
transmission of information over long distances using a
powerful EMR.

1.1 PROBLEM ANALYSIS

1.1.1 Estimation of the maximum breakdown strength of
the EMR pulse propagation in the air space

Under the influence of pulsed EMR its parameters are chosen
so that there was no discharge (breakdown) during the
propagation of the EMR pulse in the air space, that is, such
conditions are chosen that until the end of the pulse duration r,
the concentration of charged particles would increase to a

n
value of no more than n < TT’ .

For this, the pulse repetition rate is chosen such that before the
start of each subsequent pulse after time T, the concentration of
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charged particle would decrease to a value n,. Thus, we can

write down the following:
Nep
In AO

T

3)

Vi =Vg +

Taking into account (1), (2) we will present the expression (3)
in the following form:
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During a small pulse duration, when t<5-10°° and

r<7-10‘8lnn“p on -pd?®, the expression (4) can be greatly
0

simplified and represented in the following form:

®)

The correlations (4), (5) allow to find E, at given p,d,t, in

accordance with the results of experimental studies [ 1, 2, 4, 11,
12, 13, 21, 24], in which by the end of pulse the concentration

n,
of charged particles of ionized air will ben ~ ;’ .

The results of the calculation of the breakdown strength of the
air for o=2n-10" for 1, =5-10"°s and t,=5-10"s are
presented in tables 1, 2.

Table 1: Breakthrough strength of air at t, =5-10"°s

h. km 30 60 70

p. mm.mer.p 10 0.2 8x102
%2 Wism? 5x102 2.2x103 104

Table 2: Breakthrough strength of air at t, =5-10"°s

h, km 30 60 70

P, mm.mer.p 10 0.2 8*10-2

3 4 5

%2.W'/Sm 3.3x10 3x10 5x10

J.\Jg

The results of the calculations given in table 1, 2 show that at a
distance of h >70 km at t=50ns and %2 ~10° the power

transmission P =10 W without discharge in the atmosphere
can be provided.

1.1.2 Estimation of breakdown conditions in the discharge
gap under the effect of microwave EMR range

According to the results of research cited in [20, 25, 27], the
electron loss under the influence of microwave EMR range is
defined by the processed of diffusion, trapping and
recombination. In terms of the inhomogeneous distribution of
the microwave field in the discharge gap, the electron loss is
determined by the directed motion of electrons under the action
of the ponderomotive forces of the microwave field.

In order for a discharge to occur, the condition v; > v_must be
fulfilled. That is, thet ionization frequency v, must be greater
than the electron loss rate v, . The fulfillment of the condition
v, 2 v, is determined by the quantity of the amplitude of the
microwave field tension, which is called the breakdown
voltageE, .

In the case of a homogeneous microwave field E,  depends on

the quantity of the atmospheric pressure p in the discharge
interval and is determined by the Paschen law [20, 24, 26].

The minimum value E  occurs at such a pressure p when

o=v, (o—microwave frequency, v, — frequency of electron
collisions with air atoms).

In our case, for the implementation of the guaranteed REM
protection, the pressure area where ol v, is important.

In this pressure range v, +v, [l v, and v, =v, +v,,

where v, =hv_,
2

A7

h—probability of trapping, and v, = 3

£ —length of the electron’s mean free path,
A —characteristic diffusion size of the microwave field.

Thus, the quantity E_ can be found by solving the following
equation:

1)

The solution of equation (1) does not exist in the analytic form.
It happens due to the complex dependence v, from E of the

microwave field. To find E, we will use the results of
experimental studies of the dependence ,, on E of the
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microwave field, which are sufficiently given in many papers
[2, 8,9,10, 25].

For the air h=4-10"°, /é=3—15p, v, =5,3-10°p.

Given that A = % , where d—is the smallest characteristic size

of the area occupied by the microwave field, from (1) we will
receive the following:

2.7-10°°

v, :[4-106 +WJ-2.12-104p. )

From the analysis of equation (2) it can be seen thatat o > v,

and losses are

p< pd > 25 the electron

(O]
5.3-10°
determined by the trapping process. In this case, the value E

does not depend on both the pressure p and the size of the
microwave field. For these conditions E, = 650 V/sm.

When pd < 25, the electron losses are determined by the
diffusion process, and the quantity E becomes dependent on
both the pressure p and the size of the microwave field d.

In accordance with (2) for a fixed value ® E, =const at

pd = const .

In diffusion mode for air at = 2r-10° the quantity E_ =950
Vism (pd=1)andE, = 1,7xV/sm (pd =0.2).

The diffusion mode is limited by conditions pd <25 and
— . -2
dzf_%Sp,orB 102 <pd < 25.

In conditions where d] ¢ (pdO 3-107%), the electron losses
will be determined by their thermal motion:

v

B

N

!
_\/3 y
d

where (v, = v_—the speed of thermal motion of electrons.

Since ‘% <1, then at gu 1there will be no breakdown of

the air gap at any values of the voltage of the electric field.

1.1.3 Determination of conditions under when the
breakdown in the atmosphere will not occur regardless of
the EMP power level

Since the EMR is characterized not only by the quantity of the
EMR power but also by the pulse duration, we will find

140

conditions under which, regardless of the power level of the
EMR, no breakdown in the atmosphere will occur. This
requires that the following condition is fulfilled:

1 1

l<r<—=—.
5,3-10°p

(O] v

3

Thus, at o =27-10" Hz and p<12 mm.mer.pil. for altitude
h=60 km t [ 1ns, for altitude h=85 km <t [J 20ns, for altitude
h=100 km 10 200ns.

The condition t < el is rather tough. It is enough to fulfil the
A%

3

following condition: r<i. This means that with the pulse
V.

effect of the microwave power the beam focus altitude can be
reduced to 100 km.

1.1.4 Determination of spatial parameters of EMR

The radio frequency radiation is determined by the spatial
parameters, the intersection of the EMR beam passing through
the atmosphere in particular. The knowledge of the spatial
dimensions of the EMR beam is important in terms of the
possibility of simultaneous destructive effect on several
objects at a short distance from each other. So let us determine
under which EMR spatial parameters the breakdown of the air
space will not occur but it will be possible to affect several
objects at the same time. To do this, let us assume that the
intersection of the EMR beam is a square whose side equals d.

It can be shown that at the altitude H the size of the intersection
side of the EMR beam, which is determined by the dimensions
of the beam across the intersection on Earth d; and at the
altitude Hq of the beam focus do,, will be determined by the
following relation:

H
d=d,(d, _dcp)(l_H_) +d, .

]

Let us determine the parameters of the EMR beam, under
which on breakdown in the atmosphere will occur and under
which there will be a destructive effect on spatially spaced
REM.

The solution to this problem with such known EMR
parameters as EMR power P, d,,d, and o, can be reduced to

the definition H,, .

When solving the problem, it is necessary to consider that at
different altitudes there will be different values d. It leads to the
difficulties of building a dependency or dependency family
that reflect the breakdown strength of the atmosphere at
different altitudes at different values of d. But the laws of the
similarity of the gas breakdown allow to solve this problem in a
relatively simple way.
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It has been stated above that the minimum breakdown voltage
E,, will be at such altitude when o = v, . Based on this, we will
reformulate the problem in question as follows: it is necessary
to find (select) the minimum valueH, , at which at altitudes
H < H, there will be no breakdown in the atmosphere. To
solve the problem, we will use the conditions under which the
quantity E, does not depend on the pressure p and the size of
the microwave field, the conditions of the diffusion regime
provided above, the ratio for determining d, as well as the

results of experimental data on the breakdown strength of air at
different values of pd, widely provided in the known literature

[18, 19, 20]. As a result, for m=27-10" Hz at altitude
H < H,, there will be a breakdown if

H. d
d=pd,| @-—y+Ze |>05,
p pg[( H®>+dj

In this case, the EMR energy density will be determined
according to this expression:

P

@[ a--Hysde
HCD d3

Bt
5 >A=5-102—2,

CM

where A- is the energy density.

Thus, in accordance with the abovementioned considerations,
the breakdown in the trapping area will occur at altitudes (at

S q
ds
JP P
H<H_=H,(l-—), pd=p,| =25
Pt JAd, A

In the diffusion area the conditions for the breakdown are as
follows:

NG
A1d3

H, =H, (-

P
—>1 -10°W
), p/A1 at A =10 Amz

and

JP P

H, =H,(1-———), p|—>02 at
d3

w/Az A2
_35.10°W
A, =35.10° Amz.

Thus, by setting different values of H, , it is possible to

determine the possibility of the breakdown at different altitude
H..
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Let us consider the abovementioned conditions for the
implementation of the breakdown in the field of trapping and
diffusion area with respect to the following EMR parameters:

d, =3-10°sm , d, =10°sm , ®=27-10° Hz, and also
P=10"W and P =10"W .

As shown above, for these parameters, the condition of
realization of the breakdown in the trapping area will be
fulfilled at the air pressure of less than 11 mm.mer.pil. at an
altitude of H >30km, the diffusion breakdown area will be

limited by the condition 3-107? <pd<25, that is will be realized
at d, =10*sm , p> 3-10* mm.mer.pil. It means that there

should be no breakdown at the altitude H, >130km (I>d).

Next, let us find out at what altitude values the conditions of
breakdown will be fulfilled.

Let us suppose that P =10*W , H, =H,(1-0.15) = 0.85H,
and H, =100, 120 and 150 km.

Then H, =85, 102 and 127 km, at which the air pressure
equals p=107, 10 and 3-10™ mm.mer.pil. Based on this, at the
altitude H_ =85km pd =42-10°>25 there will be a
breakdown. At the altitude H, =102 km there will be a

breakdown as well. Yet, there will be no breakdown at the
altitude H_ =127 km pd,, =13.5<25. Thus, the breakdown

in the trapping area determines the minimum value of the
altitude H,, ~150km .

Let us find out if there will be a breakdown in the diffusion
area at the altitude H,, ~150km .

H, =H,(1-0.1) =135 km atd =0.1d..

At this altitude, the air pressure is p=1.5-10"* mm.mer.pil. and
pd=1.5-10"

Under these conditions, the breakdown will occur.

H, =H, (1-0.054) =142 km and d = 0.054d, =1.6-10*sm.
At this altitude p=10"* mm.mer.pil. and pd =1.6>0.2. The
breakdown will occur as well.

According to the abovementioned calculation approach, it is
possible to determine more precisely the minimum value H,,

when all the breakdown conditions in the trapping area and
diffusion area are fulfilled. Such an altitude equals
H, =170 km.

If P=10"W , based on the condition of breakdown in the
trapping area, H, ~100 km. Let us check the possibility of
fulfilling the condition of functioning in the diffusion area. For
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these conditions H, =H,(1-0.01) =99 km. At this altitude
p=10"* mm.mer.pil. and pd > 3. The breakdown will occur.

H,=H,(1-54-10°)=99.2 km , pd=1.6>02. The
breakdown will occur as well. Thus, it is necessary to choose
H, ~130km.

But it has to be noted that at the altitude H > 150 km, even
when a focus breakdown occurs (there will be one hundred
percent ionization), the density of the plasma media

n. .
n <3-10"sm™ <% is such that the fact of the breakdown

will not affect the process of EMR propagation.

If the EMR is propagated along the Earth’s surface at small
angles of incidence, then the magnetic field of the Earth will be
affected by the breakdown, under the influence of which the
effective diffusion length in the direction perpendicular to the
field will increase, as a result, the diffusion losses will be
reduced. It means that the breakdown will not occur.

1.1.5. Determination of the effect of the air on the EMR
power loss and electron heating

The passage of EMR through the air will result in the power
loss due to electron heating. The power losses AP according to
[19] are determined by the following ratio:

2
AP _v, 0y,
P cC ®

where o =3-10°n; n-the plasma density at the length of the
EMR beam, AH, c—speed of EMR propagation.

It is known [18, 20], that the altitude

H =100...150 km n, =10°...10°sm ™.

at

For o = 2r-10" Hz we will receive:

AT}) =2-10"pn,AH .
At p=1mmmerpil. , AH=10°sm and n,=10’sm™ the
power losses will equal AT}) = 0.02 %. This estimation does not

take into account the increase in the electron temperature.

The frequency of the electron collisions depends on their
1

energy v, [ W2.

Thus, as the electrons heat up, the fraction of absorbed power
will increase. If the breakdown occurs and there is a one

, as the

n
hundred percent ionization of the air, butn < 2“’
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electrons heat up, the fraction of absorbed power will decrease.
It is due to the fact that the frequency of electron collisions

with ions equals v [ —.

N

W

e
Let us consider the effect of electron heating on the breakdown
strength of the air.

In the diffusion area and the trapping area, the effect of
electron heating can be disregarded because there is the

quantity %2 ~5-102...3-10° V%mZ'

But in the EMR focus %zzlo‘s...low%m2 . which

preconditions the necessity of consideration of electron
heating.

In the known literature, the question of the effect of electron
heating on the breakdown has not been addressed and requires
appropriate research. But, in our opinion, it is sufficient to

determine the value sz for estimation.

L . d?
The estimations show that one electron in a volume mcan

generate the following energy:

10° vt
Wc(eB)zEP(DZdZ !

where t, — the lifetime of the electron in the discharge

volume.
Let us consider that v, = 20v,p (¢v, =V,), in terms of £ >d,
T, zi Then Wc(eB)z}lO%%.

e

At p=10"* mmmerpil. , d=10° sm, P=10"..10"W the
value W _(eB)=30...3000.

The proposed estimation is rough, but it indicates that at
P 6 W i ianifi
Az >10 Amz the heating can be significant.

Thus, the EMR beam that is propagating perpendicularly to the
Earth’s surface with power P =10"...10" W will pass through
the air at minimum focal lengths H, =130 and 170 km ,
respectively.

The pulse EMR with power P =10"W (t, =50ns ) passes
through the air at H, >70 km.

AtP =10"W (1, =20ns) the minimum focal length equals
H, >85 km.
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2. CONCLUSION

1. It has been determined that for a breakdown to occur in the
discharge gap under the influence of the EMR of the
microwave field, it is necessary to fulfil the condition that can
be represented in the following way: the frequency of
ionization should be greater than the frequency of electron
losses.

2. The estimation of the effect of pulse EMR and its parameters
has been conducted. It has been determined that in the air
space, when the EMR pulse is propagated over a distance of
more than 70 km with a duration of 50 ns, it is possible to
transmit GW power without discharge in the air space.
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