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THEORY OF SECOND-ORDER CYCLOTRON RESONANCE AS RELATED TO THE
ORIGIN OF DISCRETE VLF EMISSIONS IN THE MAGNETOSPHERE

A. G. Demekhov', V. Y. Trakhtengerts', Y. Hobara>? and M. Hayakawa *

Recent analytical and numerical results concerning the role of the second-order cyclotron resonance effects in
formation of discrete emissions in the magnetosphere are reviewed. Peculiarities of whistler cyclotron interactions
with energetic particles having sharp (step-like or beam-like) distribution functions evolving in space and time are
studied. Formation of such distributions is considered, and an analytical self-consistent theory of the second-order
cyclotron resonance effects is developed. In particular, characteristics of electron beams produced by the interaction
of a VLI wave packet from a ground-based transmitter are studied. It is shown that spatial and temporal gradients
of the parallel velocity of the beams formed can be opposite to the case of a pure adiabatic motion of a single particle.
Such a behavior can be significant for the generation of secondary emissions. It is proven that the optimal conditions
for the instability occur for a nonstationary quasi-monochromatic wavelets whose frequency changes in time. The
theory developed permits to estimate the wave amplification and spatio-temporal characteristics of these wavelets.
Numerical results on beam formation and generation of secondary emissions are presented.

INTRODUCTION

The problem of origin of discrete ELF/VLF emissions in the magnetosphere, such as chorus and triggered
emissions, has a long history [1,2]. Natural conditions are commonly associated with smooth distribution
functions which usually generate broadband noise-like emissions. On the other hand, observations show
often presence of quasi-monochromatic signals that indicate coherent wave-particle interactions.

Physical mechanisms that lead to the generation of coherent emissions under natural conditions can be
grouped in the following way:

a) narrowing of the frequency spectrum during the instability development due to nonlinear processes
which come into play when the wave energy reaches sufficiently high level;

b) hydrodynamic instability of smooth but very intense transient beams:
v/k 2 Av ~ v,

where v and k are wave growth rate and wavenumber, v and Awv are the characteristic velocity and
the velocity spread, respectively;

¢) nonlinearinteraction with “seed” quasi-monochromatic waves (examples of such waves can be power-
line harmonic radiation (PLHR ) — whistlers originated by lightning);

d) kinetic or hydrodynamic instability of distribution functions with small velocity dispersion.

Concerning the last mechanism, two questions arise: what are the sources of electron beams with small
velocity dispersion and how to explain particular dynamical spectra of emissions. Answering on the first
question, it is possible to point to at least two sources of electron beams in the Earth’s magnetosphere. [t
is the direct acceleration in the auroral zone and electron acceleration by a quasi-monochromatic whistler
wave packet from ground-based VLF-transmitters. One more type of the distribution function which can
be a universal source for generation of discrete emissions is the function with a step-like pecularity in the
velocity space. Such a distribution function appears at the final stage of quasi-linear relaxation of plasma
instabilities, in particular, cyclotron instability [3,4]

A. G.Demekhov et al. 713



1999 Hse. BY30s6. PAIHODH3HKA Tom XLII No8

The answer on the second question (how dynamical spectra of discrete emissions are formed) is con-
nected, to our mind, with the second order cyclotron resonance effects, when some spatial and temporal
change of the generated signal’s frequency arises to compensate the cyclotron resonance (CR) mismatch-
ing in the inhomogeneous magnetic field. This is one of the most clear ideas on the physical nature of the
discrete emissions suggested by Helliwell [5] who formulated some principal questions of this problem in
framework of his phenomenological theory. He suggested that a dynamical frequency spectrum of discrete
emission can be found from two conditions, corresponding to the 1st and the 2nd order cyclotron resonance
of whistler waves with energetic electrons:

A = w(zt) =k —wn(z) =0, (la)
dA 0A 0A
E = E + ’USE = 0, (1b)

where some effective velocity of the source v was introduced. Here z is the coordinate along the magnetic
field line, wp (2) is the electron gyroirequency, and v is the parallel velocity of electrons. The physical base
for conditions (1b) was that the interaction length of the electron with the wavelet w(z, t) under the fulfill-
ment of (1b) was essentially increased. However, some important parameters in frames of this theory were
not determined, as well asthe source velocity vs(z,t) and quantitative characteristics of the efficiency of
wave-particle interactions. Further investigation of discrete ELF/VLF emissions went mainly on the way
of computer simulations. The important analytical and computational results were obtained by Nunn [6—38],
Karpman et al.[9], Istomin et al.[10], Roux +78(trig), Matsumoto79(trig), Omura+82:jgr, Omura+85(nl).
They showed that electrons are trapped efficiently by a quasimonochromatic wave at the cyclotron reso-
nance A=0 and accelerated in an inhomogeneous geomagnetic field. Istomin et al.[10] presented an an-
alytical semiphenomenological theory of triggered whistler emissions, based on the hydrodynamic beam-
plasma instability. Istomin [15] considered the effect of the phase bunching of the electrons accelerated
by the external whistler wave on triggered emissions generated under conditions of the ordinary cyclotron
resonance. Nunn [6—8] and Omura and Matsumoto [13, 14] obtained in the computer simulations that
a beam of electrons accelerated by a pump wave can generate secondary whistler waves with frequency
drift, which could be related with triggered emissions. Similar results and some new effects were obtained
by Vomvoridis et al. [16] and Molvig et al. [17]. The excellent review by Omura et al. [2] supplements the
history of this question. The further successful computer simulations, using new sophysticated computer
codes, have been realized recently by Smith and Null [18], Nunn et al. [19] who were able to simulate not
only triggered but also chorus emissions.

[t should be noted that the 2-nd order CR effects have been discussed in these papers mainly in relation
to nonlinear frequency shift during wave-particle interactions. To our mind, these effects are very important
also at the linear stage of the instability.

In this paper we review our recent results on quantifying the 2-nd order cyclotron resonance effects
in relation to the discrete emissions in the magnetosphere; in more detail they can be found in [20—22].
In Sec. | we show that the cyclotron amplification in inhomogeneous magnetic field has a maximum for
quasimonochromatic wavelets whose frequency changes in space and time. In Sec. 2, we briefly consider
characteristics of the electron beams, formed by interaction of radiation belt electrons with an external
quasimonochromatic whistler wave, as an important example of sharp nonstationary distributions that can
appear in the magnetosphere. In Sec. 3, present example calculations related to the generation of the sec-
ondary emissions based on approaches described in Secs. 1 and 2: we determine the 2nd-order cyclotron
resonance conditions for the beams formed by external quasimonochromatic whistler waves and show that
the wavelets satisfying these conditions have much in common with triggered ELF/VLF emissions. In
Sec. 4, we formulate our conclusions and the problems for future investigations.

714 A.G.Demekhov et al.
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1. RESULTS FROM THE LINEAR THEORY OF THE SECOND-ORDER CYCLOTRON RESONANCE

In this section, we briefly describe the rigorous approach to the linear stage of the cyclotron instability in
inhomogeneous magnetic field taking into account the 2-nd order cyclotron resonance phenomenon. Full
detail of this approach can be found in [20].

We assume a sharp distribution function to be present, parameters of the sharp feature being allowed to
vary slowly in time and space. In this section, we restrict ourselves to the step-like distribution function in
parallel velocity component along the magnetic field

F=np,OVi —v).) Fy),) (J1, 2), (2)
where ©(x) is the Heaviside unit function,

1, >0
O(z)=0, <0

F(v)«) is a smooth part of the distribution over parallel velocities, the function ®(.J, 2) characterizes the
distribution over the 1-st adiabatic invariant which we defineas J, = mvi/QH (m is the mass of electron,
vy is the modulus of the velocity across the magnetic field, H is the local magnetic field). Further it is
assumed that ® has a maximum at J; = J, and during the integration it can be approximated as

B(J1, 2) ~ 8[JL — Ju(z, 1)]. (3)

At the same time we assume that the contribution of the term proportional to 0F/0v to the resonant
current is negligible as compared to 8F/8v||. This implies that wy Avy < kv Av,, where Ay and Avy
are the velocity spreads in the corresponding directions.

The distribution function is normalized to the local beam density ny:

27T/F’UJ_dUJ_ dv” = ny.

Particular form of the smooth part F (v ) of the distribution over v is not significant since we will consider
only interactions with waves resonant with the step velocity V..
The parallel velocity v, in (2) corresponds to some point z, with the local gyrofrequency wp . and can

be expressed as
9 1/2
Vs = [E (W —JLH,)| (4)

where W is the electron energy, H, = H(z.). The point z, can be considered as the injection point of
the beam. This point is allowed to vary slowly in time, as well as the characteristic parallel velocity V. In
absence of waves, the distribution function varies in z and ¢ according to conservation of W and J which

is described by the equation

OF OF
E+U||(J¢,W72)E =0, (9)

1/2
where vy = {2 (W - 1, H(2) ).
We consider the interaction of energetic particles with a quasimonochromatic wave

E(z,t) = A(z,t) explivy(z, t)], (6)
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where A(z, t) is the slowly varying amplitude and v(z, t) is phase. For the case of the weak beam (n; /n. <
1, n. being the cold plasma density) it is convenient to split the phase v into two parts:

¢:¢0(z,t)+cp(z,t), (7)

1 and ¢ being determined by the cold plasma and the beam, respectively. The frequency w and wave vector
k are determined according to the rules of geometrical optics

et =~ 2G4, ket = 28 = ke ) + (1) ®)
ot 0z
where wg and kg are connected with the dispersion equation for the cold plasma,
wo :wO(/{?(),Z), (9)

and  and & are the beam contributions which have to be determined self-consistently. The group velocity
is equal to vy = Owy/0ko, and the frequency wy obeys the equation
awo awo .
Hereafter we denote wg and kg, respectively.
Taking into account the specific form of the energetic electron distribution function (2) and (3), one
obtains the set of self-consistent equations describing the linear stage of the wave-particle interactions (for
detailed derivation see[20]:

o Vg, = a1 H”'#j, (I1a)
9j 05 N
aﬂ-v*& = 042A+ZA'], (llb)

where A = Aexp(iyp) is the slowly varying complex amplitude of the wave, j = TH—3/2 I is the resonant
current density,
9 1/2
* — | — * (< t)— (H — H* *
v = (o W.eot) = (1 = 1) 1)
is the instant parallel velocity of the step at (z, t), Wi is the parallel kinetic energy of the step which satisfies

the equation

ot o 0z
Interaction coefficients a1 o in (11) have the form

— 0. (12)

27wy N — @
I(N2w?) /0w’  wp’

a1 =

e*ny J H'/? (wH* B 1)

a9y —
m?2 Vo, H, \ w

where e is the charge of electron.
The further progress in the analytical investigation of (11)is connected with transition to the new vari-

ables 2 ds!
z = Z z
—¢ _ = —  _ —t 1
" *L%MM’ AW "
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where 0,(2, Wi(2,t)) = /(2/m) [Wi(z,t) — AH(2')J.], AH(2') = H(2') — H,. In these variables aiter
introducing the logarithmic amplification

|A|
I'=ln —,
| Ao

where A is an arbitrary initial amplitude, the system of equations (11)is transformed to the following:

0
ainl + g192 — @@ + Py = —aly,
(14)
oz
a—l + g1@s + goer — P91 = 0,
n
where agﬁ = aQo,
or or dp Oy
-2 - = St 15
g1 e g2 an X1 ¢ X2 an (13)

® = vyA/(vg + vy) is the function of § and n and is proportional to the cyclotron resonance mismatch A.
The system (14) can be solved easily in the case of a sufficiently weak beam, when the squared terms
(9192, @129, ®2g71 and &1g2) in (14) can be neglected. This solution can be presented as follows:

£ n n
L(n,&) = —a’s / / cos / d(n", &Y dn" | dn' d¢'. (16)
€o(n) m0(€") w

Here & (n) and 1o (§) are the mutually inverse functions which are determined by the relation ¢(¢,n) = 0.
Without loss of generality, the function ® in (16) can be represented in the form

o(n, &) =p[][€ - &n,wn)], (17)
=1

where the points £ = &; correspond to the cyclotron resonance points (A = 0) for the given quasimonochro-
matic wavelet with frequency w(n) in the coordinate system moving with the beam, and

aQWHT,

( 1 dH) -1

> ]-a =\ > )

Uy

where the subscript L denotes any value at the equatorial plane. For whistler waves in the magnetosphere
p ~ 103—10%. This permits to apply the stationary phase method for calculating the maximum value of T'.
Inthe casen = 2 and & # &

2ma?
[=—_——«°f . 18
G- dl (%)
The second order cyclotron resonance corresponds to the equality
&1(n, w(n)) = &2(n, w(n)) = &o(n), (19)

which determines the dependence w(n). In this case

O =po(&n) (€ &), (20)
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where o (&, 1) is the slowly varying function which does not have multiple roots. With (20), we have to apply
the modified stationary phase method for the calculation of the maximum amplification I';,,. The result is

_ 2mogy
pléol

Actually, T’y represents the amplification in the case of the ordinary cyclotron resonance see ((18)). The
value of I, is achieved under the fulfillment of the conditions

Ly, ~ P1/3F1 > I, Iy (21)

®(¢,n)=0 and & (n,wn) = E(n,wn)). (22)

Taking into account (20), we can write (22) in the equivalent form:

A,n)=w+kvy,—wg =0 , (23a)
OA(E,n)/0E =0 : (23b)

Finally, the relations (23) are the strict formulation of the second order CR condition. These conditions
are similar to those written by Helliwell in his phenomenological theory of discrete VLF emissions [5], but
equations (23) give the effective velocity of the source directly while this parameter has not been determined
in Helliwell’s theory.

These relations determine two surfaces in the coordinate space (£, n, w), cross-section of which together
with the relation (19) gives us the dynamical spectrum w(z, t) of a discrete emission. Qualitative example of
such a spectrum is shown in Fig. ?? (here z( and ¢y are the normalization constants, zg o a,and ¢y o< a/V5).

Forthe delta-like distribution function, f o 6(Vi— Y| ), the basic equation set is of the 3rd orderin ¢, and
not the 2nd order one as equations (11a)and (11b)valid for the step-like function. It is easy to show that the
amplification is maximized at the same curve w(z,t) which satisfies the 2-nd order resonance conditions
(23). However, finding the maximal value of amplification requires a more sophisticated analysis which is
beyond the scope of this paper.

2. FORMATION OF NON-STATIONARY ELECTRON “BEAMS” IN THE MAGNETOSPHERE

In this section we discuss one important example of formation of the sharp nonstationary distribution
functions of energetic particles in the magnetosphere, namely, the acceleration of electrons by the external
quasi-monochromatic whistler wave. Basic description of this process has been formulated long ago [6,
9, 10], recent analysis of the acceleration characteristics [22] revealed qualitative spatio-temporal features
of the resulting distribution function which are important for generation of secondary emissions. Here the
basic equations for the electron acceleration are reproduced, their qualitative consequences are considered,
and demonstrative numerical examples are presented.

Formation of the electron beam over v is possible due to the trapping of a certain group of particles in
the effective potential well of the pumping wave field. In strict formulation, the analysis of electron beam
formation is very difficult, because it is necessary to take into account an exchange between trapped and
untrapped resonant particles in an inhomogeneous magnetic field, this exchange depending also on spatio-
temporal behavior of the whistler wave amplitude. At the same time it is possible to simplify the problem,
considering rather strong wave packets, which trap resonant particles during a long time. Such a situation
takes place when the following inequality is satisfied:

/T > 1, (24)

718 A. G.Demekhov et al.
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where 7 is the packet duration, and Ty, is the oscillation period of trapped electrons in the wave potential
wells (see equation (31)). When the density of radiation belt electrons is not large, the wave packet ampli-
tude can be considered as constant. Under such conditions, the trapping of the energetic electrons by the
packet takes place mainly at its forward front. The trapped electrons are accelerated (decelerated) inside
the packet and after the exit from the packet they escape along the inhomogeneous magnetic field (their
parallel velocity components at the backward front of the packet varying in time according to variation of
the local resonance velocity). This problem has been shortly considered by Istomin [10]in their application
to triggered ELF/VLF emissions. Hobara [22] investigated this problem more carefully taking into account
the movement of the wave packet and expansion of the beam in inhomogeneous magnetic field.
Furtherin this article we assume the parabolic dependence of w i on the coordinate z along the magnetic
field line
wi = wrr(1 4 s%), (25)

where the subscript L denotes any value in the equatorial plane, the dimensionless variable s = z/a, a =
V2RoL/3, Ry is the Earth radius and L is Mcllwain parameter. The resonance velocity which follows from
the cyclotron resonance condition (1a) is equal to

B 312
jorl = 227 = {(“H < } , (26)
WH
where we have used the following expression for the whistler wave number k:
1/2
b= () k- ) (27)
c \wyg—w

172, is the wave angular frequency of the quasi-monochromatic whistler packet and

k= (wiw/cwy)
wp = (4me®n./m)/? is the electron plasma frequency (n. is the cold plasma density, and m and e are the
mass and charge of electron, respectively). Further we suggest that x does not depend on s (n. o< H). The

group velocity of whistler waves can be written as
3/2
UQZQ—WUR:&O—i) : (28)

The possibility of electron trapping by a whistler wave is determined from the existense condition of
the wave effective potential well. The visual picture of the appearance of such a well is shown in Fig. 2 of
Omura++91:jatp. The quantitative condition for that can be written as [10]

207132 < 1, (29)
where o i )
Ty = (hkviwg)™ V2, (31)

wH, k, and vg are determined from equations (25)—(27), h = b/H, b is the wave magnetic field amplitude.
From (29), one can find that trapping conditions for a fixed frequency whistler wave pulse in the magne-
tosphere are satisfied for a finite range of distances around the equator. The maximum coordinate where
trapping occurs is

(1—w/wyr)®* ak
(1— w/wi,)T/* 23/2

hr, (32)

Sy =
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where wi. = wr(s«) (see Hobara [22]).
Particles trapped in the wave potential well oscillate in velocity space with the velocity amplitude

| vy |= (kv wgh)V? k7' = < vR, (33)

Tk

where k is determined by the relation (27). On the acceleration path (the region of the magnetic field line,
where wgr, < wy < whent ), the oscillations of v relative to vr(s) are decreasing if the inequality

dly,  d
dz  dz

~1/2
(kUJ_CUHh) >0 (34)

is satisfied [9].
If conditions for the effective trapping (29) and (34) are met, dynamics of the trapped electrons inside
the wave packet is described by two integrals of motion [10]

’U” = VR = %H(Z), (35)
W — —= W) = const, (36)
H

2
where W = u_;)” Fromtheseequations, the following formulaerelatingthevaluesattheentranceandtheexito fthewaver

2 2
WHent —%W YRent —YRext
en WHext —W + WHext —W wHL’(37)

2 2
Uext = VRext; Vext = URext T lext - WHext/WHL- (38)

The subscripts “ent” and “ext” mean the entrance (forward front) and the exit (backward front) of the
packet, respectively, zent and zext being connected by the relation

o / <L n i) dz. (39)

VR Uy
Zent
where 7 is the packet duration.
Taking into account equations (25), (27), and (37), the relation (34) can be transformed into the condi-
tion
W 2 Wmin = %wH(Sent)- (40)

We can conclude that the effective acceleration takes place if

2
w > §wH*. (41)

In this case the relation (38) can be considered as asymptotically correct for large 7.

From the above equations one can estimate (for detail, see [22] and Sec. 3) that the conditions for
effective trapping and acceleration are well satisfied for b, ~ 10 pT at L = 4 if n.y, ~ 250 cm =3,

The relations (32)—(38) permit one to find the distribution function of an electron beam in an arbitrary
point of the magnetic flux tube. For that the initial distribution function of electrons has to be given at the
entrance of the packet and the Liouville theorem should be used. Detailed description of calculations can be
found in [22]. Here we briefly discuss the main factors that influence spatio-temporal features of the beam.
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Based on the conditions of efficient trapping discussed above, we assume the distribution function at
the exit from the wave packet to be equal to a d-function over v|;: F' = Fy(Lext, Vext) - 0 (V|| — VRext ). The 1-st
adiabatic invariant of electrons at the forward front z = z.y is taken as a parameter (I = Igg). Particles
are traced until they reach the mirror point, bounced particles are dropped. Some ground to neglect bounced
electrons can be the growth of velocity dispersion and mixing, when particles come far from the packet. By
this reason, we do not consider also the phase bunching of the beam electrons near the escape point. On the
other hand the phase bunching and bouncing between mirror points are the special interesting problems
which deserve a special consideration.

The parameters which determine the main features of the beam are: (1) duration of the pulse, 7; (2)
the ratio of the pump wave frequency to the equatorial gyro-frequency, w/wgr; (3) cold plasma density at
the equator, n.r, and (4) the initial adiabatic invariant of the electrons before trapping, Iyg. Inside the wave
packet, electrons are accelerated while moving towards the equator and decelerated while moving away from
the equator. For net acceleration of the electrons the central cross section of the packet has to be placed on
the left from the equatorial cross section of the magnetic flux tube if the packet moves in -z direction (see
Fig. ?2). It is borne in mind that the acceleration of the electrons takes place only for the trapped particles
whose parallel velocity component | vjent — VRent |< 20tr, Where vy, being determined by (33). At the exit
from the packet the background of untrapped particles exists, so we consider beam formation to occurif the
acceleration Ioy /I exceeds some threshold; for the examples shown below, this threshold is chosen as

Iext > 1.2 IOO- (42)

Further we define s,qxt as the position of the packet exit when we stop the escaping particles traced.

Figs. ?? and ?? show the snapshots of the beam parallel velocity as a function of normalized distance
s = z/a from the equator at different time moments ¢; = ¢ x 0,05s (i = 1,2,3,4,...). Time ¢ is counted
from the start of tracing particles as determined by (42). The variants shown in Figs. ?? and ?? differ by the
duration of the pump wave pulse. Other parameters are the same and indicated in the caption to Fig. ??. We
note that rather large primary wave amplitude b, = 102 pT has been chosen for these examples; however
estimations and calculations show [22] that qualitative features of the beam kinematics are the same for
lower wave amplitudes until the trapping conditions (29) and (34) are satisfied.

The main differences between the two cases shown in Figs. 2? and ?? come from two reasons. First for
the longer pulse, the trapping conditions stops due to the magnetic field inhomogeneity when its backward
(exit) front is still to the opposite side of equator (like shown in Fig. ??). Second, the net acceleration is
larger for longer pulse. Note however that increase of the pulse duration above a certain value leads to the
decrease of the net acceleration which comes to zero when the spatial length of the packet exceeds twice
the distance to the trapping boundary; hence there is a limit for the pulse length

TVUgp < 224. (43)

Hereafter the subscript p refers to the pump wave.

The most significant feature of the beam evolution is that the spatial and temporal gradients of its par-
allel velocity can be opposite to the case of a pure adiabatic motion of individual electrons. This is due to
movement of the pumping wave packet in an inhomogeneous magnetic field which provides variation of
the initial velocity and position of the beam injection. Such a behavior can be important for generation of
secondary emissions.

3. GENERATION OF THE SECONDARY WHISTLER WAVES

In this section, we use the results summarized above to calculate the 2-nd order CR conditions (23) for
the electron v -beams formed by external quasi-monochromatic whistler waves. These equations determine
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two surfaces in (w, 2, t) space provided that the parallel velocity of emitting particles v)(z,t) is known. In
our case, we obtain the function v (z, ) from numerical calculations described in Sec. and in more detail
by Hobara [22].

Intersection of the surfaces (la) and (1b) determines the curve w(z,t) which represent the quasi-
monochromatic wavelet having the largest linear cyclotron amplification [see[20, 21]and Sec. 1]. Schematic
view of this curve is shown in Fig. ??. The starting and ending points at it which manifest the beginning and
end of the generated wavelet are determined by the real existence if the beam. In particular case of triggered
emissions they are related with trapping and acceleration conditions in the pumping wave packet.

In the case z/a < 1, trapping conditions in the form (29) and (32) can be rewritten as

kp(RoL)?
9v2
On the other hand, it is reasonable to suggest that a triggered emission can appear only if the total accel-

eration in the external wave pulse is large enough; this implies equation (43). Taking into account (44), we
obtain

hr. (44)

z2 < Zp R

(kpRoL)?hy,
T < .
~ 9v2w(l — wy/wp)T/A

For example, with L ~ 4, k, ~ 1.3km ™, by, ~ 10 pT and w, ~ wp,/2, the inequality (45) gives 7 < 0.1 s.
Growing or nonlinear damping of a pump wave can change the criterion (45). At the same time, there is a
limitation for short pulses (see equation (24)). For the same parameters as above, we get T, ~ 15 ms.

Fig. ?? shows an example of computations performed for the same basic parameters as chosen in Sec. 2
for calculation of the electron beam characteristics (Figs. ?? and ??). The curves shown differ only by the
pulse duration of external wave, as indicated in the legend.

Our calculations give the very clear picture of faller’s and riser’s triggering. The generation of these
signals is determined by the pump wave duration. Short pulses generate triggered signals as fallers, when
a pump wave propagates to the side of the increasing magnetic field in the conjugate hemisphere relative
VLF-transmitter. Transition to risers takes place when the pump wave length [, ~ vg,7 is comparable with
the trapping length z, (32).

Again, we note that the external wave amplitude here is rather large, b7, = 10? pT. This value is chosen
as a demonstration example. As mentioned in Sec. 2, kinematic characteristics of the electron beam re-
main qualitatively the same for amplitudes down to by, < 10 pT. The external wave amplitude influences the
density of the beam produced and hence, the secondary wave amplification; as for the frequency-time spec-
trogram of the secondary emissions, they have similar tendencies for lower beam amplitudes. More detailed
study of the parameters of the secondary emissions, including their dependence on plasma parameters and
the external wave amplitude and comparison of the calculation results with observations will be reported
elsewhere.

(45)

4. DISCUSSION AND CONCLUSION

The main objective of this study is development and application of quantitative approach to the 2-nd or-
der CR effects in presence of spatio-temporal variations of the energetic particle distribution function which
occur in the magnetosphere under natural conditions as well as due to man-made disturbances. An ana-
lytical theory of amplification of whistler waves with varying frequency in a plasma with such nonstationary
energetic electron population is developed and conditions for the maximum convective amplification are
shown to coinside with those of the 2-nd order cyclotron resonance. Estimation of the amplification for the
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ELF EMISSION GENERATED BY THE HAARP HF-HEATER USING VARYING
FREQUENCY AND POLARIZATION

G. M. Milikh', K. Papadopoulost?, M. McCarrick? and J. Preston®

First observations of the ELF emission generated by the modulated ionospheric HF-heating using the HAARP
facility have been presented. The prime focus is on the dependence of the polarization and of the amplitude of ELF
wave upon the frequency and polarization of the heating radio wave. A simple 1D
computational model of the ELF generation based on the earlier developed model of a horizontal magnetic dipole
caused by the HF ionospheric heating [1] is presented. The model develops a qualitative understanding of the
changes in the ELF amplitude and polarization due to variations of the heating frequency. The obtained results imply
that polarization of the ELF emission generated by the ionospheric HF-heating can be controlled by changing the
frequency or polarization of the radio wave.

INTRODUCTION

Generation of the VLF/ULF/ELF emission by using modulated HF-heating of the lower ionosphere
was first reported more than two decades ago [2]. A quasistationary current flowing through the lower
ionosphere is disturbed by the HF radiation and in turn irradiates modulation frequency. This current is
driven by winds in the middle and lower latitude ionosphere, and by the field aligned mapping of magnetospheric
electric fields in the high latitude ionosphere. A number of the experiments has been conducted since
using different HF facilities [3—9]. Recently a new interest is attracted to the generation of low frequency
emissions due to its possible application to the underground explorations [10]. Howeverin order to conduct
an underground sensing both the frequency and polarization of the low frequency emission have to be
controlled. While the frequency of the generated ELF emission is determined by the modulation frequency
of the heating radiowave, its polarization is arbitrary. Recent experiments using the HAARP facility which
is able to change continuously the frequency and polarization of the radiated radiowave, implied that the
polarization could be controlled by a proper choice of the heating frequency.

The objective of this work is to discuss first observations of the ELF emission generated by the HAARP
HF facility, while the prime focus is on the dependence of the polarization and of the amplitude of ELF
wave upon the parameters of the heating facility. A simple 1D computational model of the ELF generation
by the HF ionospheric heating, based on the earlier results [1], is presented. The model develops a qualitative
understanding of the changes in the ELF amplitude and polarization due to variations of the heating frequency.

1. OBSERVATIONS

The ELF emission generated by the modulated HF-heating using the HAARP facility was observed
by the magnetometer at Gakona site close to the location of the transmitter. The HAARP HF-heater was
operating at different frequencies and polarization during 03.12.97 06:30—09:30 UT which corresponds
to 23:30—02:30 LT. Either the frequency or polarization was changed each 5 minutes. The continuous
HF radiation was modulated by a square wave amplitude with the modulation frequency fo = 35 Hz.
Amplitudes and phases of two components of the magnetic perturbations were resolved along the geographically
north-south and east-west directions denoted as B, B, and ¢, ¢, correspondingly. For each of these
amplitude or phase components three harmonics, fundamental, third and fifth, were observed. In order to

728 G. M. Milikh et al.



Tom XLII No8 Hszs. B¥Y308. PAIIHOD®H3HKA 1999

distinguish effects caused by variations of frequency and polarization of the HF radiation from that due to
changing ionospheric conditions, we conducted the HF-heating at the fixed frequency and polarization (f =
3.155 MHz, X-mode, fo = 28 Hz)
each 30 min during 5 min time. Simultaneously the ELF emission generated by the HIPAS facility located
290 km south-west of the HAARP site, under similar conditions (f = 2.85 MHz, X-mode, fo = 28 Hz)
was observed at Gilmore Creek near the HIPAS site, and compared with that from the HAARP. Due to the
lack of proper calibration of the ELF emission generated by the HIPAS transmitter, we could not compare
values of the magnetic perturbations B, and B, caused by the two above transmitters, but compare instead
the corresponding polarization angles § = arctg|B,/B,|. Note that the value of polarization angle is also
affected by the phase difference between B, and B, components. This effect will be considered in our future
work. The HAARP data were filtered by removing the contaminated data which appear at 115" at the
beginning of each 5 interval. We average then the values of 8 in 3/45” interval and show the mean values
and error bars. The HIPAS data were processed by comparing peaks of B, and B, within each &’ interval.

Fig. 1 shows a significant differences between
the polarization angle of the ELF emissions generated 981
by the HAARP and HIPAS. We believe that this
is due to the different ionospheric conditions at the soF {
HAARP and HIPAS sites. Moreover, the polarization 70
angle was almost constant during 07:00—09:00UT
for the HAARP observations. This implies that the
ionospheric conditions including the auroral jet directio30
were constant during this period. This was confirmed
by a series of supplementary observations of the
ionospheric environment by the time of the heating 30 ., .~
experiments. In fact, data obtained by the University 65 7 75 8 8 9 95 10

deg

’ }
$HAARP

40)

——

HIPAS

of Alaska, Geophysical Institute magnetometer, located Fig. 1. Polarization angle b = arctg | By /By|
at Gakona show that during the chosen period 03.12.97 of the ELF emission generated by the
07:00—09:00 UT the magnetic variations of all three HAARP facility (closed circles and bars),

orthogonal components of the Earth’s magnetic field and by the HIPAS facility (points).

were less then 50 and did not reveal noticeable

time variations. However, both preceding and following periods were characterized by a significant disturbances
of the geomagnetic field. In fact, the peak value of the magnetic variations reached — 400+ at about
13:00 UT, which corresponds to a substorm level. Furthermore, the HAARP imaging riometer showed a
moderate ionospheric absorption with no noticeable temporal variations during 03.12.97 07:00—09:00 UT.
The UV images taken by the Polar satellite show some auroral activity during 03.12.97 08:45—11:57 UT,
unfortunately no observations were made before that time. In short, during the day 03.12.97 some auroral
activity took place, however the time 06:00—09:00 UT presents a quiet period.

In the following analysis we focus on the HAARP data collected during the time 07:00—09:00 UT.
During those experiments three different harmonics, namely the fundamental, third and fifth were observed.
However in this paper we discuss the observations of the fundamental harmonic only. Observations of other
harmonics will be discuss elsewhere. Fig.2a and 2b show the amplitude of magnetic perturbation B =

\/ B2+ Bg observed at different frequencies of the heating radio wave having X and O-mode. It reveals that
B changes with the frequency f as f#, 3 ~ 1+2.
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Fig. 2. Amplitude of magnetic perturbations versus the frequency of the heating radio wave of X-mode and O-
mode.
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Fig. 3. Polarization angle of magnetic perturbations versus the frequency of the heating radio wave of X-mode and

O-mode.

Fig. 3a and 3b show polarization angle of the magnetic perturbation obtained at the same conditions as
in Fig. 2a and 2b. The figure reveals nonmonotonic dependence upon the heating frequency.

2. DISCUSSION

As suggested by Zhou et al. [1] modulated HF-heating excites whistler/helicon waves in the lower
ionosphere forming an expanding loop, driven by field aligned plasma currents. Resulting horizontal magnetic
dipole (HMD ) radiates the ELF emission of frequency equal to the modulation frequency fq orits harmonics.
Schematics of the ELF emission generated by a horizontal magnetic dipole is shown in Fig. 4. The value
of the perturbed magnetic field observed on the ground beneath the HMD, i.e. in a near zone of the ELF
radiator, can be obtained if assume that it is generated by the two opposite directed currents AJ at the
bottom and top of the magnetic loop:

_ moAJ  pAJ
- 2rh.  2m(he+ L)

_ BoAJ L
21he he’

AJ ~ES - A3, (1)

Here AY = |/AX2 + A% is the disturbance in the ionospheric conductance caused by the HF-heating,
including changes in both Pedersen AX, and Hall AXy conductances, po — magnetic permeability of
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Fig.4. Schematics of generation of the ELF Fig. 5. Relation between the polarization angle 6 of
emission by a horizontal magnetic dipole the magnetic perturbations and the angle «
marked as HMD. between the polar electrojet and the west—

east direction.

the vacuum, £ is the ambient electric field, S is the area irradiated by the HF beam, h. is the height where
the ionospheric current induced by the HF-heating is located, and L is the vertical size of the magnetic
loop (see Fig. 4). Assuming that the ionospheric current is generated in a thin sheet, the vertical size of the
magnetic loop L has the following form [1]

L~ S/, (2)
We
where we (he) is the electron plasma frequency at the height h., while €, is the local electron gyrofrequency,
c is the velocity of light and ¢ is the loop expansion time.

Furthermore, the polarization angle of the magnetic perturbations induced by the HF-heating is defined
by the relation between the magnetic moments of the perturbed Pedersen and Hall currents due to the
ionospheric HF-heating. It is illustrated by Fig. 5, where the perturbed Pedersen current AJp is shown
along the polar electrojet making an angle a to the east-west direction, while the perturbed Hall current
AJy is in the orthogonal direction. The magnetic moments due to the Pedersen and Hall perturbed currents
Mp and My are also depicted in this figure. From this geometry we obtain B, and B, components of the
magnetic field disturbances caused by the above magnetic moments, and find then the polarization angle

B, (Mp/My) tga+ 1
0 = arcte | == | = arct 3
arctg B, arc g‘ Mp My — tgo (3)
Using (1) we obtain the ratio of magnetic moments due to the Hall and Pedersen conductances
Mp _ AJpLp _ AXp Lp (4)

My  AJyLy AXy Ly’

where Ly and Lp present the vertical size of magnetic loops due to the Hall and Pedersen current respectively.
We discuss next a numerical model of the ionospheric HF-heating developed in order to calculate the
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Fig. 6. Disturbances of the Hall (broken trace) and Pedersen (solid trace) conductivities due to the ionospheric
heating, normalized over the corresponding peak values of the Hall conductivity for the heating wave of
X-mode for the frequencies f = 3.5 MHz and f = 7 MHz.

amplitude, as well as the polarization angle of magnetic perturbations induced by the HF-heating, and
compare them with the observations.

2.1. Computational Model

We consider a simple zero-order 1D model of the ionospheric heating by a series of pulses having square
wave modulation. Since the discussed experiments were conducted at a moderate effective radiated power
(ERP), we neglect the nonlinear effects including self-absorption in our model. The disturbances in the Hall
and Pedersen conductivities due to the HF-heating are given by the following equations:
w? 20/Qe  dv w2 1-12/Q. dv

_ . SUAT,,  Aop= % <
ArQ2 (1+ v2/Q2)2 dT, P T 4r02 (1+ 12/02)2 dT,

Aoy = AT.. (5)

Here v is the electron-neutral collision frequency and the electron heating AT, is given by [11]

2 12
e“Ej

Ale= 3mdp(w? 4+ v2)’

(6)

where w = 27 f and Ey are the radio wave frequency and amplitude, m and e are the electron mass and
charge, respectively, while §g is the mean fraction of the energy lost by the electron in a collision with a
neutral particle. The radio wave propagation is described by the equation

Eo(2) = Eo(20) (Z;O) exp {—% /Z % dZ} ; (7)

20

where zg is the lower boundary of the ionosphere, while + and — correspond to the O and X-mode of the
heating radiowave respectively.

Furthermore, we take into account that for a linear disturbances of the electron temperature 51; =
5 v ¢

6T [11]. We adopt then the height dependent electron-neutral collision frequency [11] along with the

electron density profile which corresponds to the nighttime ionosphere under conditions of high solar activity [3].
From this model we obtain the altitude dependent perturbations of the Hall and Pedersen conductivity. They
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Fig. 7. Amplitude of magnetic perturbations as a function of the frequency of the heating wave along with the
relevant observations of the X-mode and of the O-mode.

are shown in Fig. 6 for the heating wave of X-mode, and for two different frequencies. Here the values Ao p,
Aoy are normalized over the corresponding peak value of the Hall conductivity. Fig. 6 reveals that the
perturbed Hall conductivity peaks at a lower height than Pedersen, and that the both peaks occur at higher
altitudes under the higher frequency of the heating wave. Moreover, this effect is far more pronounced for
the Pedersen conductivity, since it is determined by the heating of the upper part of the E-layer, above 70
km.

Assuming next that the ionospheric current is generated mostly in a thin layer whose location coincides
with the peak of corresponding conductivity located at the height hgégk, where letters H and P denote the
Hall and Pedersen current, we obtain from Eq. (2) that

Lip o 1/we(h0 ), (8)

where the peak location depends on the heating frequency.

Using the equations (1), (5)—(8) we compute the perturbed magnetic field B which could be observed on
the ground due to the ionospheric heating by the HAARP transmitter. Fig. 7 shows values B as a function
of the frequency of the heating wave along with the corresponding observations for X and O-mode heating
wave. Here the effective radiated power (ERP) is considered 10 MW and does not depend on the radiating
frequency. In addition, taking into account that the total power of the transmitters is 360 kW, the antenna
gain is estimated as 31, so the angle of the main antenna lobe is about 12°. This allows us to evaluate
the area S in the ionosphere irradiated by the HFF beam. Moreover, the ambient electric field was assumed
3 mV/m, while the size of the HMD magnetic loop is taken as 3 km if the conductivity peaks at 75 km,
which corresponds to the heating frequency f = 3 MHz.

Note that two factors affect the B(w) dependence. First, is variation of the electron temperature which
depends on the heating frequency as AT, x 1/(w? + v?) according to the expression (6). Second, is the
size of the HMD magnetic loop given by the expression (8). Since the peaks of the Hall and Pedersen
conductivities moves up when w increases, rising the plasma frequency we(hgégk), both Ly and Lp are
reduced with w.

Furthermore, in order to obtain the polarization angle given by Eq. (3) we compute first the ratio of
the Pedersen an Hall conductances ¥p /3y, and then obtain the ratio of vertical sizes of corresponding
magnetic loops Lp/Ly. The latter depends nonlinearly on the frequency, since the peak of the Pedersen
conductivity moves up faster than the peak of the Hall conductivity with increasing w,
as revealed by Fig. 6. That allows us to obtain the ratio of Pedersen and Hall magnetic moments from the
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Fig. 9. Polarization angle of magnetic perturbations as a function of the frequency of the heating radio wave of the
X-mode, and of the O-mode. Points and bars show observations taken from Fig. 3.

relation (4). It is shown in Fig. 8. Note that the Mp /My value experiences a minimum at 4.8 and 7.6 MHz
for the X and O-mode correspondingly, due to different dependences of ¥ p /¥y and Lp/ Ly on w.

M, [My
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Fig. 8. Ratio of the Pedersen to Hall magnetic moments
obtained for the heating wave of X-mode (solid curve),
and for the O-mode (broken curve).

We estimate next the value of the angle
a between the polar electrojet and east-

west direction using the following consideration.

First we obtained the ratio of H (north-

south)to D (east-west) magnetic field perturbations
averaged over 2 hours period of the observations,

using the data obtained by the University
of Alaska, Geophysical Institute
magnetometer, located at Gakona.
Therefore we found that Bp/Bpy =
tgOamp ~ 0.1. Furthermore, there is a
critical altitude between 7075 km where
v = €. For altitudes below the critical
altitude dominant currentis the Pedersen,
while for the altitudes above the critical
altitude the dominant current is Hall current.
Since the electrojet is located mostly above

the critical height, the major role is played by the Hall current. Thus neglecting effects caused by the
Pedersen current and taking into account that the ambient Hall current is directed similar to the perturbed
Pedersen current, we obtain from Fig. 5 that tga = tg 8 aup =~ 0.1.

Finally, by substituting the ratio Mp /My along with value of tg « into the equation (3) one can obtain
the polarization angle as a function of w. This is shown in Fig. 9 along with the relevant observations. As
comes from Fig. 9 the model is in a qualitative agreement with the observations.

CONCLUSIONS

First observations of the ELF emission generated by the modulated ionospheric HF-heating using the
HAARP facility have been presented. We chose for our analysis the data obtained 03.12.97 during 07:00—
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09:00 UT. During this time a relatively quiet ionospheric conditions took place, preceded by a significant
disturbances of the geomagnetic field.

It was found that the amplitude of magnetic perturbations depends on the heating frequency as f =7,
B =~ 1+2. Polarization angle (§ = arctg|B,/B,|) reveals nonmonotonic dependence upon the heating
frequency.

A comparison made with a model of horizontal magnetic dipole generated by the HF-heating provides
a qualitative explanation of the observed phenomenon.

The obtained results imply that polarization of the ELF emission generated by the ionospheric HF-
heating can be controlled by changing the frequency or polarization of the heating radio wave.

The authors are indebted to P.N. Guzdar and A.S. Sharma for valuable discussions, and to G. La-
rionov for helping with the data analysis. The work was supported in part by National Science Foundation
under the Grant ATM—9713719.
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PARAMETRIC INTERACTIONS OF WHISTLER MODE WAVES AND LOWER HYBRID
RESONANCE WAVES IN THE UPPER IONOSPHERE AND MAGNETOSPHERE

V. Yu. Trakhtengerts* and M. J. Rycroft*

A review is given of the theory, and satellite and ground-based data testifying to, the high efficiency of parametric
interactions of whistler mode waves and lower hybrid resonance (LHR) and ion-acoustic or ion-cyclotron waves.
Some applications of parametric effects to diagnostics of the ionosphere and the magnetosphere are discussed.

INTRODUCTION

Many wave phenomena in the whistler frequency range have recently been observed in the iono-
sphere—magnetosphere system, which indicate the importance of wave—wave interactions in the space
plasma. Among these are modifications of the spectra and backscattering of VLF transmitter signals propagating
into the magnetosphere in the whistler mode, nonlinear ducting effects, the generation of combination
frequencies in ionospheric modification experiments, and the spectral broadening of VLF signals traversing
the upper ionosphere. Reviews of some experimental data and some theoretical considerations of these
phenomena are found in the monograph by Molchanov [1]. In our paper we shall be interested in processes
which can be united by the same physical phenomenon — the parametric interaction of whistler mode
waves with ionospheric and magnetospheric plasmas. Spectral broadening and sideband structures of VLF
signals going through the upper ionosphere are the dearest evidence of such an interaction. These effects
are explained on the basis of whistler wave interactions with small-scale plasma irregularities and quasi-
electrostatic lower hybrid resonance (LHR) waves.

Intense whistler waves generated by lightning discharges or by quasimonochromatic VLF transmitters
can be unstable to three-wave decay and parametric interactions, when a pair of quasi-electrostatic waves
(LHR wave and an ion-acoustic wave or ion-cyclotron wave) are excited by the initial whistler mode wave
signal travelling along its propagation path. This process is very similar to the parametric interactions of
high-frequency (HF) radio-waves in the ionospheric F'-layer near the reflection level [2]. Many important
effects appear under such interactions — the generation of artificial ionospheric turbulence, plasma heating
and electron acceleration, stimulated electromagnetic emissions, etc. Similar effects take place for parametric
interactions of whistler mode waves with the ionospheric plasma.

The aim of this short review is to present the status of the problem of parametric interactions in the
whistler frequency range and to describe some new possibilities to use parametric effects for diagnosis of
the ionospheric and magnetospheric plasmas.

1. SPECTRAL BROADENING AND SIDEBAND STRUCTURE OF VLF SIGNALS

The spectral broadening of signals from ground-based VLF radio transmitters was discovered in satellite
data [3—8]. It manifested itself in the electric field component. The frequency band was broadened up to
several hundreds of Hz; moreover, the broadening was detected only in the presence of ELF electrostatic
turbulence in the frequency range ' ~ 0+ Af where Af corresponds to the signal broadening. The
electric field amplitude of the broadened signal did not depend on the initial whistler wave amplitude,
and often exceeded it. It was suggested in the experimental papers cited above that electrostatic whistler
mode waves near the oblique resonance cone were commonly excited by electromagnetic VLF whistler
waves propagating through the ionosphere and magnetosphere having large-amplitude small-scale plasma
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density irregularities. A quantitative development of this mechanism was performed in [9] who considered
the interaction of a whistler wave with short-scale plasma inhomogeneities in the random phase approximation.
Papers [10, 11] presented computational results for the case of whistler scattering by field-aligned plasma
density irregularities.

The sideband structure of VLF spectra was identified in the bicoherent analysis [12—14]. In these
papers, spectral broadening near the pump whistler wave frequency was not identified, but strongly correlated
sideband structures were revealed. Some estimates of the coupling between a VLF transmitter signal and a
natural ELF emission, aimed at explaining  the  sideband structure,  were
made in [15].

A general quantitative theory for both phenomena was developed in[16]. According to the paper[16], the
spectral broadening and sideband structure are the consequences of the common physical process, namely
the whistler wave transformation into LHR waves through small-scale field-aligned density irregularities.
These irregularities can be associated with ion-acoustic waves orion-cyclotron waves. The different coherence
for the spectral broadening phenomena and sideband structures is due to the irregular and regular behaviour
of inhomogeneities responsible for the transformation. This theory has permitted the quantitative explanation
of all basic features of the effects observed. In particular, the large amplitudes of spectrally broadened signals
are due to build-up connected with the low group velocity of LHR signals. Their spectrum is determined
by the joint effects of the Doppler frequency shift due to the satellite motion and the spatial and frequency
spectra of the initial ELF turbulence. Which process (spectral broadening or the sideband structure) takes
place is determined by the width of the spatial spectrum of the ELF turbulence.

2. PARAMETRIC REFLECTION MECHANISM FOR DUCTED WHISTLERS

LHR plasma waves which appear in the process of scattering can again interact with small-scale
inhomogeneities to provide a contribution to the whistler wave radiation, with a different direction of the
wave vector and a small frequency shift. In the HF range, this gives rise to the so-called stimulated electromagnetic
emission. In the whistler frequency range, the interaction layer where the scattering takes place can be
much thicker than in the HF band, and so the stimulated whistler emission can be much more intense.
These effects were analysed quantitatively in [17] with the aim of explaining two-hop whistler mode echo
signals from VLF transmitters with anomalously small group delays [18]. Actually, this effect is some new
parametric mechanism of backward scattering from density irregularities whose wavelength is much less
than the electromagnetic wavelength. This process occurs with the participation of an LHR wave.

Above, we have considered the interaction of the whistler mode wave with the small-scale ionospheric
turbulence which is assumed to be given. At the same time, a sufficiently strong whistler wave signal can,
itself, produce small-scale irregularities in the process of decay or parametric instability development. The
linear stage of this instability was considered first in [19, 20, 21, 22, 23].

[t has been shown in [24, 25] that the above-mentioned parametric instability in the case of ducted
whistlers is accompanied by strong nonlinear reflection; the reflected whistler wave frequency is down-
shifted by 2wgrr, where wgpr is the frequency of the ion-acoustic wave or the ion-cyclotron wave. This
instability and the parametric reflection are most intense near the level of the magnetosphere where the
pump wave frequency coincides with the local LHR frequency. In the following section, we consider some
consequences of such a reflection.

3. APPLICATIONS OF THE WHISTLER PARAMETRIC REFLECTION

As it has been mentioned in section 2, the whistler parametric reflection mechanism can be applied to
the explanation of two-hop whistler mode echo signals from VLF radio transmitters with anomalously small
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group propagation delays [18]. As was shown in [17], such a signal can appear as a result of the parametric
reflection of the direct signal by short-scale plasma irregularities on the propagation path of this signal.

In the case of a strong whistler generated by a lightning discharge, the nonlinear parametric reflection
can be the cause of a whistler precursor which sometimes appears on VLF spectrograms before the main
two-hop whistler signal. The specific feature of the nonlinear parametric reflection, when the reflected signal
is formed near the level where the frequency of the initial whistler coincides with the local LHR frequency,
permits us to explain the observed spectrograms of precursors [25].

One more application of the nonlinear parametric reflection mechanism is a new remote sensing method
for electron density measurements in the magnetosphere [17]. This method is based on recordings of the
group delay of nonlinearly reflected whistler mode signals at different frequencies generated by a ground-
based VLF transmitter. Because the reflection point (or its height) is connected with a local lower hybrid
resonance, it is possible to determine the local value of the electron density (from the LHR irequency) using
a grid of transmitted frequencies. The best situation for this is the case of the ducted whistler when it is
possible to determine the magnetic flux tube on which propagation and the nonlinear reflection have taken
place.

CONCLUSION

Summarizing the above discussion of the experimental data and the theory of parametric processes in
whistler frequency range, it is possible to say that these processes are important features of the interaction
between whistler waves and the ionospheric and magnetospheric plasmas. These processes are similar to
parametric effects in HF range, and a more detailed comparison would be interesting.

There is a wide-spread natural source of quasimonochromatic whistler waves with high amplitude,
namely lightning discharges. In this relation an important problem arises, to estimate the contribution of
the whistler energy through parametric effects into global plasma heating and particle acceleration. Some
new theoretical approaches must be developed for that to describe the parametric instability of signals with
varying frequency.

Anotherveryimportant question relates to the efficiency of the entry of electromagnetic energy generated
by lightning discharges into the lower ionosphere. This process is strongly nonlinear, and is accompanied
by the development of seli-focusing and parametric instabilities.

The work of V.Y.T was supported by the Russian Foundation for Basic Research (project Ne 99—02—
16175).
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YK 537.86:539.12

IPPEKT BABUJIOBA-YEPEHKOBA U 1OMJIEP—-3®PEKTbI OT
CBEPXCBETOBOI'O PAIUO3AWYUKA B HWKHEU HOHOC®EPE

JI. D. Muponenro, B. O. Panonopm, /. C. Komux

[IpescTaB/ienbl  pe3ysbTaThl  SKCIEPUMEHTA/NbHBIX W UHCJEHHBIX HMCCJEIOBaHHI  sddekra  U3sydeHHs
BasusioBa—UepeHkoBa cBepXCBETOBbIM paauo3ailunkom. [IpesiorxkeHa MeToMKa SKCepUMEHTaNbHOr0 06HapyKe-
HHUsI HOPMaJILHOTO U aHOMaJIbHOTO 3ddekToB lonsepa ¢ nomolibio KopoTkoBoJHOBoro ctenaa “Cypa”n nepenatynka

YTP-3".

BBEJEHHWE

B snurepatype paccmarpuBaiach 3agada 06 U3MyUeHUH TUNOJS, ABHAKYLLEroCs NPSIMOJIHHERHO U PaBHO-
MEepHO CO CKOPOCTbIO ¥ B CpeJie C MoKa3aTesieM npesoMyennsi n > 1, mpuuem v 6oJibliie CKOPOCTH CBeTa ¢ B
nanHoi cpene [1]. B uactHocTH, GblJ1 pacCMOTpeH cJydai, Korja B COOCTBEHHOH CHCTEMEe KOOPJHMHAT JI-
noJisi BeJIMUHHA UTOJNBHOTO MOMEHTa FapMOHHUECKH H3MeHsieTcsl Bo BpeMeHu ¢ uactoto 2. Kak nokasasn
1. M. ®pank, yc/ioBus, cBsi3blBalolde COOCTBEHHYIO YaCTOTY H3MEHEHHs! IMMOJbHOTO MOMeHTa {2, 4acToTy
MPUHUMAEMOH BOJIHBI w B JIaBOPATOPHOH CHCTEMe KOOPIMHAT W YroJi f Mexiy HarpaBjeHHeM pacrnpocTpa-
HeHHU$1 U3JTyUeHHbIX AUMOJIEM BOJIH U HATpaBJIeHUEM JIBHKEHHS CAMOT0 JUIMOJS, MOKHO TPEJICTABUTD B BUJIE
(coornouenus 30.4-30.6) u3 [2]

w(0) — Q1= B2

w(@)n = Foost , nBcosf < 1, (1)

w(oyn = 29 ;?OVS; —5 Beoso > 1, 2)
0

w(@)n = %, nBcosl =1, (3)

re B =wv/e.

CootHoulenue (3) umeer mecto npu uanyuennn BaBunoa—UepenkoBa u onpeesnsieT XapaKTepHbIi yroJ
TaKOro M3JydyeHust u3 ycaoBusi nf3cosfy = 1. Otmerum, uto cootHoluenue (3) noaydaercs us (1) uan (2)
npu Q = 0. CoorHouenne (1) coorBercTBYeT 00bIUHOMY ety Jlomnaepa, Korna cKopocTb v < ¢/n.
CooTHolleHHe (2) BbITOJMHSAETCS TOJNLKO P CBEPXCBETOBOH CKOPOCTH HCTOUHUKA (v > ¢/n) ¥ npu yraax 6,
MeHbLIMX yryia uaayuennsi Basunosa—Yepenkosa €. dhdekT uaMmeHenusi 4acToTbl BOJMHBI B ITOM CJyuae
MOJTyulJ COBpeMeHHOe HagBaHue anomaJsibHoro sdekra lonaepa[3]. Kak ormeueno B [2], paziuune ycjioBuil
(1)—(3) He siBAIsIeTCS MPUHLMITHAJIBHBIM: OHH [10JIy4aI0TCs OJIHO U3 IPYroro 3aMeHok 3Haka npu €2 uiu w(f),
YTO C BOJIHOBOH TOUKH 3pEHHUs 03HAUAET JIMLIb TepeMeHy 3HaKa M3MeHeHHs1 dasbl Kosebanui. Takum o6pasom,
Mbl HM€EM JIeJI0 C Pa3/JIHUHBIMU CTOPOHAMH OJIHOTO M TOTO 2Ke 3(h(heKTa, CBA3aHHOTO C MEPEX0I0M CKOPOCTH
JIBU2KEHUSI U3JTydaTesisi B Cpefie OT I0CBETOBOH K CBEPXCBETOBOH.

B nannoii pa6ote paccmaTpuBaeTCst KOMIJIEKC MPOCTPAHCTBEHHO-BPEMEHHbBIX SIBJICHHH, CB3aHHbIX C U3-
MeHEeHHEeM 4acTOThl U BOJHOBOTO BEKTOpA BOJIH, KaK PacCeMBaeMbIX, TaK M BO3OYKIAAaeMbIX B TPOMEKYTKE
3eMsis—HoHOC(epa MaKpOCKOTMUECKUMHU HEOTHOPOHOCTSIMHU, IBUAKYLLIMMUCS BIIOJIb HUXKHEH rPaHULbI HFOHO-
cepnl. CKopocTb nepemeliienust o61acth, o6ayuaemoin crennom “Cypa”(“pannosaiturika"), na Bbicote 60 kKM
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MOYKET H3MEHSITbCS B OUeHb LIMPOKKX Mpejiesiax, IPH 3TOM MaKCHMaJbHasi CKOPOCTh, 0OHAPYKEHHAst IKCIIe-
pUMEHTAJIbHO, COCTaBJSIET BeJIMUMHy 0KoJ10 1,5 ¢[12, 13].

OcoGennoctu sthekra Basunoa—Hepenkosa u sdpdexra Jonnepa npu aBuKEHUH BUPTyasbHbIX HC-
TOUHHKOB CO CKOPOCTBIO, TIPEBbILIAIONIEH CKOPOCTb CBETA B BAKyyMe, TAK:Ke LIHPOKO o6cyKaanuch (4, 5, 15].
B pamkax JiMHERHO! JIEKTPOJMHAMUKH “CBEPXCBETOBOE UEPEHKOBCKOE YCJIOBHE U3BECTHO yXKe HECKOJIBKO
cToJieTuil” [4], B UaCTHOCTH, B BHJIe 3aKOHOB OTPaXKeHHs U TPEJOMJIEHHST CBETOBLIX UMIYJIbCOB Ha TPpaHHlle
paszesia JIByX cpell, B TOM UMCJIe M Ha JIBHXKYLelcs rpaHule. [1pu HaJMuun HeJIMHEHHOCTH TIOsIBIEHHE HO-
BbIX UACTOT W HOBbBIX BOJIHOBBIX BEKTOPOB CBSI3aHO HE TOJIbKO ¢ KHHEMATHUECKUMH YCJIOBUSIMU THNA (3), HO
M C KOHKPETHBIMH HEeJIMHEHHBIMY MeXaHU3MaMU B3aUMOJIEHCTBHUsI BOJIH B cpejie. B HIKHell HoHochepe Hau-
6OJIbILYIO POJIb UTPAET KyOHUHAast HEJIMHEHHOCTh, KOTOPasi OTBETCTBEHHA 38 MHOTOUHMCJ/IEHHbIE PA3HOBHHOCTH
sphekTa Kpocemoysiuun paauoBodid [6]. B 1974 rony 6bl1a o6Hapy»KeHa reHepalusi CUrHajia HeMmocpes-
CTBEHHO HA YACTOTE MOJYJSILMK MOLIHOH paauoBoditbl [9]. [1pu 31OM posib Moypyemoil, ciaboi mo uH-
TEHCHUBHOCTH BOJIHBI BBIMIOJHSIOT reoCTalldOHAPHbIe HOHOC(epHble TOKOBbIe cucTeMbl [18]. Jlanubiil achekT
3apeructpupoBa B 1980 rony kak apdexr lermanuena [10], nogpo6ubiit 0630p 9KCNepUMeHTaNbHbIX H T€0-
peTHUYeCKHX Pe3yJsbTaToB 1o 3ToMy 3dekty umeercs B [16]. [Ipencrapsiennble B jaHHo# paGoTe pedyibTaThl
SIBJISIIOTCS PA3BUTHEM MCCJIIOBAHUI HEJIMHEHHBIX CBOMCTB HOHOCHEPDI, 0CHOBaHHbIX Ha 3(hdeKTe [eTmaH1e-
Ba.

1. HEJIMHENHBIA MEXAHU3M BO3BY)KJEHHUS U3JIYYEHUS BABUJTIOBA—YEPEHKOBA CBEPXCBETOBbIM
PAJIMO3AMYUKOM B D-CJIOE HOHOCPEPDI

[Ipexkne uem npeiCTaBiATbL KOHKPETHbIE TEXHHUECKHe TapameTphbl ctenaa “Cypa"n npueMHol anmnapary-
pbl, onpeneniuM, caenys [13], Heo6XonumMble o61IMe 0603HAUEHHS U MOPSIIKH HCITI0J/b3yeMbIX Te0(hH3NIECKHX
BEJIMUKH C TIOMOLIBIO YTPOLIEHHOH YeThIPEXBOJIHOBON CXeMbl SKCTepuMeHTa (CM. puc. 1), KoTopasi CooTBeT-
CTBYET 3JIeMEHTAPHOMY aKTy B3aUMOJIEUCTBHSI BOJIH B cpejle ¢ KyOHUHOH HesMHelHocTbIo [7]. [lannasi cxema
M103BOJISIET MOJYUHUTb [VIABHbIE IPOCTPAHCTBEHHbIE XapaKTePUCTHKH H3JyueHus: BaBunoBa—YepeHkoBa, BO3-
Oy2KJ12eMOT0 CAMUM PAAH03aHUHKOM, KOTOPBIA B 3TOM CJlyuae peAcTaBJsieT U3 ceOsi aHTeHHY Oeryei BOJIHbI
Ha KOMOMHAUMOHHON yacToTe. B 4acTHOCTH, MOXKHO OIpelesuTh HanpaBJjeHHe MakcCUMyMa U (1pH HeboJb-
1I0H MOJM(UKALIMK ) ILIMPUHY AHATPAMMbl HANPABJAEHHOCTH B BEPTHUKAJIbHOH MJIOCKOCTH z, x. Ha puc. I.ELQ
U wi2 = 27 f12 — 9JEKTPHYECKHE MO/ W YACTOTbl MOLUHBIX MCXOAHBIX PaAHOBOJH, f12 ~ 4 + 9 MIIL
Posib HesmMHelHbIX 3¢ ¢heKToB B D-cjoe CTaHOBUTCS CYLIECTBEHHOMH, KOTJla aMIJIUTYla STHX BOJIH Ha Bbl-
cote h /=~ 70KM JIOCTHUTaeT OJJHOTO BOJIbTA HA METP, UTO COOTBETCTBYET BeJIMUHHE XapaKTepPHOro IJia3MeH-
HOTO 104151 Ep. B Takux noJisix OTHOCHTEJ/IbHbIe BO3MYLLEHHUS TEMIIePaTypbl JE€KTPOHOB U CBSI3AHHbIX C Hel
napamerpoB D-cJjiosl cTaHoBATCS GoJiblile eIMHULbI [6]. Posib TpeTbel UCXOMHON BOJIHBI B 9KCIEPUMEHTAX
1o 06HapYKEHHI0 YePEHKOBCKOTO U3J/ydeHHsI CBEPXCBETOBOIO paado3ailuuKa MpHHaieKasa ynoMsHyTOMY
reoCcTalMOHapHOMY [10JII0 Es, KOTOpOE CyLIECTBYeT B HoHOC(epe B 06J1aCTH B3aUMOJICHCTBHS BOJIH HA Bbl-
cote Gogibllie 5O KM. 3HaueHHe HAMPSKEHHOCTH STOTO MOJIsl HA CPETHUX LIMPOTAX OMpeessieTcsi BETPOBbIM
JIBH2KEHHEM HeHTpasibHOW KOMIIOHEHTbI M COCTaBJISIET BeJMUHHY MOPSsIIKa MUJJIMBOJIbTA HA MeTp. XapaKTep-
HbIH 1epHOJL H3MEHEHHsT MoJIsl E3 cocrasasier 0KoJo cyTtok. [1pu 3TOM cooTBeTCTByIOLIASl YacTOTa TPETheH
BOJIHBI W3 KAK B CMIOKOHHbBIX, TAK BO3MYLLUEHHbBIX YCJOBHSIX YIOBJIETBOPSJIA COOTHOLIEHHIO w3 <K W] — Wy.
[TosTomy KoMOMHaLIMOHHAS (pa3HOCTHAS ) UACTOTA BO3OYKAA€MOT0 YePEHKOBCKOT0 U3/ TyUeHH s pajro3aiun -
Ka (uetBepToil BosiHbl) 2 = 27 F, rne F' ~ 1 + 10 kI11, 3aBucea Julib OT YACTOT BYX MOLIHBIX PaIHOBOJIH:

Q= w —ws. (4)

DTH YaCTOTHI MOXKHO 3a/1aTh € IOCTATOUHO BLICOKOK CTabUALHOCTLIO (Mopsiaka 10~8). iMenHo 3T0 H mo3Bo-
JIMJIO IPOU3BOJUTH U3MEPEHHS B Y3KOH [10J10CE B OKPECTHOCTH PA3HOCTHOM YAaCTOThI U MOJIYUHTb OTHOLLIEHHE
MHTEHCHBHOCTEH CUrHasa U yma okoJio 10.
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B 0611ieM c/yuae 4acToTa i BOJHOBOH BEKTOP k3 TPETbEl BOJIHBI He aBHbI HyJ110. TaKasi CHTyaLs MOXKeT
pean30BaThCst KAk B BO3MYLLEHHBIX HOHOC(EPHDIX YCJOBHSIX VISt FeoCTalHOHapHoro nost Eg [17], Tak n B
cJlyuae, KOrja B KauecTBe TPETbeH UCXOHON BOJIHBI OYIET HCTO/b30BATHCS U3/ TyUeHHe IPYroi NpUpo/bl (Ha-
npumep HazemHoro cBepxanHHoBosHOBoOro (CAB) nepenatunka “YTP-3", KoTophiii, M0 yrauHoMy CTedeHHIO
o6cTosiTeNbCTB, HaxoauTes npuMepHo B 100 kM Kk 3anany ot crenaa “Cypa”). OTJAWUHBIN OT HyJIsl BOJHOBOH
BEKTOP k3 MOYKET OBITb JIETKO yUTeH B aHAJTHTHUECKHX PAacyeTax, HO UIsi paHIecKoil POCTOThI Ha pHC. |
OH He n3obpaxkeH. /{eficTBUTE/bHBIE KOMITOHEHThI BOJIHOBOTO BEKTOPa K UETBEPTOH BOJIHBI, BO30YK1aeMOH
Ha KOMOWHALMOHHOH yacToTe {2, MOXKHO OMpPENeaUTh B MJAOCKOCTH, COJAEpKalllell BOJTHOBbIE BEKTOPHI Mep-
BBIX JIBYX HCXOHBIX PAIHOBOJH K1 H kg, HEMOCPEICTBEHHO H3 IHATPAMMBI, [PECTABICHHOI B BEPXHEH 4acTH
puc. 1. Takoii MmeToz pacuera moJieil, Kak oTMeuaeTcsi B autTeparype (cM., Harnpumep, [8]), Bocxomut K Pageio
1 BBITIOJIHSIETCS C YUE€TOM AUCTIEPCHOHHOTO COOTHOLLEHHS /sl BOJIHbBI, BO30YKIAeMOH B MOJIyIPOCTPAHCTBE
z > 0 (IM3JeKTPUUECKHil BAKYyM ):

(K)? = K} + K2 = (Ko)* = (Q/c)*. (5)

Yuer HeJIMHEAHOCTH Ha JIAHHOM 3Tare CBOJMUTCS K TOMY, UTO KOMIOHeHTa K, BOJIHOBOTO BEKTOpa K
BOJIHBI, BO3OY:K/1aeMOl Ha KOMOWHALUMOHHOH vacToTe ), BJASIeTCS COOTBETCTBYIOLIEH CyNeprno3ullie x-
KOMIOHEHT BOJIHOBBIX BEKTOPOB TPEX HCXOAHBIX BOJH (yCJOBHE CMHXPOHM3MA BJI0JIb HAMpaBJeHHsl & BCeX
y4acTBYIOLIMX BO B3aUMOZEHCTBUU BoJH ). Ecan k3, = 0, TO

(Zo- K) = Ky = kig — kop = Aky. (6)

BaaumonericTBre HCXOMHBIX MT0JIEH U BOJIH 3a cUeT KyOUUHOH (TernsioBol [6]) HeMHeHHOCTH CO3/1aeT ABU-
KYLILYI0Cs (T.K. w1 # wy) TEMJIOBYIO HEOHOPOJHOCTb MPOBOUMOCTH a(\El . E2|) HIKHER HoHOChEpPDI, MO-
JIIPU30BAHHYIO M10JIEM Eg. YeqoBue seiicTButesbHocTH K, 03Hauaer, uto ckopoets V,, = Q/K,, ¢ KoTOpO#
JIBH2KETCS BOJIHA HEJIMHEHHOTo TOKa

J(Ey - Eo| - E5) = j(x — Vy - t) = o(|E} - Es|) - Es (7)

BJIOJIb OCH 2, 00JIbliIe CKOPOCTH CBETA B BAKYYME, a CaM TOK SIBJISIETCS BUPTYaJibHbIM HCTOUHUKOM H3JTyUueHH st
BosiHbl E4 B mostynpoctpanctso z > 0. OHAKO B HALlEM cJyyae (B OTIHUHE OT JHHEHHBIX CBEPXCBETOBBIX
YCJIOBHH, KOTOPble peasiudyloTcest nMpu GOPMHUPOBAHHU OTPAKEHHBIX CBETOBBIX MMITyJIbCOB) UaCTOTa BO30Y-
JKJ1aeMOU BOJIHBI He paBHA UACTOTe MajaoluX (MCXOHBIX ) BOJIH U YT0J1, 0] KOTOPbIM BO30Y2K1aeMast BOJIHA
YXOJUT U3 06JIaCTH B3aUMOJIEACTBHUS, HE paBeH YIJy MaJleHHst UCXOAHbIX BOJIH.

Ec/in nexoHble HAarpeBHbIE PAJHOBOJHEI SIBASIOTCS CHePUUCCKUMHU C YaCTOTAMH W1 2 U BOJHOBBIMH UMC-
JamMu k1 2 1 (DOPMHUPYIOTCS C TIOMOLLIBIO IBYX HACHTHUHbIX PA3HECEHHBIX HICTOUHHKOB, IPHUeM (ha30BbIil LIEHTP
MepPBOro U3 HUX PACIIOJIoKeH B Touke ¢ koopauHatamu (0, 0, k), a BToporo — B Touke (d, 0, h), rae d — pac-
CTOsiHMEe MexK/1y (Pa30BbIMH LIEHTPAMH UCTOUHHKOB, TO KOOPJMHATA X [JIABHOTO HHTepP(epeHLIMOHHOr0 MaK-
cumyMa Ha BbicoTe h (B miockoctd z = () W cootBeTcTByIOLIMi yroa 6 (sinf = z/Vh? + 22 = z/r)
HEeMpepbIBHO U3MEHSIIOTCSI CO BpeMeHeM ¢ (¢ TOUHOCTBIO JI0 cyaraeMbix nopsiika Kd, d/r) B cooTBeTcTBHM

¢ TpeboBaHUEM
k1dsin0(t) + Ky/x(t)? + h? = Qt,

rie K = k1 — ky. Otclona nuneiinasi ckopoctb V, nepemelieHnsi MaKCHMyMOB UHTeP(EPEHIHOHHOTO M0JIst
Ha BblcoTE h

Ve =a(t) = Qr/(kid + Kx). (8)

[Tocsientee cooTHOLIEHHE MOXKHO 3anucaTh B Ge3pa3MepHOM BHJIE, UCTOJb3YS (JHlIb B KHHEMATHUECKOM

CMbICJIe) peJsTHUBHCTCKHMI mnapamerp (B, =  Vp/c. Tlpu HeGOJbLIMX OTKJOHEHHSX OT Bep-
THKaM (T < h)

Bem F-h/(f - d). (9)
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Ecau npunate o603HaueHne
K& =Q/V, =k-d/h = Ko/Bs, (10)

XapakTepuayiolllee TOpu30HTAJIbHYIO CTPYKTYPY HHTEp(hepeHIIMOHHOH KapTHHBI BOJIHOBBIX M0JIEH OT ABYX J10-
KaJlbHbIX H3JlyuaTeJsiell, TO YCJOBHE ee CBEPXCBETOBOIO IBUKEHHUS

F/f>d/h (11)

9KBUBAJIEHTHO YCJIOBHIO IEHCTBUTENbHOCTH K , U3 BbIpaXKeHHUs (H) /11 MIOCKHUX BOJIH.

OTmeTnM, 4TO HanpaBJeHre CKOPOCTH V,, nepeMellieH|st MaKCUMyMOB MHTep(epeHIIMOHHOTO M0JIs OTpe-
Jiesisiercsl opueHTaureil 6a3bl aHTEHHbIX CUCTEM M 3HAKOM PACCTPOMKM 4acTOT HAarpeBHbIX BOJH 2. MeHsist
3HAK PacCTPOMKU, MOXKHO U3MEHHUTb HallpaBJieHHe CKOPOCTH BOJIHbI TOKA M, KaK CJEICTBHE, HANpaBJeHHe
MaKCHMyMa M3J1y4eHHsl [10 OTHOLUEHHIO K BIOPAHHOM TOUKe.

Takum o6pazom, A/t TPoBeieHUS U3MEPEHUH N0 0OHAPYKEHUIO HATIPABJAEHHOTO H3JyUeHUs] Ha KOMOHU-
HalIMOHHOK 4acTOTe 3a cueT KyOHUHOH HeJHHEHHOCTH HUXKHEH HOHOCDEPhl J0CTaTOUHO UMETh JIBa He3aBH-
CUMbIX Pa3HECEHHBIX B [IPOCTPAHCTBE KOPOTKOBOJIHOBBIX U3JlydaTedisl, TapaMeTpbl KOTOPbIX yI0BJETBOPSIIOT
YCJIOBUIO CBEPXCBETOBOTO JIBUXKEHUsT HHTeP(epeHIIMOHHOM KapTHHBI (11).

2. IPOCTPAHCTBEHHO-BPEMEHHAS CTPYKTYPA PAJIMO3ANYHKA

B criokofinbix noHocepHbIX yCAOBUSAX M TPH OTCYTCTBUM BHELIHEH MOy ISILIMH TIPOCTPAHCTBEHHO-BpeMeHHast
CTPYKTYypa JBHKYLIErocsi paio3aiunKka onpeesnsiercs, Kak 0TMeyanoch Bbllle, MHTepdepeHineil AByX Ha-
TPEBHBIX BOJIH, T.€. BbIpazKeHHEM |E1 +I§2|2. Ha puc. 2 B Buzie iMHUil paBHOTO yPOBHS MPEJCTABAEHbI HECKOJb-
KO tdhparmeHTOB Tako# CTPYKTYPbI Ha yacToTe 9 kI (puc. 2a) u
4 k1 (puc. 26). [Tapamerpsl HaJyuatolilell CHCTEMbI JIJIs1 3TOTO CJiydasi NpejicTaB/ieHbl B [ 13] 1 o6cyKaaiorcs B
paszeJie 3. 3/1eCh JHUIlb OTMETHUM, UTO PACCTOSTHHE MEXKITYy (ha30BbIMU LIEHTPAMHU aHTeHHbIX cucTeM d = 100 M,
BbICOTA MojiBeca cocTapJsiia 10 M, pagmep COOTBETCTBYIOLIEH OIMHOUHOH PelIeTKH BJ0JIb HAaNpaBJ/eH s CKa-
nHupoBanusi — 100 M, paamep B nornepeurHom Hanpasaenun — 300 M. DKBUBaAJIEHTHAS MOLIIHOCTb CTEHJIA B O/~
HOM JierecTKe B pexkume ckanuposanuss W = P G = 130 MBT, rie P — MolHOCTb nepeaatunka, G — Ko-
3(ULMENT yCuseHnst aHTeHHbl. B npaBoii yacTu npuBeneHHbIX (hparMeHToB H300paxkeHa nepeMelaroascs
CO CKOPOCTbIO cBeTa MeTKa. Pas/inunblil HaKJIOH PpOHTA MPEACTABIEHHBIX BOJHOBBIX CTPYKTYP M0 OTHOLLE-
HHUIO K OCSIM &, t U K METKE OTPaKaeT Pa3/nuHylo CKOPOCTh MepeMelleH st BOJHbI TOKA KaK 15l pa3HbIX 4acToT,
TaK 1 BJIOJIb ocH x.

X, KM
50

X
50

T

T T T -50
0 200 400 600 Bpemsi, MKcC 0

Puc. 2
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B npoBefeHHbIX 3KCIepUMeHTax v ~ c npu yactote F' ~ 7 KIi1 (B ueHTpasibHON YacTH 06JacTH cKa-
HupoBanusi). HepaBHomepHoe (3ameyieHHOE ) ABHKEHHME BOJIHBI TOKA M OTpaHUUYEHHbIH pagmep Tpeka (0KoJ1o
100 kM) 06yca1aBAUBAIOT LIKPOKHUI MPOCTPAHCTBEHHBIN CMIEKTP HCTOUHUKA (7 ), TPeCTaBJIEHHbIN B YCJIOBHBIX
eIMHULAX Ha pUC. 3 B BUJE AByMEPHOH (PyHKLHMH KOMIOHEHTbI BOJTHOBOTO BekTopa K, u uactoThl F. B pe-
3yJibTaTe JlaXke MpH JI0CBETOBbIX CKOPOCTSX B OCHOBHOH YaCTH TPeKa B CIIEKTPe MPUCYTCTBYIOT CBEPXCBETO-
Bble rapmoHuku (| K| < Ky), 1015 KOTOPBIX YBEJHUMBAETCSI C POCTOM CKOPOCTH (UaCTOTbI) CKAHUPOBAHHUSI.
CyulectBennasi 1/st GOPMHPOBAHHUS TMarpaMMbl HalIPaBJAEeHHOCTH UePEHKOBCKOTO U3/yUeHHs YaCTh CIEKTpa
3ak/ouena mexxay metkamu K, = +Kg. Merka K, = K* = Ky - 2'/va? + h? —"“Touka crauuoHapHon
dasbl” criektpa /s MyHKTa HaGJIOIeHHsT ¢ KoopauHaToi =’ = xf, = 25 kM (cm. puc. 1). [Tpu cmene 3Haka
paccTpOUKHU CMEKTP 3epKajlbHO OTpakaeTcsi oTHocuTe bHO MeTKH K, = 0. Takum o6pasom, HecUMMeTpHY-
Hasi popMa CriekTpa ornpeiesisieT Pas/nuHbli yPOBEHb CHrHAJA B TOUKE HAGJIOIeH S ¢ KOOpauHaTol ' # 0
NPH HEMPEPLIBHOM PErucTpaldi CUrHaI0B Ha (PMKCUPOBAHHONH KOMOWHAIIMOHHOM YAaCTOTe, HO M3MEHSI0I1eM -
cs1 3HaKe paccTpoiiku. Mamepenus, npoBeeHHble MO JaHHONU METOIMKE Ha CeTKE YacTOT, MO3BOJIM/IN 0OHApY-
»KUTb HarpaBJeHHOCTb U3JyueHHsi, BO30YK1aeMOro CBEPXCBETOBBIM PaIM03ailuMKOM B HH2KHEH HOHOCDepe.
OcHoBHbI€e pe3y/bTaThl U 00CYK/IEHHE aMIVIMTYIHbIX H3MepeHuil nanbl B [12]. Heckosnbko ¢parmenToB peru-
CTpallMK CUrHaJjia NPUBEJEHbI B pasnesne 3.

Kak oTmeuasnoch Bo BBefeHNH, pasanuust ycaoBHil (1)—(3), CBA3bIBAIOIIMX MapaMeTpbl HOPMAJIbHOTO U
aHomaJibHoro sddexron Jonaepa, a Takke napamerpol usnaydenuss BaBunoa—UepenkoBa, He SIBJASAIOTCS
NpPUHLMMHANBHBIMU. B mpocreiilliem c/yuae, COOTBETCTBYIOLIEM MOHOXPOMATHUECKOMY pPaaHO3alunKy, /s
nepexojia ot scdexra usnyuenns BapuioBa—UepenkoBa K adcekram lonepa, 10CTaTOYHO YUECTh, UTO
YacToTa W BOJIHOBOH BEKTOD TPeTbel W3 MCXOJHBIX BOJH MOTYT ObITb He paBHBI HYJIO . DTO 0OCTOSATENb-
CTBO MPHUBOJHUT K TOMY, UTO KaK MPOCTPAHCTBEHHbIH, TAK U YaCTOTHBIH CMEKTPbl 3(P(HEeKTUBHOTO HCTOYHHUKA
B030Y2K/IaeMOH, YeTBEPTOH BOJIHBI MpeoOpasyercs B IBe 06/1aCTH (HA PAJUOTEXHUUECKOM S3bIKE OHU IKBU-
BaJIEHTHbI PSIMOMY U 3€pKaJIbHOMY KaHaJlaM ), Kazkaasi U3 KOTOPbIX MOXKET Co/lepKaTh CBEPXCBETOBOH yua-
cToK. O/1HaKO, MOCKOJIbKY CTPYKTypa pajvo3ailuMka B ITOM CJydae MpeacTaB/sieT U3 cebsi mepuoAnyecKyio
MPOCTPAHCTBEHHO-BPEMEHHYIO PELIETKY, B CHJTy YCJOBHI, aHAJOTHUHBIX yCI0BUsIM Bparra njisi HenoaBUKHOH
pellIeTKH, JOTJIEPOBCKUE CJIBUI 4acTOThl BO3OYy»KaaeMol (MK paccesiHHON ) BoJiHbL AS) MOXKeT ObITh paBeH
JIMIIb 4acTOTe pelieTkh (4 ), U He 3aBUCHUT OT CKOPOCTH JIBMKeHUst pettieTky (10)

(12)

Puc. 3.

BoJiee nHTepecHbie BO3MOKHOCTH /151 HCCJIEIOBAHUS CBEPXCBETOBBIX 0coOeHHOCTeH 3 dekToB omne-
pa, NMpeJcKa3aHHbIX MOKa JIMIlb TEOPETHUECKH [D], a TakxKe /I IMAaTHOCTUKH HHXKHEH HOHOChepbl Mpeao-
CTaBJISIeT paclIMpeHre YaCTOTHOIO CEeKTPa pajlo3anurKa, 4To TeXHUUECKH HECT0KHO (MPOCTPAHCTBEHHbIH
CIIEKTP 3aJlaH ropasjo 2KeCcTye CJO0KHOU KOHCTPYKUHEH HE3aBUCHMbIX CEKLMH AHTEHHOH PELIeTKH CTeHIa

744 JI. . Muporernxo u op.



Tom XLII No8 H3zs. B¥308. PAIIHOD®H3HKA 1999

“Cypa”). Pacuinpurb yacTOTHbBIH CMIEKTP MOKHO Pas3/IMUHbIMKU cr1oco6aMu, Harpumep, ¢ MOMOLIbIO HMITYJIbC-
HOM MOJJISILMK C JIOCTATOYHO OOJIbLIONH CKBAXKHOCTbIO HCXOJIHBIX MOLLHBIX paauoBoJiH. [IpocTpaHcTBEHHO—
BPEMEHHOH CrieKTp pamuo3aiurka S(w,k,) onpeessieTcsi ¢ MOMOLIbIO CBEPTKH CHEKTPOB JBHKYLIMXCS
OJIMHOYHBIX (parMeHToB paauo3aitunka F'(ky)o(w—FkyVy) n Henoaskibix orubatomnx W (kg )o(w), Koto-
pble OMpeIesISIIoT pa3Mep, OPUEHTALUIO U LeHTp Tpeka. 3aech F'(k,) —npocTpaHCTBEHHHbIH CIIEKTP MOMEH-
TaJbHOU hoTorpaduun GopmMbl pajHosaiiunka B jaGopaTopHoi (1) cucTeMe KOOpAHHAT, § — JAeabTa-(QyHKIHS
Hupaka. Hanuune nenbra-(yHKUMH yIPOLIAET BbIUKCJIEHHE CBEPTKH, U TI0CJIE HHTETPUPOBAHUS 00lllee Bbl-
pakeHue IS CMIEKTPa paiio3aiuika Ha OrpaHHUEHHOM TPeKe MOXKHO MPEJICTABUTD B CJIEMYIOLEM BH/IE:

S(w, k) = F(w/Ve)W(ky —w/Vy)/|Val. (13)

dopma criekTpa BO3MYyILIEHHI TPOBOJAMMOCTH HUKHEN HOHOChepbl o (w, k,), BBI3BBAHHBIX TAKUM PaJIi0-
3aUMKOM 3a CUeT TEMJIOBOH HEJIMHEHHOCTH, OT/InYaercst oT ( 13) aMnanTyaHbIMU U pa30BbIMH MHOXKHUTEJISIMH,
KOTOpbI€ 3aBUCSIT OT OTHOLLEHHUS YaCTOThl KOHKPETHON rapMOHHKH CIIEKTpa paano3alunKa K napamerpy ov,
onpeieNiiiolleMy XapaKTepHOe BpeMsl yCTaHOBJIEHHS BO3MYIIEHHH TeMrepaTtypbl 3/1eKTpoHoB [6]. Posb 3THX

MHOKHTeJIEH TOYHO TaKast xKe, Kak u B sthdexTe [erman-
uesa [10]:
(0v)?
ky) ~ —5—=S5(w, ky). 14
o(w, k) 00)2 +w25(w ) (14)

Cnektp 3dekTBHOrO TOKa j(w, k), ABJSIOUIErOCS HCTOYHUKOM JIOTJIEPOBCKOTO CHIHAJIA TIPU paccesi-
HUM TUIOCKOH MOHOXPOMATHYeCKOH BOJIHBI C BOJIHOBBIM BEKTOPOM k3, €acTOTOH ws M aAMILIH-
Tynoil Ez, COCTOUT U3 ABYX YNOMSIHYTBIX Bbllle CHMMETPHUHBIX OTHOCHTENIbHO w obJsacTedl U B NpUOJIHKe-
HHUHU OJTHOKPATHOTO pacCesiHusl HMeeT BUJL

J(wikz) = [o4((W+ws), (ke + ksa)) + 0 ((w = ws), (kz — k3z))|Es. (15)

OTMeTHM, UTO MPH BBIUKCJEHUH STOTO CrIeKTpa npeobpa3oBanusi JIopeHia He HCMOJIb30BAJHUCH, TOCKOJIb-
Ky CIEKTp JABHXKYLLIMXCS HEOJHOPOAHOCTEN 3a/1aH B 1abopaTopHo# cucteme otcueta. OOGbIUHO MPUMEHSIEMbIil
B CJIyuae JOCBETOBBIX CKOPOCTEH MePEXO/l B ABHKYILILYIOCS CHCTEMY OTCUETa U 0OPATHO B J1aGOPATOPHYIO MPH
CBEPXCBETOBOK CKOPOCTH MOXKET JIHIIIb YCJI0KHHTD BHIUMCJIEHHST, TOCKOJIbKY apameTp /1 — (32 craHoBUT-
csi MHUMbIM. [1/151 KOHKPETHOI rapMOHUKH CIIEKTPA TOKA, COOTBETCTBYIOIIEH MOHOXPOMATHUECKOMY PaJIHo-
3aitunky S(w) ~ d(w — ), cBepTKa crieKTpa BO3MYyLLEHHI MPOBOJAUMOCTH M CIEKTpa Najaiolleil BOJHbI,
MPONOPLUHOHAIBLHOTO §(w — w3 ), MpH {2, w — w3} > dv uMeeT BUIL

v 2
J)~ 7 O 5w — s — ). (16)

@ —ws)?

C yuerom cBoficTBa aenbra-pyHkuun f(z)d(x — a) = f(a)d(z — a) crnekrpanbHas KOMIOHEHTA TOKa
j(w) ~ (v/Q)26(w — w3 — ). Takum 06pa3oM, aMIIUTYd OCLMJIATOPHBIX BO3MYLIEHHI IPOBOIMMOCTH
17151 9 HEKTHBHOrO0 HCTOUHMKA JIOTJIEPOBCKOrO CHrHaja Ha TeTepOAMHMPOBAHHBIX YacTOTaX MO-MpPeKHEMY
3aBHCHT TOJIbKO OT PACCTPONKH YACTOT TMEPBBIX ABYX HCXOHbBIX PAIHOBOJIH.

B nasbheiiiiem Heo6X0MMO MTPOU3BECTH UMC/IECHHOE MOJICJIHPOBAHIE U CPaBHEHHE XapaKTEPUCTHK J10-
MJIEPOBCKOTO CHTHAJA, MOJyJaeMblX KaK ¢ MOMOLLIbIO CreKTpabHoro noaxona 8, 14], Tak u Ha ocHoBe ro-
TeHuunasnoB JIbenapa—Buxepra [5].

3. 9KCIMEPUMEHTAJIbHASI YCTAHOBKA U PE3YJIbTATbI U3MEPEHUH
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Kak oTmeuasoch B mpeablIylliiX pasienax, B KauecTBe MepBbiX JABYX UCXOIHBIX BOJH, Kak B 06CyKiae-
MBIX 3KCTepUMeHTax Mo o6HapyKeHuto namyuenus Basunoa—Uepenkona, Tak U B 10MI€POBCKUX H3MEPEHH -
51X, TIPe/NoJaraeTcst MCMoJ/b30BaTh H3JAyUeHHe IBYX He3aBUCHMBbIX ceklnil ctena “Cypa”. OcHoBHbIE napa-
MEeTpPbI 3TOr0 CTeHJia IIMPOKO M3BECTHHI U HanboJee Moapo6HO npejcTanelbl B npenpunte HUPOU [11],
a Takxke B o63ope [16]. OTmeTum, uTO, K COXKAJNEHUIO, KOMOMHALMS F€OMETPHUECKHX MapaMeTpoB Cyllle-
CTBYIOILLETO SKCTIEPUMEHTAJNbHOTO KOMIJIEKCA He SIBJSIETCS ONTUMAJbHON /ISl THEBHBIX SKCTIEPUMEHTOB CO
CBEPXCBETOBBIM MCTOUHHKOM. B uacTHOCTH, paccTosinne Mexay pa3oBbIMH 1IEHTPAMH AHTEHHbBIX CHCTEM U
pacroJioXKeH’e PUEMHOT0 MyHKTa He MPOEKTUPOBAJIMCH CTELHANbHO /s TPOBEICHUST SKCIIEPUMEHTOB CO
CBEPXCBETOBBIMH CKOPOCTSIMH CKaHUPOBaHHs HAarpeBHOro nsiTHa B D-cJjoe. B pedysnbrate Makcumym aua-
rpaMMbl HaMpaBJeHHOCTH 0OHAPYKEHHOTO M3JYUeHHsT TIPOXOJUT Yepe3 CYLIECTBYIOUIMI MPUEMHbIH MyHKT,
pacroJioxKeHHbIH B 25 KM K 10ro-3arnajly oT LieHTpa TpeKa, Ha yacToTe paccTpoiiku 17 kIii, naneko 3a npe-
JleJlaMH TeXHHUECKH pa3pelleHHoro Anarna3oHa pacCTporKH MEXK/Iy 4acTOTaMu repeaTinkoB. Mamepenns,
TakuM 06pa3oM, MPOU3BOJAMJIUCH HA CKJIOHAX AHArPaMMbl HampaBJ/JeHHOCTH. TeM He MeHee, CKOPOCTb CKa-
HupoBanusi V,, (8) CTaHOBUTCS CPaBHUMOK CO CKOPOCTbIO CBETA, KOT/IA MEPHOJL IOMYCTUMON paccTporku F
(KOMOHHALIMOHHOK YaCTOThI) CPABHUM CO BpeMeHEeM YCTAHOBJIEHHS (MM peslakcallii ) BO3MYILIEHHH TeMme-
patypbl 371ekTpoHoB (dv)~! [6] Ha BbicOTax reHepalyy u3aydeHus. ITo 06eCreunBaeT, ¢ OAHOK CTOPOHBI,
OJIM3KUH K MAKCHMalbHOMY KO3(D(PULIMEHT B3aUMOJEHCTBHS BOJIH, a C IPYroil — OoJiee WU MeHee yCTOHUH-
By10 (hOPMY T€X YUaCTKOB MPOCTPAHCTBEHHOTO CMEKTPa TOKA (CM. PUC. 3), KOTOPbIE OMPENesoT OTHOLIeHHE
YPOBHEH CHrHaJja B TOUKe HAOJMIOEHUs TIPY CMeHe HarpaBJ/eHust ckanupoBanus. OnTUMalbHbIN aHanasoHn
reoMeTPUYECKHX MapaMeTPoB KCIEePUMEHTANbHOTO KOMIJIEKca MOXKHO BbIOpaTh, UCXOJI51 U3 HATIpaBJIeHHO-
CTH U3JlyyeHHs B LIEHTPAJbHON YaCTH YaCTOTHOTO CHEKTpa paano3alunka Ha ToukKy HabumoaeHus. s s¢-
¢exra BaBnnosa—Hepenkosa 3To yc/i0B1e Hapsiay ¢ COOTHOLIeHHeM (9) st 5 UMeeT BUL

3 = 1= (h/xp)*. (17)

Becbma BaxkHO# 1151 06CyK1aeMbIX SKCTIEPUMEHTOB 0COOEHHOCTbIO aHTEHHOMH pellieTku crenaa “Cypa” siB-
JISIeTCS BO3MOXKHOCTDb HAKJOHA IMarpaMMbl HAMPaBJIEeHHOCTH KaXKJ10H U3 HE3aBUCHMBIX CEKLMH C MOMOLIbIO
JIMHUH 3a/1ep2KKU Ha yroJ 10 +40° B IJI0CKOCTH CKaHWpoBaHusl. LIeHTp Tpeka panro3aiunka rnpu 3ToM Mo-
JKET CMelIaThCsl MO OTHOILEHHIO K CYLIeCTBYIOLLIeMY HAOJI01aTeIbHOMY MYHKTY Ha YroJ OT NPUOIU3HUTE/b-
Ho —60° 1o npumepro 30°. Takum oGpa3om, ¢ yueToM TOro, YTO CKOPOCTb IBHKEHHS Pai03ailuuKa MOXKET
uamensTbes oT 0 10 1,5 ¢, MOXKHO CTaBUTb IKCMEPUMEHTHI [0 0OHAPYKEHHIO HOPMAJIBLHOTO U aHOMAJIbHOTO
stpekroB [lonsepa Kak B Mpo0JbHOM, TaK U B [TONIEPEUHOM BapHaHTax.

Kak oTmeuasioch B pasnene 1, B KauecTBe TpeTbell UCXOJHOUN BOJIHBI, HAPSY C Fe0CTallMOHAPHBIM “H-
HaMOIOJIeM, BeJIMUMHA KOTOPOTO HA CPEIHUX LIMPOTAX COCTABJSET JIMIIb HECKOJIbKO MUJIMBOJIBT HA METP,
npeanosaraercst ucnoJgb3onatb usnaydenne CIB nepenatunka “YTP-3", KoTopblii HaxoauTcs npudIU3U-
tesbHO B 100 KM K 3anany ot ctenaa “Cypa"u pery/sipHo paboTaeT B CHCTEME 3TaJOHHBIX CUTHAJIOB YACTOThI
u Bpement (CUB)[19]. CoBpemenHblil N03bIBHOI 3T0# pagnocTanuun — PHUX-90 (RJH-90), usnyuaemas
motsocth — 300 KBT, uT0 COOTBETCTBYeT HANPSKEHHOCTH M0J151 B 06/1aCTH B3aUMOIeHCTBHs 0K0J10 50 MB/M.
Hecyiasi uactora B HacTositiee Bpemsi cocranJsier 25 kli1. Takum o6pazom, ¢ yueTom 10MyCTHUMbBIX PACCTPOEK
MeX 1y yacToTaMu nepBbIX JIBYX MCXOIHBIX paauo-
BoJH (0 10 kI11) BO3MOKHBIi IMaNa3oH yacToT A0MJ/AEPOBCKOT0 CUrHala npoctupaerces ot 15 klitno 35 kIt

B 3aKJoueHre JIAHHOTO pasnena NpHUBEIEM onyGJMKOBaHHbIE pa-
Hee [12, 13] peay/braThl MEPBLIX SKCIIEPUMEHTOB N0 0OHapYXKeHHIO H3nydeHust BaBusoBa—HepenkoBa ot
CBEPXCBETOBOI0 paano3aiunKa Ha KOMOHHALMOHHBIX YaCTOTaX. DTH Pe3ysbTaThl MOKA3bIBAIOT, YTO M-
Ha CBEPXCBETOBOIO yuacTKa TpeKa, rje ¢popma paarosaiiurka ot crenja “Cypa“"vMeeT aBTOMOJIEbHbIN
BUJL (7), 1OCTAaTOUHO BeJIMKA (MO CpaBHEHHIO ¢ KpaeBbIMU ddhdekTaMu ) /it POPMHUPOBAHUST HAMPABJIEHHOTO
ussyuenus: Basuiosa—YepeHnkona.
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Ha puc. 4 npencrasienbl nepsbie, Heo6paboTanHble (Ha GoHe ecTeCTBEHHBIX LIYMOB) MPUMepbI 3aMu-
cu obHapyKeHHoro sdekra U3MeHeHHsl aMIJIUTY/bl TPUHAMAEMOTO U3JyueHHs IPH CMeHe HarpaBJeHUs!
JIBH2KEHHUST UCTOUHUKA. DTH (PparMeHThl JAI0T MPeACTaBleHHE O peajsbHOM OTHOLIEHHH CHIHAJa K LIyMy B
nosioce npuema nopsiaka 1071 T, Harpesuble BoJiHbl UMeH HEOOLIKHOBEHHYIO T0JISIPU3ALIMI0 M YaCTOThI
fo = 4,785 MIuu f; = fo £ F MIu, . CooTBeTcTByI01lIMe KOMOHHAIIMOHHBIE YACTOThI UMEJIH 3HAUEHHUSI
F = 3,0kl (c [-it o 7-10 munythl) 1 F' = 3,4 kIt (¢ 8-i1 mo 13-10 muHyThl). HacToOThl reTepoarta B STHX
BpeMeHHbIX HHTepBasax coctabsin Fy = 3000,16 I n F; = 3400,16 [i1. AMniMTy1a MarHMTHOTO 10J151
MPUHUMAEMOTO M3Jy4eHHsI MPH “MOJI0KUTEbHOM ™ HAMpPaBJAeHUN JABHKEHHS HCTOUHUKA (Ha HabstonaTes ),
Mpe/CcTaB/IeHHas Ha PUCYHKe B OTHOCHTELHBIX eIMHHLAX, cocTaser Beanuuny H | ~ 107 A/m. [Tpu “ot-
pHuLIaTeIbHOM "HaTpaBJ/IeHUH IBHKeHHUs (¢ 4-oii no 7-10 v ¢ 1 1-ii o 13-10 MUHyThI) curnan (H_) ymeHblLiascs
JI0 YPOBHSI BHELLIHUX LLIyMOB.

3AKJIIOYEHHE

[IpousBeneHHble U3MEPEHHSI W UMCJIEHHbIE OLLEHKH MO3BOJISIIOT ClesaTh BbIBOJ O TOM, UTO NpU padoTe
motiHoro HazemHoro KB nepenartunka B pezknme BO3€HCTBHS Ha HUXKHIOIO HOHOCHEPY CKAaHUPYIOLUM JIyUOM
B Hell 3a CUET HeJIMHERHOCTH MOXKET CPOPMHUPOBATHLCS IBUKYLIMICS CO CKOPOCTBIO, MPEBbILLIAIOIIEN CKOPOCTh
CBeTa B BaKyyMe, HCTOUHHMK M3J1y4eHHUs] UePEHKOBCKOIO THIIA HAa KOMOMHALUMOHHbBIX yacToTax. [IpeBblleHne
YPOBHSI CUrHaJIa Hajl LIyMamHu B roJioce udmMepenns npumepto B 10 pa3 no3poJsieT HCMob30BaTh 0OHAPY-
JKeHHOe u3JydeHue (npu 6oJiee ONTUMaNbHOM TMPOBEAECHHH YKCMEPUMEHTOB) B IMArHOCTHUECKUX MCCJIEN0-
BAHUSIX COCTOSIHUS HU2KHEH noHocdepl. [IpenokeH bl Tepexo/l K 10TI€POBCKUM H3MEPEHHUSIM MT03BOJISIET
MOJIyUuTh OTHOLIEHHE curHasa K wymy nopsiaka 100 u Gosiee 1 paciiipuTh AMarHOCTHUECKHE BO3MOXKHOCTH
MCCJIEIOBAHUS COCTOSIHUS HHKHEH HOHOCDEpDI.

Kpome Toro, MoxKHO MOJy4nTh HH(OPMALIMIO O KBA3UCTALIMOHAPHOM HOHOCHEPHOM MoJe Ej Ha BbicoTax
reHepaLyu U3J/yueHunst, MoCKOJbKY apaMeTpbl BCeX HCXOAHBIX oJiel 1 Bo3Oyxnaemoro OHY noss E4 name-
psiioTcs B Xojie sKkenepumenta. OIHaKO /151 OAHO3HAYHOH HHTEpPIpeTalii U3MepeHui HeoOX0IMMO NPOBejie-
HHE KOMIIJIEKCHBIX SKCIIEPUMEHTaJIbHbIX HCCJIEI0BAHUI C TIPUBJIEUEHHEM JIOTIOJHUTE/bHBIX IMaTHOCTHUECKHX
Cpe/CTB.

ABropbl BblpazkatoT 6sarogapHocts b. M. bosiotoBckomy 3a 06Cy2K/1eHHE Pe3yJIbTaTOB IKCIIEPUMEHTOB U
npeioxKeHHe 0 Mepexoje K  JIOIUVIEPOBCKUM  u3MepenusimM, a  Takke A.H.Kapauruny,
C. M. Ipauy, H. H. Mabuny u B. B. Tamoiikuny 3a momouib 1 HeM3MeHHbIH HHTEpeC K paboTe.

UccnenoBanus 6b11u nposeaeHbl npu nopnep:kke PODU, rpant Ne 98—02—17892.
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VAVILOV—CERENKOV AND DOPPLER EFFECTS BY SUPERLUMINAL RADIO BEAM IN THE LOWER IONOSPHERE

L. F. Mironenko, V. O. Rapoport, and D. S. Kotik

We present the results of experimental and numerical studies of phenomenon of Vavilov—Cerenkov ra-
diation by superluminal radio beam. We propose a technique aimed at experimental detection of normal and
anomaluos Doppler effects using VHF “Sura” facility and UTR-3 transmitter.
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YK 533.951

O PACITPEJEJIEHHH TOKA BAOJIb LUMJIUHIPUYECKOMA AHTEHHDI
B MATHUTOAKTHUBHOMU TNJIASME B JUANTA3OHE OYEHb HU3KUX YACTOT

T.M. 3a6oponkosal, A. B. Kyopun?, E. IO. [lempos >

[TosiyueHo peleHue 3aauu 0 pacnpesie/ieHud TOKA BJ0JIb JIMHEHHON aHTeHHbI, BO30YK1aeMOH COCPeI0TOUEHHON
croponne#t DJIC u npejcraBsionieil co60i UaeasbHO TPOBOJSIIMN HUAUHIADP OECKOHEUHOH MPOTSIXKEHHOCTH, pac-
MOJIO’KEHHbIH B MJ1a3Me NapaJijie/lbHO BHElIHeMY MarHHTHOMY TOJII0. YCTaHOBJIEHO, UTO B AHANa3oHe OUeHb HU3KUX
YacTOT pacrpejiesieHle ToKa onpeiesisieTcst CyMMOH BKJIaJ0B COOCTBEHHON MO/bl, HaNpaBJsieMOl LHJIHHAPHUECKHM
MPOBOJHUKOM, H BOJIH HETIPEPBLIBHOTO MPOCTPaHCTBEHHOro crnekrpa. [TokasaHo, 4To B ciyyae 10CTaTOUHO TOHKOH aH-
TeHHbl cOOCTBEHHAst MOJla laeT OCHOBHOH BKJaJl B pacrpe/e/eHde TOKa. Bblmo/iHeHbl aHaJUTHYeCKHe U YHCJIeHHble
pacueTbl TOKa aHTEHHbI, Haxoasllelcs B ylaame HoHochepHoro THna. O6CyKAat0TCs YCI0BHS IPUMEHUMOCTH METO-
Jla JJIMHHBIX JIMHUH U151 OTBICKAHHsl pacripe/ie/IeHHs ToKa BO0JIb JIMHEHHON aHTeHHbl B MarHUTOAKTHBHOM MJla3Me.

BBEJAEHHUE

[Ipo6Jsiema oTbiCKaHHUs1 pacrpeleseHdsl TOKa BAOJb JMHEHHbIX METANJHUECKHX aHTEHH B aHU30TPOIHbIX
cpezax (B YaCTHOCTH B 3aMarHMueHHOH MJla3Me ) BbI3bIBAET 3HAUMTE/NbHBIN HHTepec. [IpuMeHuTebHO K Ci1y-
4ao JIMHEHMHOH LUMJIUMHIPHYECKOH AHTEHHbl B aHU30TPOIHON Cpelle, OMUChIBAEMOKN TEH30POM JIU3JIEKTPHUEe-
CKOFl IPOHHLLAEMOCTH AHAroOHaJbHOIrO BUJA, AaHHAas 3ajaya McueprbiBatoliMM 06pa3oM paccMoTpeHa B pa-
6otax [1, 2]. Pegysnbrarsl 31X paboT MO3BOJSIOT OMNPELENUTh pacrpeeseHie ToKa U UMIeNIaHC aHTeHHbI B
3aMarHM4eHHOH MJa3Me B cJyuae, KOrjua rHipoTponuei njaasMmeHHoN cpelibl MOXKHO NpeHeOpeub.

OTmeTnM, 4TO 1711 XOJIOAHOH 6eCCTONKHOBUTEIbHON 3aMarHHueHHON MJ1a3Mbl CJelyeT pas3inuatrh CJy-
yal, Korja Mnjaa3MeHHbIll pe3oHaHC OTCYTCTBYET, U CJyuyal HaJauuus mJjaasMeHHoro pe3onanca [3]. B nepsom
cJiyuae (MpH BBIMOJHEHUH Psifia JIOMOJHUTENbHBIX YIPOLIAIOUIMX YCJOBUH ) OThICKAHHE pacpeieieHns ToKa
CBOJUTCS, KAaK M3BECTHO [2, 4], K HCTIO/Nb30BAHUIO TEX K€ METOJ0B, UTO U ISl IMHEHHOH LMJIMHIPHUECKOH
AHTEeHHbI B U30TPOMHOK cpefie [5—9];, paccMoTpenue e ciydasi pe3oHaHCHOH Nia3Mbl TpeOyeT NpUMeHeHHs
60Jiee caoxHoro noaxonaa [1—3, 10].

B nocsiesiHee BpeMsi B CBSI3H € SKCIIEPUMEHTAMH 110 BO30YKIAEHHIO 3J1eKTPOMArHUTHBIX CHTHAJIOB B HOHO-
cpepe 3eMd U3ydaTesIMU, PACMo0KEHHBIMU HAa OOPTY HCKYCCTBEHHBIX CITyTHUKOB, 3HAUUTE/bHbIH HHTE-
pec BbI3bIBAIOT XapaKTEPUCTHKH aHTEHHbIX CUCTEM B I1J1a3Me, paboTalolKX B iMania3oHe 04eHb HU3KHX 4acTOT
(OHY). B ykazannom auanasoHe yueT rupoTPONHbIX CBOHCTB MJ1a3Mbl SIBJSETCS HEOOXOAUMBIM, U MTPUOJIH-
JKeHHe OJIHOOCHOH aHU30TPOIHO Cpe/lbl CTAHOBUTCSI HEITPUIOIHbBIM.

MayueHuto pacnpese/ieHusi TOKa BAOJb JIMHEAHOTO H3JjyuarteJisi, HAXOASLULerocs B X0J0JHOH MarHuToaK-
TUBHOM IJ1a3Me, OIIUCbIBAEMON TEH30POM JIU3JIEKTPUUECKON MPOHULLAEMOCTH 0OLIEro BUAA, MOCBSLIEHbI pa-
60Thl [11, 12], B KOTOPBIX HCMOJIB30BAJCS METOJ ITMHHBIX JUHUI. OHAKO YCJAO0BHS MPUMEHUMOCTH IAHHOTO
MeToa, Tpebylolie N0MOJHUTENbHOr0 060CHOBAHHUS B C/lydyae pe30HaHCHOH Mya3Mbl, octasnuch B [11, 12],
10 CYLLECTBY, HEBbISICHEHHbBIMH.

Llesiblo HacTosilel paboThl SIBJSIETCS] OTbICKAHHE CTPOrOro pelleHHusl KJ0UeBOH MOJIeJbHON 3a1aul o
pacrnpeieseHud TOKa BJ0Jb OECKOHEUHO JJIMHHON LMJIMHIPUYECKONH aHTE€HHbI, PACIIOJI0KEHHON B MATHUTO-
AKTHUBHOM TJ1a3Me rapaJjijie/ibHO BHELUHEMY MarHUTHOMY MoJito. [Ipy 3TOM OCHOBHOE BHUMaHHE Mbl YICJIHM
aHaJM3y MoBeJleHHst ToKa B pe3oHaHcHoi o6aacth OHY nuanasona, korna B njasme UMeeT MeCTo BO30y-
JKJIEHHE 3J1eKTpocTaTHUecKuX BoJH [10].
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1. UYHTETPAJIbHOE MPEJCTABJIEHUE TOKA

PaccMoTpuMm finHelHy10 aHTeHHY, MPEICTABJSIOULYI0 COO0H 6€CKOHEUHO JYTHHHBIN H1eaJbHO TPOBOASIINNI
UMJIUHAD Paanyca @, OKPYKEHHbIH X0J0JHOH 6€CCTOJNKHOBUTE/bHON MATHUTOAKTUBHOM I1J1a3-
MOI/UI_’I/I OPHEHTHUPOBAHHBIN BJ10JIb BHELLIHEIO MAarHUTHOIO IM0- 5,
a5 By = Byzp (puc. 1). bynem nosiarath, 4To aHTeHHa BO3-

—
Oy2KJIaeTCsi FapMOHHUECKOH BO BpeMeHH (MTPOnopLHOHAIbHOM _ E _ 5
. o . 0 z
exp(iwt)) croponneit JIC, cosnaroliieil 31eKTpUUECKOe M0~

Jie C eIMHCTBEHHOU MPOJI0JIbHON COCTaBJISIIOLLLEH

b 20 >
BT =E0(2) (1) Puc. 1. Teomerpus 3anauu.

Ha MOBEPXHOCTH LMIMHApPA. 37ech € = const, d — neabra-pyHkuus dupaka. [1noTHOCTb TOKa 7 aHTEHHBI
MOKeT ObITh, OUEBH/IHO, NPE/ICTAB/IEHA B BUJIE

J=%0J=(2)0(p = a) + o Jp(2)d(p — a), (2)

e p, ¢, 2 — UWJIMHAPUYECKHE KOOPAHMHATHI.
HarnomHuM, UTO TEH30p AM3JEKTPHUUECKOH POHULAEMOCTH XOJIOAHOH MarHHTOAKTUBHOMN IJ1a3Mbl 3alld-
ChIBAETCS CJELYIOLIUM 00pa3oM

e —ig O
E=1114g9 € 0 |. (3)
0 0 =n

Benuuunsl €, g, 1) onpenesioTcs napameTpaMu cpejibl U pUBeeHbl, Hanpumep, B [13].
[Tosie, cosnaBaemoe TokoMm (2) B o6JiacTH p > a, NPEICTABUM B BHJE PA3JI0KEHHS MO MPOAOJILHOMY
BOJIHOBOMY UHCJTY

. ko [+ . ko [+ooo

E(p.z)= o[ E(p.p)exp(~ikopz)dp, H(p.z)= 3| H(p.p)exp(~ikopz)dp,  (4)

rie ko = w/c —BOJIHOBOE YHCJIO B CBOGOAHOM pocTpatcTse. Bekropmbie dynkimn E(p, p), H(p, p) Moryt
ObITb OMUCAHBI C MOMOLIBIO JIBYX CKaNsApHbIX PyHKuKi ¥ (p, p) = —iE,(p, p), (p, p) = pH,(p, p), KOTOPBIE
SIBJSIIOTCS PELEHUSIMU CJIe/YIOLIEel CHCTEMb YpaBHEHHI:

) (12 Q)+%(]2{[6<6—p2)—92]\11+g¢}:0, 2(12 (I))+k()22[p29\1’+<5—p2) @] ~0.

—_ p— p p—
dp \p9p dp \p9p
(5)
s noateit, cootBeTeTBYIOLIMX hyHKLMAM W(p, p), P(p, p), LOKHBI BLITOMHATLCS TPAHHUHBIE YCJIOBHS
Ez(avp) +&= 07 Ecp(avp) =0 (6)

Ha TMOBEPXHOCTH LIMJIMHIPA (p — @) U YCJIOBHUSI U3JIyueHHst Ha OECKOHEUHOCTH (p— 00).
Onyckasi mpoMexKyToUHbIe BbIK/IAKH, TPUBEEM Pe3y bTHpPYIOle BbipaxKenus as WV, @, ynos/aeTBopsi-
[OlMe YKA3aHHBIM Bblllle TPeOOBAHUSIM:

¥(p.p) = i€ 3 [1(Qu) T (Qioa) — HP(Q) I (Qup )] .

(p,p) = i€ kg(ﬁy [ P (Q2) H{? (Q1p/a) = naH Q) HP (Qap/a)]
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31ech

Alp) = lelﬂéz)(Ql)Hfz)(Qz)—anzﬂéz)(Qz)Hfz)(Ql)v

Qm = kOGQm(p)a m=1,2,
nn(p) = —< [P+ an(p) + (9> — %)/ /pg, (8)
) = [ +en—(m+ep’+ (-1)"Rp)| /2,

Rp) = {n-o 2’ +e) —cln— )+ (- g —en?}

HY(LZ)(C) — ¢hyHkuK XaHkessi 2-ro poja. BeTBM MHOrO3HAUHBIX PYHKIHUH ¢y, (p) BiOUpatoTcst B (7), (8) Tak,
yTOGBI BHIMOJHAIMCH YCa10BUS Im ¢, < 0 (1o KpariHeil Mepe nmpu Hasuuuu notepb B cpene)u Re R > 0. B
OTCYTCTBHE MOTEPb BeJIHUMHBI Im gy, PU HEKOTOPBIX 3HAYEHUSIX p MOTYT 06pallaThest B HyJib. B 3TOM ciyuae
CJIelyeT BBECTH MaJioe MOrJIoleHne U, BhiOpaB 3Haku Re ¢, cornacHo ycjosusam Img,, < 0, Re R > 0,
nepeiTu K cpene 6e3 noTepb.

C yuetom BblpaxkeHHil (7) KOMIIOHEHTbI J, , TJIOTHOCTH TOKA Ha MOBEPXHOCTH aHTEHHbI 3aMHChIBAIOTCS
CJIeYIOLIUM 00pa3oMm:

+
k‘gan Oonl — Ny
872 A(p)
—00

HP(Q1)HP (Q)e 0P dp,

(9)

+oo
k |
Jo(2) =i658%2 / ﬁ |[QuHE? (QHP (Q2) = Q2HEY (Q2)H{P(Q1)] e~ 0P dp.

Dopmyuib (9) natoT cTporoe penieHue 3a1aud 0 pacnpeieseHul TOKa Ha MOBEPXHOCTH LUJIMHAPUIECKOTO TPO-
BOJIHMKA U CIIPABEJIMBHI /151 XOJI0JHOH MAarHUTOAKTHBHOM MJ1a3Mbl C TEH30POM JH3JEKTPUUECKON MPOHHULLA-
emMocTH 0611ero Buaa (3).

Boipaxenue A(p), crositiiee B (7) u (9), umeer ueTkuil husnueckuit cMbics. Kak HeTpyiHo yoemuTbes,
COOTHOLLICHHE

A(p) =0 (10)

SBJISIETCS IMCTIEPCUOHHBIM YPaBHEHHEM JIjisi COGCTBEHHOM (JI0KAJM30BaHHON ) MOJIbl, HATIPABJISIEMON HJleaJb-
HO MPOBOJSLIMM LMJIMHIPOM B MAaTHHTOAKTUBHOMN MJa3MeHHON cpefie. 3aMeTHM, UTO CyLLeCTBOBaHHE TaKOH
MOJibl OKa3bIBA€TCS1 BO3MOKHBIM TOJIBKO [PH YUeTe FTHPOTPOIHBIX CBOHCTB 3aMarHuueHHo nyasmbl. [Ipexie
ueM NepelTH K aHaJu3y pacrpeie/ieH|si TOKa Ha NOBEPXHOCTH LMJHHIPA, 0OCYIMM IUCIIEPCHOHHbIE CBOMCTBA
U CTPYKTYPY 10JI51 JAHHOH MOJIbI.

2. CObCTBEHHAS MOJA, HATTPABJIIEMAS UUWJIMHAPUYECKHUM INMPOBOJHUKOM

Jlasiee 1P KOHKPETHBIX PACCMOTPEHHSIX OrPaHHUYMMCsT CBUCTOBBIMH BOJIHAMH, YACTOTA W KOTOPBIX Y10~
BJIETBOPSIET HEPABEHCTBAM
QH<<wLH<w<wH/2<<wp, (11)

rie {1y — rupoyacToTa MOHOB, Wi —HHXKHASA TMOPUIHAS YACTOTA, Wi U wp — FMPOYACTOTa M [J1a3MeHHast
YacToTa 3JIEKTPOHOB COOTBETCTBeHHO. HikHsAst yacTh uHTepBaa (11) B MoHOCGhEPHBIX YCIOBUSX JIEXKUT B
OHY nuanasone. Hanomuum, uto B yKazaHHOM HHTepBaJie YaCTOT PACIPOCTPAHSIONIEHCS ABJSETCS TOJb-
KO “HeoObIKHOBeHHasi” BOJIHA, TOBEPXHOCTh MOKa3aTess MpeaoMJIeHUs] KOTOPOH OnuchiBaeTCs (QyHKIUSMU
g=q()npun0 < q < g. 1 q = g(p) Npu ¢ > q. ¥ NpeJCTaBJeHa Ha puc. 2. 3HaueHusi ¢, P oTBeuaioT
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KOHHUeCKoil pedypaKLiK; HA PUC. 2 OTMEUEHO TaKsKe 3HaueHue P, = (¢ — g)/2, cooTBeTCTBYIOLICE YCJIOBHIO
q1(P) = 0(3necbe > 0, g < 0,en < 0). O6aacts ¢ > qe, e p ~ (—e/n)"/?q, oteuaer snexkTpocra-
THUECKHM BOJIHAM. 3aMeTHM, uTo PyHKLMs R(p), BXoasllas B BblpaxeHue sl g1 2(p) (cM. (8)), MoxKeT ObITb
TpeJICTABJIEHA B BUJIE

1/2

R(p) = —(n—e) [0* - B)w?* - P})] " (12)

Touku BetBaienus p = £ P, . yHkunn R(p) natorcs BolpazkeHHeM

2 1/2
g 2Xb,c 2 2 2 1/2
Be=1qe—(n+e) + egn(g”— (n—e)7) , (13)
‘ (n—e)? (77—6)2[ |

rie xp = —Xe = —1. B unrepnasie uactor (11) Besmuntbl P, u P, BJSIIOTCS BElIECTBEHHBLIMHU (B cjyuae

OTCYTCTBHS MIOTEPb B CPeJie), MPHUeM UMEIOT MecTo HepaBeHcTBa P, < P. < P,. Ilpu BbinosiHeHHH 10110/~
HUTEJILHOTO YCJIOBHS Wi < W HMeeM NPUOJHKeHHO Py ~ 0, P, ~ 2¢1/2.

Kak yxe oTMeuasoch, MocTosiHHasi pacnpocTpaHe-
HHUS P onpejieisieTcs U3 iucrnepcuonHoro ypaBHenusi (10),
KOTOpOE B 00LIIeM CJydae MPUXOIUTCS pelath uncyaen- b
HO. PegysibTaTaM unC/IeHHOTO UCCJ/Ie0BaHUS STOTO ypaB-
HEHHUs! Mbl [IPEJIIOLIJIEM aHAJUTHUECKOE PACCMOTPEHHE,
BO3MOXKHO€ B HEKOTOPBIX MpejlesibHbIX cyuasix. [Toka-
KeM, uTo Oe3pa3MepHast oCTOsHHAS PACIPOCTPAHEHHS]
p = P coOCTBEHHOH (JIOKAJIU30BAHHON ) MOJIbI JIEXKUT B
objactn P, < p < F,. B stom cayuae nonepeutbie

|
f
|
1

BOJIHOBbIE uhcJia q1 (p) U g2(p) okasbiBatoTcsi Komieke- 0 % q
HBIMHM U MOJUHHSIOTCS COOTHOLIEHHIO q1(p) = —q5(p),

TaK 4TO MOoda ﬂeﬁCTBHTeﬂbHO ABJIAETCHA JIOKAJU30BaAH- Puc. 2. HOBerHOCTb rnoxkasatesisi pesoMJeHHsI
Hoi. OroBopHMcst cpasy »Ke, uTo XoTsi cooTHoleHHe (10) B uarnasone (11).

BBINOJIHSIETCS B TOUKAX p = £ P, ., Ile 1 = @2, 1aHHbIE
3HaUEeHHsl p He SBJSIOTCS MOMIOCAMH MObIHTErPaIbHBIX BbIpaykeHHH B (9) U, c/1e10BaTe/IbHO, He OMPEE/IsTIoT
TOCTOSIHHYIO PACMPOCTPaHEeHHs] COGCTBEHHOH MOJIbI LIMJIHHIIPA.

[Tpoanasuaupyem BHauase c/ayyail LHIMHAPA CPABHUTENBLHO MAJIOTO pajikyca, Mpejroarast BbIMOJHeH-
HbIMU yca0Bus koal|qr 2(p)| < 1, |In(q1(p)/q2(p))| < |In(koaga(p))|. 3amenss dynkuun Xankess B (8) ux
ACHMITOTHUECKUMH MPEJICTABJIEHHSIMH, CTIPABEIJUBLIMH [P MaJIbIX 3HAUEHHSIX apryMeHTa, nepenuiiem (10)
B BHJIE

2 2

n1qy = N29gs- (14)
Otciona a/1st MOCTOSIHHON pacrnpocTpaHeHust p = p cOOCTBEHHOM MOJIbI, MOUIEPKUBAEMOH H€a/IbHO POBO-
JALMM LMJAHHAPOM B MArHUTOAKTHBHOM MJ1a3Me, CJIelyeT H3BECTHbII pesyabrar p? = ¢ [14].

B npenesnbHOM ciyuae nnanHIpa GeCKOHEUHO GOJbIIOro pajuyca (a — oo), oTBeuarolleM (HpakTHUECKH
nepexojy K MaeajbHO MPOBOJSILEH MJIOCKOCTH, Aucnepcuontoe ypaBHenue (10) sanuceiBaeTcs B BUje

nigqi = n2qz, (15)

- 1/2
oTKysa nosyuaem p? = e+ [g%/(e — )] 2 B nManasone yactot (11) npu BbIMOJIHEHUH AOTOJHUTENBHOTO

YCJIOBHS WS> WLl AaHHOE PelleHHe MOKET GbITh IPHOJIHKEHHO TPENCTABAEHO B BUE P2 e+ [e(s — 1)]1/2 ~
2¢ (cp. ¢ [15]). Takum o6pazom, HE3aBUCHMO OT pajuyca LMJIUHAPA MOCTOSHHAS paclpoCTpaHeHUs MOIep-
JKUBAeMOH UM COOCTBEHHOH MOJIbI JEHCTBUTENBHO JIEXKHUT B 06J1acTH P < p < P,.
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[TpoBe/ieHHOe aHANMTHYECKOE PACCMOTPEHHE XOPOLLO CONIACYeTCs C pedyJ/ibTaTaMH UHCJEHHOTO pelle-
HHsl CTPOrOro AucrepcHonHoro ypasienus (10), npeactapjieHHbIMU Ha puC. 3 /151 Pa3JHUHbIX 3HAUEHUI pa-
JMyca UMIMHIPA @, 4acToThl w = 7,5 - 10% ¢ =1 u napameTpoB rn/1asmbl, OTBEYAIOLIMX YCJOBHAM 3eMHOK HOHO-
cepni [16, 17]: wp, = 1,8 - 107 ¢~ (motHoeTs nuiasmel N = 10° em™3), wy = 8,78 - 10° ¢~ (By = 0,5 I¢),
Qn =300 ¢! (wpy = 4,82 - 104 ¢ ). Kpupas | na puc. 3 nokasblBaeT 3aBUCUMOCTb OCTOSIHHOMN pacnpo-
cTpaHeHHst COOCTBEHHON MOJIbl OT BEJHUMHbI @; JIMHHsI 2 COOTBETCTBYET 3HAUEHHIO P B MPe/IeJbHOM Cyuae
a — 00. Kak BHAHO U3 pHc. 3, 115l IPAKTHUECKH PeasIu3yeMbIX aHTEHH MOXKHO CUMTaTh, UTO P2 =7 €.

AszuMyTa/bHble KOMIOHEHTBI 110J1s1 MOJIbl aloTest (¢
TOUHOCTBIO /10 AMILIMTYIHOTO MHOKHTeNs1 Eg) dhopmy-
JlaMH

B, = By [H” (@) H,” (Qup/a) — HP (QH (Qap/a)| 77|

Hy = iBy [mH{® (Q2)H{” (Qip/a) — naH Q) H{® (Qap/a)| e~

PacnpenesieHusi no nonepeyHoi KOOpAMHaTe p KOMIO-
HEHT NoJ1sl MOJIbl M300pakeHbl Ha puc. 4 st a = 3 M
Y BbIOPAHHBIX paHee 3HauYeHMH w, wp, wy ¥ Qp. Kak
BUJIHO M3 MPEACTABJIEHHBIX JAHHbIX, KOMIOHEHTbI F ),
H,, . 3HauuTeIbHO IPEBOCXOJST 110 a0COIOTHOMY 3HA~

0 T ] I T I T ‘

107%a,cm

Puc. 3. Peay/ibraThl UHCJIEHHOTO pellieHus JUC-
nepcuonHoro ypaBHenust (10) npy w = 7,5 -
10* ¢ w, = 1,8-107 ¢t wy = 8,78 -
10% ¢!, Qg = 300 c¢~!. Kpusaa 1 coor-
BETCTBYeT 3aBUCUMOCTH p = p(a), JuHUs 2 —

UEHHIO KOMITOHEHTbl Fy, -, H, W Crlajalot B OKPeCTHO-
CTH LUWJMHIPA NPUOIM3HTENBLHO 110 3aKOHy p 1 (yKa-
xem snauennst | E,(a)| = 3,04 - 10°, |Hy(a)| = 5,04 -
10°, |H.(a)| = 3,38 - 103, oTBeuaiolme HOPMUPOBKE

noJa,=Hphaiosb l1a puc. 4). [TocTosiHHAas pacnpocTpaHeHUs U MOMePeUHble BOJHOBbIE UMcia COOCTBEHHOM
MOJIbl PaBHbI COOTBETCTBeHHO P = 1,851, ¢1(p) = —¢5(p) = 117,6 —i 229,7. B cuity BeIMoJHSAIOLLErOCS 3/1€Ch
HepaseHcTBa |Im g 2(p)| > |Re ¢1,2(p)| Ha npencTaBieHHOM Ha puc. 4 MHTepBaJle 3HAUEHH p He BUIHBI OC-
LMJLJISILIAA KOMITOHEHT [10J151, CBSI3aHHbIE C OTJIMUMEM OT HYJIs1 I€ACTBUTE/IbHbBIX UACTEH MOTEPEUHbIX BOJHOBBIX

unces g 2(p).

3. PACITIPEAEJIEHHE TOKA BJ0J1b UUWJIUHAPUYECKOT'O MPOBOJHHUKA

Paccemotpum npejsictaBiisiiolliee OCHOBHOM MPAKTHUECKHE HHTEPEC pacripejiesieHue 10 z MOoJHOro ToKa
I(z) = 2maJ,(z), npoTekaolero yepes nornepeuHoe ceueHue LUJIHHApa:

—+oc0
icg(k‘oa)zn / ny —ng . (2) (2) ik
I(z) =— H H e YoPZ dp. 16
( ) A A(p) 1 (Ql) 1 (QZ) p ( )
—0o0
E,yca.ep H, yca.ep.
— 4 o
L —2x10°iH,
21 —4x107°iE, - 2r // .
| // ; © g / -4x10%iH,
| ) Egm\ .
0 | | | | | | | |
1 1000 2000 3000 pla 1 1000 2000 3000 pla
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Puc. 4. Pacnpenenenus no nonepeuHoll KOOpAUHATE p KOMIIOHEHT M0J1s1 COOCTBEHHON MOJIbl, HANPABJISIEMOH 11~
JIMHJIPUUECKHM TTPOBOJHHKOM pajiyca a = 3 CM; 3HaUeHHUs w, wp, Wi, (g T XKe, UTO Ha pHUc. 3.

[1pu ananuse nosenenust I(z) cjaenyer yuuTblBaTh, 4T0 GPYHKLHUHU ¢ 2(p), cTosilue B (16) noa 3Hakom unre-
rpaja, siBJslloTCsl MHOTO3HauUHbIMU. [1pexx/ie ueM NpUCTYNUTh K BblUMC/eHHIO UHTerpaJa (16), Heo6xoaumMo
UCCJIeNI0BATh aHAJUTHUYECKHE CBOMCTBA 3TUX (DYHKIMH.

Haunem ¢ dynkuuu R(p), BXoaslllel B BeIpazkeHHe 11s1 ¢ 2(p), KOTOpasi MMeeT UeTblpe TOUKH BEeTBJICHHS
p = £F,, p = £ P, otBeuatoine cootHowenuto R(p) = 0. Camu ke hyHKLMH g1 2(p) HApsiLy C yKa3aHHbIMHU
TOUKAMH BETBJIEHUSI HMEIOT TAKXKe TOUKH BeTBJIeHUsI p = +P, = +y/e —gup = £P, = Fi/—(e + g),
B KOTOPbIX q1(+F.) = 0 g2(£F,) = 0. JIuCT puMaHOBO# MOBEPXHOCTH MOJBIHTErPATILHOTO BbIpaXKeHHUS,
COOTBETCTBYIOLLMI BbIOPAHHBIM Bbille ycjaoBusaM Im gy o < 0 u Re R > 0, npeacrasJien Ha puc. 5a. M306-
paxkeHHble Ha 3ToM Jqiucte pazpesbl I, I, III u wrpuxosbie junuu IV, V orBeuator ycqosusim Imq; = 0,
Imgs = 0,ReR = 0uRequ = 0, Rego = 0 coorBercTBeHHO. OTMETHM, UTO XOTS Ha MPOTHBOIOJIOMXK-
HbIX 6eperax paspe3os III dyHKLMY g1 2 TPUHUMAIOT HEOJIMHAKOBbIE 3HAUEHHS], TOJBIHTErPaJIbHOE BbIpazKe-
HUE OKAa3bIBAETCs OJIMHAKOBBIM 10 BEJIMUMHE M TI03TOMY MOKET ObITh aHAJUTHUECKH TPOJIOIKEHO Uepe3 ITh
paspesbl, UTO MO3BOJISIET HE YUUTHIBATL UX MPH J1e(OPMUPOBAHHH KOHTYPa UHTETPUPOBAHUS HA paccMaTpH-
BAeMOM JIHCTe PUMAHOBOK MOBepXHOCTH. Heo6xoaumMo Tak:ke UMeTb B BHJY, UTO HA JaHHOM JIUCTE JIEXKAT
MOJIIOCHl p = =P NOJABLIHTErpaJibHOr0 BbipaxkeHusi (16), oTBeuarole co6CTBEHHON MOJIe, MOJJIepKUBaE-
Mol sHapoM. B nnanaszone wactot (11) npu oTcyTCTBUH MOTEpPhb B Cpejie MOCTOSIHHAS PaCPOCTPAHEHHS]
P = \/€ sIBJIsieTCs ISUCTBUTEbHOM (3/1€Ch U laJIee MPE/oIaraeTcsi, uTo paauyc UIHHIPHUECKOTO MPOBOJI-
HUKA JI0CTaTOuHO Maji). [Ipu HaJWuKMK MOTephb y MOCTOSHHOK PaclpoCTpaHEHHs! TOSIBJISIETCS MHUMAs 4acThb
(Im p < 0), Tak uTO MOJIOCHI p = +p CMEIIAIOTCS ¢ IeHCTBUTENLHOM OCH, KaK MOKa3aHo Ha puc. H0.

Briesinm Tenepnb B IBHOM BHJie U3 00111er0 HHTErpasbHOro npejicTaBaeHus (16) Bkiaan, oTBevaroimii coo-
CTBEHHOH BoJiHe. PaccMoTpuM BHauasie 00/1aCTh MOJOKUTEIbHBIX 3HaueHui z. [lepefinem B (16) K npyromy
KOHTYpy unTerpupoBatus I'ss + ' + [, mokazannomy Ha puc. 56. [TockosbKy HHTErpaJ no noJyokpy»KHo-
cti ', GeckoHeuHo GOJbIIOTro paanyca paBeH HyJI0, B BbIpaXKeHUH [isi ToKa I(z) 0CTaHyTCs TOJIbKO BbIUET
B TOUKE p = P 1 UHTerpaJibl no 6eperam paspeson [ u I, 1.e. mo koutypam I'e u I'y. B pedyJsibrarte npuxoaum K
BbIPaXKEHHUIO

~ ic&(koa)? ny —mn ikons
1) = 1) = G [ B2 g2 Qu (@) o . (17)
I—‘e,o
rie
- 1/2 -
I(Z) _ c€e 7zk0pz.
41n(koa)
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| Im p

Puc. 5. Req; > OB ob6Gaactsx 1, 3, 4, 7, 8 KommiekcHou riockocTh p; Re g1 < 0B o6s1acTsix 2, 5,6,9; Regs > 0B
obnactax 2, 3, 5; Re g2 < 0B obsactax 1, 4,6—9 (nanesb a). KoHTypbl HHTErpupoBaHus Ha KOMIJIEKCHOH
TUIOCKOCTH P MOKAa3aHbl HA NaHesH 6.

B o6/1acTi oTpuLIaTeIbHBIX 3HAUEHHH z BhIpaXkeHue J/1sl ToKa rnoJjyuyaercs u3 (17) 3aMeHol p — —p U COOT-
BETCTBYIOLIMM M3MEHEHHEM KOHTYPOB MHTETPUPOBAHHUS.

OueBujHo, uTO B NpejicTaBaeHnu (17) nepBoe ciaraemoe oTBeuaet BKJajly B TOK I (z) coGCTBEHHOH MO-
JIbl (T.€. BOJIHBI AMCKPETHOTO CIEKTPa ), a HHTErpaJbl 1o 6eperaM pa3pe3oB — BKJIaLy HeCOOCTBEHHBIX BOJH
HeNpepbIBHOTO CMEKTPA.

M3yuum GoJsiee noapoOHO BKJAJ BOJH HEMPEPBLIBHOTO CIEKTpa B pacnpenenerue Toka I(z) BIOJb K-
aunapa. Pacemorpum BHauase uurerpas no KoHtypy I'e. B 9TOM nHTerpase, kak HeTpyaHo yOenuThes, NpH
CTpPEeMJIEHHH TTOTEPb B Cpelie K HyJI0 HHTErpUpOBaHue BIOJb HXKHero Gepera paspesa | u Bepxnero Gepera
paspesa Il B npenenax P, < p < P, naer HyJieBol pesyJibrar. Bksaa BepxHero 6epera paspesa [ u HuxkHero
6epera paspesa II B Tex xxe mpenenax gaeTcs MHTErpaaoM

(o) = k:oa )% / n2) [mD1(Qa) + na Dy (Q)] e o
cel? _ _ - g ]
'”lQl (”(Ql)Hf”@z) 0 Q) HP Q1)

dp, (18)

rue

Di(¢) = JH(Q) +Y2(Q), Qu2=koadi2(p), d12(p) = aia(p). Redrz >0,
J1(¢) n Y1(¢) — dynkunu Beccensi u Hefimana cooTBeTcTBEHHO. 3aMeTHM, UTO NTPH HHTETPUPOBAHUU BJIOJIb
BEILLeCTBEHHOI OCH P B YKa3aHHBIX MPEJeNaX BbIOJHSAIOTCS cooTHOIeHHs Im§19 = 0, §1 = q1, G2 = qoe'™
OcraBluasicss yactb I, unterpasa no Koutypy I'e onpenensiercs Bkiagom Geperos paspesa Il B npenenax
p = P, p = 00 U MOXKET ObITb [PEACTABJICHA B BULIE

r(z) = el / m = nanaF () [HP(@)] e hrap, (19)

e

rue

2 . . _
)= 1 [m @ Q) H (Qee™) — n2Qae™ B (Qae™ HP(Qu)]

J=1
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(koutyp T nokazan na puc. 6). [pu BbiBose hopmyt (18), (19) Mbl BOCTIOIE30BAIUCH COOTHOLICHUSIMH

HP(Cem ™) = ™ HD (),  HI(C™) = —e ™ HP(Q), (20)

a TakyKe BbIpaXKEHUSIMHU /151 BDOHCKHAHOB Im p
HUJIMHpUYeCKUX dyHKIumi [18].

C uesblo o6J1erueHuns nocaeyounx pac-
ueToB npeoGpasyem uHterpaJ (19)no Kou-
TYpY IeB UHTEerpaJl 1o MnyTu HaubbICTpei -
1iero cmycka. J1/1st 5Toro KOHTyp HHTErpu-
poBanusi I's ehopMUpyeM TaK, UTOOBI OH
nepecek paspes I1
(Im g2 = 0), npoliues Mo JUCTYy pUMaHO-
BOU IIOBEPXHOCTH, HA KOTOpoM Im go > 0,
Re R > 0, u Bbiles (1ocJie nepeceyeHus P,
paspesa III) na nuct, oTBeuaoumi ycao-
Busim Im g3 > 0, Re R < 0(nyTth Cg, pHc. 6).
3ametum, uto yuet paspesa [l (Re R = Co
0) siBJIieTCs 3/1€Ch MPUHIUTHAJBHBIM, MO-
CKOJIbKY MOJIbIHTErpaJsibHoe Bbipaxkenue B (19) Lo
He MHBAPUAHTHO OTHOCHUTENILHO 3aMeHbI 1 <
q2. TIpyHMMast BO BHUMAHHe, UTO MHTErpai Puc. 6. [IpeoGpasoBaHue KOHTYPOB HHTErPUPOBAHMS B MYyTH
110 jiyre Ciy, OKPYKHOCTH GECKOHEUHO 60JTb- tanGbiCTpeliLLIero crycka.

IIOTO pajaMyca paBeH HyJio (CM. puc.6),
MPUXOJIUM K BbIPaKEHHUIO

|
|
1
1

v
!
¥

c a 9 Pe—ico ‘
() = SO, yar) (@) o ap (21)
Pe

T2

[1pu ananuse unrerpasa no KoHtypy I'y ciemyer yuecTb, 4To 37€Ch MyTh MHTETPUPOBAHHSI, OXBATHIBAIO-
it pagpes Il (Im g2 = 0), coBnaznaer ¢ nyrem HaubbicTpefiero cnycka. [lepexost K HHTErpupoOBaHHUIO 110
npaBomy 6epery paspesa, HIyLIero oT TOUKH BeTBJeHus1 B, 10 P, —ioco (nyTb C,, pUc. 6), ¥ BBIMOJHSAS TPeob-
pasoBaHusl, aHaJOTHUHbIE TEM, UTO GBI UCIOJL30BaHBI MPH BbIBOJIE popmMyJibl (20), noayuaem cieayioliee
npejcTaBaeHue Jyis pacCMaTpUBAEMOro MHTerpaJa:

_ cE(koa)®n e

L) = S0 [ = manaF () [HP(Qu)]” e ap. (22)
Py

B pesyJibrare Bhipaxcenue st Toka I (z) NpuHAMAeT BUJL

I(z) = f(z) + Iee(2) + Le(2) + Lo(2), (23)

riie caaraemoe I(z) (em. (17)) oTBeuaer coOGCTBEHHON MOJIe, MOIEPKUBAEMON LIUJHHAPHUECKUM MTPOBO/IHH -
KOM, a OCTaBIIMeCs C/JaraeMble YUUTBIBAIOT BKJIAJ BOJIH HEMPEPBIBHOTO CHeKTpa U patotcst popmyaamu (18),

(20), (21).
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HMHuTerpaJsibl, BXOJsiME B TIpeJicTaBaeHe (22), B psifie CJyyaeB MOTYT ObITb BbIUMCJIEHBI aHAJTUTHUECKH.
[Ipennonaras, uto npu p = B, u P, < p < P, BemoJHseTcs ycjosue koalgr2(p)| < 1, npeobpasyem
unterpad (18) caenyioumm o6pasom:

an/ (n1 — ng) (n1Gf + nagy) e~ "or2
ce - 2 a A0\ 2
4 (n243 In(koaga) — n1G% In(koadr))” + 72 (143 + n2d3)

dp. (24)

dopmyaa (23) MmoxkeT ObITh TpeobpazoBaHa K GoJiee MPOCTOMY BHJTY

B D)2 P22 — o) P

Pe .
c€e py/p? — PZe~thorz
k=% [ 1 (25)
Pe

rie B = 47 21In?(koaqe), ¢c = q12(P.). interpan (24) Jierko BLIUMCISETCS B HEKOTOPBIX MPEJIEbHBIX
cayuasx. B uactnoctu, npu (o = koPez < 1

& pR-p:
Iee(z) =~ Ic(,%) =3 [gpgc 6ﬂ+1 l\/Pz £ arctg
P VI —P@]. o)

— ———— arctg

VB+1 P

Il BbluncJ/ieHusi unterpana I, nepeiiiem B Boipaxkenuu (20) ¢ nomotibio 3ametbl p = Po(l — ix) K
UHTETPUPOBAHMIO MO JAEHCTBUTEJILHON nepeMeHHol x. B pedy/brare noayuum

1u(z) = i OB i [,y (o) [ Q0] e (27)
0

OcHoBHO¥ BKJ1aJ B BeJMunHY o (2 ) JlaeT MHTerpupoBanue no obaactn 0 < z < (1. C yuetom oueBHIHbIX
cootHowennit |q1| < |g2|, [q2| = Pe(—1/)Y/?(1 4 x2)'/2 nerpymno y6eanthes, uto B yKazaHHoii 061acTH
ycasoBue koalqr 2| < 1 cBoauTCS K HepaBEHCTBY

a(—n/e)"? < min {z, (k:OPe)fl} . (28)

[Ipunnmas Bo Buumanue (27), 3aMmeHuM pyHKUMH XaHKeJs1, BXOASLIME B BbipaxkeHue (26), riiaBHbIMH ujieHa-
MH MX aCUMIITOTHK TPU MaJblX 3HaueHUsiX aprymMmenTa. C yueToM COOTBETCTBYIOLIHMX ACUMIITOTHUECKHX MPeji-
craBJieHnit popmyJa st I (z) 3amucbiBaeTcs CaeayoUmmM 06pa3om:

o0

I.(2) = —icEPenefiCe/

(n1 — na)nogaee®

5 s —— du. (29)
[nlql In(koaqi) — nag; ln(koaQQe”)]

HerpyaHo nokasatk, uto /st BEJHUKH, COAEPKALILMXCS B MOJLIHTErPAJbHOM BbipaxeHuu (28), ¢ 60JbLI0i
TOYHOCTBIO BBINOJHSIOTCS HepaBeHcta |ni| < |na2|, |nig? In(koaq1)| < |n2q3 In(koagee™)|.
[TosToMy € yueTom COOTHOLLIEHH S

In(1 — iz)]z’

i\ ]2 2
[ln(k:oaq26 )} = In“ d [1—}— s

758 T. M. 3aboponkosa u dp.



Tom XLII No8 Hszs. BY308 PAJIHOD®HI3HKA 1999

re 0 = koaPa(—n/e)'/? < 1, Buipaxenue (28) MoKeT GBITh IEPENHCAHO B BHJIE

_ icfee e 7 . \—9 In(1 —ix) In?(1 — ix) e

Ie(Z) = —mo (1—ZIE) {1+2 |1née| +3 |1n66|2 + e dl‘ (30)

Otciona niisi Io(z) nosyunm

icEce e
I = Vie(Ce 31
(2) 4P1née];) %(Ce)s (31)
NS

Vi(Co) = (k + 1) Indo| " /(1 — i) (1 — iz)e %" da. (32)

0
Wurerpadibl, Bxopasiiue B (31), apasitorest TabanuHbiMU [ 19] v BhipaXkaloTesi uepes BbIPOXKJIEHHYIO THITEPreo-
meTpuueckyto ¢pyHkuuio ¥(a, ¢; z) [20]. Peaynbrupyioliiee Bbipaxkenue st Vi ((e) NpUHUMAET BUJL

ak
Vk(Ce) = Z(k + 1)| ln(;erka—ﬂkll/(l, 22 iCe) |,u=0 . (33)

Brruncsenue nurerpada (21) no koutypy C, NpOBOAUTCS aHAJIOTHUHBIM criocoboM. OmnyckKasi TpoMexy-
TOUHBIE BLIK/JAJIKH, IPUBEIEM OKOHUATE/IbHbIH PE3YJIbTAT, CIIPABe/IUBbI TPH BBINOJIHEHHH yea0Bus a(—n /)2 <
min{z, (ko|Po|) !} (koTopoe B OHU nuanasoue B cuity |Py| ~ P, hakTuueckn skBuBasentHo (27)):

icEee ¢
4(1 = n/e)|Po[3In*(—

I(z) = — , i Wi(Co)- (34)
100) s

31ech

k
Wi(G) = (~Df(k+1) [1H(—i5o)]k{§—/ﬁ‘1’(1,u;éo) =2 +

b 2ol W) et~ — )15 ¢) | (35)
a a, .k 5 Go) |p=—4 —\g 3# 5 Go) |p=—6

6o = koalPy|(—n/e)Y?, (o= ko|Pylz.

B 6oJiblIMHCTBE NPAKTHUECKH BAXKHBIX UACTHDIX CJIyuaeB OCHOBHOH HHTEPEC MPECTaBIsIeT COOTHOIIEHHE
MeX1y BKJIajaMu COOCTBEHHON MOJIbl M BOJIH HEMTPEPLIBHOTO MPOCTPAHCTBEHHOTO CMEKTPa B pacrpejiesieHne
TOKa BJI0JIb aHTEHHbI. BrojiHe MOHSTHO, UTO MOCKOJILKY UHTErPaJbHbIH BKJaJl BOJH HENPEPLIBHOTO CHEKTPa
MOCTENEHHO YMeHbIIAeTCst ¢ POCTOM 2, a COOCTBEHHAsl MOJIa pacnpoCTpaHsIeTCsl BAOJb LHUJIUHAPHUECKOTO
NPOBOJIHUKA C MOCTOSIHHOKM aMILJIMTYI0H, IOCTATOUHO OLEHHUTh YKa3aHHOE COOTHOLIIEHHE B OKPECTHOCTH TOUKH
npusoxenusi croponteit J1C, T.e. korna max {(o, (¢} = (e < 1. B 3T0OM ciiyuae, ucnodib3ysi acCHMITOTHUE-
CKHe MPeJICTABJEHHS BLIPOXKAEHHbIX THITEPreOMETPHUECKUX (PYHKLIUH, CTIPABEJIUBbIE TPH MaJibIX 3HAUEHUSIX
ux aprymentoB [20], u3 (17), (25), (29)—(34) umeem

I(z) = 1O 4+ 1O + 1O + 10 a(—n/e)/? < 2 < (koP) 7, (36)
rae

10 = —c&\/e(4In(kga)) ™,
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19 = cge (4P ?6,) 1426, (37)
icEe?

T4(1— /o) [P 2 (—idy)

2
1 2e g-—¢ ) I+1 11
> (3 - H(=1)" 1 In(=id,) |,
pet (31 Sle+g) THe+g)

I(()O) _

79 i (25). O
a BesinunHa I ¢ paercst popmy.ioi (25). OueBUIHO, UTO MPH BHIMOJHEHHH YCJIOBHS

[TOp > 118 + 18 + 117 (38)

pacrnpejeJsieHre TOKa BJ10J1b aHTEHHbI ONPeIe/IsieTCsl IPEUMYLLECTBEHHO cOOCTBeHHOH Mo1o#. [ Ipu 3TOM BKJ1a
BOJIH HETIPEPBLIBHOTO CIIEKTPA MOYKET GbiTh CyLECTBEHHBIM JIULb B 061acTH z < a(—n/e)V/2.

4. PE3YJIbTATblI YACJIEHHBIX PACYHETOB

Hike npUBOASITCS HEKOTOpble pe3ysbTaThl UKC-

] JIEHHBIX pacueToB pacripejiesienusi Toka I(z) BuoJb aH-
4 T TeHHbl. PacueTbl NMPOBOAWINCH /IS CJEIYIOIIUX 3alaH-
HBIX [TAPAMETPOB MJ1a3MEHHOM CPeJibl, OTBEUAIOLIHX YCJI0-

BUSIM 3eMHOI1 HoHoChepsl [16, 17]: w, = 1,8 - 107 ¢,
1wy = 8,78-10° ¢!, Qy = 300 ¢! Ilpu pacuerax
MoJIarajioch, 4TO paauyc LUJIHHAPHUECKOTO MPOBOJIHUKA
a = 3 cM M yacToTa chriana w = 7,5 - 10% ¢! (w/21 =
12 kIir). PacueTbl BLINOJHSIUCL HA OCHOBE KaK CTPOTHX
UHTerpaJibHbIX npejacTaBiaenui (17)—(21), Tak u npubau-
JKeHHbIX Bblpaxkenui (24), (30)—(34) nnst Benuuut, BXo-
asuux B popmyday (22) nuisi Toka I(z). [1pu 3T0M B npu-
61mKeHHbIX Bblpaxenusx (30), (33) wnst I o(2) yaepxu-

Somw=T5 10 ¢! w = 18107 ¢, BaJIUCh JIMLLIb UJIeHbl, OTBEUAIOLIHE IBYM MEPBbIM CJjlarae-

Wy = 878100 ¢ 1, 0y = 300 ¢ L. MbIM (¢ HOMepaMu k = 0, 1).

OCHOBHOE BHUMAHIIE ObLIO YJIeJIEHO COMOCTABJIEHHIO OTHOCUTE/IbHBIX BKJIAJI0B COOCTBEHHON MOJIbl, Ha-
NpaBJisieMON LIMJIMHIPOM, U BOJIH HEMPEPBIBHOTO CIEKTPa B paclpe/iesieHhe TOKa, a TakKe aHaJU3y 3THX
BKJI1aJI0B MIPH YJlaJ€HHH OT TOuKH npujozkenusi cropontert 9J1C. CooTBeTCTBYIOlEE pacnpe/iesieHue, T10J1y-
UeHHOE 110 CTPOrUM (hopMyJiaM, MPEeICTABAEHO HA PUC. 7 B BHJlE 3aBUCUMOCTH HOPMHPOBAHHON aMIIUTY /bl
|1(z)| u dasbl p(z) = arctg (Im I(z)/Re I(z)) Toka ot KoopauHatsl z. Kpome toro, Ha puc. 7 iuH1eH MeHb-
1l TOJILIMHBI TIOKa3aHo pacrpenesenue |I(z)|, pacunTaHHOe ¢ UCTOJMb30BAHHEM MPUOJIHMKEHHBIX (POPMY.I
17151 BeNMUuH ¢ o, I, I, (pacuet asbl 10 TUM popMyJiaM JaeT 3aBUCUMOCTb, CJMBAIOLLYIOCS ¢ KPUBOH ¢(2),
paccuMTaHHOM MO CTPOTrUM (hopMyJiam ).

Ha puc.8 usoGpaenbl HopMupoBanubie 3apucumoctd 10)(z) = Rel(z), I (z) = Rel(z),
AIM(2) = Re (Ipe(2) + Io(2) + Io(2)). lnst cpauenns na puc. 9 npusenens sasucumoctd A7) (2) u
ATO(2) = Tm (I o(2) + I(2) + Io(2)), noayuennbie ¢ MOMOIIbLIO KAK CTPOTHX, TAK H MPUOIHIKEHHbIX Bbi-
paxkennit. Oueuano, uto peanuunbl AT = Re (I — I), AI® = Im (I — I) xapakTepu3yioT BK/Ia BOJIH
HEIPepbLIBHOTO CMeKTpa B pacnpesiesieHne Toka. Kak cieayer 3 BbITOMHEHHbIX pacueToB, |[o| < |Ioe + Lol
Tak uto Al ~ I o + Ie.

CJle/lyeT 3aMeTHTh, UTO KPUBbIE Ha puC. 7—9 NOCTpoeHsl s 3HaueHuii z > 10a(—n/¢)'/2, npu kotTopbix
¢ GOJILLLIMM 3aMacOM BbIMOJHSIOTCS YCJOBHS TPUMEHHMOCTH NPUOJIMKEHHBIX BbIpaxKeHui uist Toka. [1pen-
CTaBJIEHHbIE JaHHbIE IEMOHCTPUPYIOT BECbMa XOPOLLee COTJIacHe MeXKly pedyJibTaTaMu pacuera pacrpesese-
HUsI TOKA, T10JIydeHHbIMH Ha OCHOBAHUH CTPOTUX U MPUOJIMKEHHBIX hopmyi. M3 npuBeieHHbIX 3aBUCUMOCTEH

Puc.7. Pacnpenenenuss HOpMUPOBaHHOH am-
ntyasl |I(z)| u dasel ¢(z) ToKa, npu a =
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I/cE AlfcE
0,05— [ 0,01

0,00 T | 0,00
kgﬁz

—0,05—) -0,01—

Puc. 8. Pacnpenenenus I(f) =Rel(z), I = Rel(z), Puc. 9. Pacnpenenenus ~AI(’”) = Re(I — 1) n
AT = Re(I — I), paccuntannbie 1o cTporum AI® = TIm(I — I), paccuuTanHble Mo CTpo-
topmysam. 3HaueHHs a, W, Wy, WH, 2H Te XKe, ruM (KpuBble 1, 3) u npubJIXKEHHBIM (KpH-
YTO Ha puc. 7. Bbie 2, 4) dhopmysiam. Kpusbie 1, 2 coorBet-

cTByloT pacnpenenenuio AT (2); kpuBble 3,
4 pacnipenenennio AT (z). 3nauenus a, w,
wp, Wi, {1F Te e, 4To Ha puc. 7.

BHJIHO, UTO BKJIAJ1 BOJIH HEMIPEPBLIBHOTO CIIEKTPA B pacrpe/iesieHue ToKa MPU CPABHUTEILHO OOJIbLIMX 3HAUEHH -
51X z OKa3blBaeTCsl He3HAUMTEIbHBIM, TaK UTo 17151 2 > 27/ (koP.) Bun dyHKunu I (z) onpesesnsiercsi B OCHOB-
HOM COGCTBEHHOI MOJI0H, MojuIepKuBaeMoil uuapom: 1(z) ~ I(z). B 3ToM cayuae a5 NPUGIHKEHHOTO
OTMHCAHUS MOBEJIECHHUSA TOKA MOXKET ObITh HCIOJb30BAH METO/L JVIMHHBIX JIMHUH, 000OILEHHBIA Ha Cyvyal Mar-
HUTOAKTHBHON J1a3Mbl
B paGore [11].*

[Tpu ymenbluenun z (z < 27/ (koPe)) OTHOCHTE IbHbIN BKJ1a]1 BOJIH HEMIPEPBLIBHOTO CIIEKTPa, KakK BUIHO U3
puc. 7 u puc. 8, Bozpacraer. Tem He MeHee, IaHHbIH BKJIaJl OKa3bIBAETCS OTHOCHTENbHO HEGOJBLIIUM BIIOThH
JI0 3HAYEHHH 2, YIOBJIETBOPsIONNX yeosusam a(—n/e)'/? < z < 21 /(koP,). Kax Buano us puc. 7—9, aas
YKa3aHHBbIX 2 | C(,%) + 104 I((,O)|/|f(0)| ~ 0,3 (cp. ¢ (37)), uTo XOPOLLIO COrNacyeTcs ¢ pe3yabTaToOM COOTBET-
CTBYIOILLETO pacueTa Ha ocHOBe opmy. (25), (36).

HakoHely, Ipi 10CTaTOUHO MabIX 3HaueHusix z (z < a(—n/e)/?) posib HenpepbiBHOro criekTpa B hop-
MHUPOBaHUK TOKOpacrpeieseHHsi CTaHOBUTCS onpezesioliiel. B Touke z = 0 Tok obpaulaercst B 6ecKoHeu-
HOCTb, UTO CBSI3aHO C HCIOJIb30BAHHEM JlesibTa-(PyHKIMK MpH 3ananud ctroponneil DJIC. [lasi ycTpaHeHus
YKa3aHHOH pacXoAMMOCTH ToKa Heo6X01MMo “pasmbiTie” (110 2) o6aactu npuiaoxkenuns IJC. Bosee nerans-
Hoe 00CYy2K/IeHHE MTOBEJIeHHsI TOKA B OKPECTHOCTH TOUKH 2z = 0 TpebyeT OT/Ie/IbHOTO PACCMOTPEHHUS, BBIXOJIs-
1LIEro 32 PaMKH HACTOsILIEN PaOGOThI.

CJie/lyeT OTMETHTb, UTO C POCTOM Pajdyca aHTEHHbI UK MJIOTHOCTH OKPY2KAIOLLEH MJ1a3Mbl HAGJII01AeTCst
yBeJIMUeHHe BKJ1ajla BOJIH HEMPEPBLIBHOTO crieKTpa. B To ke Bpemst B paccmatpuBaeMoM jauanasone (11) or-
HOCHTeJIbHbIE BKJIAJIbl BOJIHBI IMCKPETHOTO CHEKTPA U BOJIH HEMPEPLIBHOTO ClIeKTPpa BecbMa cjabo 3aBUCAT
OT YaCTOThl w.

3AKJIIOYEHHE

Hrak, B HacTosilel paGoTe MoJiyueHo CTPOroe pellieHue 3aJ1aud 0 pacipeeJeHUnH TOKA BIOJb JJUHEHHOH
AHTEHHbI, TIPEACTABJAIONIENR COO0H UaeaIbHO MPOBOJALIMH LUJIUHADP OECKOHEUHOH NPOTIXKEHHOCTH, pacno-
JIOXKEHHbIH B OIHOPOJIHON MAarHUTOAKTHBHOM MJ1a3Me MnapaJiiesbHO BHEIIHEMY MarHUTHOMY moJiio. OCHOBHOE

*TTprMeHHTeNbLHO K HOHOC(EPHBIM YCIOBUSIM MO00HAST CUTyaLUsl PeaU3yeTcst /151 J0CTATOUHO POTSKEHHbIX U3J/ydaTesei (TH-
a TPOCOBBIX MPUBSI3HBIX cucTeM [21, 22]).
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BHUMaHHe ObIO yeJEeHO UCCJE0BAHUIO Cyuasi, KOrja TOK B aHTeHHe BO30Y»KAaeTcsl rapMOHMYECKOH BO
BpeMeHH cocpeoToueHHol ctoponHeil DJ1C, uacToTa KOTOPOi JIEKUT B TaK HAa3bIBAEMOM CBUCTOBOM JiMara-
3oHe yactor, otBevaionieM OHY BosiHam B HoHOCHEPHBIX yCJTOBUSIX U J0TyCKalollleM BO30y:kK/IeHHe B M/1a3-
Me 3JIeKTPOCTaTHYeCKUX BOJIH. [ [pUMEHHUTENIbHO K 3TOMY Hana3oHy yCTaHOBJEHO, UTO paclipeieseHue ToKa
BJ10J1b AHTEHHBI OMpeIe/sieTCsl CyMMOU BKJIAJ0B COOCTBEHHOH (JIOKAJIU30BAHHOK ) MOJIbI, MOJJIEPXKHUBAEMOH
LUMJIMHAPOM, W BOJIH HerpepbiBHOTO criekTpa. [lokasaHo, uTo B cjyyae 10CTaTOYHO TOHKOH aHTE€HHbI TOKO-
pacrnpeiesieHde onpenessieTcss CoOCTBEHHON MOJIOH, Oeryiiedl B10Jb aHTEHHOTO POBOJIA € OCTOSIHHOK pac-
npocTpaHeHus p A £'/2; HCK/TIoUeHHe COCTABISAET JTULIL HeMOCPEACTBEHHAS OKPECTHOCTL TOUKH TIPHJIOKEHHS
cropontert DJIC, rae ocHOBHYIO poJib B (pOPMUPOBAHUH PacIpeieieHHsl ToKa HTPAIOT BOJIHBI HEMPEPBIBHOTO
creKTpa.

JII06OMBITHO, UTO MOCTOSHHAS PACIIPOCTPAHEHHS BOJHLI TOKA p = P ~ £!/2 coBnajaer ¢ coOTBeTCTBY-
1011lel BeJIMUMHON, HalieHHOH B [ 1] i1 aHTeHHbI B 3aMarHHUeHHOH HETHPOTPOIHOM MJia3Me, ONUChIBAEMOH
TEH30POM JIM3JIEKTPHUECKOH TPOHUIIAEMOCTH IMaroHalbHoro Buja (cM. takxke [2]). Cienyer, onHako, UMeThb
B BHUJy, UTO B CJlyyae HErMPOTPOIHOM MMJ1a3Mbl BOJHA IUCKPETHOIO CHEKTPa OTCYTCTBYET M pacrpeielieHue
TOKa [PeJICTaBJISIeTCs HHTErpaJsioM M0 BoJIHAM HelpepblBHOTO crieKTpa. [Ipu He CoMIIKOM MaJiblx 3HaUeHHUsIX
Z OCHOBHOM BKJ1aJ1 B JaHHBII HHTErpaJl 1aeT OKPECTHOCTb TOUKH BETBJIEHHUSI TIOIbIHTErPa/IbHOIO BblpaXKeHHH,
coBnazaoweii ¢ p = €'/2 [1]. B pesy/brare ¢ yBeJHueHHeM z aMILINTYa TOKA yMEHbLIACTCs H3-32 MOTeph
Ha uanyuenue. Hanpotus, s aHTeHHbI B MAaTHUTOAKTHBHOMN (THPOTPOIHOH ) TJIa3Me pacrpeeseHie ToKa Ha
CPaBHUTELHO 6OJBUIOM PACCTOSTHHM OT TOUYKH MOJKA0YeHHs cToponHedt DJ1C onpenessiercs JJOKagIM30BaH-
HOH MOJIO¥ C MOCTOSTHHOW aMIJIUTY10H (TpH NpeHeGpeXKeHUH TUCCHTTIAaTHBHBIMH TIOTEPSIMHU ).

M3 npoBeaeHHOTr0 HCCIeIOBAHUS CAE/lyeT, UTO MPH cobJ/II0eHuH yeaoBus (37 ) aJisi onucaHus pacnpese-
JIEHHS] TOKA B LMJUHIPHUECKOH aHTeHHE MOXKeT ObITb UCIOJIb30BAHO MPUOJHAKEHHE AJIMHHBIX JUHUH. BoJ-
HOBOW UMII€JJAHC COOTBETCTBYIOLLEH OJHOMPOBOAHON JIMHUHA HAXOJUTCS OYEBUIHBIM 00PAa30M U3 BbIpaxKeHUH
A5t KoMNoHentT E,, H, cOOCTBEHHOM MO/Ibl LMIMHAPA. Brosine MoHATHO, 4TO B paMKaX METOA AJIHHHBIX JIK-
HUI He NpeCTaBJsieT TPyLa OTbICKaHHe paclipesiesieH s TOKA W BJI0JIb aHTeHHbl KOHEUHOH IJ1nHbL. HekoTo-
poe yTouHeHHe pe3yJibTaToB pacueTa ToKa, 0TBeUaloldX 3TOMY NPUOJIHKEHHIO, MOXKET 0TPebOBaTHCS JIHLLIb
BOJIM3M KOHLOB aHTeHHbl. OTMETHM, UTO 3a/1aua O pacrpeie/leHul TOKa B IMHEHHOH aHTeHHe KOHeUHOMN /1 -
Hbl, OCb KOTOPOH COCTaBJIsSIeT [IPOU3BOJIbHBIN yroJ1 C HallpaBJeHHeM BHELLIHEro MarHiTHOTO 1oJist, Oblj1a paHee
paccMoTpeHa C MCMoJb30BAaHHEM METO/Ia MHTETrpasibHbIX ypaBHeHUH B padoTe [23] mis ciyuas 10CTaTouHO
c1a60# rUPOTPONUHU TMIa3MeHHOH cpesibl. OCHOBHBIE Pe3yJbTaThl 3TOH PaGOThl OTHOCSATCS K aHTEHHE B Hepe-
30HaHcHO# nmiasme. [ToguepkHeM, UTO MOAXOJ, MPeAIOKeHHbIH B [23], OKa3bIBA€TCSI HEMPUTOAHBIM ISl HA-
nazona OHY, B KoTopom /151 KOMIOHEHT TeH30pa AU3IJIEKTPUUECKOH MTPOHUIIAEMOCTH BbIMOJIHSETCS Hepa-
BEHCTBO |&| < |g| ¥ mpubmKenne cyaboi THPOTPOITHHY HEMPUMEHHUMO.

O6partum BHUMaHKE HA TO, YTO B MPOBEIEHHOM PACCMOTPEHHH HE YUUTBIBAJIOCH HaJlHule 00JacTH HApy-
1LIeHUS] KBa3UHENTPaIbHOCTH MJ1a3Mbl (IBOMHOTO ¢J1051 ) BOJIM3H MTPOBOJISILLEN TOBEPXHOCTH aHTeHHbl. HeTpy -
HO yOEeUTbCS, UTO BJAUSHUEM JIBOHHOTO CJ10s HAa BUA (DYHKIIMHM TOKOpAcTpeaesaeHust MOxKHO npeHedpeub Mpu
yeaosud In (b/a) < |In(koaqi 2(p))|/e, tne b — pamuyc apoitHoro cJiosi. JlaHHoe yc/i0BHe NPH TOJILIMHE
JIBOUHOTO cJiost mopsiika paauyca Jlebast rpe (b — @ ~ rpe) BbIMOJHSIETCS ¢ GOJILIIAM 3aMacoM JJIsl UC-
MOJIb30BABLIMXCS BbIlle 3HAUeHUH TapameTpoB (cM. puc. 7—9). CjieayeT MeTb B BUJLY, UTO ITyTeM U3MEHEHHUS
CTaTHUYECKOro MoTeHlHa a aHTeHHbl MOXKHO MPHU HEOOXOAUMOCTH YNPABJATh TOJLIMHOK ABOHHOTO CJ105 (B
YACTHOCTH 3HAUMTEJILHO €€ YMEHbILUTD U JIaXKe CBECTH MPpaKTHUeCcKH K HyJ1i0) [ 10].

Hakouel, 3ameTum, uTo pe3ybTaThl HACTOSAALIEH paGOThl ABJISAIOTCH HEOOXOAUMON OCHOBOM /15 TIOCJIEy -
IOLLLEr0 CTPOroro PacCMOTPEHHUs LIMJIHHAPHUECKOH aHTeHHbl KOHEUHOH MPOTSXKEHHOCTH B MAarHUTOAKTHBHOH
nsiagme, padotaioutert B ananazone OHY. Takoe paccmoTpenue siBJsieTest 0COOEHHO HEOOXOIUMbIM IS He
OUeHb TOHKHX aHTEHH C yMepeHHOH JJIHHON Miieua (MeHblie uau nopsiaka 2w /(koP,)), Korna BKJAaa BOJH
HerpepbIBHOTO CIEKTpa B pacripesiesieHle TOKa CTAHOBUTCS JOCTATOUHO 3aMETHbIM H MPUOJIHAKEHHE, OCHO-
BaHHOE HAa METOJIe JJIMHHBIX JIMHUH, TPeOyeT CyLLeCTBeHHbIX yTOUHEHUH.
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We obtain a solution of the problem on current distribution over linear antenna excited by given EMF.
The antenna is infinitely long, perfectly conducting cylinder immersed in plasma and orientated along
external magnetic field. The obtained current distribution in the VLF band is contributed by eigenmode
guided by the cylinder and waves of the continuous spatial spectrum. We show that the current distribution
of a sufficiently thin antenna is mainly determined by the proper mode. Antenna current is calculated both
analytically and numerically under the ionospheric conditions. The validity criteria for using the transmission
line theory to obtain current distribution over linear antenna in magnetoplasma are discussed.
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YK 551.510.535
PAAUOJIOKALMOHHDBIE UCCJIEJOBAHUSA HA CTEHIE CYPA

A.H. Kapawmuwn, I'. I1. Komparos, 0. B. Tokapes, I0. B. [[lat0caes

PaccmoTpeHbl TeXHHUECKHE XapaKTEPUCTHKH U 00J1aCTH HCII0JIb30BaHUsT KOPOTKOBOJIHOBOTO paauoJiokatopa CY -
PA, cosnantoro Ha 6ase 0JJHOMMEHHOTO MHOTOLIEJIEBOTO HaYyuHO-HCCJIe10BaTebeKoro crenia HUPOU.

BBEJEHHWE

HasemHble paarocucTemMbl, OCHOBAHHbIE HA TUCTAHLMOHHBIX METOJAX HUCCJAEI0BAHUS, MPOIOKAIOT UT-
paTh BaXKHYIO POJib B U3yueHHH OJzKHEro KocMoca. JIocTaToyHo OTMETHUTb TMPOrpecc B UCCIEI0BAHUSX aT-
Mocdepbl, TOCTUTHYTHIN ¢ nomolibio Tak HasdbiBaeMblx MCT (mMe3ochepHo-cTpaTochepHo-TponochepHbIX)
panapos [1], n nonocepsl, cBI3aHHBIN ¢ MOSIBJEHUEM pajlapoB HeKorepeHTHoro paccesinus [2, 3]. Caenyert
OTMETHUTB, UTO MPAKTHUECKH BCE MOILLHbIE HCCJEN0BATEbCKHE PAHOIOKATOPHI B HACTOsIIIee BpeMsi pabo-
tatot B YKB nuanasone. Tunuunbsie yvactorst MCT-panapos cocrapasitor 4050 MIiy, a panapoB Hekore-
penTHOro paccesuusi — ot 150 o 1000 MIi1. McktoueHne coCTaBsIIOT YyCTAHOBKH YACTHUHBIX OTPaYKeHHH,
pa6oratoue B CB nuanasone na yacrorax 2--3 Ml [4]. Crneunannsuposannbie KB panapbl, uenosbayio-
1Mecs 15l IMarHoCTHKH aTMoCcdepbl 10 PacCesiHUIO Ha METEeOPHbIX cJ1elax [, 6], a TakKe /15 HCCeI0BaAHUS
paccestHusl Ha BBITSIHYTBIX BJIOJIb MArHUTHOTO MOJIs HeoiHOpoaHoCcTel E-cnos [7]u F'-cnost noHocgepsl [8],
MMEIOT HEBBICOKHMH MOTEHLIMAJ U TPAKTHYECKH HE MOTYT MPUMEHSITbCS ISl pellieH s Ipyrux 3aaady.

Bwmecte ¢ Tem KB pajnapbl BbicOKoOH MOLIHOCTH, paGoTaioliye Ha MpeiebHO HU3KUX JIJIS HA3eMHbIX yCTa-
HOBOK 4aCTOTaXx, MOTJIM Obl BHECTH CYLECTBEHHBIH BKJIaL B HCCJIEI0OBAHUE OKOJI03€MHON KOCMHUECKOH IJ1a3-
Mbl U 06beKTOB GJIHKHETr0 KocMoca. Bymyun uyBCTBUTeIbHBIMH K G0J1e€e C1a0biM BO3MYILIEHHSIM T171a3Mbl, OHH
MOTYT ObITb UCIOJIb30BAHBI JI7Is1 OJYUeHHs JaHHbIX 0 3eMHON MarHutocdepe, a Tak:Ke 0 COHEUHOM BeTpe U
006J1aCTH €ro B3aUMOJIEHCTBHS C TJIa3MeHHOH 060J10uKol 3emn. B ncenenoanusx cpenter atmocdepbl 1an-
Hble, MoJyueHHble ¢ nomolibio KB paanosonanpoBanusi, MOTyT CylLeCTBEHHbIM (@ B psijie C/IydyaeB H onpee-
JISTIOLIMM ) 06pa3oM J0MoJHUThL JaHHble ¥ KB panapos, npenocrapisisi uHbopMaluio o CTPYKTypax 60JbIINX
MacluTaboB.

Cosnanue crnenuanuaupoBanibix MolHbix KB pagapos siBasiercst nocrarouno poporocrosiniuM. Bmecre
C T€M CYILIECTBYeT psiji MoLHbIX KB ycTaHOBOK, MOCTPOEHHBIX C 11€/1b10 HCCIeI0BAHUS MOAM(PUKALMH HOHO-
chepbl Moj lelicTBUEM pajiounaydetusi [9]. B coctaB 3THX ycTaHOBOK BXOAST J0BOJIbHO MOLIHbIE MepelaT-
UMKH U JI0CTATOUHO Y3KOHAMPaBJEHHbIe aHTEHHbIE CHCTEMBI, UTO MO3BOJISIET, B MPUHLIMIE, CO3/1aBaTh HA UX
6a3e KB paanonokatopbl cpaBHUTEIBHO BbICOKOH MOLIHOCTH. Takue pajapbl MOTJIH Obl TIOCJTY2KHTb [€PBbIM
1IaroM B Pa3BUTHH KOPOTKOBOJIHOBOH PAJMOJIOKALIHOHHON AMAarHOCTUKH OJIM?KHEr0 KOCMOCa U J1IaTh OCHOBY
JUIst onpesiesieHns TpeGoBaHUi, MPeAbsIBSEMbIX K TapameTpam creliannsnposanibix KB pagapos.

Onnoit u3 Takux yetanoBok sipsisiercsi creng CYPA (HUP®U, Huxnuit HoBropon), BBeieHHbIIH B CTPOi
B 1980 T. Henaseko ot p/n Bacuibeypek (npubansurensto 140 km ot Hixuero Hosroposa, reorpaduueckue
KoopauHaThl 56,13° ceBepHoil LIMpPoThI, 46,10° BOCTOUHOM A0JTOTHI, FeOMarHuTHast wuporta okoso 51°)[10].
Oco6enHocTn KoHeTpyKLmK ctenia CYPA, 3aoxeHHble y2Ke NP €ro NPOeKTHPOBAHWH, IOMYCKAIOT €ro He-
MoJIb30BaHUE B PaAJMOJOKALIMOHHOM pexknMe. [lopaboTKa cuCTeM CTeHza Mo3BoJMJIa CO3[aTh Ha ero HGase
MHorolleseBoi pagap CYPA, TexHuueckue XxapakTepUCTHKH KOTOPOTO PACCMATPUBAIOTCS B IEPBOM pasJiedie.
O6mact COBpeMEHHOTr0 UCIMOJb30BAHUS pajlapa pacCMOTPEHbI BO BTOPOM pasjiese. BoaMoxkHOMY pa3BUTHIO
panapa CYPA nocssiliieH TpeTHii paspe..

A.H. Kapawmu u op. 765



1999 Hszs. BY308. PAIIHOD®HI3HKA Tom XLII Ne8

1. TEXHHYECKHE XAPAKTEPUCTUYECKHU PAJAPA CYPA

Panap CYPA ucnoJib3yer nepeiaTunki U aHTeHHy1o cucteMy HarpeBHoro ctenia CYPA [10], nonosinen-
Hble COOTBETCTBYIOLLEH TPUEMHON TeXHHKOH 1 CUCTEMOH yrpaBJseHus U cbopa nanubix. Co3nanue ajabrepHa-
THBHOT'O IPUEMHOI0 KaHaJla, UCIOJIb3YIOLLEro Ty »Ke aHTEHHYIO PELIETKY, a TaKxKe IPUMeHEeHHe TMCTaHLIHOHHO
nporpaMmmupyemMont criellMaju3HpoOBaHHOM 9BM 1151 yrpasJieHHs] MOLLHbI-
MU TepelaTyMKaMM CYLIECTBEHHO paclUMpU/IN (YHKIHOHAJNbHbIE BO3MOXKHOCTH pagapa. YmnpouleHHas
6J10K-cXema pajapa rnokasaHa Ha puc. 1. PaccMoTpum cuctemsl pajgapa i 0COOeHHOCTH ero paboThl M0Apo6-
Hee.

1.1. AHTeHHas cucTema

Awntennasi cucrema HarpeBHoro ctena CYPA [10] coCTOUT U3 Tpex HAEHTHUHbBIX CeKIMi padmepom 100x
300 M2, oO6pasyiolmx KajpaTtHylo pewietky pasmepom 300 x 300 m2. Kakaas ceKiusi COCTOMT
13 4 psifoB, BBHITSAHYTHIX B HaNpaBJeHHH, OPTOrOHAJbHOM MarHUTHOMY Mepuarany (MpuOIU3UTENbHO B Ha-
npasJeHud BocToK—3anan). Kaxablil psia cocTonuT U3 12 nap ckpeleHHbIX LIMPOKOTON0CHbIX AUTONEH, pa-
6oTatolmx B noJoce yactor 4,5-+9,3 M1, pasupoBanne KOTOPbIX M03BOJIET (POPMUPOBATHL OJIHY U3 IBYX —
0OBIKHOBEHHYIO MJIM HEOOBIKHOBEHHYI0 — KPYToBYIO MoJisipusauuio. ®PunepHasi cuctemMa CeKLMHU MO3BOJS-
eT MOJIKJII0UaTh ee KaK K COOCTBEHHOMY MepelaTunKy, Tak U — uepe3 Coryiacyloluil TpanchopmMaTtop U Ka-
6e/b — K IpueMHKKy. Pasupyiollias cuctema no3BoJisieT yrnpasJasiTh AMarpaMMaMy HanpaBAeHHOCTH CEKIHH,
HaKJIOHSIS UX B npenenax +40° oT 3eHUTa B MJIOCKOCTH MAarHWTHOTO Mepuandana (asumyt 9°) waramu no 4°.
Jlonyckaetcst v cuHdasHasi pabota Bceld aHTEHHOH pellIeTKH, MPH 3TOM HeoOX0AUMOoe (DasupoBaHKUe CEKIIHiH
OCYIIECTBJISIETCS JTUHUSAMH 3aJIep2KKH B UaCTOTO3aJal0UINX LeNsX nepeaatunkoB. OCHOBHbIE TapaMeTpbl aH-
TeHHOH cucTeMbl HarpeBHoro ctenna CYPA npuBesenb B Tao1. 1.

OnucaHHast KOHCTPYKILKS aHTeHHOi cucTeMbl cTenia CYPA naet Bo3MOXKHOCTb peasiu3aliii pajanosio-
KaLMOHHOTO Pe:KUMa MPH HUCI0Jb30BAHHH OJHON WJIH IBYX CEKLHH aHTEHHbI /151 U3JIydeHHs], a OCTaBLIeHC s

yacth — 115 npuema. Heo6Xo1uMO TOJIbKO NPeLyCMOTPETh MEPbI [0 3allUTe TPUEMHON

Ta6nuua l
Awntennasi cuctema crenna CYPA

[Tosnast anrenna ‘ Opnna cexuust
Jlnanason yacTor 4,5+9,3 MIix
[Tonsipusauus Kpyromas,

0OBIKHOBEHHAS1 U1 HEOOBIKHOBEHHAS

Aneprypa 300 x 300 m? 100 x 300 m?
Wupuna nyua (3enut, 6,6 MIir) 8°x 8° 24° x 8°
Kosdduuuenr ycunenus (3enut, 6,6 MIix) 400 130
AddexTrBHas u3nyuaemMasi MOLIHOCTh
(3enut, 6,6 MIi1, [TKB-250) 300 MBr 33 MBr
HakJsion nyua, ceBep—tor +40°
Bpewmst nepekJioueHus ~ 15 MUH (MCXO/HbIH BapUaHT)

~1 Mc (aJbTepHaTHUBHAS TPUEMHAs CHCTEMA )

YacTH pajiapa BO BpeMs U3JIyueHHs] U CHHXPOHU3allkio paboThl MPUEMHOU U nepenaionlel uacrei. Hemocrar-
KOM JIaHHOTO pexKUMa SIBJISIeTCsT HEMOJHOE UCTOJb30BaHHE MOLIHOCTH cTeHa (paboTaloT TOJbKO OJIMH HJIH
JIBa U3 TpPex NepelaTuMKoB) U HEMOJIHOE HCI0JIb30BaHUeE MJI0LIAIM AHTEHHBI [TPU [IPHEME.

C 1ie1bl0 yeTpaHeHHs YKa3aHHbIX HEJIOCTATKOB U pacilkpeHnsi BoamoxkHocTel pagapa CYPA Obuia pas-
paGoTaHa W cO3/laHa ajibTepHAaTHBHAsl cUCTeMa MOJKJ/I0UeHHs IPUEeMHON YacTd pajapa, obecreunBaroLas
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Puc. 1. ¥YnpouienHasi 6sok-cxema pagapa CYPA. [Moak/oueHre aHTeHHbI MOKA3aHO /I IKCIIEPHUMEHTOB MO
30HJIUPOBAHUIO aTMOCHEPHI.
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TaK)Ke U He3aBUCHMOE yIpaBJieHHe qMarpaMMol HarpaBJ/eHHOCTH aHTeHHbl [IPH TpUeMe JIOKALMOHHbIX CHUI'-
HaJIoB. DTa CHCTEMA UCIOJIb3yeT HarpaBJeHHbIE OTBETBUTEH, (POPMHUPYIOLIHE MOJSIPU3ALIMIO KAXKI0TO psia
CKpeLIeHHbIX aunoseil. CUrHa/l ¢ KasKI0ro psja Mojaercs Ha nepeksiouartesb npuem/mepesaua Ha p-i-n-
JIMOJAX NI/l 3arMpaHusi MPUEMHOr0 TPakTa BO BpeMsi paboThl NepeaTunKa U jajee Ha cucTeMy (asnpona-
HHU$1 Ha JIMHUSIX 3a]lepKKH, 00ecreunBaolLy0 HAaKJIOH IMarpaMMbl HaNpaBJAeHHOCTH KaK OT/AeJbHbIX CEeKLMH
B HE3aBUCHMOM PEXKHMMe, TaK M BCell aHTEHHbI B 11€/10M B CUH(A3HOM peKUME.

AusbTepHaTHBHAS TPUEMHAST CHCTEMA MO3BOJISIET OJTHOBPEMEHHO HCIOJIb30BATh MOJIHYIO MJIOIAlb AHTEH-
Hbl Ui M3JyueHHUs W TIpUemMa, 4YTO CYLIECTBEHHO yBeJMUMBaeT MoTeHUMan panapa PG, tae
P — usnyyaemasi MolHOCTb, G — KO3(HULHEHT ycuaenus anteHubl (0T 9 10 27 pa3 B 3aBUCUMOCTH OT
Xapakrepa 30HAMPYeMOro 0O'bEKTA 110 CPABHEHHUIO ¢ UCIOJb30BAHHEM OJIHON CEKLMH aHTeHHbI /s repeia-
UM U OJIHOH — JyIsl IPUeMa ), YJIYULLIUTb yIJ0BOe pa3pelleHne pajapa U ero NoMexo3alluieHHOCTb 3a CUeT
CY’KEHHsI KaK Mepejalollell, Tak 1 NPUEMHON arpaMM HanpaBJeHHOCTH, a TaKXKe MPOU3BOJUTL ObICTPOe
(mopsiika 1 Mc) nepekJioueHue qHarpaMMbl HarpaBJAeHHOCTH B IPUEMHOM PEXKUME C TIOMOLLbIO 3JIEKTPOHHO-
ro ynpasJenusi. HejoctaTkom 1aHHOM cUCTEMBbI sIBJIsieTCs O0JIbLIOE 3aTyXaHne, 06YCJIOBJIEHHOE NTOTEPSIMU B
ycTpoiicTBax dasupoBanus v 3auThl (0Kosio 20 1B), Tpebyloliiee TONOIHUTENBHOTO YCUIEHUS CHTHAA.

1.2. MepepaTunku

s momdukaunn nonocdepst HarpeBHblil cten CYPA [10] ucnosnib3yer 3 KOpOTKOBOJIHOBBIX paiio-
nepenarunka tuna [1KB-250 mounoctsio 250 kBT Kaxkaplii, paboTtaiolie B inanazone yactot 4-+-26 ML
Kaxxnibiii nepenaTunk coeiMHeH ¢ OT/eIbHON CeKlnel nepeaaiouleil aHTeHHbl. DTH MepelaTYnKH PacCUUTaHbI
Ha paboTy B HEMPEPLIBHOM PEXKUME HJTH B PEKMME C aMIJIUTYIHOH MOy IsiliMeil. BbixoaHble 1ienu nepeaaTun-
KOB §IBJISIIOTCS Pe30HAHCHBIMH (¢ 106pOTHOCTBIO 0KoJ0 200), 4TO OrpaHMUUBAET TMOJ0CY H3JIyUaeMblX YaCTOT
Af BEJIMUHHOM NPUMEPHO 50 Klig npH yacToTe M3JTydeHUst
okosio 9 MIi1. Takum o6pasom, naHHble MepeAaTUMKH MOTYT MCMOJb30BATLCS U1 30HIAMPOBAHUS TTPU M-
TeJIbHOCTH 30HIMPYIOLLEro UMITyJIbca, NpeBbilatoliei Beauunny (Af) 1.

CyulectBennbiM HeoctatkoM nepenatunkoB [TKB-250 npu paGorte B paano/oKallMOHHOM pezKUMeE SIB-
JISIETCs 3HAUNTE IbHbIN YPOBEHb HABOJIOK OT 3a/1aI01IEr0 reHepaTopa, a TakyKe BbICOKOe noTped/ieHne SHePruu
B 1ay3aX MeK/1y 30HJAUPYIOILIMMH UMITYJIbCAMHU, UTO PE3KO YBEJIHUUBAET CTOUMOCTD [TPOBEIEHHUS SKCTIEPUMEH -
T0B. C 11eJ1bI0 YMeHbILIEHUSI HABOJIOK MPH paboTe B pajlapHOM PezKUME UCII0JIb3yeTCs lepeKtoyeHHe YacTOThI
3aJ1al01lero reHepaTopa B raysax TakuM o6pa3oMm, utoObl OHa He ronajasa B nosocy npuema. [Tosoxurenn-
HOM cTopoHO# Hcnosb3oBanus [TKB-250 siBjsieTcsi ero BbICOKasi MOIIHOCTb H BO3MOXKHOCTb CHHXPOHHOM
3aMuTKK BCEl aHTEHHOH PelleTKH, UTO YBeJUUMBAET 3PPEKTUBHYIO U3JIydaeMyl0 MOLIIHOCTb.

B Tex ciyuasix, Korja BbICOKasi MOLIHOCTb H3JydeHHsl He TpeOyeTcsl, MPeNIoUTHTEbHO UCOIb30BaHHE
MMIYJIbCHOTO MepelaTuhKa CpeiHell MOLIHOCTH (MolHOCTh B uMnysabce 10 50 kBt, nnanazon uacrtor 1 +
20 MI11), KoTopblil MO2KeT ObITh MOJAKJIOUEH K OJHOH U3 CEKIIMH aHTEHHOH CHCTEMbl CTEH/a, [ 4ero Oblia
MoM(pUIIMPOBaHA CHCTEMA 3aMUTKH 3TOH CeKlMK. BiioueHne uMnyJ/abCHOTO NepeiaTuuka B COCTaB pajaapa
CYPA 6b110 00yCJI0BJIEHO IJIaBHBIM 06pa30M MPOBeJIeHHeM SKCIIEPUMEHTOB M0 30HAMPOBAHHUIO aTMOChEPHI,
rjie TpebyeTcst Masast AIMTEJNbHOCTb 30HIMPYIOLLET0 UMITYJ/IbCa.

OcHoBHbIe MapaMeTpbl MepeaTINKOB NPUBEAEHBI B Ta0JI. 2.

Tabnnua 2
[Tepenatuuku crenna CYPA
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OcHoBHble JlonosiHuTe IbHbI

(ITKB-250) (MMMYJIbCHBI )
JluanasoH yacToT 426 MI1 3+20 MI1
Huesio nepelaTuukoB 3 1
MouinocTb (Kaxioro) 250 kBt 50 kBt

Pexxum pa6othbl

HernpepbIBHbIH,
UMI1YJIbCHbIA

UMITYJIbCHbBIA

Munumasbhas qmurenbHoCcTb umnydabea | 40 mxe (4,5 MIir) 1 MKc
20 mkc (9 MI)
10 mkc (20 MI1)
MaxkcumasnbHas IUTEIbHOCTh UMY JIbCa — I mc
MuHuMabHasi CKBaXKHOCTh — 100

1.3. [IpuemMHUKH

B ocHOBy co3nanusi npueMHON cUcTeMbl pajapa Oblil MOJI0KeH MPUHLMIT PErUCTPALIUK TTOJHOTO MPHUHS -
TOTO CHMTHAJ/a, T.€. He TOJIbKO ero aMIJIuTYy/bl, HO U (asbl 6e3 KaKoro-au6o ycpeaHeHusi, uToObl nepeHecTu
OCHOBHYIO TSI2KECTb OTpe/ie/ieHHst TapaMeTPoB PauoJOKALMOHHOTO CUrHa/la Ha CTanio 06paboTKH.

Boo61ie roBops, B cocTaBe pajapa MOKeT UCI0Jb30BaThes J1060i MajomymMsini KB npuemHuk ¢ ko-
FepPeHTHBIM TeTePOIMHOM, K BBIXOJy KOTOPOTo MOJKJ/IOUEH KBaapaTypHblil netektop. [Tosoca nponyckanus
NpUEMHHUKA JI0JKHA COOTBETCTBOBATH MPEoJaraeMoMy XapakTepy paavo3Xo U ONpeaessieTcst B MepBylo
ouepesib UIMTENbHOCTBIO 30HAMPYIOLLEr0 HMITY/IbCa U OXKUJIAeMbIM MHTEPBAJIOM JIOMJIEPOBCKOro CABHra 4a-
CTOTHI, UTO, B CBOIO OU€PE]lb, OTIPEE/SeTCs CBOHCTBAMU 0O'bEKTA 30HAMPOBAHMS.

J11s1 Lesieit 30HAMPOBaHUs Pa3inuHbIX 06bekTOB B pagape CYPA ucnosib3yloTes Tpu npueMHuka. B ciy-
uae, ecJiM HeoHXoIMMast roJioca npuema He npesbitiaet 10 K1 (AIMTENBHOCTL 30HUPYIOLIEr0 UMMYJILCA He
meHee 100  Mkc), mnpumeHsieTca  npodeccuoHasbHbIE  cBA3Ho KB npuemHuk  P-339
“KATPAH”, o6/1aaatoninii BbICOKOH H36MPaTEIbHOCTbIO H LIMPOKHUM JHHAMHYECKHM JIMara30HoM, I0CTaTOU-
HO YCTOHUHUBbIH K HHTEPMOLYISILIAOHHBIM HCKAXKEHHUSIM, MTO3BOJISIOLIMI OCYIIECTB/ISATh BHELIHIOI CUHXPOHH-
3allMI0 YacToThl M (asbl rerepoanna. [1lupruna nosocsl nponyckanusi npueMHUKA MPU NPSIMOYToJIbHOM (hopme
noJsiocbl MozKeT cocTaBsATh 0,3, 1, 3, 6 n 10 kI11, Kpome Toro, MmoxkeT GbITh BbIOpaHa MoJoca rayccoBok gop-
Mbl lMpuHo# 4 Kl BbixoaHo# curnan BTopoit mpomexkytouno# yactotsl (215 kli1) nogaeres Ha crneunabHo
paspaboTaHHbI CUHXPOHHBIN (KBAAPATYPHbIH ) IETEKTOP, (POPMUPYIOLIHE CUHYCHYIO H KOCHHYCHYIO KOMIO-
HeHTbI. [/l MOBbBILLIEHUS] UyBCTBUTEJIbHOCTH MEPejl BXOAOM NMPUEMHHKA 00bIUHO BKJIIOYAETCS LIHPOKOTON0C-
HbIHl aHTEHHbBIH YCHUJNTE/b C MaJbIM YPOBHEM cOOCTBeHHbIH yMoB (nopsinka 1,5kT, rae Ty ~ 300° K—
TeMreparypa ycuaurtessi, k — noctosiHHasi bosibiiMana) u kosdduumreHTom ycusnenus okoso 20 nb. Jas
3aLUTBI TPUEMHON CHCTEMBI OT MOILHBIX HABOJIOK BO BPEMS$I H3JTyueHHsl 30HAUPYIOLIMX UMITYJIbCOB Mepes aH-
TEHHbIM YCUJIUTEJIEM YCTAHOBJIEH ObICTPOACHCTBYIOLLMI KJIOU.

[1pu He0OXOAMMOCTH HUCMOMB30BaHUS G0Jiee KOPOTKUX 30HAMPYIOLIUX MUMIYJIbCOB, MPEXKIE BCETo, s
MOBBILLIEHHUST TIPOCTPAHCTBEHHOTO paspelleHtsl B aTMOC(EPHbIX HCCEI0BAHUSX, HCIOJIb3yeTCs] MOJEPHU3U-
poBaHHbIi TpueMHUK P-339, mosioca nponyckanusi KOTOPOro pacuidpeHa MmyTeM 3aMeHbl KBaplieBoro (Gujb-
Tpa nepBoi mpoMexkyTouHo# yacToThl ([1H) Gosee mMpoKononocHbIM GUILTPOM Ha MOBEPXHOCTHBIX aKy-
CTUUYECKHX BOJIHAX U PACLIMPEHUS MOJIOChl ycuauTess BTopou [T ymenbiiieHrneM 106pOTHOCTH KOHTYPOB. B
pesyJibTaTe MpH HEKOTOPOM CHHXKEHHH YyBCTBUTEILHOCTH M0J10CA IPUEMHUKA COCTABJISIET HECKOMLKO GoJiee
50 ki1, uTo MO3BOJISIET HCMOIBL30BATL 30HAUPYIOLIHE HMITYJLChl JVTUTENLHOCTBIO OT 20 MKc. JlaHHbIH nTpuem-
HUK HCIOJIb3YeTCs C TEMH K€ BXOJHBIM KJIOUOM U CHHXPOHHBIM JE€TEKTOPOM Ha Bbixone BTopoil 1Y, uto u
MepBbIH, a TAKXKE C AaHTEHHBIM YCHJIUTENIEM B CJlydae He0OX0IMMOCTH.
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Hakonel, Tpetn#i npueMHuK Obl1 pagpadoTaH creuuabHO s 1e1ed JOKALMU ¥ TTOCTPOEH M0 MPUHLIUITY
npsimoro npeo6pazopanus. s yno6cTBa paboThl B €ro COCTAB HHTEPUPOBAH BXOIHOH KJIIOU, 8 CHHXPOHHOE
JIeTEKTUPOBaHKE OCYylLeCTB/sieTcs B 6y10Ke cMecuTeeil. [Tosoca nponyckanust 3Toro npueMHHUKa Orpeessi-
ercsl pUAbTPAMM HU3KOH 4acTOThbl U MoxKeT cocTtaBath 5, 10, 50, 100 u 500 klii. dxcnayarauus naHHoro
NpHeMHHUKA MOKa3aJga, YT0 HHTEHCHBHbIE BHETMOJOCHBIE TOMEXH BbI3bIBAIOT pa3bajlaHCHPOBKY CMecHTeseH 3a
CUET MPSIMOro JIETEKTHPOBAHUS CUTHAJIA, TIOTOMY OOBIUHO HA BXOJI MPUEMHHUKA BKJIIOUYAETCS TOTIONHUTEb-
HbIH (UJBLTP C IMPHHOH ToJsiockl ponyckanusi okoso 350 kit [1pumenenue Takoro usbTpa Mo3BoJseT
CYLLIECTBEHHO 0CJIAOUTh BHEMOJIOCHBIE TOMEXH M YMEHBUINTD UX BJUSHUE 10 TPUEMJIEMOTO YPOBHSI.

1.4. Cucrema ynpaBJjeHusi U c6opa JaHHBIX

Cucrema ynpasJenus u c6opa JaHHBIX pajiapa co3jaHa Ha 6aze nepcoHasnbHoro Kommneiotepa IBM PC,
yHuBepcasibHoro unrepdeiica KAMAK u nucraHumoHHo nporpaMMupyeMoit crielani3upoBaHHON MUKPO-
IBM, npennasnauenHoi 1J1s ynpaBieHnsi MOLHBIMU NepeaTunKaMu, ¢ pa3paboTaHHbIM TPOTPaMMHbIM 06ec-
nevyeHneM.

[TepconanbHblil KOMIbIOTEP HCMOJB3YETCS B KAUuecTBe LIeHTpalbHOM yripasasioulelt DBM, onpenensio-
1eH peKUMBI U MOC/E0BATENbHOCTL PaOOThl YCTPOHCTB, BXOASALIMX B cocTaB paaapa. Conpsikenne 9BM
C ycTpoiicTBaMH pajapa ocyuiectrisiercs ueped nurepdeiic KAMAK, B kotopom hopMupyIOTCst HMITYJIbChI
yrpasJieHus nepeaaTuukaMu pagapa u BXOJAHBIMH KJIOUaMH NIPUEMHHUKOB, a TaKxKe MPOUCXOAUT OLUH(POBKa
BBIXOJIHBIX CHTHAJIOB CHHXPOHHBIX J1€TEKTOPOB.

Cucrema ynpasJseHusi paccudtana Ha paboty kak ¢ nepenatunkamu [TKB-250, Tak u ¢ ummny/ibcHbIM
nepenaunkoM. B o6oux ciayuasix popMHUPYIOTCS HMITY/IbChl OTKPBIBAHHST MOJLY/IITOPOB TepeIaTuMKOB Ha Bpe-
Ms1 U3JTyueHUs U U3JIyuaeMblil paauoumnyJibc. B ciyuae ucnosnbsoBanus nepeaatunkon [TKB-250 paauonm-
MyJibC MOXKeT (POPMUPOBATHLCS KAK B CUCTEME YIPaBJIeHHs, TAK U HEMOCPEICTBEHHO C OMOLIbBIO 3aa1011ero
reHeparopa rnepeiaTuMkoB; B MOCJEAHEM CJlydae ONopHasi yacToTa nepeaaercs, B cjaydae HeOOXOAUMOCTH, B
cucremy ynpassenus. [lepenatTunku pacrnosioxKeHnbl Ha 3HAUMTENBLHOM YAAJEHUH OT 3/1aHHUs, T1e HaXOJIUTCS
cHCTeMa yrpaBJ/ieHHus1, TO3TOMY CHTHAJIbI yIIPaBJAEHUS K HUM MepeialoTcs no Kabesasim. YpoBeHb HABOJIOK Ha
yIpaBASIOLIMH KabeJsb oT paboTatoumx [TKB-250 OYeHb BeJIUK
(0 COTHHM BOJIBT), MO3TOMY B LIEMAX yNpPaBJeHUs] HCTOMb3YIOTCS ONTPOHHbIE PA3BA3KH U 3arpajuTesbHble
¢usbTpbl. [Ipu Heo6xomuMocTu obecrnedeHust CA0KHBIX PEKUMOB U3JYUeHHs], BKIIOYAIOLIUX B ce6sl aMMJIv-
TyaHoe U 61udazoBoe KOAUPOBAHHE 30HAUPYIOLIMX UMITYJIbCOB, HCTIO/Nb3YETCs CrelHalu3upoBaHHas MUKPO-
IBM. ¥npasasionias nocsienoBaTesbHOCTb H BpeMeHHbIE pe;KUMbl paboThl nepeaaioTest Ha MUKpodBM nu-
CTaHLMOHHO B BUJIE TIPOrPAMMBbl, KOTOpPasi 3aTeM 3aMyCcKaeTcs yrpasJ/siioldM CHHXPOUMITY/IbCoM. Tako# cro-
co6 ynpaBJieHusi NepeaaTuiKaMu HCKJIoUaeT BAUsIHUE HAaBOJOK oT paboratoimx [TKB-250 na uenu ynpas-
JIEHUs], TIOCKOJIbKY BO BpeMsi paboThl rnepefatuika MUKpoDBM He BocnpUHUMAET UMMYJIbChl YIPaBJIEHHUS,
a CMHXPOUMITYJ/IbChI MIEPENIaloTCs TONLKO BO BpeMs nay3 B UaJydeHuH. JlonosHUTebHONH 0COOEHHOCThIO HC-
nosb3oBanus [TKB-250 siBisiercsi 3ameTHbI! ypoBeHb OCTATOUHOTO M3JydyeHHsl HAa pabouell yacToTe rnepe-
JlaTurKa, Mo3TOMY /ISl peasu3allii MaKCUMaJbHOH UyBCTBUTENbHOCTH MPUEMHOH CHCTEMBI pajiapa uyacTtoTa
3aJ1a10111ero reHepaTopa rnepeiaTuukoB B ay3ax MexK/y 30HAMPYIOLIUMHU UMITY/IbCAMH H3MEHSIETCS TAKUM 00-
paszom, uToObl OHa JieXKaJa BHe M0JI0ChI pHeMa.

OundpoBKa pagMoNOKALMOHHBIX CUTHAJIOB OCYLLECTBIIsIETCS ¢ oMolibio BXxoasimnx B KAMAK uetbipex
JIECSITUPA3PSIIHbIX aHaIoroBO-1IMGPOBLIX MpeoOpasoBaTesieil ¢ MakcuMaJsbHoi TakToBoi yactoroil 500 kit
(B pexKrMe BHEILIHEro 3a/1aHusl TAKTOBOH YaCTOThI ), 4TO 00€CreurBaeT OIHOBPEMEHHYIO PETHCTPALIUIO MOJTHBIX
CUTHAJIOB JIBYX NMpueMHUKOB. OuupoBaHHble JaHHbIE 3aMUCHIBAIOTCS HA JEKTPOHHbBIA UM XKECTKUH THCK
KOMMbIOTepa B May3ax MexK1y 30HAMPYIOLUMH UMITy/IbCaMH. XpaHeHHe JaHHbIX OCYLIECTBJsETCS Ha 8-MM
MarHuTHOM JieHTe B LM(POBOM BHJIE.
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J11s1 yripaBJieHHs YaCTOTOH MepeiaTuiKa U MPUEMHUKOB MOXKET HCIT0/1b30BaThCs BbIXOAHOH pernctp KA-
MAK, xotopblii yrnpaJsieT uacTotoil HacTpoiiku npuemuuka P-339. Ilocsennuii, B cBolo ouepelpb, uepes
0JI0K COTJIaCOBaHMs YPOBHEH yNpaBJisieT 4aCTOTOM HACTPOUKU CUHTE3aTOpa, UCIIOJb3yEMOr0 B JAHHOM CJIy-
yae B KauecTBe 3ajlalollero reuepatopa nepenarunka. Kpome toro, curiaj CHHTE3aTopa yepes yMHOXKHUTE/b
YaCTOThl MOXKET 110/1aBaThCsl Ha OJIOK cMecHTeJ el IpUeMHUKa NpsiMoro npeobpasoBanus. B pesyJibrate Mo-
’KeT ObITb 06ecreueHo CUHXPOHHOE H3MEHEeHHe YacTOThl NepelaTulKa U IPUEMHHKOB paiapa.

1.5. [IpoBepka pa6oTocnocoOHOCTH U Kaaubposka pagapa CYPA

TectupoBanue panapa CYPA MoKeT 0CylIeCTBIATLCS KaK B PalapHOM PEXKUME [TyTeM paH030HAMPOBA-
HU$1 U3BECTHOTO yaJleHHOTO 00'bEKTA, TaK U MyTeM Pa3aesbHOr0 TECTHPOBAHHUS €ro MPUEMHOM U Mepeaaiolien
CHCTEM.

[IpakTHuecKu eIMHCTBEHHbIM ya]eHHbIM 06bEKTOM C XOPOLLIO H3BECTHBIMU XapaKTEPUCTHKAMH paccesi-
Hus sisisieres JIyna. Papnosonauposanue Jlynol pagapom CYPA Bo3M0XKHO B ciiyuae ee poX0oxKIeHHs! B 10-
MyCTUMOM JI/1s1 aHTEHHOH CUCTeMbl IHana3oHe yryioB HaKJoHa IMarpaMMbl HalpaBAeHHOCTH, UTO UMEET MECTO
oT 4 110 6 nHell B Mecsll, U MPU A0CTATOUHO HU3KUX KPUTHUECKHX YACTOTaX JJisi oOecreueHus MpoXoxKIeHHs
u3JyueHns Ha paGoueli yacToTe pajgapa uepes HoHocgepy (Moc/eaHee yCa0BHE peanusdyeTcsl, Kak npaBu/io, B
HOUHOE BpeMsi, OJIHAKO, B IEPHOJL MUHUMYMa COJIHEUHOH aKTHBHOCTH BBIMOJIHEHHE €10 BO3MOYKHO U JIHEM ).

TectupoBanue npuemMHol cUCTEMbl pagapa MOXKET MPOU3BOAUTHCS TyTEM PaAHOACTPOHOMHUECKHX Ha-
6JI0IeHUI IMCKPETHBIX PAJMOMCTOUHHKOB. BhICOKHI ypoBeHb MoMeX pas3jiMuHoOro MPOUCX0XKIeHHS B AMana-
3oHe pabounx yactot crenaa CYPA Tpebyert, Kak MpaBuiio, MpUMeHeHH sl CliellHalbHbIX METO10B 06paboTKH
CHUrHaJa Ji71sl BblIeJeHUs U3/1yUeHns palMOUCTOUHUKOB. [IpuMep 3anicn MHTEHCHBHOCTH PaMOU3JydeH s Ha
yactore 8916 kli1 B nosioce yacror 10 kit npu paGote ¢ MoHON aHTEHHOH C HCTIOL30BAHUEM aJIbTePHATHB-
HOW CHCTEMBI ee MOJKII0UEH s BO BpeMsl poxoxKaeHns paarnonctounnka 3C461 2 asrycra 1998 r. (Kaccuo-
nest A, pacueTHoe BpeMst IPOX0KJIEHHS Uepe3 MaKCHMYM Jiarpammbl HanpassenHoct 03:33 MSK) npuse-
JIeH Ha pUcC. 2. 3HAUUTEeNbHbIH YPOBEHb MIOMEX MACKUPYET U3JyueHHe PaJMOUCTOUHHKA, OTHAKO HCI0J/Ib30Ba -
HUE IBOMHOTO MEeHAHHOIO YCpeAHEeH s M0 YacTOTe U 10 BPEMEHH MO3BOJISIET MOUTH MOJHOCTbIO H30ABUTLCS
KaK OT COCPEJ0TOYEHHBIX 10 YaCTOTe TOMEX OT PaGOTAIOLIMX PANMOCTAHLIMIH, TAK U OT LLIMPOKOTMOJOCHBIX HM-
MyJIbCHBIX TOMEX B OCHOBHOM I'PO30BOTO MPOMCX0zKAeHHs. Ha Bpeske cnpaBa nmokasaH pesyJ/ibraT Takok 00-
pabGOoTKK MpH pasjiesleHHk NMoJ0Chl TpUeMa Ha 64 4yacTOTHBIX KaHaJsa U MoCTOsSIHHON BpeMeHu | muH. BOausu
pacyeTHOro BpeMeHH MPOXO0KIAEHHS PAJMOMCTOUHHKOM MaKCHMyMa iIMarpaMMbl XOPOLLO BU/IHbI XapaKTepHble
(hayKTYaluu U3/1yueHns: pauOUCTOYHHKA, UMEIOLLIe HOHOC(EPHOE TPOUCXOKIEHHE, U YBEJIHUEHHE CPEHEro
MOTOKa MPUHAMAeMOH MOLIHOCTH. Ha Bpe3ke cJjieBa MokasaH 4aCTOTHBIH CHEKTP U3/ydeHHsl HCTOUHHKA, JIBE
JieBble TOUKH KOTOPOro noJydeHbl Ha cTenie CYPA. CrioliHasi 1MHUS PeCTaBIIsieT COO0#H annpoKCHMALHIO
9KCMEPUMEHTAbHbIX JAHHBIX 3aBUCUMOCTbIO

Sy, x v %exp(—T1,), (1)

rjae v — uactora, = 0,79 — CreKTpajbHbI HHIEKC HCTOUHHKA, a T, o< v~ 2!

cpenbl pacnpoctpanenus [11].

B nocsiennee Bpemsi nosiBusiach BO3MOXKHOCTb ITPOBEPKH pab0TOCMOCOOHOCTH Nepeaalollel yacTu pajia-
pa ryTeM npuema ero pajons/yueHus Ha ynaieHHoM kocmuueckom annapate NASA WIND, korna annapat
HaXOJMTCS B Tpejiesiax CKaHUPOBAHUS IMarpaMMbl HaMpaBJ/eHHOCTH pajfiapa NpH MOAXOASIIMX KPUTHUECKHUX
yacToTax MOHOCGEpHI.

CyulecTBeHHOE B/IMSIHME HA XapaKTep MPUHUMAEMOTO CHTHAJIA OKA3bIBAET €ro MPOXO0K/AeHHe uepe3 HOHO-
chepy. PokycupoBKH U J1ehOKYCUPOBKHM Ha KPYNMHOMACIUTAGHBIX HEOJHOPOJHOCTSAX HOHOC(EPHOH MIa3Mbl
MOTYT BbI3bIBATb CHJIbHbIE (DJIYKTyallMd HHTEHCUBHOCTH cUrHaJja. Kpome toro, B HoHOC(Epe MPOUCXOAUT Ya-
CTHYHOE MOTVIOLIEHHE paauousydeHus (6oJee CUIbHOE B IHEBHOE BPEMsl ), @ TAKXKe €ro paccesiHue Ha Heo/l-

— OIITHYeCKas ToJILIHHa
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Puc. 2. [Ipumep peructpauuu paaroussyuenusi B nosoce yactot 10 kIit Bo BpeMsi poxoK/ieHust AMCKPETHOTO Pano-
ucrounnka 3C461 (Kaccuonesi A). Ha Bpeskax: cnipaBa — pe3yJibTaT ABOHHOTO MEAHAHHOTO YCPEHEHHS MPH-
HSITOTO U3JTy4eHHUsl 110 YACTOTE U 110 BPEMEHH, CJieBa — UYACTOTHbBI CTIeKTp U3JyueHust uctounuka 3C461 (nse
JieBble TOUKH moJyuernl Ha crenae CYPA), cryiomnasi KpuBast cootBercTByeT (1). 3aBUCHMOCTH Ha Bpe3Kax
TMpUBENIEHbl B TeX ’Ke eIMHULAX, UTO U HA OCHOBHOM PUCYHKe.3aBHCUMOCTb (PYHKIMH B3aUMHOH KOPpeJsLHUH
HanpaBJeHHH BeTpa U MaKCHMYyMa iMarpaMMbl 00pPaTHOTO paccesiHusl OT CIIBUTa T 10 BpeMeHH. T' — BepxHsis
rpaHuLa MoJ0Chl PUIBTPALIUH.

HOPOJHOCTSIX ¢ MacluTabaMu Mopsiika IJIMHbI BOJHbI U3/1yueHns. B ¢BSA3M ¢ CHIbHON H3MEHUMBOCTbIO HOHO-
chepHbIX YCJOBUH eIMHUUHbIe HAGJI0IeHUS TO3BOJISIOT JIHIb CeNaTh BbIBOA 0 paboTOCOCOOHOCTH paaa-
pa. Ero xann6poBka BO3MO2KHA TOJILKO B pe3yJsibTaTe CTAaTUCTUUECKOrO aHaJM3a JAAaHHbIX GOJIbILIOro uhcaa
Hab/0IeHuH, uTo TpebyeT HOJILIIOr0 BpeMEHH BCJAECTBHE HEOOXOIUMOCTH, C OJIHOH CTOPOHBI, 06ecrneueHust
MPOXOKIeHHS 00BEKTOB Uepe3 AMarpaMmy HarpaB/JeHHOCTH pajaapa, a ¢ Jpyrod — coOJI0IeHUs YCI0BUS
NPO3PauHOCTH HOHOCHEPHI U151 pafHou3yueHns: B pabouem auanasone yacTot pagapa. Tako# aHaamus noka-
3aJ1, uto napametpbl pagapa CYPA cyliecTBeHHbIM 06pa30M 3aBUCAT KaK OT paboueil 4acToThl, TaK M OT yriia
HakJsoHa Jsiyua. [To pamuosokaunonnbiM Hab0AeHHSAM JIyHbBI OO YCTAHOBJIEHO, UTO HA YacTOTaX 0KoJio 9
MI11 K03(hDULIMEHT yCHIIEHHST OIHOM CeKIIMH aHTeHHbI cocTaBsier G = 77+ 3,2(34 — «v), rie o« — 3eHUTHbI
yroJi iyua pajapa B rpajycax, a apdexkrupHas cobuparolas niaolajib 0OJHONH CeKIMH aHTEHHbI IPH 3eHUTHOM
yrsie 34° coctapJisier 7 - 103 m2.

1.6. Ctrenn CYPA B cocTaBe GMcTaTHY€CKOr0 pajapa

Kpome ncnonb3oBanusi crena CYPA B pexxnMe MOHOCTATHUECKOTO Pajfiapa, OH MOXKET CJIYKUTb U Mepe-
JlaTuukKoM GuctaTuueckoro paaapa. [Ipu 3ToM HCnosbayloTes TOJMbKO €ro nepejatoias CUcTeMa i cuctema
ynpasJenus. [IpuemHasi cucrema B 3ToM cjyuae MoxKeT ObITb pacroJsioyKeHa Kak Ha 3emJie, Tak U B KocMoce,
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Ha 60pTy KocMUUecKoro annapata. Llenblii psia sKkcrnepuMenToB no GUCTaTHUECKOMY 30HAMPOBAHUIO C Ha-
3eMHbIM [IPUEMOM OblJl BLITOJIHEH B COTPYIHHUETCBE ¢ PalioacTpOHOMUUECKUM MHCTUTYTOM AKajeMUH HayK
Yxpaunbl (1. XapbKoB) MpH HCMOJb30BAHWHM B KAauecTBe paJlapHOro MpUeMHHKA CaMoro 60JbLIOTO B MHUpe
KOPOTKOBOJIHOBOTO pajuoreneckona ¥ TP-2. Jlpyroit BapuaHT GHCTaTHUECKOTO 30HMPOBAHUS Obl1 peasi-
30BaH TPH MUCIOJb30BAHMU B KauecTBe pajlapHoro rnpueMHuka cucreMbl RAD-2 kocmuueckoro annapata

NASA WIND.

2. ObJIACTH UCINOJIb3OBAHUSA PAJAPA CYPA

Panap CYPA ucnosbayercst /st NpoBeJieHUs1 paiioioKallMoHHbIX Habumoaenunil B KB nuanasone pas-
JIMUHBIX 00BEKTOB, YAAJEHHBIX OT MOBEPXHOCTH 3eMJIH Ha PACCTOSIHUE OT HECKOJIbKUX JIECATKOB 10 MUJIJIMO-
HOB KHJIoMeTpoB. KpaTko paccMoTpuM 3a1aui 30HAMPOBAHUS U MOJyUeHHbIE PE3YJIbTaThl C POCTOM PaCCTOs-
HUs1 OT 00beKTOB 10 3eMiin. C nomoliibio pagapa CYPA 6bliu ucc/ie10BaHbl paio0TpaXKeHus OT Me30cdepbl

BeicoTa, KM

60 _. - . v
12:00 12:30 13:00 13:30

Bpemst (MSK), u:Mun

5 10 15 20 25

Ornowenne curHar/mym, Ab

Puc. 3. [IpocTpaHcTBeHHO-BpeMeHHas! 3aBUCUMOCTb HHTEHCHBHOCTH Me30C(epHbIX paanosXo (Mo JAaHHLIM, MOJy-
ueHHbIM 21 ntosist 1994 1.).

(BbIcOTBI 60 <+ 90 KM), B UaCTHOCTH, OT 06J1aCTH Me3onaysbl, rie rno nauibiv Y KB panapos npenumyiiiectBen-
HO B TOJISIPHBIX LIMPOTaX HaOJIOAeTCs siBJIeHHEe Me30C(epHOro JIETHEro0 9Xa, CBsidaHHoe ¢ 00pa3oBaHueM
MHOT03apsiIHbIX a9p030JieH B YCJIOBUSIX JIETHETO TIOX0J10/IJaHUs HA BBICOTAX Me3omnayabl. JlanHble neenenoBa-
HHUS BBIMOJIHSJIMCH C UCTIOJIb30BAHHEM MMITYJIbCHOTO MepeiaTuuKa, MOAKII0YEHHOTO K OTHOH U3 CeKUMH aH-
TEHHBI, OCKOJIbKY BbICOKAs MOLIHOCTb M3JyueHHs] B 3TOM cJyuae He Tpebyetes. [Ipuem Bescs paznesnbHo
Ha JIBe JIPyrde CEeKLUMH aHTEeHHbI C LEJbIo OMpe/eseHns yIyIoB Npuxoaa paanosxo. [Ipumep TunuuHbix pe-
3yJIbTaTOB 06PABOTKU MPUHATHIX CUTHAJIOB [/ MHTEHCHBHOCTH PaJM03X0 MMOKAa3aH Ha PUC. 3 B KOOpAMHATAX
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BpeMsi—BbICcOTa (110 JaHHbIM, noJyueHHbiM 21 ntosist 1994 1. [12]). B otainune ot YKB nabsionenn# KopoTko-
BOJIHOBOE 30HIMPOBAHKE MOKA3aJ10 MOCTOSIHHOE HAJIMUKe pajinodXa U 00pasylollero ero TypoyJeHTHOTO Clos
Ha BbICOTAX HECKOJIbKO HHKe Me3onaysbl (82 =+ 84 kM) [13]. Cniopaanueckoe ycuseHne pajnosxa B JeTHHE
nepuojbl B KB nnanasone mporcxonut Ha BbicoTax Me3omnayabl (0KoJ10 85 KM, Kak B cayuae Y KB sonnupoa-
nus) [14]. MUcnonb3oBaHue KOPOTKOBOJHOBOTO JHaNa3oHa MO3BOJMJIO MPOCJEIUTh AMHAMHKY 06pa3oBaHUs
OTBETCTBEHHBIX 32 Me30C(epHOe X0 TOHKHUX PAAHOOTPAXKAIOLIMX CJI0EB, HAUMHAIOUIMXCS, KaK MPaBUJo, ¢
CWJIbHOH BCTIBILIKH, BEPOSITHO, METEOPHOH TPUPOJbl U UMEIOLIMX BpeMeHa Pa3BUTHS MOPSIIKA HECKONbKHX
munyt [12].

HccnenoBanuns aBpopabHOil MarHUTOChEpbl M03-

BOJIMJIK OOHAPYKUTh HAJIMUME HOHHO-3BYKOBOH Typ-
R . OyJIEeHTHOCTH B 00J1aCTH MPOLOJbHBIX TOKOB Ha Bbl-
- N AN cotax nopska (2-+4) - 103 km [15, 16]. 1na yse-
A AN 11 _\_/_ N 2 JIMUEHUS] UYBCTBUTEJIbHOCTH pajapa Mpu 3aJ1aHHOM
NR% \//" \| 1- \_/ MPOCTPAHCTBEHHOM pa3pelleHuH MPUMEHSN0Ch O1-
- A (hazoBO€ KOAMPOBAHUE 30HAMPYIOLLIEr0 HMITYJIbCA C
~F N “I~ g HCIOJIb30BAHUEM CXEMbI TaK Ha3bIBA€MOTO aJIbTEP-
SP / AN 21 HATUBHOIO KOJMPOBaHUs, pa3padOTaHHOM MJisl pa-
) ~N JlapOB HEKOrepeHTHOro paccesiius [17] u moandu-
_ 1Al UMPOBaHHOH ¢ yueToM ocobenHocTell KB nnanaso-
4EN NZ N Ha [18]. bblna nokasana nepcneKTUBHOCTb HCCJIe-
JIOBaHU$1 aBPOPabHOH MarHUToCc(epbl ¢ MOMOLIBIO
KOPOTKOBOJIHOBOTO PaAHO30HAHPOBAHHUS, OJTHAKO MO
teHumas pagapa CYPA okazaJcsi CIMIIKOM HU30K
JIIS1 PETYJSPHBbIX HaOJIIOIeHUH, N03BOJIAs 0OHApPY-
- B . JKUBATh TyPOYJEHTHOCTb JIMIIb B HCK/IIOUUTENbHBIX
N YCJIOBHSX, Korja oHa ocoOeHHo paspurta. [Ipumep
NEENERN S ENRPENES ~1- 0OHapPYyKEHUSI CUJIBHOIO PAIM03Xa OT aBPOPAJIbHOM
BN AL J_ls MarHutocdepsl, HabJ/01aBIlerocsi B Houb ¢ 14 Ha
- N 15 Ho516ps 1992 1., nokasan Ha puc. 4, rJie puBe/e-
Hbl yCpeIHEHHbIE I0TJIEPOBCKUE CMEKTPbl CUrHasa
B 3aBUCUMOCTH OT BPeMeHHOH 3aiep:kKu. PaccesiH-
' ' ' ' — 17 HOMY aBpOpaJibHON MarHuTocdepoil CUrHAJTY COOT-
BETCTBYIOT HOKOBbIE MTUKH C JIONJIEPOBCKUM CMellle-
AOIAEPOBCKHIT CABHUT YacToTHl, Ky Huem okoJ10 600 [11. JlanHble uccsen0BaHusT BBIIOJ-
HSIIUCh TaKKe U B pesKUMe OMCTaTHUECKOro paaapa
Puc. 4. JlonziepoBekue CeKTpel pajidosxa 0T aBpOpalib- ¢ UCMOJb30BAHHEM B KAUECTBE PUEMHON CHCTEMbI
HOH MarHuTOChepsl. pamuoreneckona Y TP-2 PannoacTpoHOMHUECKOTO
unctutyra AH Ykpaunbi (1. Xapbkos)[19].

N
1
;
3apepkka, McC

O6JacTb MeX1y MarHuTonay3oi U oTollle/lled YaapHoOi BOJHOM, pACIOJIOXKeHHAs B CITOKOHUHBIX YCIOBH-
six Ha paccTosiiun 10+-13R3 ot 3emun B HanpaB/enuun Cognnua (R3 — paauyc 3emin ) B/ISeTCs NepexoaHon
M1y COJIHEUHBIM BETPOM H 3eMHOH Maruutocdepoil. BoaMoxKHOCThL HAaGM0IeHHsT MeJIKoMacIuTabHOU Typ-
OyJICHTHOCTH COJIHEYHOTO BETPa C XapaKTepHbIMU MaciuTabamMH, COOTBETCTBYIOLIMMHU AanHam BosiH KB n1na-
nasona, Ob1a nokasana B [20]. [TpoBenennbie ¢ ucnonb3oBanueM pagapa CYPA uccienoBanus skenepu-
MeHTaJIbHO TMOJATBEPU/IN HajMuue Takoh TypOyaeHTHOCTH [21]. Bosee kpynHblie Macuitabbl Typ6yJeHTHOCTH
(nopsizka 100 kM) B mepexoiHON 06J1aCTH MEXJ1y COJIHEUHBIM BETPOM U 3eMHON MarHuTocgepoil H3ydajuch
¢ nomoliibio 6ucratuueckoro pagapa CYPA—WIND o uameHeHuto crekTpoB MepLaHHil paHocuriasia npu
npoxozkaeHun kocmuueckoro annapara WIND uepes sty o6iactb [22]. [1pumep peructpauunn paanounsiyue-
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nust pagapa CYPA npuemnoii cucremoit RAD-2 anmapara WIND 19 utonsi 1998 1., korja annapaT Haxoaus-
cs1 Ha paccrosiiu 133 R3 ot 3emun, npuBeseH Ha puc. ba. Panap CYPA pa6oras na uacrtore 9025 kIt B uH-
TepBaJie BpeMeHH 11:04—11:54 UT
(pacueTHoe BpeMmsi MPOXOXKIEHHWS annapaTa uepe3 MaKCHMyM auarpammbl Hamnpasiennoctd 11:29 UT).

[Tpuemnasi cucrema RAD-2 umeer ummpuny noJsiochl npuHumaembix uactot 20 kIir u oGecrieunBaer Bpe-
MeHHOe pa3pellieHue (B pexKUMe UCT0JIb30BAHHON BO BpeMst u3Jjyuenus pagapa CYPA cneuuaiabHOR MOJIbI)
oKoJsio 63 mMc. ¥YruoBasi BeicoTa annapara WIND B nanHom ceance cocrasJsiia okosio 54 °. Ha puc. 56 no-
kazana op6uta annapata WIND B niiockoctu sknuntuku agas nepuoaa ¢ 00:00 UT 14 nosabps (nenb 318)
1996 . no 00:00 UT 12 Hos6ps (nenb 316) 1997 ., a Ha puc. 5B — creKTpbl MeplUaHUil cUrHaJMa pajaapa
CYPA, noayuennble 29 u 30 nekabps 1996 r., korna annapat WIND Haxoauiicsi COOTBETCTBEHHO B 06J1aCTH
coJiHeuHoro BeTpa (KpuBas 1, eBasi 1ikasa) v BHyTpu Maruutocdepbl 3emuin (KpuBas 2, npasasi ikasa ). Xa-
pakTepHOe ycuJeHHe MepPLAHNH Ha YaCTOTaxX MOpsiika euHHIL repll 29 nekadps COOTBETCTBYET PaCcCesHUIO Ha
HEOJIHOPOIHOCTSX B 00J1aCTH MEXK/y MarHUTONAay30H 1 oTolleel ynapHoi BonHo#. B 1998 roay 6blu Tak-
JKe TIPOBeJIeHbl SKCTIIEPUMEHTHI 10 30HAMPOBAHUIO MEPEXOAHOH 06J1aCTH C UCMOJIb30BAHMEM OUCTATHUECKOTO
panapa CYPA—YTP-2.

DKcnepuMeHTh 110 paaro3onauposanHio JIynsi (yaanenue (3,5-4,2)-10° km, uan 5567 R3) uctopuue-
CKH OblJIM MTEePBbIMU PAJHMOJOKALMOHHBIMHE HCCJIEIOBAHUSIMH, BbiNOJIHeHHbIMY Ha pajtape CYPA. B pesysbra-
Te  Obla  BrepBble  U3MepeHa  3(deKTHBHas  mJolaab  paccesnus o Jlynel B
JUTMHHOBOJIHOBOM YaCTH JIeKaMeTpoBoro auanazona. [1pu comocraBieHnu ¢ JaHHBIMU IPYTUX aBTOPOB, MO-
JIydeHHbIMH Ha 60Jiee KOPOTKUX BOJIHAX, 0GHAPYKEH MAKCUMYM B 3aBUCHMOCTH o (), TJle A — JUIMHA BOJIHbI
3oHAMpoBanus, B6M3W A = 15 M. Ha puc. 6 npuBeneHo otHolleHHe H3MEPEHHOTO 3HAUEHHUSI 0 K TeOMeTPH-
YECKOH MOBEPXHOCTH T reoy AMCKA J1yHbl. CrijiolIHASI KpUBAs HA PUC. 6 COOTBETCTBYET MOJIENIH AIBOHHOTO MPO-
XOXKJIEHHS1 PaJIMOBOJIH Uepe3 HeOJHOPOHYIO HOHOChePY B CXeMe MOHOCTaTHUECKO#H pajrookaiuu [23]. Ha-
6Jto1aemoe yBeJHueHue a(N) B JIeKaMeTPOBOM JuanasoHe BbI3BAHO s perTom
YCHJIEHHUS JIYHHOTO PaJIi03X0 MPU IBOHHOM MPOX0XKIAEHUH CHTHAJIOB pajiapa uepe3 HeoIHOPOIHYI0 HOHOChe-
py. Takum o6pasom, OblJ0 10KA3aHO, UTO JIHHbIH FPYHT B LEHTPasibHOH obsiacTh aucka JIyHbl B cpeiHem
OJIHOPOJIEH 110 TIyGHHE (JIM3JIeKTPUUECKasi TPOHUIIAEMOCTb MopsijiKa 2,8) BIIOTH 10 PACCTOSIHUH OT MOBePX-
Hoct okoJsio 500 m [24]. Ha Bpeske k puc. 6 mokasaH npuMep peructpaiuu otpazkeHnoro ot JlyHel curnana
npu paboTe OHOH CEKIMU aHTeHHbI Ha nepenauy u oaHol Ha npuem 10 Hosi6ps 1998 r. 3onauposanue npo-
BojiJIoch Ha yactore 8920 kli1 ciBOEHHBIMU UMITYJIbCAMU JTHTENBLHOCTBIO 0,5 U 0,25 ¢ ¢ unTepBasiom 0,25 ¢
MeXKJly HUMU TPU MEPHOJIE MOBTOPEHHUS O C.

Ha ocnoBe ncnosb3oBanus s¢pekta IBOHHOTO NMPOXOKIAECHUS 30HIUPYIOLLETO U3/IyUeHHs uepe3 neee-
JlyeMylio cpefly Obla TakxkKe pazpaboTaHa METOIMKA IUArHOCTHKH HEOAHOPOJIHOCTEH HOHOCHEpbl U COHeu-
HOTO BEeTpa C MOMOILIbIO paarosoKaluu JIyHbl, XxapakTepuaylonlasicsi MoBbILIEHHONH YyBCTBUTENLHOCTBIO [23].
B nacrositiee Bpemsi paanosiokauus JIyHbl HernosbayeTest AJisi TpoBepKH paboTOCMIOCOOHOCTH M KaJuOPOBKH
panapa CYPA kak B MOHOCTAaTHUECKOM BapHaHTe, Tak U B cocTaBe OucTathueckux pagapos CYPA—YTP-2
1 CYPA—WIND.

HccnenoBannsi cosHeuHOro BeTpa Ha pasanuHbx yaaneHusx ot 3emin (10 200 R 3) O6biM BbIMOJHEHbI
B OMCTAaTHUECKOM BapHaHTe C UCMOJIb30BAaHUEM B KauecTBe NPUEMHMKA pajapa rnpueMHoil cucrembl RAD-
2 xocmuueckoro annapata NASA WIND [25]. Kpome Toro, Takum croco6oM HCC/1e10BaluCh U BOMPOCHI
TPAHCHOHOC(EPHOTO MPOX0XKAEHHUST MOILIHOTO KOPOTKOBOJIHOBOTO H3JIyUeHHsl M COMYTCTBYIOLIHE HeJIMHENHHbIe
siBJieHust [26].

Hakonel, HauGoJiee yiajeHHbIM 00bEKTOM, M3yuaBLIMMCS ¢ Hcnoib3oBaHneM pagapa CYPA, siBisiercs
kopona CouHua. Jlannbie ncesenoBanus MpOBOASATCS C 11e/bI0 U3yUeH sl BO3MOXKHOCTEH paHHEeH AHarHOCTUKH
reo3(HeKTUBHBIX KOPOHAJIbHBIX BHIGPOCOB MACChl, KOTOPbIE MOTYT CYLIECTBEHHBIM 06PAa30M MEHAThb 3JIeK-
TPOMArHUTHYI0 0OCTaHOBKY B OKPECTHOCTH 3eMJd. Pernctpauusi oTpaxKeHHoro oT CoJHEYHONH KOPOHbI CHI-
HaJsa nposoauaack B 1997—1998 ronax Ha pamuoreneckone Y TP-2 (Gucratuueckuit pagap CYPA—YTP-
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Puc.5. a) ITpumep perucrpauuun paamousdnydenusi pagapa CYPA npuemtoit cuctemoin RAD-2 Kocmuueckoro ar-
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napara WIND. 6) Op6ura annapata WIND B nsiockoctu sxauntuxu ais nepuoga ¢ 00:00 UT 14 no-
16pst (nenb 318) 1996 r. no 00:00 UT 12 nosi6ps (newb 316) 1997 r. Och X Hanpassena Ha CoJiH-
ue. [unepGosiMueckue KpUBbIE COOTBETCTBYIOT TOJIOBHOH ynapHoil BosiHe COJIHEUHOTO BeTpa M MarHWTO-
nayse (ucrounuk: http://sscweb.gsfc.nasa.gov). B) HopmupoBanuas crekTpa/bHasi MJIOTHOCTb MOLIHOCTH
G wmepuannii curnana pagapa CYPA ( [Gydf = mi, e mj — wHHueKC MepuaHuil) WJisi CeaHcoB
29 nexabpsi 1996 r. npu paccrosiHud annapara 10 3emyad R = 33,4R3, yros Mexjy HanpaBJeHHEeM Ha ar-
napare u nanpasJendeM Ha CosiHie € = 82,5°, CKOPOCTb COJIHEYHOro BeTpa Viy = 320 KM/cek (Kpupas 1)
1 30 nekabps 1996 . npu R = 24,2R3, ¢ = 127,5° (xpuBas 2). llkana BToporo crekrpa cMmelleHa BHU3

OTHOCHUTEJIbHO MpeAbIAyHIETO Ha MOPsAa0K.
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Puc. 6. 3aBucumocTb 3P HeKTUBHOTO pauoI0KALHMOHHOTO MOTepeYHHKa JIyHbI OT JAJHUHBI BOJHLI 30HXPOBAHHSI.
Haunbie, mosyuennbie Ha pagape CYPA, ormeuenbl kpectikamu. CrjiolHasi KpUBasi COOTBETCTBYET MO-
JIeJIn JIBOIHOTO 1poxoxkaenusi [23]. Ha Bpeske: npumep peructpaiiu 0TpaykeHHoro ot JIyHbl cUrHadia.

2)[27], onHako B psijie CeaHCOB UCIOJIb30BAJICS U aJbTePHATHBHbIN NpreMHblil KaHas pagapa CYPA, nosso-
JISTIOLIME IPOBOJIUTD JIOKALIMOHHBIE HabJI0IeHusT 6e3 oTepH 3(h(PeKTUBHON MOIIHOCTH U3JyueHust U cobupa-
toLLeH /10111 aHTEHHBI [1PY PUEME; IeTallbHblH aHaJIM3 Pe3yJIbTaTOB 3THX IKCIIEPUMEHTOB MPOIOJLKALTCS.

3AKJIIOYEHHE

PasButue ncesieoBaHuii o KOPOTKOBOJHOBOMY PaIMO30HAHPOBAHUIO OKOJIO3EMHOIO KOCMHUUECKOTO IPOo-
ctpancTBa Ha ctenie CYPA cBsizaHo ¢ paciipeHreM 4acTOTHOTO Mana3oHa HabJio/leHuil B 00s1acTb GoJiee
KOPOTKHX AJIMH BOJIH. JledCTBUTE/NbHO, NepeaTuMKh pajapa crnocoOHbl paboTaTh Ha 4acToOTax BIWIOTh J10
26 MIy, u, Takum 06pa3oM, pacluIMpeHre YacTOTHOrO IMana3oHa pajapa CBsi3aHO TOJbKO C CO3aHHEM HO-
BOil aHTeHHOU cucteMbl. K Hactositiiemy Bpemenn B HUP®U y:ke pazpaboran nNpoeKT aHTeHHbI pajapa Ha
JManasoH yactoT 15 <+ 25 MIiL 1 HayaTbl paboThl 110 €e CTPOUTEJIbCTBY.

Hcnonb3oBanue BbicokoyacToTHOH yact KB nuanasona npeanouyTute/ibHO [Jisi UCCJeI0BAHHST aTMO-
cepbl, B YaCTHOCTH, JI/1s1 Me30C(hepHOro 30HIMpOBaHUsl. BoJsiee BbICOKHE UaCTOThI JKeaTe IbHbl M [/ UC-
cJ1eI0BaHUs BHEaTMOCHEpPHbIX 06HEKTOB B EPHO/IbI TIOBBILIEHHON COMHEUHOH AKTUBHOCTH.

Jlannasi paboTa npoBoauaach Mpu yacTuuHol noaaepkke PODU B pamkax rpantos 94—05—16862, 96—
02—18508,96—02—16465,97—02—17297 u 99—05—64483, mexkiynapoanoit accounaunn INTAS B pamkax

A.H. Kapawmur u op. 777



1999 Hszs. BY308. PAIIHOD®HI3HKA Tom XLII Ne8

rpanta INTAS—CNES 97—1450, a takxke psina apyrux 3apyGexKHbIX HayuHbIX onaoB u areHcTB (NSF,
NASA, ONR, ISF, CRDF).
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RADAR STUDIES USING THE SURA FACILITY

A. N. Karashtin, G. P. Komrakov, Yu. V. Tokarev, and Yu. V. Shlyugaev

We review technical characteristics and applications of the VHF SURA radar based on the multi-
purpose research SURA facility of Radiophysical Research Institute.
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BJIMSIHUE 3JEKTPOCTATUUYECKOIO MOJIS1 TPONOC®EPHOM JIMHUU LLUKBAJIOB
HA HOYHYIO CPEAJHEILUUPOTHYHO E-OBJIACTb HOHOC®PEPDI

B.Il. Kum, B. B. Xeeaii

[TpoBejieH pacueT NMPOHUKAIOLIEro B HOHOCHEPY 3JEKTPOCTATHUECKOTO MOJIsl, CBI3aHHOTO ¢ TPONOCHEpHOH Jik-
HHUell [IKBAJIOB, H €ro BO3JEHCTBUSI Ha HOUHYIO CPeJHEIHpOTHYI0 E-o6/acth. [TosyueHo, uTo BeJMUMHA 3JEKTpHYEe-
CKOTO TOJIsl Ha HOHOC(EPHBIX BLICOTAX MOXKET ocTHraTh 3 MB/M. IToj Bo3/elicTBHEM TOJIsT 3/IeKTPOHHAS KOHIIeH-
Tpalusi B BepxHel uacti E-o6sacti noHocdepsl Haj TPOMOCEpHOEt JHHUEH [IKBAJIOB YMeHbIlaeTcst 1o 3,5 pas or-
HOCHTEJIbHO HEBO3MYILIEHHOTO ypoBHSI. [0pH30HTa/IbHbIE Pa3Mepbl BO3MYIIEHHOH HOHOC(HEPHOI 00JIaCTH COCTABJISIIOT
200270 Km.

BBEJEHHWE

DJIeKTPOCTaTHUECKHE T10J151 TPO30BBIX 00J1aKOB HAPSILY C J€KTPOMATHUTHBIMH H aKyCTHUECKHMH BOJIHA-
MH, BO30Y2K/IaeMbIMH MOLIHBIMH MOJIHUEBBIMU Pa3psilaMu, SIBJSIIOTCS CYLIeCTBEHHBIM (haKTopoM, obecnedn-
BaIOIIUM TpornocdepHo-HOHOCHEPHO-MAarHUTOChEpHOE B3aUMO/IeHCTBHE. Cefiuac TBEP/O
YCTaHOBJIEHO, UTO 3JIEKTPOMATHUTHbIE M10J151, 00YCJIOBIEHHbIE MOJHUSIMU, MOTYT BbI3bIBATh KPATKOBPEMEHHOE,
HO 3aMeTHO€ yBeJIMUeHHE KOHIEHTPALIMK 3apsKEeHHbIX YaCTHILL B HHXKHEH HOHOC(epe KaK 3a CUeT Hemocpesi-
CTBEHHOTO BO3/IEHCTBUS TakuX nodieid [1, 2], Tak 1 B pedysibTaTte MHAYLHPOBAHHOTO UMM BbIChINAHHUS SHEP-
TMYHBIX 3J1€KTPOHOB W3 MarHUTocdepbl, U3BECTHOTO KakK “TpuMnu-3sdpdekr-[3,4]. B nocnennee Bpems 6ypHo
pa3BUBAIOTCS UCJEI0BAHUS 9JEKTPUUECKUX PA3PSIIOB MEXK/y BePXHEH UacTbiO0 TMTAHTCKUX IPO30BBIX 00J1a-
KOB U HOHOC(Epoi BO BpeMs y1apoB MOJHUN H 3((HeKTOB BO3IEHCTBHS ITHX PAa3psiIoB HA HHAKHIOIO HOHO-
cepy. [TocsenHum pesysibTaToM STHX MCCJIEIOBAHHUI TOCBSILIEH BbiMycK XKypHasa Journal of Atmospheric
and Solar-Terrestrial Physics [5]. letasbHbie pacueTsbl pacnpeneneHus 3JeKTPOMarHuTHOTO M0JIsi B HUzKHEH
rnoHocdepe, 00YCJOBJIEHHOTO 2JIEKTPUUECKUMH pa3psijiaMu B HOHOChepy, NPeACTaBJIeHbl, B YaCTHOCTH, B [6].
Caiesryer OTMETHTb, UTO BPEMS 2KH3HH TAKUX 3J€KTPOMATHUTHBIX MOJIEH COCTABJISIET 10JH CEKYH/IbI.

Uro kacaetcsi HOHOChepHbIX 3h(heKTOB COGCTBEH-
zA HO 3JIEKTPOCTATHUYECKHUX T10JIeH TPO30BbIX 00J1aKOB, TO
9Ta npobJieMa B 9KCIepUMEHTaNbHOM MJIaHe 10 CHX MOP
. MpPaKTHUECKH He UCCIeIOBAaHA, OJIHAKO BbIYUCJIEHHUS, Bbl-
E o6nacTh B TOJIHEHHBIE B 7], TOKa3aJu, 4TO HAMPSIKEHHOCTh SJ1eK-
TPOCTATHUECKOTO MOJIsi TMTAHTCKOTO TPO30BOro 00J1a-
y Ka Ha BbICOTAX CPEIHELIMPOTHON HOHOC(EPHI B HOUHBIX

yes10BusiX Moxket aocturath 0,7 MB/m. Jlokannsosan-

8o Bn ) Hbl€ 3JIEKTPOCTATHYECKHUE M0J151 TAKOH BEJIMYMHbI MOTYT

MPHUBOJUTL K 00pa3oBaHuio B Miadmocdepe HEOAHO-
Puc. 1. O61as reometpusi 3a1auu. POJIHOCTEH 3JIEKTPOHHOH KOHUEHTPALIMH, BHITSHYTHIX B0Jb

reOMarHUTHBIX CUJIOBBIX JIMHUIE [8]. 3ameTum, uTo A/n-

TEJILHOCTb CYLIECTBOBAHHUS 3J1E€KTPOCTATHUECKUX MOJIEH TPO30BbIX 06JIaKOB paBHA BPEMEHH KU3HH CaMOTO

rpo3oBoro 06Jaka, KOTOpoe MOKeT I0CTHraTh 2 4acoB OT HauaJa pa3BuTHs obJaka 10 ero pacnana.
ABTopbl pa6oThl [7] poBe/in BbIUKC/IEHHS pacipe/iesieHust B HOHOC(EpPe 3JIEKTPOCTATHUECKOTO MOJIsl TH-
raHTCKOTO rPO30BOTr0 00J1aKa B IpeHe0pexKeHnH TOPU30HTaIbHBIMU padmMepamu obJiaka. [1pu yuere koneuHbIx

=Y
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pasmepoB o6J1aKa, Kak MoKasaJ/u Halllk pacueTsl [9], MakcuMaJ/bHas BeJIMUMHA HAMTPSI2KEHHOCTH MOJIs1 B CPe/i-
HeLMPOTHON HoHoCdepe MoxKeT JocThrath 6 MB/M /151 HOuHbIX yc/1oBHi. TIpy 5TOM MO BAMAHHEM TaKOro
N0JIsl B HOUHOW CPeAHELIMPOTHON F-00/1aCTH MOXKET 0OpPa30BbIBATLCS MOJIOCTh C OUe€Hb HU3KUM 3HAUEHHEM
KOHUEHTPALIMH 3JIeKTPOHOB.

B nacrosiei pabote nccenyeTcs BAUsIHAE HA HOUHYIO CpeiHelInpoTHYI0 E-o6acTb noHoChepbl s/1eK-
TPOCTATHUECKOTO T0JI51, CBI3AHHOTO C TPOMOCHEPHOi JTMHHUEH 1LIKBAJIOB.

1. MOCTAHOBKA 3AJJAYHU

Tponoccepnas anHUS 1LIKBAJNOB NPENCTABISET

€000 NOJIOCY CUJIbHBIX LIKBAJIOB U TPO3, KOTOPAst E,/Q, MB/(m-Ka) -
NpeJlecTBYeT X0JOJHOMY aTMOC(HEPHOMY (DPOHTY.
JHa nogiockl coctasasier ot 100 1o 700 KM, BJOJIb 0,1

Hee MOTYT pacrnoJaratbest 60Jee 1eCsTH IPO30BbIX
o6J1akoB [10]. B cBoux pacuerax mbl roJiaraJiu, 4to

BJI0JIb [T0JIOCKI PACITIOJI0XKEHO 7 06J1aKOB Ha PACCTO-

SIHUK 15 KM IpyT OT apyra. DJeKTpuueckasi CTpyK- 0,01
Typa Kaxaoro o6jaka MoJeIUpyeTcsi IBYMsl paB-

HbIMM 11O BeJHUMHE 0ObEMHBIMHU 3apsiiaMHi MPOTH-
BOMOJIOXKHOTO 3HaKa B 25 KyJIoH Kaxkibld. LleHTp
MOJIOZKUTEIBHOTO 3apsijia PACOJIOKEH Ha BbICOTE 9 KM,

LEeHTP OTpULIATeIbHOr0 — Ha BbicoTe 3 KM. Ob1as 0 100 200 R, kM

reoMeTpust 3aj1aud npuBejeHa Ha puc. 1. [eomar- Puc.2. PacnipeneneHde  HanpsizKeHHOCTH — TOPU30H-
HUTHbIE CHJIOBbIE JIMHUHU MOJ1araloTCsi BepTHKAJbHbBI - TaJbHOrO 3JIEKTPOCTATHUECKOTO T0JIsI MPO30-
MH. BOTO 06J1aKa, HOPMHPOBAHHOH Ha BEJHUHHY

3apsiza ) rpo3oBoro o6Jaka, B 3aBUCUMOCTH OT
paJHaJIbHOTO paccTosiHUSA R 110 9/1eKTPHUeCKOi
ocu 06J1aKa Ha BbICOTaX HOUHOU HoHocdepbl [9].

DJIeKTpUUeCcKoe roJie JMHUK HIKBAJOB Ha HOHO-
chepHbIX BBICOTAX MPECTaB/seT CO60H BEKTOPHYIO
CyMMy HanpsizKeHHOCTel 3JIeKTpUYec-
KHX TI0JIel OT KaxXK10ro rpo3oBoro o6Jaka. Pacnpe-
JleJieHre B MIOHOCdepe HANPS>KEHHOCTH 2JIEKTPOCTATHUECKOTO MOJISl OT OJIHOr0 06J1aKa BbIUHCJIEHO HamMH B [9]
¥ MoKasaHo Ha puc. 2. Jlyis ucc/aenoBanus BO3AEHCTBHS 3J1€KTPOCTATHUECKOTO M0JIs IMHHM IIKBAJIOB Ha HOU-
HYIO CPeIHelINPOTHYI0 E-06J1acTh BOCTIO/Nb3yeMCsl ypaBHEHHEM HEMPEPbIBHOCTH /Il 3aPS2KEHHbBIX KOMITO-
HeHT HoHOChepPHOI MazMbl — MoJieKyJspibiX HoHoB NO T, NJ, OF u ssekrponos. C yueTom TOro, uto Mac-
Cbl HOHOC(HEPHBIX HOHOB TIPUMEPHO PABHbI, @ YACTOTHI HX CTOJKHOBEHHUH ¢ HEHTpaIaMH OTJIHUAIOTCS He3Ha-
YHTEJILHO, CTALMOHAPHOE yPABHEHHE HENPEPLIBHOCTH JUIsi CyMMapHOl KoHueHTpaiuu nonos N = N(NO™)
+ N(NJ )+ N(O3) ~ N, nmeer Bus

div(NV) = ¢ — aN?. (1)
3nech V' — BeKTOp CKOpOCTH Jperiha HOHOB, 06YCAOBIEHHOTO 3/71€KTPOCTATHUECKHUM T0JIEM, ¢ — CKOPOCTb

HOUYHOTO MOHOOOPA30BaHuUs, v — KBaJpaTHUHbIH Ko3(hduumenT pekomObunaumu. Ckopocthb nperida V' onpe-
JieJIsieTCsl BbIpaXKeHueM

wj
2
wiz + Vizn B2 (2)
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¥, KM 3AEKTpHYECKuii noTeHuman (kB)  a) Ey, MB/M 6)
| ] | | ] ~ 2 1
200 -1
100 -
L i I ! I i 1 ]
0 0 +100 +200 1300 Xy, KM
100 ] Puc. 3. M3oauHuu noreHuasa 374eKTpuuecKoro rmoJis,
00YCJIOBJIEHHOTO JIMHUEH TPOonoctepHbIX LIKBAJOB, B
HOUHOMH cpe/IHelInPOTHON HOHOCepe (MaHe b a)) U Ha-
200 — NPsXKEHHOCTb FOPU30HTAJIBHOTO 3J1EKTPUUECKOTO MOJIs
B E-o6s1acT MoOHOC(Ephl KaK (PYHKIMS PACCTOSIHUS OT
| ‘ | | | OCH Z BJIOJIb OCH X (KpuBasi 1, naHesib 6)) U ocu y (Kpu-

200 -100 0 100 200 x, KM Basi 2, naueJib 0)).

31ech ey — 3JeMeHTapHbIN 3apsijl, m; — Macca HOHA, V4, — YacToTa CTOJKHOBEHHH HOHOB ¢ HEHTpaJbHbI-
MU YacTHLAMH, wj — FHPOYACTOTa HOHOB, E— BEKTOP HaIpPsKEHHOCTH 3JIEKTPOCTATHUECKOTO M0JIs, B —
BEKTOP MAarHUTHOH MHLYKLIHH.

BhinoJsiHuM unc/ieHHOe HHTerpupoBatue ypaBHeHus (1) 1/t pasjiMuHbIX BbICOT E-06/1aCTH HOHOCHEDHI.
[1pu 3TOM 3HaUeHUs ¢, v, U Vi, TPUMEM TaKUMH XKe, Kak B padore [9]. Mcrnosb3oBaHue cTallHOHAPHOTO ypaB-
HeHUs1 HeNPEePbIBHOCTH OMPAaBAAHO TEM, UTO XapaKTepHOe BpeMsl H3MEHEHHs pacrpeie/ieHHsi KOHLLeHTpaLUH
3apsiKeHHbIX YaCTHLL B HOUHOH F-06/1aCTH MOJ| IEHCTBUEM 3JIEKTPUUECKOTO T10J1s1 COCTaBJISIET 0KOJI0 15 Mu-
HYT, TOr/Jla Kak TporocepHas JUHUS LIKBAJOB CyLIECTBYeT OoJiee yaca.

2. PE3YJIbTATDI.

Ha puc. 3a npeacrapieHo BblUMCIeHHOE TOPU30HTAIbHOE pacrpeiesieHre MoTeHIHaa IeKTPHIECKOTo
noJist, 06yCJIOBJAEHHOTO IMHUEH 1LIKBAJIOB, Ha HOHOC(EPHBIX BBICOTAX, a HAa pUc. 30 MOKa3aHo pacrpeaeneHie
Harnpsi>KeHHOCTH TOPU30HTAJIbHOTO 3JIEKTPHUECKOTO 1104151 B 3aBUCHMOCTH OT PACCTOSIHUS OT OCH 2 BJOJIb OCEH
x U Y. BupHo,  4to  pacrpeneseHde  3JEKTpUUECKOro  noJsi  o6Jajaer  KBasu-
a3UMyTa/IbHOI CHMMeTpHell, a MaKCHMaJIbHOE 3HaueHHe HANPSKEHHOCTH 110J1s1 cocTaBaseT 3,3 MB/M. Duiek-
TPUYECKOE T10JIe HMEeEeT 3HAUUTEbHYIO BeJIMUMHY BIJIOTH 10 paccrosiHuil nopsiaka 300 km ot ocu z. Moau-
(huKauKs 3J1eKTPOHHON KOHIIEHTpalMH HouHOU E-06/1acTH B pesyJ/ibTaTe BO3JEUCTBUS 2JIEKTPUUECKOTO M0JIS
NpOWLIIOCTPpUpPOBaHa Ha puc. 4a—4B. [Ipu pacuerax B KauecTBe IPAaHUUHOTO YCJOBUS AJ1 ypaBHeHus (1) 6bi-
JIO TIPUHSITO, UTO Ha paccTosiHusax 6osee 600 KM OT 0CH 2 KOHUEHTpALMS 3apsyKEHHbIX YaCTHILL ONpeiessieT-
cs1 yesioBUsIMH poToXuMHUecKoro 6asnanca. Ha puc. 4a u puc. 46 nokasano ropusoHTajsbHOE pacrpeeseHue
3JIEKTPOHHOH KOHILIEHTPALMH COOTBeTCTBEHHO Ha BbhicoTax 120 km u 140 kM. Ha puc. 4B npeacrapieH BbICOT-
HbIH NPO(UJIb 3JEKTPOHHOH KOHIEHTPALMK HaL IMHUEH LIKBAJIOB BJI0JIb OCH z BMECTE C PO HIeM HEBO3MY -
LLEHHOH 3JIEKTPOHHOH KOHLEHTPALHH. Bunno, uTo B
BepxHeil uactu E-o6sactu Ham TpornocdepHoil JIMHUEH 1LIKBAJIOB MPOUCXOAUT CHIIbHOE YMEHbLIEHHE 3J1eK-
TPOHHON KOHUEHTpalUH. DhDeKT MakcumaseH BOMU3U OCH z, TJIe 3JeKTPOHHAS KOHLIEHTPALHsl yMeHbLIaeTCsl
B 3,5 paza OTHOCHTEIbHO HEBO3MYLLEHHOTO ypoBHS. O6/1aCTh BO3MYIIEHHS BBITSHYTA BAOJb JJUHAH LIKBAJIOB.
Paamep 3T0il 06/1aCTH BOJIb OCH = COCTaBJSIET MPUOJU3HTENLHO 270 KM, a BJIoJIL 0cH i — 0KoJio 200 KM.
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3. BAKJIFOYEHHUE.

[TpoBeseHbl pacueThbl pacrpejiesieHust B HOHOCEpPe 3JEKTPOCTATHUECKOTO M0J1s1, 06YCJI0BIEHHOTO TPO-
nocdepHo¥ JIMHKUEH 1IKBAJIOB, a TakxkKe 3((PeKTOB BO3AEHCTBHS STOTO M0Jsi HA HOUHYIO CPEIHELIHPOTHYIO
E-o6aactb. [TosiyueHo, uTo BeJIMUMHA 3JIEKTPUUECKOTO T10JIs1 HA HOHOC(EPHBIX BHICOTAX MOXKET J0CTHUTaTh
3 MB/wm. IToa BoselicTBHEM 110J1s1 3JIeKTPOHHAsI KOHLIEHTpaLUsl B BepxHeil uactu E-o6sacti naa Tponocdep-
HOM JIMHUEH 1IKBAJOB yMeHbLIAeTCs 110 3,5 pa3 OTHOCHTEIbHO HEBO3MYIIIEHHOTO ypoBHS. CpeiHn# ropu3oH-
TaJIbHBIH pa3mMep BO3MYIIEHHOH 06J1aCTH CoCcTaBJIsieT 0K0JI0 250 KM.

Y, KM a) Y, KM 0)
120 T T T T T T 120 T T T T T T T

[
15
N, /10°% cm32 \FIZO KM N /10 eMd " z=140km
sor 1‘3/‘:—-\\1,3 15 ] 80~ | —
1,5 — ' //"’-M—-_-_—‘\“v8
’ T s 08 0.6
40 / 08 0,7 ’ 40 ’
0,4
05
11
M+ (TS
0,4
40+ 0,8 0,7 ' — _
~_ T o 40 o8 o
‘ \‘h——'—

1,3 1,5 08

T
i

1

1
|

20T 80 40 0 40 80 120 xxm 120 120 80 40 0 40 80 120 w, xm
N, cM? B) Puc.4. V30/HHHH 3/1€KTPOHHOH KOHLEHTPALUUH B HOYHOR
0 cpenHelporHoil E-ob6sactu Haj TponocdepHod JuHUEH

1IKBaJIOB Ha Bbicotax 120 kM (naueJib a)), 140 km (nauesnb 6))
1 BBICOTHbIE TPO(UIN SJEKTPOHHOH KOHIIEHTPALIUU BJI0JIb OCH
| Ul L 7 JI/Isl BO3MYILIEHHBIX (KpUBasi 1, naHesib B)) U HEBO3MYILLIEHHBIX

| o
90 100 110 120 130 140 z kM  (KpHBas 2, mane/ib B)) yCJAOBHL.
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EFFECT OF THE ELECTROSTATIC FIELD ASSOCIATED WITH TROPOSPHERIC LINE OF SQUALLS ON THE
NIGHT-TIME MIDLATITUDE E-REGION

V.P.Kimand V. V. Hegai

We calculate penetration of the electrostatic field associated with tropospheric line of squalls into the
ionosphere and influence of the penetrated electric field on the night-time midlatitude E-region. It is found
that the value of the electric field at ionospheric heights can reach 3 mV/m. The electron density in the upper
part of the E-region above the tropospheric line of squalls decreases up to 3.5 times relative to its undis-
turbed value under the influence of the electric field. Horizontal dimensions of the disturbed ionospheric area

are 200 x 270 km.
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YK 550.388.2

PAINOPUSHUYECKAA U PAAIUOACTPOHOMUYECKAS JUATHOCTUKA
UOHOC®EPHDLIX 9®PEKTOB, BbI3BAHHbIX HASEMHbIM UH®PA3BYKOBbIM
U3JYYATEJIEM
(npeaBapuTesibHble pe3yJabTaThbl)

B. B. Kowesoli

[IpuBe/ieHbl KCNEpUMEHTAJIbHbIE PE3YJIBTAThI PEABAPHTENbHBIX HCCJIEL0BAHUI 110 0OHAPYKEHHIO C1a0bIX HOHO-
cepHbIX BO3MYLLUEHHH, TOPOXKIEHHBIX aKyCTHUECKHM H3JIyUeHHEM HA3eMHOT0 YIIpaB/sieMoro nepeiaTynka. B skerne-
PUMEHTaX MCIOJb30BAJUCH PAJMOACTPOHOMUHUECKHE H paJMO(U3HUECKHe KOMIJIEKChI Ha 6a3e 1IeKaMeTPOBOTO Pajiio-
tesieckona YPAH-3. HcciieioBanust pOBOJAMIMCH TPEMST METOIAMH: METOJIOM ITPOCBEUHBAHHSI BO3MYIIEHHOH 06J1a-
CTH M3Jly4€HHEM JMCKPETHbIX KOCMHUYECKHX HCTOUHMKOB, METOJIOM paccesiHis NPOGHBIX PaliOBOJIH, 30HAMPYIOLIHX
BO3MYLLEHHYIO 06J1acThb HOHOC(EPBI, METOIOM CJIaGOHAKJIOHHOrO 30HIMpoBaHUsl HoHocdepsl. [Tokasano, uTo napa-
METpbI MPOLIEINX, PACCESHBIX 1 OTPaXKEHHbIX PAaJMOCHTHAJIOB XOPOLLIO KOPPEJIUPYIOT € NapaMeTpamMi aKyCTHUECKO-
rO U3JIyUeHHsl M YTO PETHCTPUPYEMble B IKCIIEPUMEHTaX cjlaOble HOHOC(EepHble BO3MYLLEHHST 00YCJIOBIE€Hbl HMEHHO
9THM H3JTyUeHHEM.

BBEJEHHWE

AkycTuueckuii KaHaJl siBJIsieTCsl OJIHUM U3 HauboJiee BePOSITHBIX MyTeil epeilaul OCHOBHOMN UaCTH SHEPTHH
HEKOTOPBIX THTOB BbICOKOSHEPreTHUECKUX BO3MYLIIEHHI HCKYCCTBEHHOTO H €CTECTBEHHOTO MPOUCXO0XKICHHUS B
cucreme JutocdepHo-aTMochepHo-noHocdephbix cszei [1]. OmHaxko 60AbIIMHCTBO (DU3HUECKUX SBJIEHHUH,
COMPOBOXKAAIOLIMXCS 06pa30BaHUEM HHTEHCHBHbBIX aKyCTHUECKHUX BO3MYLIEHHH B JIUTOC(epe, Ha 3eMHOH U
BOJIHOW MOBEPXHOCTH W B MPU3EMHBIX CJIOSIX aTMOCdephI, IBASIOTCS JUOO CaydalHbIMHA U ¢1ab0 NpejicKa-
3yeMbIMH (3eMJIeTPSICEHHUS], H3BEPKEHHUS BYJKAHOB U JP.), MO0, €CJIU 3apaHee U3BECTHO UX MOsIBJEHHE, OHU
MPaKTHUECKH HEYNPaBJsieMbl, )KECTKO OTpeJiesieHbl BO BpeMEHH UM B POCTPAHCTRE (3aMyCKU PaKeT, B3Pbl-
Bbl M T.T1.) DTO 3aTpyAHSIET U3yUeHHEe MeXaHU3MOB 00pa30BaHusl U PACpOCTPAHEHUST aKYCTO-HOHOCHEPHBIX
BoamyuieHuit (AVIB), cBsizanHbIx ¢ TakuMu siBjieHusimu [2]. [ToaTomy HauGoJiee pacnpocTpaHeHHbIM 1101X0-
JIOM K peaJjii3aliii TaKoro pojia UcCaeI0BaHU sIBJISIETCS UCM0/Ib30BaHHE HAYUHO-HCCJ/I1E10BATENbCKHX B3Pbl-
BoB (HMB). Cpenn peannsoBaHbiX MpoekToB Takoro mnjaHa o6Giienssecte npoekt MACCA [3]. Onnako
caabas ynpasasiemoctb HMB 1 skonornuecku onactbie nocjieICTBUS MX BO3/IEHCTBHS HA OKPY2KAIOLLLYIO Cpe-
Jly He crocoOCTBYIOT UX ILIMPOKOMY HCTOJIb30BaHUI0. [To3TOMYy BechbMa akTyasibHbIM /151 HCCJIeI0BAHUS yKa -
3aHHbIX SIBJIEHHH SIBJISIETCSI CO3/1aHKe YIIPaBJIsieMOro Ha3eMHOro akyctTiueckoro uaayuatess (HAW), cnoco6-
HOro 00eCreunThb ynpanJ/sieMoe aKyCTHUeCKoe BO3IeHCTBHE HAa HOHOCHepy ¢ moBepxHOCcTH 3emun. Baxknas
0COOEHHOCTb TAKMX HA3€MHbIX HCTOUYHMKOB — BO3MOXKHOCTb SKCMEPUMEHTANbHO H3MEPUTb BPEMST 3a1epaK-
KH TI0SIBJIEHH ST HOHOC(EPHBIX 00BEKTOB, T. €. OMPEEIUTh TPYNNOBYI0 CKOPOCTb PACMPOCTPAaHEH s BO3MYILIle-
Husi. OIMH M3 BapUAHTOB TAKOTO H3JydaTesisi pa3paboTaH U B HacToslee BpeMst PyHKIHOHUPYET BO JIbBOB-
ckoM LeHTpe MHetutyta kocmuueckux ucenenoBanuil (JILL MKW ) HauponasbHOro KocMHuecKoro areHTcTBa
1 HaunonanbHo#t AkajeMun HayK YKpauHbl 1oj pykoBojacTBoM K. T. H. C. A. Copoku [4]. B nepuon 1996—
1997 rr. Gblyia poBejieHa Cepusi NpeIBapUTE/IbHBIX SKCIIEPUMEHTOB C HCIOJIb30BaHHeM yKazanHoro HA u
panuodusnueckux komiaekco (POK) na 6ase nekamerposoro paauoreneckona (PT) YPAH-3 ®usuko-
mexanuueckoro uncruryra um. . B. Kapnenko HAH Yxpauust (1. JIbBoB). PT YPAH-3 Tteppurtopuassbio
pacroJioxKeH B r. [lank BoabiHcko# obJiacT, B
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ceBepo-3anaaHoil yacTu YkKpa-
bl [5].  OcHOBHOW  UeNbIO
IKCIIEPUMEHTOB ObIJIO J10KA3aTh
BO3MOXKHOCTb CO3JIaHUSI  aKyC-
TO-HOHOC(EPHBIX  BO3MYLIEHHI

Touka

KyABMHAHAI[AN
Kocmnueckne

PAANOUCTOYHUKHA

OTHOCHTEJIbHO MaJIOMOLIHBIM
Ha3eMHbIM ~aKyCTHMUECKHUM  M3-
ayuatesem.  [lpennosaranocs,

UTO MOHOC(EPHBIX BBICOT IOJIXK-
Hbl JIOCTHUraThb HMH(PA3BYKOBbIE
COCTaBJISIIOLINE  H3JyueHus (¢
yacroroil Menbuie 10 Iix), o6pa-
jor  3ylollMecst B atMocepe 3a cuer
HEeJIMHEHHOTO MapaMeTPUUECKOro
spdexra [4]. Tlockosbky u3-
ayuaemass HAW  akycruueckas
sueprus (oxkosno 1,8 - 109 Tk
NpU  JUIMTEJIbHOCTH M3JydeHHsi
npuMepHo 60 c¢) no olieHke Ha
4—5 TIOpSIIKOB MeHbllle, YeM
aKyCTHUeCKasl SHeprusi, BbleJssi-
follasicst pu MpoBeIeHUH HauMe-
Hee molHbix HMB, ucnosbaye-

3oHa
B3aNMOAEHNCTBAS

BocTok

AKycTHYeCKHI
H3AYYATEAD

Puc. 1.

MbIX JIJ151 HOHOC(EPHbBIX UCCJIE0BAHUE, TO MPEANOJNArajaoch, UTo 0KUIaeMble MIPU 3TOM aKyCTO-HOHOCHEp-
Hble 3QdeKTbl OyIyT N0CTATOUHO caabbiMu. [1o3TOMy GblLI0 ONMpaBAAHHBIM MCOJbL30BAHHE TAKOTO BbICO-
KOUyBCTBUTE/IbHOTO MHCTpyMeHTa, Kak PT YPAH-3 (makcumasbHasi 3hdekTHBHAS MJI01IA/b aHT€HHbI —
14400 M?, MHHHMa/IbHASI H3MepsieMasl CHeKTpaJbHash TJIOTHOCTh MOTOKA uaayuenuss — 50 SH, nuanason
uamepsieMbix yactor — 10--30 MIiy, aBe JMHelHble TONSPU3ALNH, YIJIOBOE pa3pelieHne B HarpaBaeHUH
ceBep—ior — 3,5°, B HanpaBJieHUH BocToK—3anan — 15°) [5].

B npolecce skcnepumMeHTOB OblIM peain30BaHbl TPH METO/A IUCTAHIIMOHHON IHATHOCTUKH HOHOCHEPHI:
paauoactpoHomuueckuii (PA) MeTon, ocHOBaHHbIA Ha MPOCBEUMBAHUH BOo3MylleHHOH obsactu (BO) noto-
cepbl U3JyueHHeM THCKPETHBIX KOCMUUeCKUX paaronctounnkoB (KPH), meton onHockaukoBoro ciaboHa-
kaoHHOro 3onaMpoBanus (CH3) nonocdepn npobHbIMU panroBoHaMi U MeTo, paccesinus (MP) mpoGHbIx
pamroBoJiH, 3oHaupytolux BO noHocdepb.

1. PATUOACTPOHOMMYECKUA METO/],

Ha puc. 1 npeacrapiena cxema sKcriepumMeHTa no o6Hapy»KeHnio uekycerseHbix AUB paanoactpoHo-
MHUECKHM MeToIoM. B KauecTBe 30HAMPYIOLINX PaJMOCUTHANOB HCIOJ/Ib30BAIOCH PAIMOU3TyUeHUEINCKPET-
ubix KPW 3C348 u 3C274, BbI6G0p KOTOPBHIX MPOBOAUJICS UCXOJS1 U3 IOCTATOYHOH /ISl PErHCTPALUK pagro-
TEJIECKONIOM UHTEHCHUBHOCTH H3JyueHusi U reometpun sKcrnepumenta (HAW naxomuscsi Bo JIbBose, a PT
YPAH-3 B r. lllatike, na paccrosinui 200 KM Ha ceBep OT U3JydaTesist ).

B xoze skcnepumenTa peructpupoBanuch: MmouHocTd Py u Py curnanos KPH, o6anaommx cooTBeT-
CTBeHHO noJisipuzatsiMi A v B u cHumaembix co Beelt antennbl PT YPAH-3, cocrosiiiieit ua 256 siemeHTOB,
Ha yacrote 25 MI1L; HeueTHbIE M UETHbIE COCTABJISIOLIME B3AUMOKOPPENLMOHHON (DYHKIIMH, KOTOPbIE B 1aJlb-
HellllIeM HCITOJIb30BAJIUCD JIIst pacueTa MoJLyJst |r12p(t)| cUrHaIOB MUHH-MHTEpepoMeTpa, PYHKLIHOHUPYIO-
11lero Ha 0CHOBe 1BYX MoJsioBUH aHTeHHbl PT YPAH-3 B-nossipu-3auuu, coctosiiux 13 128 s/1eMeHTOB KaxK-
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OTHocHTenbHOE Bpems (RT), w:mmun oTtHocuTenbHoe Bpems (RT), u:pmm
Puc. 2. Puc. 3.

MHHYT 10 MOMeHTa KysibMuHauuu KPU usnydasncs 160 oqMHOUHbIN aKyCTHUECKUI HMITYJIbC VTUTEbHOCTHIO
60 ¢, 6o cepust U3 IBYX-TPeX aHAJOTHUHBIX HMIYbCOB ¢ 60-TH CeKyHIHOU May30# MexXay HUMH. B cooT-
BETCTBHMH C reoMeTpueil skcrnepumenTa paanousnaydenne KPU moxxer BzaumoneiictsoBats ¢ BO nonocde-
pbl, 00YCJIOBJIEHHOMH pacrnpocTpansitolieics: atmocdepHoit akyctuueckoit BosiHo# (AAB), Ha Bbicotax H ~
100+200 km. Ha puc. 2 B kauecTBe npumepa npeacrap/ieHa THIMYHAS 3aMHCh CUTHAJIOB, 3aPErUCTPUPOBAHHBIX
B X0JI€ 9KCIIEpUMEHTA M0 JAUCTAHIMOHHON anarHocTike noHochepsl PA metonom 01.04.97. (KPU — 3C274,
mIoTHOCTh ToToka uasaydenus 5300 §1u, cknonenune § = 38° (em. puc. 1), H ~ 160 km. 3anucs (a) Ha puc. 2
COOTBETCTBYET 3aBUCUMOCTH |r12p(t)|, 3amuck (6) 3aBucumoctu P4, 3amuch (B) 3aBucumoct Pp, 3anuch
(T) MUTIOCTPUPYET BPEMEHHYIO MOJIe/Ib aKYCTHUEeCKOTro Bo3mylieHus (AB) atmoccepsl y moBepxHocTu 3emiiu
BOsin3n HAW. Bpemennasi ikasia (ock abeimcec ) orobpazkaer oTHocuTesbHoe Bpemst (RT) B uacax, orcunthbi-
BaeMoe ot Bpemenu KysibmuHauun KPH 3C461 (Cas A) na mepunuane PT YPAH-3 (01:30 RT). Ha puc. 3
npejcTaBaeH pparMeHT 3TOH »Ke 3aMiCH B yBeJMUEHHOM BpeMeHHOM MaciuTabe B 20-MUHYTHOM BpeMeHHOM
OKHe

¢ 1:30RT no I:50 RT.

B skcriepumeHTax no JAMCTaHIMOHHON JMarHocTHKe oHocdepbl PA MeTonoM Habo1aMMCh IBa THIA
HoHochepHbIX 3P heKTOB, KOTOPble MOXHO HIEHTU(MHUIMPOBATL KakK aKyCcTO-HOHOCQepHble: KpaT-
KOBpEMeHHOe yBeIMueHHe HHTeHCHBHOCTH paauonsaydennst (AL u A% na puc. 3) Bo Bpemst BO3MOXKHOIO 11po-
xoxkaenust nuakouactotoit (HU) AAB uepes nonocdepy (¢ moctoseproctsio 95% cpeatee BpeMeHHOE 3a-
nasjibiBaHle T peaklnuu HOHOChepbl OTHOCHTENbHO Hauasa AB coctaasiio 5,75 + 0,5MuH) U NosiBJIeHHE
MOBTOPHBIX HOHOC(EPHBIX BO3MYILIEHHH (PHC. 2) ¢ pa3/IMUHBIM 3aNa3/ibIBaHHeM T OTHOCHTE/IbHO Hauasa AB
(20,66 &+ 2,24 mun; 29,29 £ 1,25 mun; 41,7 + 2,27 mun; 59,55 + 4,16 mun). Ha puc. 4 npencrasniena rucro-
rpamMMa Bapualliil BpeMeHH 3aJIePKKH BbIsSIBJIEHHbBIX HOHOC(EPHBIX 3(DPEKTOB.

Bpemennbie iykTyatinu npoiueiiero uepe3 vonocgepy paanocuriana KPU B Touke npuema, Bo3HUKa-
IoLIMe U3-3a paccessHust PaaHoBOJH B HOHOCHepe, MOTYT ObITh 00YCJ/I0BJ/IEHbI KK IBUKEHHEM HOHOCHEPHBIX

B. B. Kowesotl 787



1999 Hszs. B¥308. PAIITHOD®H3HKA Tom XLIT Ne§

HEOIHODONHOCTEeH. TaK W nepemelleHdeM Jydya 3peHuss Ha KPWM  BeaenctBue  Bpaulenus
3emun. [lpu sTom, oueBMAHO, BayKHOH SIBJSIETCS TOPH-

30HTaJIbHASI CKOPOCTh MepeMelleH st Jiyua 3peHHst Ha Bbl-
coTax MOHOC(hepHbIX HeoxHopoaHocTel. Hanpumep, na
BbicoTe 0K0J10 300 KM OT MoBepXHOCTH 3eMJIH 3Ta CKO-
pocThb cocTabsieT npuMepHo 50100 m/c u 6o1ee. Oxku-
JlaeMble CKOPOCTH TepeMellleHHst HOHOC(EPHbIX BO3MY-
1eHHi, oO6ycyoByeHHbIX Bosaeiicteuem HY AAB, moryT
ObITh Bbillle CKOPOCTH pacrpocTtpaHenust camoit AAB u
nocturath 300800 M/c)[6]. [TosToMy BpemeHHble (yK-
Tyaluuu HOHOC(EPHOro MPOUCXOMKIEHHS], 3aPErHCTPUPO-
BaHHbIE PaIMOMETPHUECKMMH KaHAIAMU paHOTe1ecKona
B [IPOLIECCe IKCIEPUMEHTA, BbI3BAHbI epeMellleHHeM ca-
MHUX HeojiHopoHocTeil. Boamoxuoctn PT YPAH-3 nos-
BOJISIIOT TAKXKE YMeHb-

-3

hed

nN

-t

YHCJIO BBIIBAEHHBIX 3¢ dekToB
[— -~
-
(-]
[ ]
[-]

ILIMTh BJIUSIHUE PA3JUYHOTO THIA 3J1€KTPOMATHUTHBIX MOMEX MyTeM MCMOJb30BaHHS MOJSPU3ALUOHHON 30U~
paTesIbHOCTH M OPraHU3aLMH pajMouHTep(epOMeTPUIECKUX U3MEPEHNH (MUHI-HHTEPhEpOMETP).

[Tpu unentndpukauuu AVB no 1aHHbIM H3MepeHni NPUHUMA/aCh BO BHUMaHKeE CJeIyIolasi SKCIepUMeH-
TasibHast HHpopMaLMst: oTanuKe 3anuceil pagrnocuruanos KPU npu nannuuu u otcyrerBun AB; nosiienue
NepBoOil peakik HOHOCHhEPDI TocJe Hauasa reHepatind AAB uepe3 nHTepBaJ BpeMeHH, COOTBETCTBYIOLIUH
BepTHKa/LHOMY pacrnpocTtpaHennio AAB Ha noHocdepHbie BHICOTbI (MTPUOIH3UTENLHO 4+ 6 MUH); TIOBTOP-
Hble MPOSIBJIEHHST PeaKIIMK HOHOC(EPHI ¢ PA3JIMUHON, HO OTHOCHTENLHO YCTOHUMBOH BPEMEHHOH 3a/1eP2KKOH;
MOBTOPSIEMOCTh peaklu HoHocdepb! st padubix KPU u B pastble aHu. PasivuHoe nposiBjieHne peakiyu
HMoHoCdepbl B IKCIIEPUMEHTANbHbBIX 3ATMUCSX, MOJYUEHHbIX B X0J1¢ AUCTAHIIMOHHON AHATHOCTUKH HOHOCHEpbI
PA MeTo10M, CBHIETEIbCTBYET O Pa3jMuHbIX PU3HUECKHX MexaHu3max Bo30yxaenusi AVIB u ux B3anmo-
nerictBus ¢ paauousayueHrnem KPU. KoppekTHbix MaTeMaTHUeCKUX MOJeJIel, aleKBATHbIX MOCTABJIEHHbIM
IKCIEepUMeHTaM, MokKa HeT. B kauecTBe runores /st KaueCTBEHHOTO 0O'bSICHEHHS PE3YJ/IbTAaTOB SKCIepUMEeH-
TOB MO2KHO pacCMaTpPUBATh CJeIyIOLIHe MOJIeJIH: KPaTKOBPEMEHHOE yBeJMUeHHe MPO3PauHOCTH HOHOChEepDI
s paguousnydenuss KPU; pacnpocrpanenue uepe3 HaGJ01aeMyto 06J1aCTh HOHOCHEPHI PA3JIHUHBIX TH-
OB MJ1a3MeHHBIX BOJIH, KOTOpble BO30y»KaaioTesi pacrpoctpansiouteiicss HU AAB [7]; dopmupoBanuie uc-
KYCCTBEHHOH MOHOChepHOH TypOYJEHTHOCTH ¢ (DOKYCHPYIOIIMMH CBOMCTBAMU JIIsT KOCMHUECKOTO PaJIuOU3-
JIydeHHsl 32 cueT MPOCTPAHCTBEHHOTO MepepacnpeieeHns KOHUEHTPALMK M171a3Mbl 1101 BO3IEHCTBUEM pac-
npoctpansitoieiicss HH AAB, 7. e. siBjieHre B KaKO#-TO cTerneHH nog00H0e TEMI0BOH caMoPpOKYCHPOBOUHOM
HEYCTOHUMBOCTH PAJMOBOJIH B BepXHeH HoHOChepe MPH BO3AEHCTBHM HA Hee MOLIHOTO KOPOTKOBOJHOBOTO
paauoussyuenust [8]; crumysnpoBanue pacrpoctpansionteiicss H4 AAB BeprtukasnbHoro nepemeltiienusi E u
F-cnoeB nonocgepsi [9].

Paccmotpum, Hanpumep, KaueCcTBEHHOE COOTBETCTBHE IKCIIEPUMEHTANbHBIX Pe3yJbTaTOB, MOJyUeHHbIX
NpU IUCTAHUMOHHOK JMarHocTHKe HoHochepbl PA MeTo0M, MOJIEN yBeHUEeHHs] TPO3PAUHOCTH HOHOChe-
pbl s paguousaydenuss KPUM. O6patumest k 3anucsm Ha puc. 3. D1oT 30-MUHYTHBIA (parMeHT MoJiHOH
1,5-yacoBoli 3aMMcH BbIAESIET JUILb TOT OTPE30K BpeMeHH, KOTOPbBIH 10cTaToueH /s pacnpoctpanenus HY
AAB 1o Bbicotsl 300 kM. Ha 3anucsix unTepdepomMeTpuueckoro KaHaJja (3amuch (a) Ha puc. 3) U paauo-
MeTPHUYECKHX KaHaJioB roJisipudatinii A u B (cootBercTBeHHO 3amucH (6) U (B) Ha pUC. 3) YETKO MPOSIBUJIOCH
OJIHOBpPEMEHHOE, C 3aJIep>KKOi 71 & 282 ¢ 0THOCHTENLHO Hauaa AB, yBe/iHueHue MJIOTHOCTH MOTOKA pajito-
uanyuenusi KPU, npoteiiero ckBodb HoHoChepy. ¥YBesHueHHe HHTeHCUBHOCTH u3ayuenus KPU na 3anucu
MMeeT BUJI IByX Pa3HeCeHHbIX BO BpeMEHH UMIYJIbCOB, PACCTOSTHHE MEXK 1y BepLIMHAMH KOTOPBIX COCTABJISET
AT = 120 ¢, a JIUTENBHOCTh KaX10T0 (110 cpejiHeMy YPOBHIO 3anuci) — Aty == Aty = 58 ¢ (1o 3amnucy (a)
Ha puc. 3).
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Bpementbie napameTpbl HMITYJIbCHOF TOC/€e10BaTeIbHOCTH Mojiesid AB (3anuch (1) Ha puc. 3) BOJIU3H
u3Jlyuatesisi UMEIOT CJlelylolllie 3HAUEHHUST: JIIUTENbHOCTH TPeX UMITYJibcoB AB (1/MTeIbHOCTh epBOro UM-
nysnbca Atay, BTOporo — At,o, TpeThero — At,s) NPpUOJU3UTENBHO paBHbI, Aty & Aty = At,3 =~ 60 c,
JUIMTEJLHOCTD 1ay3bl 0KoJio 60 ¢, BpeMsi MexKjly HauaslaMH IBYX CJIeIYIOLINX APYT 3a JAPYyroM ummyJbcoB AB
Ta ~ 120 c. CpaBHeHHe BpeMeHHbIX MapaMeTpPOB IKCIepUMeHTaNbHbIX 3anuceil curnanoB KPU n Bpemen-
HbIX MoJie/iell AB BOJIM3M H3/yuaTe/isi OKA3bIBAET NPAKTHUECKH TOUHOE COBIAJIEHHE JIIUTENLHOCTENH HOHO-
chepHbIX BO3MYILIEHHH ¢ IMTeIbHOCTBI0 AB, a TakKe ayiTesibHOCTEl nay3bl, T. €. At 41 & Aty, Atao ~ Ats,
AT=T, (puc.3).

Ouenum Bpemst BepTHKajbHoro pacrnpocrpanennss HH AAB. Jlnsi 5Toro Bo3bMeM 3a OCHOBY BbICOTHbIF
npoduab ckopocTd pacnpocrpanenusi AAB B peasnbHoit atmocdepe 3eman [10]. TpancdopmupoBanHas B
BBLICOTHBIH Npodu/b Bpemenu pacrpocrpanennss HH AAB sta saBucumocTb npuBeaeHa B tao.1. 1.

B cootBeTcTBUMHM ¢ paccMaTpuBaeMoi Moje-

JIbIO YBEJIHYEHHU S TTPO3PAUHOCTH HOHOC(EPDI ITPei- TaGawnuna 1
nosoxkum, uto HU AAB, Moaympysi IJ0THOCTh H,xkm | 25|50 |65 |77,5]90 |100 | 160
HelTpaJIbHOTO rasa, cosjiaeT B atMmocdepe re- T, C 86 | 170 | 215 | 260 | 302 | 342 | 465
PHOMUECKYIO CTPYKTYpY 3J1eK-

TPOHHOH UIOTHOCTH C MPOCTPAHCTBEHHBIM MEPHOJOM, PABHBIM JIJIMHE aKyCTHUECKOH BOJHBL Ay = V,/ fa,

rie V, u fa — cooTBeTcTBeHHO cKOpocThb M uactora HU AAB. Takyto BO3MOXKHOCTD MOJATBEPKIAIOT pacue-
bl [11], corsiacHo KOTOPbIM KOHUEHTpaLHs 3eKTpoHOB npu H > 70 KM oTc/ie:KUBaeT H3MeHeHHe MJAOTHOCTH
Bo3nyxa B AAB, T. e. yBesinunBaetcsi B (haze cxkaThsi U yMeHbllaeTcsi B haze paspexkeHusi. TeopeTnueckuii
aHaJsI3 MoKa3bIBAET, YTO B ITOM CJlydae Jyisi KOCMHUECKOTO PaMOU3JyueH sl TPU OTIPeeJIeHHbIX YCAOBHAX
(B paMKax MoJie/ii HOHOC(EPBI B BUJIe MOJTyOe3rpaHUyHON MJ1a3Mbl, HA KOTOPYIO HOPMaJIbHO MalaeT 3JeKTPo-
MarHuTHasi BOJIHA YaCTOThl f >> f,) Ha UIMHAX BOJH A = A\, /n, rien = 1,2, ..., UMeeT MecTo pe30HaHCHOe
MPOXO0KIEHHE PAJMOBOJIH CKBO3b HOHOC(EPHYIO M1a3my. [1pyu 3TOM HHTEHCHBHOCTb MpoLIE/IIel pagnoBoJI-
Hbl pu Hasuuu BO, eBsizannoii ¢ pacnpoctpanennem HU AAB, MokeT Bo3pacTH B HECKOJILKO pas.

CcdhopmupoBaHHasi epuoMueckasi NpoOCTPaHCTBEHHAS CTPYKTYpPa 3JI€KTPOHHOMN MJIOTHOCTH UMEET JIMHA-
MHUECKHI XapaKTep W IepeMellaeTcsi BEPTHKAJIbHO CO CKOPOCTbIO 3ByKa. C yueToM LIMPHHbBI AHATPaMMbl
nanpasJsenHoctd ([IH) antennst PT YPAH-3 B BocTouHO-3anaaHoM HanpaBjieHud (npumepHo 15°) Bpe-
M Tmin BCTymieHusi pponta BO B packpbi JIH aHTeHHbBI, pacCUUTaHHOE MO BLICOTHOMY MPOQUII0 CKOPO-
ctu 3ByKa [10], cocraBnsier npubausutenbio 259 ¢, a cootBeTcTByowas Bbicota Hyin ~ 77,5 km. Bpe-
MS Tinin ~ 259 C NPaKTHUECKH COBIMAJAET C IKCIEPUMEHTA/bLHBIM 3HAUEHHEM BPEMEHH 3a/IePXKKH peakiiiu
voHocdepnl 71 ~ 282 ¢ (pacxoxaenue coctasaseT 9% ). Kpome Toro, 10cTaTouno GJIM3KH 3HAUEHHS [/1H-
TesibHOCTeH UMIysibca AB Aty & tao & 60 ¢ 1 JVIMTEJIbHOCTH peakunil HoHocdepbl Aty &~ Aty ~ 58 c.
Takum o6pasom, B PA skcrepumenTe HaGJ101aeTCsi IPUMEPHOE COOTBETCTBHE MEXKLY PeaKlnell HoHoChephbl
1 BpeMeHHbIM nipodusieM AB. [1pu 3T0M OTHOCHTe/IbHOE YBeJIMUeHHE 33 CUeT Pe30HAHCHOTO MPOCBETIEHHS
MHTEHCHBHOCTH MpoLLeIero uepes HoHocdepy usnyuenuss KPU otnocutensto cpeanero yposus A°, o6y-
caosnennoe HY AAB, 115t mepBoro 1 BTOporo MMIyJ/ibCoB Ha 3amuch (a) puc. 3 coctabasier AL /A0 = 4,7
u A2 /A% = 27, uto MOKHO paccMaTpUBaTh KakK COOTBETCTBYIOLLEE YBeIMUeHHe IPO3PAUHOCTH HOHOCHEPHI
J1s1 paguousnyuenus KPH.

OnHnm 13 HauboJiee MHPOPMATUBHBIX TAPAMETPOB MPH H3yueHHH HeKyceTBeHHbIX AVIB Ha nanHom stane
MCCJIe1I0BaHUI SIBJISIETCS BpEeMsI 3a/Iep2KKH peakLii HOHOCdepbl OTHOCHTeNIbHO Hauasa AB. PedysbraTh cta-
TUCTHUECKOH OLIEHKH Pe3yJibTaTOB, MOJIyueHHbIX B Xo/e 24 ceancos Haboaennit KPY PA metonom, npej-
CTaBJIeHbl HA PUC. 4 B BUJIe TUCTOrPaMMbl BapHallMil BpeMeHH 3a/1€PKKH BbISIBJIEHHBIX HOHOCHEPHBIX 3 dek-
ToB. Cunras olMOKY U3MepPEeHHU He3aBUCUMbIMH U pacrpeesieHHbIMU 110 HOPMaJbHOMY 3aKOHY, TOCTPOEHbI
JIOBEpUTENbHbIE MHTEPBaJIbl LEHTPOB pacrpeneneHui u CpelHeKBa-
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MNepepAaTINK HN3AYYATEAD

Puc. 5.

JPaTHYECKUX OTKJIOHEHHI BPEMEH 3aleprKeK T ¢ HaaeKHOCTbI0 95 %. Bbiio pacemoTpeno 5 BLIGOPOK M ycTa-
HOBJIEHO HAJIMUKE CJIEYIOUINX YCTOHUMBBIX 3HAUEHHH BpeMeH 3aep:KeK 7 BO BCeX IKCMEepUMEHTax Mo a1a-
rHoctke noHocdepol PA mMeTos0M, KoTopble conpoBoxaanuch uaiayuennem HU AAB: 5,75 4+ 0,50 mun;
20,66 + 2,24 mun; 29,29 + 1,25 mun; 41,7,66 + 2,27 mun; 59,55 + 4,16 mMun. CyliiecTBOBaHWE YCTOHUH -
BbIX BPEMEH 3aJ/iep2KeK peakilii HOHOC(epbl CBUAETEbCTBYET O TPUUMHHON 00YCIOBIEHHOCTH BbISIBJEHHBIX
HOHOC(hEPHBIX BO3MYIIEHHH aTMOC(HEPHON aKyCTHUECKOH BOJIHOH, CreHepUPOBAHHON HA3eMHBIM aKyCTHUe-
CKHUM H3JlydaTesieM.

2. METOJ, CJIABOHAKJIOHHOT'O 30HAUPOBAHHSA HOHOC®EPDI

Ha puc. 5 npeacrapiena cxema sKCrepuMeHTa MO IUCTAHUMOHHOH JAMArHOCTHKE HOHOC(EPbl METOIOM
CHS3. Hcenenosanus npoBoauauch Ha HoHocdepHo-muarnoctuueckom Kommiekce (MK), neiicteytoiiem
Ha Oase aHTEHHOH pelIeTKH W MoAUdUIIMpoBaHHOro annapatypHoro kommiiekca PT YPAH-3, B nBa stana:
B MapTe 1997 . u B cenrsibpe—oktsibpe 1997 r. OcHosubie napamerpol MK YPAH-3: paGouasi uacrota
f = 10+30 MIw, wupuna JIH no azumyty ¢ v o yriy mecta 6 nnpu f = 25 MIiL cocraBisieT COOTBETCTBEHHO
3,5° 1 15°, nuanason ckanuposanus JIH no yriy mecta 6 = 14°+-90°, no asumyty ¢ = £180°. [lepenatoias
paMOCTaHIMS PACIIOJIOXKEHA HA PACCTOSHUN 225 KM K 10Ty OT MPUEMHOT0 MYHKTa ( MOLIHOCTb PaJMOCTaHLIUH
P = 10 kBr), HagemHblil aKyCTHUECKUH M3/yuaTesb — HaA PACCTOSTHUM 25 KM K CeBepy OT pajMOCTaHLUH
npakTHuecku Ha onHoM Mepuanane ¢ PT YPAH-3. [luanason yactot nepenarunka 4 <+ 25 MIii, nuanasou
cKkaHupoBaHus nepeparurka JIH no yriy mecra 6, = 0°=-75°, ckaHupoBaHue 110 asuMyTy 1, = +=180°.

Ha nepBom 3tane ucciefoBaHuii ¢ nomolibto aHaausaropa crnekrpa CK—4—72 B TI9BM perucrpu-
poBasiMch orudatoliye AByX MoJspU3alil CUTHaJa C UacTOTOU BbIOOPKHU 4 [11 1 Tekylye 3HaUEHHS CrIeKTpa
curnasa. Ha Bropom stane curnas Ha IByx noJisipusatiisix Ha poMexKyToyHol uactote 3 [11 3anucbiBasncs B
[T9BM c uacroroii nuckperudauunn 35 [ Ceanc AB npennoniaras o, ABa WM TPU UMITYJIbCHBIX BKJIIO-
uennst HAU mimtenbHOCTbIO 1 MUHYTY KaxK10€ ¢ OJIHOMHHYTHOR May30§.
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O6paboTKa 1 aHau3 pe3yJabTaToB NPOBOAUJINCH ABYMs criocobamu. [1pu nepBom criocobe perucTpupo-
BaJlaCh JIMLIb aMILINTY/la OTpazKeHHOro HoHoctepHoro curHana (OMC) A(t) na nporsikenuu 1,5—2 yacos,
Jlasiee B pa3jiMuHbIX BpeMEHHbIX OKHAX TPOU3BOIMJIOCH yCPeHEHHEe U 0TOOparKeHHe peasu3aluuil U pacCUuThbl-
BaJIUCh aBTOKOppesitimonnble pyHkimu (AKD) A(t) u B3aumokopessiumonnbie pyHkiuu (BK®) Bpemennoii
mojenn AB u Bpementoit saBucumoctn OMC A(t). [1pu BTopom crioco6e B [I9BM 3anucbiBasicsi ¢ uacToToi
auckperudaunu 35 [ nosubiit OMC, a nanee B pa3iMuHbIX BpeMEHHbIX OKHAX TPOU3BOANJIOCH yCpeIHEHHE
aMIUIUTY/Ibl U 0TOOpaKeHue 3aBUCHMOCTH A(t), a TakyKe CHeKTpaJbHbIi aHaJKu3, YTO MO3BOJIMUJIO JIETALHO
uceseoBath gomnaeposckuil crnektp OMC.

PaccmMoTpuM OCHOBHbIE pe3yJibTaThl SKCIEPUMEHTOB MO JTUCTAHUMOHHOH MAarHOCTHKE HOHOChEpbl Me-
togom CH3. Ha puc. 6a npeacraBiena TunuuHasi aJisi TOro MeToja BpeMeHHasl 3aBUCHMOCTb aMITJNUTY/Ibl
OUNC A(t) npu Hanununu HazemuHoro AB (npencraBsien 15-Tu MHHYTHbIH (parmeHT roJiHoi 3anucu). [To
ocu abeuuce orsoxkeHo mectHoe Bpemst (LT). Hauaso AB B 10:55 LT nokasano TpeyrosibHukom. Yepes
12+ 13 munyt nocsie Hauasna AB Habonasnocs yBeaunuenue ammiutyiasl OMC 1 u3menenune xapakrepa ero
daykryauuit. Gaykryaunn cranu Gosiee rayOboKdMH, uyactota ux Boapocda. Tunuunass AKD R,(7) oxHo-
MHHYTHBIX pea/iu3alluil 10 MmosiBaeHus1 HoHochepHbX BoamylleHuil (10 Mmomenta 11:05 LT) numeer nnasno
crnagaoluil xapakrep (kpusasi 1 Ha puc. 66), a Bo Bpemst AWB (B nepuon ¢ 11:05 LT no 11:10 LT) — koJte-
OaTeJibHBIH crafaouuil Xxapakrep (KpuBasi 2 Ha puc. 66), KOTOPbIH, MO-BUIMMOMY, 06YCJIOBJIEH PA3HOCThIO
JIOTJIEPOBCKUX YACTOT CUTHAJIOB Jiyueid, (popMHUPYIOLIMXCS TPH MHOTOMOJIOBOM PaCIpOCTPaHEHHH B YCJIOBHSIX
MCKYCCTBEHHOH HECTAlIMOHAPHOCTH. DTH Pe3yJibTaTbl KAUECTBEHHO COBMAAIOT C pe3yJ/bTaTaMH UCCIeI0Ba-
HUI UCKYyCCTBeHHOH HoHochepHoil TypOysientHocTr (M T), Bo3HHKalolIel M0J| IeiCTBUEM MOILIHOTO 3J1eK-
TPOMAarHHUTHOTO JIeKaMeTpoBOTO u3aaydenus (puc. 7)[11]. Ha puc. 7a npejcraBiena BpeMeHHast 3aBUCHMOCTD
AMIJIUTY/Ibl OTPAXKEHHOTO CHrHAJa MPH HAKJIOHHOM 30HAMPOBAHHM HOHOCKEPHI 10 U MOCJe BKIIOUEHHS HC-
TOUHHKA BO3MYILAIOLIErO M0Jisi (MOMEHT BKJIIOUEHHsT OTMedeH cTpesikoil). Ha puc. 76 npencrapierbi AKD
RA(T) aMnuTybl CHrHala MPU BbIKJIIOUEHHOM TepeiaTuike (KpuBasi 1) W npu BKJIOUEHHOM (KpuBasi 2).
KauectBenHo 6/n3kuii xapakrep AK® B ciryuasix akyCTHUECKOTO U 3/J1EKTPOMArHUTHOTO BO36YK/IeH ST HOHO-
cepbl CBUIETEIbCTBYET, 110 KpailHel Mepe, 0 TOM, UTO B 000HMX CJIyuasix HCKyCCTBEHHOE BO36YKAeHHE HOHO-
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cepbl H3MEHSIET €€ MPOCTPAHCTBEHHYIO CTPYKTYPY (MacIiTab HeOHOPOIHOCTEH ) [0 CPABHEHHIO C HEBO30Y -
JKJIEHHBIM COCTOSTHHEM.

R Ha puc. 8 npesncrasiena BK® R(7) BpemeHnHo#
o8 TpexumybcHoi Moaesin AB B6smsn HAW u Bpemen-
Ho# 3aBucumocty ammantyiel OMC A(t). Ananus BK®
04 M03BOJISIET OTIPEIETUTH BPEMeHa 3a/IePKEK T MOsIBJIe-
HUsT HOHOC(EPHBIX BO3MYIIEHHI U MOATBEPMKIAET, UTO
B 9KCIIEPUMEHTAX 10 IUATHOCTHKE HOHOCHEPhI METO-
nom CH3, kak u npu aumarHocTuke uoHocdepbl PA
o1 \ \ A I METOJI0M, HMEIOT MECTO PA3JHUHbIC 3aAEPKKH PeaK-

05

03 4

0,2 4

\ IU unu noHocepsl Ha AB B pamkax ojHoro ceaHca us-

y ¥ ayyennsi AB u 3anucu OUC, pausiierocst okosio 100
oz I V\, MuHyT. HanGoJiee BeposiTHble 3HAUEHHSI BpEeMEHH 3a-
s y }I . JIep2KKM T TIpU yrje oTpaxkenus § = 62° (pacuer-
o 0 w % 4 s e 70 8 twm Hasi BbicoTa oTpaaioutero ciaosd H ~ 200 km) paB-
Puc. 8. Hbl: 3+4 muH; 11-+14 muH; 23-+24 MuH; 32-+33 MuH;

37-+40 mun; 50 MuH; 5759 MUH U 7276 MUH.

[TepByio 3amepkKy (34 MUH), KOTOpasi COOTBETCTBYeT BpeMeHu pacnpoctpanennss HU AAB Ha BbicoTy
0koJ10 80 KM (HMKHSIST cTabOMOHH3UPOBaHast HoHOChepPa), MOXKHO 0ObCHUTL pedpakiineil pajdoBOJIH, pac-
MPOCTPAHSIOLIMXCS B OJU3KOM K 3€HHTHOMY HamnpaBJ/eHHH, HA BEPTHUKAJbHO MepeMellalolieics mpocTpat-
CTBEHHOH pelleTKe 3JIEKTPOHHON MJIOTHOCTH, (hOPMUPYEMOH 3a cUeT MOJYJISIUMH TJIOTHOCTH HEUTPaNbHOTO
raza Hu3KouactotHoit AAB.

Bropas 3anepxxka (1114 MHH) MOKET UMETb HECKOJIbKO 00bsicHeHri. OHO U3 HUX CJIeLyeT U3 reo-
metpun puc. 5: HU AAB, pacnpocrpansisicb BepTHKa/ibHO 10 BbicoThl H & 200 KM, B030y»K/IaeT BOJHO-
Bble Bo3mylileHust (BB) B noHocdepe, noao6Hble nepemeliaoiuMcest HoHocdepHbiM Bo3mylileHusM (ITHUB),
BO3HHKAIOLLUM T0J1 IeHCTBUEM aKyCTO-rpaBuTauonHux BosiH (AT'B). [Tpunumasi Bo BHUMaHue o0liLyio 3a-
JepKKY 7 & 13 muH, Bpemsi pacrnpoctpanenuss HH AAB na Beicoty H & 200 kM, paBHoe 7, ~ 8,5 MHH, a
takxe paccrosiiie L ~ 100 km no ropusontasu ot HAW no otpaxkarotiieit o61acti voHocdepbl, BeposiTHast
cKopocTb pacripoctpanenust BB B nonocdepe cocrapsier

vl oL 500 /.
A T —Ta

Taxum 06pas3om, rnepBble JiBe 3a1epKKH MOKHO OTHECTH K HcKyccTBeHHbIM AVIB, cosnannbiM pacnpo-
crpansiioieiics HY AAB. Takue AVIB nepemeliiaiotest co CKOpoCTsiMH, OJIM3KMMH K CKOPOCTH 3ByKa Vi, H
SIBJISIIOTCS CJICICTBUEM Tepepacrpe/iesieHns 3JeKTPOHHON KOHIEHTPALMH, KOTOPOe MOXKeT MPOUCXOAUTh 3a
CUeT HeMoCPe/ICTBEHHOTO YBJIeUeHHs 3apsi2KeHHOH KOMITOHEHTbI BO3MYIIEHHSIMU B HelTpasibHOM rase [12].

HexkoTtopble U3 ocTa/bHbIX 3HAUEHHUI 3a/1ep2KeK peaKlui HOHOChephl, BbisiBJAeHHbIX MeTooM CH3, 6m3-
KH K 3HaueHHsIM 3aJiep:KeK, BbisiBJieHHbIX PA mMeTonom (7 npub/ausutenbio coctabssiyio 30 muH, 40 MuH,
60 MMH), 4TO MOKeT ObITb CBS3aHO C MX 0OYCJOBJAEHHOCTbIO OIMHAKOBBIMU THMIAMH HCKycCTBeHHBbIX BB B
noHocdepe (no-suaumomy BB nsaamennoro tuna). Ha janHom starne, npu oTCyTCTBUU pa3pabOTaHHON MO-
JIeJId MeXaHu3Ma BOo30YKJIeHUsI TaKUX BOJIH NoJ feficTBHeM AAB W HelocTaTOUHOCTH 9KCNEPUMEHTAILHOM
MH(pOPMaLMH, pacCUUTaTh CKOPOCTH pacrpocTpaHeHus U uaeHTuduuupoBaTh Takue BB He ynanocs.

Meton CH3 npu ucnosb3oBanuu B KauecTBe MH(POPMALMOHHBIX JIMLIb aAMIIUTYAHBIX XapaKTePUCTHK
OUHC obnanaer 10CTaTOYHO HU3KOH UYBCTBUTENBHOCTHIO, TOCKOJBKY OXKHAA€Mble H3MEHEHHs! MJIOTHOCTH
9JIEKTPOHHOMN KoHlleHTpaluu B AVIB oueHb Masibl (He MPEBOCXOJAT €IMHULL TPOLIEHTOB JlaxKe MPH BO3/ieH-
creu HUB [13]) u, cienoBaresibHo, oueHb He3HaunTebHbI 00ycJ/oBjeHHble AVIB n3MeneHns HHTEHCHB-
Hoctu OMC. A o6HapyKuBaTh MocCJeHUE NPUXOJAUTLCS HA (POHE BHICOKUX 3HAUEHHI CPeJHEro YPOBHS MH-
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tencuHocTH OMC. BoJsiee uyBcTBUTENEH K KpATKOBPEMEHHBIM TpolieccaM B HOHOC(epe 10TIePOBCKHIl Me-
tox1 [2]. [TosTOoMy Ha BTopoM 3Tamne KCHMEpUMEHTOB MO JUarHocTHke noHocgepsl Metogom CH3 no 3ape-
ructpupoBanibiM B [I9BM ¢ yacroroit nuckperusauun 35 [i1 oTpazkeHHBIM HOHOC(HEPHBIM CHTHAJIAM pac-
CUMTBIBAJIUCh UX JoMyiepoBcKre auHamuueckue cnektpsl (1JIC) B nosoce ananusa 17 T u crpounach no-
nsieporpamMmma Mpu AJIUTeNbHOCTH ceaHca Habmonenuit 116 Mun. TUnuuHbIA BUIL 10NI€POrpaMMbl, 3aperi-
CTPUPOBAHHOH B MIEPUOJIbI 10 U Nocsie MOMeHTOB AB (oTMeueHbl UepHBIMU TPEYTOJIbHUKAMU Ha OCH BPEMEHH ),
npejcTaB/eH Ha puc. 9. AHaN3 PUBEIEHHON J0TIIEPOrPAMMbl MTO3BOJISIET BbIIEJIUTD JIBE XapaKTepHble 00-
JIACTH.

Jlo Havasa AB u B Teue-
Hue npumepHo 30-TH MUHYT 1M0- I,

cae nero JIJIC umeer B OCHOB- 4

HOM BMJI, XapaKTepHbIH /151 0]1-

HOMOJIOBOTO 2 . e , : Y . . |
OUC ¢ maibIM 10M1epoBe- 11:00 11:30 12:00 12:30 13:00
KMM CMELLeHHEeM 4YacTOThI mecTHOe Bpemsi (LT), w€w:MuH

(ICY), kotopoe cocrapJsier
Ha 3TOM MPOMEKYTKE B CPeji-
Hem 0,35 [i1 oTHOCHUTesIbHO HecylleH 3 11, a WHpHHA 10MJIEPOBCKOTO CreKTpa He MPEeBbIILAET B OCHOBHOM
0,2 1. Ha ne6Gosbiumnx npomexkyTkax BpeMeHH (4 -5 MUHYT) HaGJ/I01aeTCsl TaKXKe CIIOHTAHHOE MPOsIBJIeHHe
apyroit Mmoabl OMC ¢ He3HauuTesbHBIM cMellienreM 1o yactoTte (okoJgo 0,1 [ir). Xapakrephble pacrpene-
Jenus crnekrpasabHoi niaotHocth OMC B nanno# BpemenHo# o61actu B noJioce yactot 2 <+ 5 [i1 B oTHOCH-
TeJIbHBIX eIMHULAX NpeacTasaenbl Ha puc. 10 nocse navana perucrpaunn OMC B 11:09 LT (nanens (a) —
15 muH; nanesb (6) — 2125 mMuH, BKIouaer Bpemst AB; nanesb (B) — 46 <+ 50 MuH, nocJieIHUI BpeMeH-
Hoil npomexyTok nepes nosisiennem BB JIJIC). Uepes 30 mun nocJie Hauana AB 3apeructpupoBaHo Hauasio
BoJsiHOBbIX Bo3myllenn# JIJ1C. Habmonaercs pacumpenue cnekrpa no 0,8 [11, ero pacuiensenue, xapakrep-
HO€ I/l IBYXMOJIOBOTO CHTrHaJIa, U cMelllenue ro yactore. Crekrpasbhas mimotHocts OMC B moJioce yactor
2--5 [11 B OTHOCHTE/IbHBIX €AMHULIAX [JI51 PA3JIUUYHBIX O-TH MUHYTHbBIX POMEKYTKOB BpEeMEeHH BO BTOPOil 06J1a-
ctu JUIC npencrasniena na puc. 11 (naness (a) — 51+-55 mun, nauano BB JI/IC; nanesb (6) — 66--70 muH,
nepsbiit skcTpemym JICH; nanens (B) — 9195 muH, ofuH U3 nocJjenytouux skerpemymon JICH).

Puc. 9.

Bo BTOpOI#i 06/1aCTH 10TI/IEPOTPAMMBbI IOBOJILHO UETKO HA0J1I01al0TCsl TEPHOIMUECKHe cocTaBistioliie BB
JJIC. CpaBnenne AK® nepsoit obaactu JJJIC (puc. 12a unrepsasn ot 11:09 LT no 12:00 LT) u BTopoit 06-
aactu JIJIC (puc. 126 unrepsan ot 12:00 LT no 13:01 LT) nokasbiBaer ux cyiecTBeHHOE KaueCTBEHHOE OT-
Jure (Bo BTopoi o6JacTu ocluinpytolinii xapakrep AK® cBuieresbCTByeT 0 HaJMUWKM HECTALIMOHAPHBIX
NPOLIECCOB B HOHOChEPE) U MO3BOJISIET BbISIBUTL OCHOBHOU neproa BB, cocrapasiionmii 858 ¢ (Ha puc. 12 no
oCH abCLUCC OTJIOXKEHbBI YCJIOBHbIE 2-X CEKYH/IHbIE OTCUETDI ).

Ha6uoaemble adhekThbl Ha AHHAMHUECKHX J0MJIepoBcKUX criekTpax OV C MoryT umeTh pasjnuHble Gpu-
3udeckue oObsicHeHus. BeposiTHOH NpeacTaB/sieTCs MOIeb BO30OYKIEHUS PACPOCTPaHSAIONIEHCS HU3KoUa-
crotHoit AAB BosiHoBbix AWVB Tuna [TV B ¢ ropusonTasibHOi cocTaB/Isiiollell CKOPOCTH pacrpoCcTpaHeHus U
3epKaJjIbHOTO OTpaKeHUs 3JeKTpoMarHuTHO! BoJiHbl 0T [T B, Monesns KoToporo B Buae nepeMeliatonierocst
OTpaKalollero sKpaHa CUHyCOMIaIbHOTO MPOgU/IS 10CTATOUHO IeTaJlbHO pacCcMoTpeHa B iutepatype [14]. B
nocJieiHee BpeMsi MpU aHasu3e ceicMo-HOHOC(EPHBIX SIBJAECHUH paCCMaTPUBACTCS MOJIE/Ib CTUMYJIHPOBAHHUS
pacripoctpansioliericst Hu3KouactotHoil AAB BeptuKasbHOro nepemetiietust £ 1 F-cioeB HoHochepbl [8].
Mozkno crenaTh BBIBOJL 1 0 HEKOTOPOM KaueCTBEHHOM
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COOTBETCTBHH pPe3yJIbTATOB 3KCIIEPUMEHTOB H TaKOH MOJIEJIH.

3. METOJ, PACCESIHUA

Ha puc. 13 npencrassena cxema 3KCrnepuMeHTa Mo AUCTaHIIMOHHOMY 30HHPOBAHUIO HOHOCHEPBI METO-
JIOM paccesiiisi NPOOHBIX PaMOBOJIH Mepeiatolell painoCTaHIIMKE Ha MeJKOMACIITaOHbIX HEOJHOPOAHOCTSIX
noHocdepbl. Bpems npoBejieHust sKcrnepuMeHToB — oKT6pb 1997 1., KoJiMuecTBO ceaHCOB U3MepeHUH — 7,
yros mecta JIH anrenst MJIK YPAH-3 6 = 38,6°, asumyrasnbHoe Hanpassenne JIH — Ha nepenaruuk, pa6o-
yas yacrora f = 16,173 MI> fmmy, e fmru — MakcuMmaJgbHasi npuMennmast uactota [8]. Baaumuoe pac-
nosioxkenne HAW, MK YPAH-3 u panuonepenarurika motiHoctbio 10 KBT npezcrasseno Ha puc. 13. B xo-
ne 3KCIIePUMEHTa perucTpupoBascs paccesiHHbIN HoHoChepHbIH
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MecTHOoe BpeMst (LT), w:mun

Puc. 16

curnas (PHMC) o6enx nonsipusauuit ot BO noHocdepbl Ha aKyCTHUECKUM H3JTydaTes1eM C KazK10H MOJOBUHbI
AHTEHHBI OTJ/IEJIbHO HA MTPOMEXKYTOUHOMH yacToTe 3 [11, KoTophid 3anuckiBascs B [I9BM ¢ uactoTo# auckpe-

tusaunu 35 [

Ha puc. 14 npencrapietbl THIMuHble 3anucu aManTyabl P C Ha npoTsokenun 134-X MUHYTHOTO ceaHca
uamepenuit (ot 16:09 LT no 18:23 LT) B 4-x npueMHbIX KaHaJax (naHesu a, 6 — CHrHaJbI MoJisipudatdu A
C KaxKJI0H MOJIOBMHbBI aHTEHHBbI; MAHEJH B, T — CHUTHAJ MOJsIpU3aliii B ¢ Ka)K10i M0JOBHHBI aHTEHHBI; BpeMsi
uasydennst HAW ormeueno npsimoyrosibiukom). Ha puc. 15 npeacra/ietbl 3arici aMIiuTyibl A paccesit-
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HOTO HOHOC(EPHOTO CUTHAJIA, yCpeTHEHHbIE BO BpeMeHHOM okHe 10 ceKkyH, ciesianHble B pas/nuHbIX SKCIe-
pHUMeHTaX Mo aKyCTHUECKOMY BO30YxIeHHI0 HoHocdepb! (naHesb (a) — 20.10.97; nanens (6) — 21.10.97;
nanesib (B) — 22.10.97; crpesikoit otmeueno Bpemst pa6otelt HAM). Ha puc. 16 npejicTaBiieHbl BpeMeHHble
3aBHCHUMOCTH PaCCUNTAHHBIX 3HaUeHUH aucnepcuu amnantyasl PUC, cooTBeTcTBYIOIIME 3aMUCAM aMIIUTY -
abl PUC na puc. 15.

Bo Bcex 3anucsix curHaJjos obe-
1°I‘LI UX NoJIsIpU3aLHsIX YETKO
BBIIEJISAIOTCS JIBA XapaKTEpPHbIX
yuacTKa, nepBblil U3 KOTOPbIX MOXK-
HO  OTHECTH K  HEBO3My-
IIeHHOH HOoHOcdepe, a BTO-
poil — K Bo3MyllleHHOH. Ha nep-
BOM  yuyacTKe,  BKJIOualo-
111eM HHTepBaJ J1o Hauata AB u
NpUMepPHO 7 MUH MOCJIE HETO, aM-
niutyna PUC u ee tucnepeus oT-
HOCHTEJIbHO MaJsibl. B mocneny-
OLIMA MIPOMEXKYTOK
BpemeHH, uepes 7 mut rocjie AB,
Ha0Jo1aeTcst KpaTKo-
BpeMeHHOe  (JIUTeJIbHOCTbHIO

16:00 16:30 17:00 17:30 18:00 18:30 1113 MuH) nuiaBHoe yBesnye-

mectHoe Bpemst (LT), u:Mun ire (B 1,5+ 1.8 pas) amnauty-

abl PUC u nucnepenu ¢ nociie-

Puc. 17 JYIOLMM MX yMeHblIeHreM. Ue-

pe3 2225 muH nocse Hauasa AB Habuionaercst auTenbHoe Bodpactanue amiutyasl PUC (B 2,5+ 2,8

pas) u ee AUCMEPCHH, MOsIBJIEHHE BOJIHOOOPAa3HbIX KoJieOaHWH STHX MapaMeTpoB ¢ nepuoaamu okoJo 10 muH,

20 muH, 40 mun. Takue uamenenusi napamerpoB PYC M0XKHO 00bSCHUTD, C OJIHOH CTOPOHbBI, YBEJHUEHH-

eM PaJHoJIOKALMOHHOTO CeueH sl paccesiiust o npu Bo3OyxaeHuu nonocdepsl HU AAB 3a cuer uamenenusi

MPOCTPAHCTBEHHBIX MACLITA60B HEOTHOPOAHOCTEN U, COOTBETCTBEHHO, MPOCTPAHCTBEHHOTO CIEKTpa (JyK-

Tyallil KoHUeHTpaluK raasmbl @ [7], a ¢ apyroit — BOJIHOBOM pHpPo10k HeKyccTBeHHbIX AVIB, BbI3BaHHbIX
HY AAB HazeMHOro mpoucxXoxKaeHusl.

TTTrT T T T T T T v Y Y Y Y I T T T I T T T T i I rrrrrrry

[Tpouecc pacnpoctpanennsi HH AAB B atmocdepe 1 Baumoeiictene HU AAB ¢ nonocdepoit 10/KHbI
CTUMYJIMPOBATh H3MEHEHHsI He TOJIbKO B TPOCTPAHCTBEHHON CTPYKType HOHOC(HEPHBIX HEOTHOPOAHOCTEH, HO
M B UX BpeMeHHOH auHamuke. O6 3TOM CBUAETEJNbCTBYET U JIOTJIEpOBCKas (PUIbTPALUs 3aperuCTPUPOBaH-
ubix PUC. Tunnunas nonneporpamma uccienyemoro PUC npencrasnena na puc. 17. Lucdpamu 1—9 o6o-
3HAUEHbl YUACTKH C 0COOEHHOCTSIMU MOBeAeHHs crieKTpa. MoOLIHOCTb CMEKTPalbHbIX COCTABJSAIOUMX 0TOO-
pakeHa sIpKOCTbIO ToueK Ha jporieporpamme. B nauase 3anucu (16 : 04 LT+16 : 07 LT) u B ee KoHie
(18:28 LT+18:30 LT) cnenana 3anuch Kaan6poBOYHOTO CHHYCOMIANBHOTO CUTHAJIA YaCcTOTOH 3 11

B HeBO3MyllIEHHOM COCTOSIHUU JIOTIJIEPOBCKUH CIEKTP UMeeT xapakTepHyto wupuny 10 1 [u. B moment
AB (nauasio B 16:31 LT) Ha norieporpamme HabJiioaetcst BbIopoc (5) wupuHoit okodio 1,5 i oTHocHTe N b-
HO MPOMEKYTOUHOH 4acTOThl 3 [11, KOTOPBIH MOKET ObITh BbI3BAH 3/J1EKTPUUECKUMHU UK 3J1€KTPOMArHUTHBIMH
ahdexTamMu B KaHaJsie aTMmocepa—HoHOCdepPa, COMPOBOXKIAIOIIMMHU HAauaJ 0 paboThl UaJyuaTess. B MomeHT
Bpemenu 16:37 LT, 1. e. Ha 7-# MuHyTe nocJie Hayasia AB, Ha jonsieporpamme MosiBJisieTest A0MOJHATEbHbIE
tpek (1) B muanazone 7--10 [1y, uto coorBerctByet npoxoxaenuo HY AAB uepes paccenBaiolityto o61acThb
HoHOChEPBI CO CKOPOCTbIO, GJIM3KO# K CKOPOCTH 3ByKa. Uepes 7 mun nocsie Hauasa AB (B 16:38 LT ) na npo-
TsKeHuu npuMepHo 12 mun (10 16:50 LT) dhopmupyercs o6s1acthb (6) MoBbIllIEHHOH HHTEHCHBHOCTH H HEMHO -
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ro pacupentoro 1o 1,5 i1 cnekrpa, kotopasi, no-suauMomy, obyciaosiena popmuponatuem [1MB Bosno-
06paszHoro THUMA. Ha yuyacTke
ot 16:48 LT no 16:54 LT wmpuna 1 MHTEHCUBHOCTb CMEKTPA YMEHbIIAIOTCS 10 NEPBOHAYATBHOTO COCTOSIHUS.
Hauunasi ¢ 16:54 LT, nonsieporpamma pe3ko uamensiercsi. [llnpuna cnexrpa ysesuunuBaercs 1o 2 (7). Yer-
KO TPOSIBJSIIOTCS JIBE MHTEHCHBHbIE MOJIbl HOHOC(hepHOTo curHasa (8 u 9), pasHeceHHbIe 10 YACTOTE HA BEJIH-
yuny j10 0,6 [11, ¢ KonebaresbHBIM BO BpeMeHH XapaktepoM. [lepruosbl 3THX KosebGaHuil COCTaBASIOT MPUOJIH-
auteibHo 20 1 40 MunyT. MIHTEpecHo# 0cOO6EHHOCTBIO 10TIEPOTPAMMbI SIBJSIETCS TTOBTOPHOE MOSIBJIEHHE CUT-
HaJsbHbIX TpekoB (1, 2, 3, 4) ¢ nepruosoM NpUGAU3UTENBHO 30 MUH, CMELLEHHBIX OTHOCUTEIBHO MTPOMEXKYTOU-
HOH yacToThbl MpuMepHo Ha 79 1. [Tpruuem co Bpemenem 3tH Tpeku npeobpasyioTes U3 jguHeirHoro Buaa (1)
B BU obsacteil (2, 3, 4), yBesiMuMBasich Kak BO BpeMeHHOH 00/1aCTH (IUTeIbHOCTb Tpeka | — | muH, Tpeka
2 — 3 MMH, Tpe-
Ka 3 — 7 muH, Tpeka 4 — 13 MuH), TaK U B YAaCTOTHOH (creKTpaJbHas yactota Tpeka 2 — 0,7 iy, Tpe-
ka 3 — 0,8 [y, peka 4 — 1,3 [11). Takoe noBesieHne 10MIEPOBCKOrO CrIEKTPa MOKHO OObSICHUTL HAJIHUMEM B
nonocdepe BB ¢ BepTHKaIbHBIMH KOMIOHEHTAMH CKOPOCTH pacrpocTpaHeHusi, 6JIM3KUMH K CKOPOCTH 3BYKa.

4. 3AKJIIOYEHHE

Pesy/ibTathl npeaBapuTe/bHbIX SKCIIEPUMEHTOB M0 BO3OYKIEHHIO B HOHOCHEpe HCKYCCTBEHHbIX aKyCTO-
MOHOC(EPHBIX BO3MYLIEHHI C MOMOILbIO YIIPABJASEMOT0 Ha3eMHOTO aKYCTHUECKOTO U3JydaTelisi O3BOJSIOT
c/leNaTh CJeyIolle BbIBO/IbI.

DKCrepuMeHTabHO JI0Ka3aHa BO3MOXKHOCTb CO3/1aHHsl UCKYCCTBEHHBIX aKyCTO-HOHOC(HEPHBIX BO3MY-
1IEHUH OTHOCHTENILHO clabonuHTeHcHBHON HY aTmMocdhepHoit akycTHueCcKo# BOJHOM, "reHepUPYyeMOii ¢ MOMO-
LbI0 HA3EMHOTO AKYCTHUECKOTO M3JIyuaTesisi PH H3JyueHHH aKyCTHUECKOH 3Heprun okoso 2 - 106 JIx 3a
BpeMsi 0KoJ10 60 c.

CosnaBaemblie TakuM uaiyuatesem AUB siBsiioTes caabbiMu, 1 U1t HX 0OHAPYKEHHS ¥ HIEHTHPUKALUH
He0oOXO0IMMbl BbICOKOUYBCTBUTE/IbHBIE METO/IbI H TEXHUUECKHE CPE/ICTBA.

Panuodusuueckue u panoacTpoHOMHUECKHE METOIbI, peasin3oBaHHble Ha 6a3e nekamerposoro PT YPAH-
3, obecrneunBaloT He0OOXOUMble UYBCTBUTEIbHOCTb U JIOCTOBEPHOCTb BbISIBJECHHS CJAa0bIX MCKYCCTBEHHbIX
AWB, dopmupyiotimxesi B HoHocdepHoil ryiadme rnpu Bosaeictsun HY AAB HazeMHOro npoucxoxKaeHust.

3apeructpupoBaHHble HOHOCHepHble 3(heKTbl, BbI3BaHHbIE Bo3aeicTBHeM HcKycceTBenHol HY atmo-
chepHOH aKyCTHUECKOMN BOJIHBI, TO3BOJISIIOT C/IE1aTh BBIBOJ O BO3MOKHOCTH Pa3/IMUHBIX MEXaHU3MOB aKyCTO-
MOHOC(EPHOTO U JIEKTPOMATHUTHOTO B3aUMOJEHCTBHUS, B TOM UHCJIE: KPATKOBPEMEHHOE YBeJHUeHHEe MPO-
3pAuHOCTH JI/Is1 PAAHOU3/yYeHHsI KOCMHUECKUX PalMOMCTOUHUKOB; U3MEHEHHEe MPOCTPAHCTBEHHON CTPYKTY-
pbl U MaciTaboB MeJIKoMaclTaGHbIX HOHOC(EPHBIX HEOIHOPOIHOCTeN; BodHHKHOBeHUe [TW B ¢ pasnuunbimu
CKOPOCTSIMH pacrpoCTpaHeHHsl.
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XapbKoB, YKpanHa

RADIOPHYSICAL AND RADIOASTRONOMICAL DIAGNOSTICS
OF IONOSPHERIC EFFECTS INDUCED BY GROUND-BASED INFRASONIC TRANSMITTER

(preliminary results)

V. V. Koshevoy

We present results of preliminary studies aimed at detection of weak ionospheric disturbanced induced by
acoustic emission of a ground-based controlled transmitter. Radioastronomical and radiophysical facilities
based on decameter radio telescope URAN-3 were used in these experiments. Three methods were used
in this study: occultation of the disturbed region by radio emission from discrete space sources, scattering
of sounding radio waves from the perturbed ionospheric region, and weakly-oblique sounding of the iono-
sphere. [t is shown that parameters of transmitted, scattered, and reflected signals are well correlated with
parameters of the acoustic radiation, and that weak ionospheric disturbances detected in our experiments
are actually induced by the acoustic radiation.
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PAJIAP CYPA-WIND: UCCJIEJOBAHUE HEJIMHENHbIX 3®®EKTOB MPH
NMPOCBEYUBAHHUHU HOHOCPEPbI KOPOTKUMH PAIWOBOJIHAMHU

[0. B. Toxapes', B. A. Aaumos', [0. H. beaos', I'. H. Boiiko!, I'. I1. Kompakos',
H. B. Mypasvesa®, A. B. Paxaun®, M. JI. Kaiizep?, I1. Poopueec®

[IpencraBienbl pe3y bTaThl KcrepuMeHToB o npuemy KB-curuasnos nepenatouiero crena HUP®OU “Cypa'na
kocmuueckom  ammapare  NASA  WIND,  BbinosiHeHHbIX B JHEBHOE  BpeMsi  JIETHHX  CE30HOB
1997—1998 rr. McenenoBanach 3aBUCUMOCTb SHEPreTHYECKHX H CTATHCTHUECKHX XapaKTEPUCTHK KOPOTKUX pajito-
BOJIH OT MOLIHOCTH 30HIMPYIOLLEr0 U3JydeHHsl. YCTaHOBJIEHO, UTO NPH Bapualusx s¢hdextuBHoil MotHocTH KB n3-
JIyueHHsl B ILIMPOKHUX Mpejiesiax oT npubansuresibHo 40 kBT 1o 160 MBT siBienusi, HabJ/ioaemMble B IPUHAMAeMOM Ha
60pty WIND uasyuenuu ((hoKycHpOBKH, MepLAHHS], YACTOTHbIE IBHALIMH CHTHAJIOB ), KaK MPABUJI0, HE 3aBUCSAT OT pe-
»Kuma pabotsl cTenza “Cypa”. BMmecte ¢ TeM oT™MeueHo ylipeHne qarpaMmbl HarpaB/JeHHOCTH CTeH 1A H yMeHblIeHHe
CPEJIHEero ypoBHs IPUHUMAEMOT0 U3JIyUeHHs B HaMpaB/JeHHH MaKCHMyMa AMarpaMmMbl Ha BeJIMUMHY 710 6 1B npu mak-
CHMaJIbHOH MOLLHOCTH H3J1yueHHsl CTeH1a. Pe3ysbraThbl SKCIIepUMEHTa COMOCTABJIEHb C COBPEMEHHBIMH T1PECTaBJIe-
HUsIMK 00 3hhekTax camohOKyCHPOBOUHOH HEYCTOHUMBOCTH U HEJIMHEHHON 1epOKYCHPOBKH KOPOTKHX PAJMOBOJIH B
MOHOC(EpHOH MJ1asme.

BBEAEHHUE

DKcrnepuMeHTa bHble HCCEI0BAHUS TPAHCHOHOC(HEPHOTO PACTIPOCTPAHEHHSI KOPOTKUX PAJAHOBOJH UMe-
10T MHOTOJIETHIOIO HCTOPHIO (CM. [ 1] M uMTHpOBaHHYIO TaM JuTepaTypy). [lepBbie 3KCMEpUMEHTHI B OCHOBHOM
KacaJiiCh UCCJIE0BAHUN OOIMX 3aKOHOMEPHOCTEH B PacrnpoCTpaHeHHUH KOPOTKUX paauoBoJiH. Brocnen-
CTBUM 60JIblIOE BHUMAHHE B 3THX MCCJAEI0BAHUSX CTAJIO YASJAATHCS BOIPOCAM JMAarHOCTHKH HOHOC(EPHOH
MJ1a3Mbl, TIPUUEM B SKCTMIEPUMEHTAX LIHPOKO MPUMEHSIJICS TaK HA3bIBAEMbIH PaJMOaCTPOHOMHUUECKUI METO,
KOT/a B KaUeCTBe HCTOYHUKOB H3JTydeH sl UCI0Jb30BANUCh IMCKPETHbIE BHE3EMHbIE PAIHOUCTOYHUKH [2].

B xoze 3THx uccenoBanuil B voHochepe 6bTH 06HAPYKEHbI HEOJAHOPOHOCTH 3JIEKTPOHHOH KOHLIEHTpa -
LMK C LIHPOKMM CTEKTPOM MacliTaboB OT HECKOJIbKUX JECHTKOB METPOB /10 HECKOJbKUX COTEH KUJIOMETPOB
[2]. DTn HeomHOPOAHOCTH OTBETCTBEHHBI 33 (PJIYKTyallMd KOPOTKUX PAJMOBOJIH MPH UX TPAHCHOHOC(HEPHOM
pacrpocTpaHeHHH, MpuueM KpyrnHoMaclTabHble HEOJAHOPOJHOCTH 3JE€KTPOHHON KOHLUEHTPALMH MOTYT Bbl-
3bIBaTh 3aMeTHbIe POKYCHPOBKHU HHTEHCUBHOCTH KOPOTKHUX PAJHOBOJIH [3, 4].

OTnnunTeIbHON 0COOEHHOCTBIO BCEX ITHX IKCIEPUMEHTAJBbHBIX HCC/EeI0BAaHNH Obl HU3KHI ypoBeHb KB
CHUTHAJIOB, PACMPOCTPAHSBLIMXCS B HOHOC(EPHOH Ma1asme. B To xxe Bpems 1uisl pellenus psiga NpUKJIaaHbIX
3ajiau KocMUUecKoi actTpoduanku (Hanpumep 3anau KB paauosokauun kocMuueckoi 1 0K0J103eMHO MJ1a3-
Mbl) HEOOXOAMMO 3HaTh 0COOEHHOCTH pacrpoCcTpaHeHnsl B HOHOC(hEpe A0CTATOUHO MHTEHCHBHBIX KOPOTKHX
PaaMOBOJIH, TIOCKOJIbKY /ISl HAJ€KHOTO 0OOHAPYKEeHHsI C1a0blX OTPazKeHHbIX CUTHAJOB OT ylaJeHHbIX KOC-
MHUECKHX 06BEKTOB HEOOXOAMMO MPUMEHSITh He TOJbKO GOJblIHEe MPUEMHbIE aHTEHHbI, HO U MOLIHbIE TMe-
penaioie ycrpoicTaa. 1o nocaeanero BpeMeHu nojo0Hble MpsMble SKCMepUMEHTa/IbHbIe UCCAe0BAHNS B
JiMarnazoHe KOPOTKMX PaJHOBOJIH Oblik HeBO3MOXKHbL. M stk nocsie 3anycka B CIIIA Ha BbICOKOJIIUITH-
yeckyto opouTy Kocmuueckoro annapata (KA) NASA WIND [5, 6] takue ucc/iefoBaHus CTanyl peajbHbIMHU.

Huzke Mbl MPUBOAMM HEKOTOPBIE Pe3yJibTaThl UCCAE0BAHWE pAaCpOCTPaHeHUsT PalMOBOJIH B KOCMUUe-
ckom skcnepumente Cypa—WIND, Boinosnennbix B 1997—1998 rr. na mounom nepenatoiem crenje “Cy-
pa"B Bacusibcypeke Hukeroposckoii o6/1acTd COBMECTHO € TPUEMHbBIM KOMITIEKCOM KOCMHUUECKOTro anmnapa-

tTa NASA WIND.
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1. CXEMA 3KCINEPUMEHTA CYPA—-WIND

DKCrepuMeHT MPOBOJMJICS B AHEBHOE BpeMsi cyTok jeToM 1997 . u BecHori—serom 1998T. B kauecTse
MCTOUHHKA KOPOTKHUX PAaIMOBOJIH HUCIOJMb30BAJCS OMH UM BCe TpU nepenatunka crenaa “Cypa"B pexume
KOT€PEHTHOTO CJI0’KeHHs 3ayueHus Ha uactote 8925 kIi1, MmouHocTb Kaxkaoro nepenatunka Py = 240 kBr.
N3nyuenue Besioch, Kak MpaBuJ/Io, B HEMPEPLIBHOM PEKUME B TeUeHHE TPOX0KAEHUST KOCMUUYECKOTO annapara
WIND uepes rsiaBHblil jienecTok auarpamMmmbl HarpasseHHocTH ctenaa "Cypa''c yrjoBbIMH pa3Mepamu Jiyda
1o ypoBHto 3 1b Yo ~ 6°. autenbHocts oraenbHoro ceanca obaydenns KA WIND curnanamu crenza
“Cypa"cocraBasna okoso 50 Munyt. B oTnenbubix cencax jerom 1998 r. npumensiicst crenualabHblil pe-
»KUM paboThl ctenaa “Cypa": B mepBble 15 MUHYT ceaHca M3JyueHHe BeJOCh OJHUM MepeAaTuMKOM CTeH/a
¢ motHoctbio 0,01 Py, nocaenyoue 20 MUHYT nepeaTunK paboTas Ha MOJHON MOIIHOCTH Pp, a ocTaBly-
I0Cs yacTh ceaHca (25 MUHYT) U3J/yueHHe BeJOCh OJIHUM MepeaaTuuKoM onsTh ¢ MoluHocTbio 0,01 P. ¥Yroa
HaKJIOHAa MaKCHMyMa JHarpaMMbl HarpaBJeHHOCTH aHTeHHbl cTenia “Cypa's Hanpasiennu Ha KA WIND B
OTZIe/IbHBIX CeaHcax BapbUPOBAJICS M, KaK MpasuJo, coctassa 30 <+ 40° ot 3enura. dpdekTuBHAST MOILIL-
HOCTb H3JlyueHHust Pygg cocTaBisina npubausutenbio 19 MBT ans oanoro motyns crenaa u okosio 160 MBt
npH CUH(pA3HOM CJ0KEHHH MOILIHOCTEH Beex Tpex Moayser. Koutposb 3a cocTosinnem HoHocdepbl B pailoHe
Bacusbcypcka Bo Bpemsi SKCTepUMeHTa OCYLIECTBJS/ICS B A€KYPHOM pPEKHME C MOMOLIbIO MAaHOPAMHOTO
noHozonna “basuc”, padorasuiero B nnanasone 3+20 MIiL

Ynanennocts KA WIND ot 3emiin Bo BpeMst 9KCIiepuMeHTa H3MEHSIACh B IOBOJILHO IIHPOKUX MpeJe-
Jax, ot 15R; 1o 220R, (R; — pamuyc 3emiin). Bo Bpemsi ceancos o6.yuenuss KA WIND curnasnamu crenia
“Cypa"npuemnoe ycrpoitcteo WAVES RAD2 KA WIND [7] nepeBoansioch B pe;KUM OJJHOMOJIOBOTO Obl-
ctporo (¢ unrepsajsom B 0,063 ¢) ornpoca uHpOpMaLMH, MOCTyNaloOlIeH OT Ha3eMHbIX TepeaTUMKOB CTeH1a
“Cypa"na uacrore 8925 kli1. Pesysibratbl uamepenuii no kanajnam cjyxe6Hoit cssi3u ¢ 6opra KA WIND
nepeaaBajuCh B LIEHTP ypaBJ/eHHUsl.

2. PE3YJIbTATbl UBMEPEHUI

Ha puc. ?? npesicraBsien npuMep THIUYHON 3aMUCH HHTEHCUMBHOCTH NMPUHMMAaeMoro Ha 6OpTy KocMHue-
ckoro annapara WIND curnana na yacrore f = 8925 kli1 ot onnoro nepenatunka crena “Cypa", pabotan-
wero ¢ 3hpeKTHBHOR MOIHOCTbIO P,q, = 0,95 MBT, npu npoxoxaennn WIND uepes rnapubiil senectok
JIHarpaMmbl HarpaBJeHHOCTH Ha3eMHOro cTeHIa (KpuBas MPOXO0KIEHHS 1151
ceanca 05.07.981.). [To ocu aGeuucc 0T/I02KEHO TeKylllee BPeMsl, 0 0CH OPAMHAT — UHTEHCHBHOCTb MPUHHU-
MaeMOro CHrHaJjia OTHOCHTEbHO YPOBHSI LIyMOBOTO pamuodona Ha 6opty KA B rnoJioce npuemMHoro ycrpoii-
ctBa Af = 20 kIi1 co Bpemenem unrerpuposanusi 20 m. Kpurnueckas uacrora Fa-cnost nonocdeps! for,,
paccrosiie R, Ha KoTopoM Haxonuscs KA ot 3emin, 0 HaKJIOH z MaKCHMyMa JHarpaMMbl HarpaBJeHHO-
cTd aHTennsl crennaa “Cypa'"k 3eHUTHOMY HarpaBJ/ieHHIO yKa3aHbl Ha puc. ??. ToHKo# cr/olHon JuHnel Ha
puc. ?? HaHeceHa KpUBasi MPOXOKIAEHHS], paCCUMTaHHAs B MPEANOJ0KEHHH, UTO HOHOC(EpHOE MOTJIOIIeHHE
pazMoBOJIH B IHeBHOH HoHOChepe cocTasasier I'(8,9 MIi)~ 3 nb [2]. Toscroii criowHoi iuHKuel Ha puc. ??
HaHeCeHa 3aBUCHMMOCTDb TEKYLIEro CPeHero 3HaueHusi MHTeHcuBHOCTH I (t). YepeaHenue oCyliecTBsI0Ch
o 10% oTcueram curnana c warom 63 M Ha MHTepBaJe NpUOAN3HTEILHO 10,5 MuH. co casuroM 102 oTcue-
T0B (0KOJI0 1 MuH.). HeoGxomumocTh Bhlunciennst dynkuuu I(t) Gblia 06ycoB/IeHa OTCYTCTBHEM abCco-
JIIOTHOH KaJMOPOBKM MHTEHCUBHOCTH MpPUHUMaeMoro curiajia “Cypbl'u3-3a HEKOTOPOH HEOMpeieeHHOCTH
MOHOC(EPHOTO MOTJIOLIEHHUS PaIHOBOJIH.

N3 puc. ?? Buano, yro npunumaemoe Ha 6optry WIND KB usnyuenue B HeKOTOpble MOMEHTBI BpeMeHH
MCIBITBIBAET I0BOJILHO 3HAUMTeNbHbIE, 10 20 1B, yBesnuenus nuteHcMBHOCTH ((DOKYCHPOBKH ).

O6paboTKa 3anucell HHTEHCUBHOCTH MPUHUMAEMbIX CUIHAJIOB 3aKJI0Uaach He TOJbKO B OIMpeieeHu
TEKYILIETO CPEIHEro 3HaUeHUst HHTeHCUBHOCTH I (), HO M B BBIUMC/IEHUM TEKYLIIErO MHeK A Mepuanuit Sy (t) =

800 10. B. Tokapes u op.
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(R=49,3 Rs, for, =6,3 MIiL, Zw =34,3°). 5 uroqis1 1998 .

— riue 1% u T — COOTBETCTBEHHO CpeAHHUE 3HAUY€HHs KBaJpaTa HHTCHCUBHOCTH U UHTEHCUBHOCTHU Ha

TeKylleM HHTepBaje JUTeabHocTbio 2-103 otcuetos (0K0/10 2 MUH.), M criekTpoB MowHocTH W (f) Heene-
JlyeMOTo CJIyualHoro rpoiecca /s BbiOpaHHbIX BHYTPH JaHHOTO ceaHca KBA3UCTAllMOHAPHBIX HHTEPBAJIOB
BpeMeHH JIIUTEJIbHOCTbIO 0KOJI0 23 MUH. [2].

Ha puc. ?? npuBesien npumep cnekrpa daykryauuit W(v, t), e v — vactota ¢JyKTyalui, /s ceaHca
05.07.98 r., Korna HarpeBHbIH cTeHa paboTas ¢ MOHWKEHHOH MollHOCThIo. Ha puc. ?? 3nauenus: QyHKumu
W (v,t) HopmMupoBaHbl TakuM 06pasoM, uto Sy(t) = [, W(v,t) dv. Y3 puc. ?? BuaHO, uTO crieKTpbl (iIyK-
Tyallil TPUHAMAEMbIX CHTHAJIOB He 0OHAPYKUBAIOT KAKUX-JIM00 3aKOHOMEPHOCTEH C TeUeHHEM BpeMEHH.

Ha puc. ?? npuBesieHbl IPUMEPbI THITMUHON 3aNIHCH HHTEHCHBHOCTH MpUHMMaeMoro Ha Gopty KA WIND
curHaJja u crniekrpa daykryauuii ais ceanca 18.06.98 1., korna paboTas oMt nepeiaTyuK HarpeBHOTO CTeH1a
Ha nosiHoit mouoctd. Cpasnenne 3asucumocteit I(t) u I(t) na puc. ?? u ?? CBUIETENLCTBYET O TOM, UTO
XapakTep MPUHUMAEeMbIX CHTHAJIOB, BEJIUUMHA U JJIHTENbHOCTb (POKYCHPOBOK MPAKTHUECKH HE 3aBUCAT OT
MolHOCTH 3oHaupyioiero KB curnana.

Ta »ke 3aKOHOMEPHOCTb — OTCYTCTBHE KaKOHU-JIMO0 3aBUCUMOCTH OT MOILIHOCTH 3oHaupytoiero KB cur-
Hajla — Oblja MpUCyLla U APYrUM XapakrepucTukam npunumaemoro Ha 6opty KA WIND KB wuznyuenuns
“Cypbl-— TeKyLIUM HHJeKcaM Meplianuil Sy(t) u uacTotHbiM criektpam W (v, t) nceseayemMoro cayyaiHoro
npoiiecca. ATo 0OCTOSITENCTBO HAMJISIHO UIIOCTPUPYET PHUC. 2P, HA KOTOPOM MPUBEJIEHDBI CMIEKTPbI PJIyK-
Tyauuii curnanos W(v) B LIMPOKOM JHanasoHe M3jydyaeMblX MOLLHOCTel curHana ot Pogg = 0,19 MBT 10

Bwmecre ¢ Tem 3amMeTHM, UTO MpH pabOTe HArPEBHOTO CTEHA ¢ MAKCHMAaJIbHOH MOIIHOCTbBIO U3JTyUeHHs Ha-
OI01a10Ch  yIIMPeHHe — AMarpamMMbl  HampaB/JeHHOCTH  CcTeHaa  npubsausutenabho  Ha  50%
M yMeHbllI€HHe CPeHEero YpoBHsl MPUHUMAEMOT0O M3JyyeHHsl B HalpaBJeHHH ee MAaKCUMyMa MpPUMEpPHO Ha
6 1b.

Caienyer elle pas nMoguepKHyTh, UTO YKa3aHHbIE Bhillle Pe3y/bTaThl U3MEPEHUH Ha pajapHOM KOMILIEKce
CYPA—WIND noJiyueHbl B THITHUHBIX (HEBO3MYILIEHHbIX ) re0u3uuecKnx ycaoBusix. OJHAKO B YCIOBHSX
BO3MYIIEHHH CUTyallUsl MOYKET CYLECTBEHHO U3MEHUTbHCS.

Ha puc. ?? npuBenena 3anucb MHTEHCHBHOCTH MpUuHAMaemMoro curuasa Ha 6opty WIND ot 3-x pabotas-
1IMX CHH(A3HO MepelaTYMKOB HarPEBHOTO CTEH 1A BO BPEMSs CHJIbHBIX HOHOCGepHbIX Bo3MylileHui 04.05.98 1.

Tekyuin# yacTOTHBI CMIEKTP UCCJIELYEMOTO CIYUaHOTo Mpoliecca Jijist 3TOro ceaHca npuBejieH Ha puc. 22.
B otsrume ot tunuuHoit 3aBucumoctu W (v, t) (cM. puc. 2?) B 3TOM CJlyyae YAaCTOTHBII CIIEKTP MPUHUMAe-

10. B. Tokapes u Op. 801
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(R=138,6 Rs, for, =5,2 ML, Zw =39°). JIJIs1 pa3HbIX MOLLHOCTEH pajaapa.

MOTO CHTHaJsia 0OHApPYKMBAeT yBeJHUeHHe CMeKTPasbHON MHTEHCHBHOCTH (IyKTyallMii B 061aCTH 4acToT B
HECKOJILKO JIECSITBIX JIOJIeH Teplia B CepeiHe U KOHLE ceaHca HaOJIIoIeHUH M0 CpaBHEHMIO ¢ HauabHOMH da-
301 pabOThI HATPEBHOTO CTEHAA.

3. ObCY)KIAEHUE PE3YJIbTATOB 3KCITEPUMEHTA

Wrak, B 00bIUHBIX (HEBO3MYLLIEHHBIX) re0(pU3MUECKUX YCJAOBUSIX B X0J€ KOCMMUECKOTO SKCTepUMeHTa
CYPA—WIND He oGHapy»keHa Kakasi-Jau60 orpejiesieHHast 3aBUCUMOCTD [TOBEJIeHH s OCHOBHBIX SHEpreTHue-
CKHUX (HOpMHPOBAHHASI HHTEHCUBHOCTb ) U CTATUCTHUECKUX (TEKYLIMH HHIEKC MEepUAHUH M YACTOTHBIH CIIEKTP
MCCJIe/lyeMOro CJIyuailHoro mnpoiiecca) xapakrepucTuk npunumaemoro Ha 6opty KA WIND wuznyuenust ot
MolHocTH 3oHaupytotero KB curnana crenna “Cypa”.

Boo06iiie roBopst, 3TOT pe3yJibTaT He sIBJISIETCS HEOKUIAHHBIM. Y2Ke B TePBbIX dKCIEePUMeHTaX Mo BO3-
neiictButo MolHbIM KB panuoussyuenrem Ha HoHOCGepyY ¢ MPOCBEUMBAHMEM HCKYCCTBEHHO BO3MYLLEHHOM
o6aactu YKB curnanamu MC3 6b110 3aperucTpupoBaHo OTCYTCTBHE KaKUX-JMO0 HOHOCHepHBIX 3P PeKToB
JUISl IMarHOCTHUECKHUX PaJMOBOJIH, KOTJIa YacToTa u3JjyueHusi HarpeBHoro KB crenia Gblia Bblllle KpUTHUE-
cKo# uactoTbl F5 cyiost nvonocdepsl (cM. [8, 9] U LUTHPOBAHHYIO TaM JIUTEPATYPY ).

OtanunrenbHoit ocobenHocTbio skenepumenta CYPA—WIND sBaisiercsi To, uTo B X0Jle €ro Hccie1oBa-
JIOCh CAaMOCOTIacOBaHHOE B3aUMOJIeHCTBHE (camoBo3aeicTre ) 3onaupytotero KB panuonsiyuenus ¢ nono-
cpepHo na3moil, Koraa npoxoasiuias MotiHast KB Bosina cama BHOCUT BO3MyILLIeHHSI B pacrpeie/ieHHe 3J1eK-
TPOHHOM KOHILIeHTpaLKMH N HOHOCHEPBI U UCITBITHIBAET U3MEHEHHsI CBOUX MTAapaMeTPOB 3a CUeT (hOPMHUPYEMOTO
€10 YKe HeOIHOPOoIHOTO pacrpeiesnenns N, voHocheproi miasmbl [10, 11]. [Tpu 3ToM cylllecTBEHHBIM MOMEH -
TOM $IBJISIETCSI TO 0OCTOSITENLCTBO, UTO BO BpeMsl 9KCIIEpPUMEHTA

802 10. B. Tokapes u Op.
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Puc. 5. Kpuasi npoxoxienust 4 masi 1998r. B ycsioBu- Puc. 6. Ciektpbl  J1yKTyauuii  curuaJa
SIX CHJIbHOM BO3MYLLIEHHOCTH HOHOCDepbl (R = 4 mast 1998r. B yc/IOBHSIX CHJIBHOH
216 Rs, for, =4,2 MIiL, Zw =30°). BO3MYILLEHHOCTH HOHOC(EPHI.

CYPA—WIND 6bi1u peasni3oBatbl yeJa0BHs IPSIMOTo pacrnpocTpanenus motiHoro KB panuounssyuenus (pa-
JIMOTMIPOCBEUHBAHHS ) Yepe3 HOHOCEPHYIO MIa3My. DTO MO3BOJUIIO UCKIIOUUTh MHOTHE YCJO0XKHSIoLIHe (haK-
TOPBI, TPUCYILIIHE CyYato oTpaxKeHHust MollHbIX KB curnasnos ot nonocdeps [11, 12].

CoryiacHO Cyl1eCTBYIOLIMM TeOpeTHUeCKUM rnpeacrtaBienusm [11, 13, 14] npu camoBosaeiicTBUM MoLIL-
ubix KB panroBosin B monocdepe no/mkHa pazBuBathesi caMmooKyCHpOBOUHAS HEYCTOHUMBOCTh, KOTOpPas
NPUBOJUT K BO3OYXKIEHUIO B HOHOCHEPHOH MJ1a3Me HEOJHOPOAHOCTEH 3JIEKTPOHHON KOHIIEHTPALIMH IIMPOKO-
ro criektpa maciuta6oB. BogHnukarouime HeoHOPOHOCTH KOHLEHTPALMH, B CBOIO OUepPe/ib, NO/KHBI BbI3bl-
BaTbh JIOBOJIbHO HHTEHCHBHbIE (DJIYKTYallMH apaMeTpoB MPOXOJSIIEro yepe3 noHocgepy uamnyuenus. B cumy
CJI02KHOCTH (PU3UUECKHUX MPOLECCOB, MPOUCXOAALIMX MPH 3TOM B HOHOC]EPE, COOTBETCTBYIOIIME TEOPETH-
yecKHe pacueTbl HOCSIT cyry6o NpUOJIMYKEHHbIH (CKOpee KaueCTBEHHbIH, UeM KOJHUeCTBeHHbIH ) XapakTep. B
ITHX YCJOBUSIX 0COOEHHO BaKHbI MPSIMble SKCIIEPUMEHTAJbHbIE HCCEI0BAHUS CAMOBO3IEHCTBUS MOLIHBIX
KB panroBosin B noHocepe. Pakruuecku, Bo Bpems skcnepumenta CYPA—WIND [5] BnepBble, Hapsiay ¢
skcnepumentoM HAARP—WIND [15], 66111 peasindoBaHbl yC/10BUs Ist HCCe10BaHus 3(h(HeKTOB pa3BUTHS
caMo(OKYCHPOBOUYHON HEYCTOHUHBOCTH B HOHOC(EPE ¢ HAauOOJIee MPOCTON U HATJISIIHOM IMarHOCTHKOM.

CyulecTByiolle TeOpeTHUECKUE TPEJICTABJIEHHS O sIBJEHUHH caMO(OKYCHPOBOUHOH HEYCTOHUMBOCTH B
noHocdepe 6a3upylOTCsl HA pellleHHH COOTBETCTBYIOIMX 3a/au AU(PPaKLUMK PAJHMOBOJH B PETYJSPHON cpe-
ne [10, 11, 14]. Bmecre ¢ TeMm, Kak U3BECTHO, B BepXHel HOHOC(hepe MPAKTHUECKH BCEr/ia CYLECTBYIOT HEO1-
HOPOJHOCTH 3JIEKTPOHHOH KOHUEHTPALMK THIA NepeMelatoluXCsl BOJHOBbIX BO3MYILIEHHH C pa3MepaMu OT
JIECATKOB JI0 COTEH KWJIOMETPOB W pa3BUTast TYpOyJE€HTHOCTb C BHELIHUM MacluTaboM OT KUJIOMeTpa 10 Jie-
CATKOB KUJI0MeTpoB (cM.[2]). [ToaTomy, cTporo roBopsi, He06XOAUMO OLIEHHUTH BJIUSIHME 3THX HEOJHOPOJHO-
creil Ha 3¢hdeKT caMOPOKYCUPOBKH MOLIHBIX KOPOTKHX PaIMOBOJIH.

HcxonHbiM ypaBHeHHEM B T€OPHM CaMO(OKYCHPOBOUHONH HEYCTOMUMBOCTH SIBJsSIETCS Mapabosyeckoe
ypaBHeHHUe JJIsi KOMIJIEKCHOM aMINTY bl A(p) z) MOLLHO# BOJIHbI, PACTIPOCTPAHSIIOLIENCS BIOJIb OCH 2 B CJla-
OGoHesMHelHOM cpefie [2, 16, 17]:

0A
2ikoy/Eo— + V1A + kger(MA + kges| AP A = 0. (1)
3nech kg = w/c — BOJIHOBOE UHCJIO B BaKyyMme, w — KpyroBasi 4acToTa W3JjydeHusi, £g, £1(F) u

£2|A|?> — cooTBeTcTBeHHO peryssipHas, cjyuaiiHas U HeJHHeliHas KOMIOHEHTbI AM3JeKTPUUECKOH TPOHH-
11aeMOCTH Cpejibl, HHAeKC “ L "0THOCHTCS K MonepeyHoMy K OCH z KOOpJIMHATHOMY BeKTopy p. L npocToThl
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Cpejly CUMTaeM B Cpe/iHeM OIHOPOJHOM (€9 U €2 — TMOCTOSIHHBIE ), TIPU 3TOM ypaBHenue (1) npeoGpasyetcs K

BUJLY

aA .
Qko\/_VlA+za(F)A+z/6|A] A=0, (2)

k062

=1, 6=57=
B cnyqae cna6b1x hJryKTyaluil MaoCKOH BOJIHBI, PACTIPOCTPAHSIONIENHCS B HEJIMHEHHON Cpejle, pellieHHe
ypaBHeHHsi (2) MOXKHO MPeJICTaBUThL B BUJIE

A(p, z) = Ao(2) + £(p, 2),

rie Ag(z) — amrintyna HeBO3MYLLEHHON BOJIHBI, a (UIyKTyaluuoHHast amriutynaa &(p, z) yaoBaeTBOpsieT

e aF) =

HepaBeHCTBY \/ €2 < |Ag(2)].
JL1st aMIIUTY/Ibl HEBO3MYLLEHHOH BOJIHBI HMEEM

9Ap(2)
0z

e Ag — KOMILIeKCHAs aMILJIUTY A BOJIHBIL, Nalatolllell Ha HEeJHHEHHYIO CyuaiiHO-HEeOAHOPOIHYIO CPeLy.
Jlnst cna6oii yKTyallMOHHOM aMILJIUTY bl BOJIHBI MOXKHO 3aMKCcaTh cjeytollee ypaBHenue (¢cp.[17])

ag :
3% \/—

rie £ (p, z) — KOMILIEKCHO-CcOoMpsiKeHHast (hJIyKTyallMOHHAST aMIJIUTY/1A.

Crporoe peuieHue ypaBHenus (4) ¢ ucrnoJsib3oBaHHEM COOTBETCTBYIoLIEH (yHKUMU [puHa 1oBO/BHO 3a-
TpyaHATE bHO. OTHAKO MOXKHO MOJYUYUTh MPUOJIMKEHHOE PellieHrHe 3TOro ypaBHeHus. [1/s1 3Toro noctatouHo
pasziesuTh TPaccy pacrnpocTpaHeHUsl PaAHOBOJH B HoHOChepe Ha N OTAe/NbHBIX CJ0EB H yUeCTb BJHSHHE
THX HEOJHOPOHBIX CJIOEB B PAMKAX TEOPHUU OJHOKPATHOTO paccesiHusl paauoBoJsiH. COOTBeTCTByloLIEe pe-
lIeHue ypaBHeHus (4) CBOAUTCS K CyMMe MaplraibHbIX (QIyKTyalMOHHBIX aMIJIMTY/L OTAEJNbHBIX CayUYalHbIX
BOJIH, MOPO2KJIEHHBIX CYUaHHBIMH UCTOUHUKAMU OT/EJbHBIX HEOJAHOPOIHBIX cjloeB. B KoHeuHoM cueTe yryio-
Bo#i criekTp G(k, z) cj1aboil JyKTyallMOHHON MHTEHCUMBHOCTH BOJIHbI OYJIET paBeH CyMMe YIJIOBbIX CIIEKTPOB
napuuabHbIX QJIYKTYallMOHHBIX HHTEHCUBHOCTEH c/1yuaiiHbix BosiH. C yuetom [17]

= —if]Ag(2)|*A0(2), Ao(2) = Agexp(—ifi| Ao|*2), (3)

V3¢ +ia(@)[| Aole P02 1Bl Ag 226 + Fem2PM02) — (4)

N
G(k,z) = Y {1+ 2[B|Ao|’T'(x)]* sh?[[(k) 2]} Gom k), (5)
m=1
rie I'(x —KAHV2 K2 = 43ko~/Z0| Ao |?, 2m — paccTosiHue OT Mm-T0 HEOAHOPOIHOTO CJI0S1 J10
0

Qk\/—

TOYKH HaOJIOACHHS, GOm(K;) — YIJIOBOH CIMEKTP MHTEHCHBHOCTH MapuUHaNbHON BOJIHBI, MOPOXKACHHOH CJIy-
YalHbIM MCTOUHHKOM 1M-T0 HEOJJHOPOAHOTO CJIOSI CPEJibl.

N3 cootHolenus (5) caemyet (cM. TakxkKe [ 16]), uTo pacnpocTpansiioniasicsi HHTEHCUBHAS MJ10CKas BOJHA
B CIUIOLLIHOH CJIyualHO-HEOJHOPOIHOM cpeie OyleT HeYCTOHUMBA 110 OTHOLIEHHUIO K c1abbiM TPOCTPAHCTBEH-
HbIM BO3MYLLEHHUSIM 3JIeKTPOHHON KOHILEHTPALIMH, HHULMHPYEMbIM CJIaObIMH HEOHOPOAHOCTSMH CPEJibl.

Bwmecrte ¢ TeM HeOOXOAMMO 3aMETUTD, UTO B OTJIHUME OT CJyuast AP PaKLM{ H3JTydeH s B peryJ/sipHoOi cia-
6onenuneiinoi cpene[10, 11,13, 14, 16, 17] npu pacnpocTpaneHn MOLLHON palMOBOJIHBI B CPEJie CO Cayyar-
HbIMHM HEOJIHOPOAHOCTSIMHU He TPOUCXOJUT €AMHOTO SKCIOHEHIMANbHOTO HapacTaHus caabblX BO3MYLIEHHH B
5TOii BOJIHE Ha HEKOTOPOM Xapakteprom Macturade Ay = Tl = (8]Ag?) ™! (cp. (5) n [13, 14, 16, 17]).
B cayuae nudpakumy ussyueHnsi B CIUIOLIHON claO0HeMHEHHON U ClyuaiHO-HEOJHOPOAHON cpejie BKJIa

804 10. B. Tokapes u op.
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OTACJIbHbIX MMapUHaJibHbIX CJIOEB 3TOH Cpellbl B YyBeJIMUEHHE CHGKTpaJIbHOl/UI HUHTEHCHUBHOCTH BOJIHbI C Xapak-

TEPHBIM MOTIepeuHbIM MaciTabom [ | =~ HeakBUMcTaHTeH (¢p. [17]). Haubosbiiuii BKaag Mpy Mpourx

Ko
paBHbIX yCﬂOBI/IﬂX JaroT HauboJiee yﬂaﬂeHHbIe OT TOYKH Ha6ﬂ}0ﬂeHl/Iﬂ HapuI/IaJlebIe CJIOH, HAUMEHbLIUH —

GaMsaexalme K 310l Touke cyiou (em.(5)). [Tostomy spdekTuBHOE paccTosinke A g, Ha KOTOPOM pa3BH-
BaeTcsi caMO()OKyCHPOBOUHAS HEYCTOMUHBOCTh B CPeJIe CO CyUalHbIMU HEOJHOPOJAHOCTAMHU, GyJIeT OOJibliie

Benunny A ,qq MOXKHO onpeneauTs cieyomnm oopasom. [lepenuiem cootTHowente (5) aJist Bblae1eH-
HOH CTEKTPa/IbHON KOMIOHEHTBI CTIEKTPA Kmax = v/ 2k0 B BUae (cp.[17]):

N
G(Kmax, ) = Z 1+ 2 Shz(mi—Jl‘l)]GOm(K;max). (6)

m=1

3/1eChb BEJIMUHHA Zy,, IPEJICTABJIEHA B BUJIE 2, = Ml .

3 cooTHoleHHs (6) ciielyeT, uTo B CJyuyae OHOPOIHOTO pacripe/ieeHust (PJyKTyallil 113JeKTPUUeCKON
npoHutaeMoctu cpeibl (Gom (Fmax) = Go(Kmax)) CIEKTP MOLIHOCTH HCCJIEYEMOTO CJYyUYaiHOro nporecca
YBeJIMUHBAETCS IPUOJINZUTENILHO B € Pa3 Ha HEKOTOPOM pacCTosHiH Aygpy = Nogpgly. [1pu 31OM Besmunna
N, YIOBIETBOPSET yPABHEHUIO

Nogo I
Z Shz(mA—) >~ Nafb(b' (7)
m=1 I
YuntsiBas, uto [ /A < 1, ypaBuenne (7) sierko paspewaercst. B pesysibrare naxonum
l1

N3 (8) cnenyer, uto 3¢hpekTHBHOE paccTosiHUE, HA KOTOPOM MPOUCXOJUT 3aMETHOE yBeJHUEHHE CrieKTpa
MOLIHOCTH HCCJIyeMOro CJy4aiHoro npoiecca, NpUOIHKEeHHO PABHO

rje B KauecTBe OLEHKH BEJMYMHbI A | CJIEyeT B3siTh COOTBETCTBYIOIIEE 3HaUeHHe 00PaTHOTO HHKpEMeHTa
caMo(OKYCHPOBOYHON HEYCTOHUHBOCTH B MArHUTOAKTHBHON HoHOChepe [14]:

A for B, TP

1= 2 | 3 F TBy (10)
3nechb Ly =~ 30 KM — npocTpaHcTBeHHbI Maciutab anddysun Temnepatypbl B Fy c10€ HOHOCHEPDI BIOJIb
HarpaBJIeHHst MArHHTHOTO rois 3emun [ 14], B}, — nutasmentoe nosie B makenmyme Fy enosi, B2 = 3Tmw?d/e?
[2, 10, 11], T — remnepatypa 3JIeKTPOHHON KOMIIOHEHTbI, M U € — COOTBETCTBEHHO Macca H 3apsijl 3J1eKTPO-
Ha, § — CPeJHsisl 10J151 SHePTUH, TepsieMast 31eKTPOHOM ITPH COyAapeHHsIX ¢ MoJieKyJamy, f/ fi, — OTHOLIeHHe
pabGouel 4yacTOTHI K MJa3MeHHOH yacToTe Makcumyma Fa cjiost nonocdepsl, Fg — aMnanTyaa noJs najaato-
LLIeX BOJIHBIL.

B ycnoBusix skenepumenta CYPA—WIND oTHollleHre MHTEHCHBHOCTEN 110J151 AIAI0LIElN BOJIHbI U 11143~
MEHHOTO T10JIs U3MEHSIIOCh B LIMPOKHMX npejesax ot 2 - 1072 npu cunxponHoii pa6oTe Beex 3-X MojyJei
crenaa 10 1078 mpu paGote ¢ MUHMMAJILHONH MOLIHOCTBIO M3JydeHHst B OOKOBOF JenecTok ctenaa “Cy-
pa"(nonosHuTeNbHOE OcaabaeHre uanyuenus okodso 13 nb [5]). [1pu ouenkax Besnuntbl Eg/Ef) NpUHUMA-
JUCh 3HAaueHus masMenHoro noss B, ~ 2 B/m [10, 11, 14] u ocnaGaenust pagnoBosn B D cJioe HOHO-
cepol I' ~ 3 1B [2]. [Tpu sTOM Beanuuna A,gg (M. (9), (10)) aas aHeBHBIX yCJ0BHMI BapbUPOBAIACh OT
Aspg =~ 30 KM 10 Aygpgy =~ 600 KM 1 Goutee.
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Takum o6pasom, 3cheKTHBHOE paccTosiHie, HAa KOTOPOM MOTJia Gbl pa3BUThCs CaMO(OKYCHPOBOUHAS
HeycroitunBocTh KB panroBosin B Bepxtei noHochepe Bo Bpemst skcnepumenta CYPA—WIND, kak npasu-
Jio, Gbl1a 6oJiblle XapakTepHoro Maciitaba H oaHopoHo# atMocdepbl Ha BbicoTax Foy 06s1acTH HOHOCHhEDDI,
npu6au3uTebHo paBHoro 30 km [2]. pyrumu cioBamu, B yesoBusix skcrnepumenta CYPA—WIND samernas
camMo(OKyCHPOBOUHASI HEYCTOHUUBOCTb KOPOTKHUX PAJIMOBOJIH 3a CUeT c1a0biX MeJKOMacIITaOHbIX BO3MYILe-
HUH IPU UPPAKLMK 3TUX BOJIH B CJy4alHO-HEOAHOPOJAHON HOHOC(hepe Obljla TPAKTUUECKH HEBO3MOXKHA.

ATOT BBIBOA CIpaBelIMB W Tpu paboTe HATPEeBHOTO CTeHAA C MAaKCHMaJbHOH MOIIHOCTBIO
Pypg =~ 160 MBT. [lesio B TOM, 4TO B 3TOM CJlyuae yKasaHHast Bblllle OLEHKA BeJHYMHbL A 5pq =~ 30 KM He
JIOCTaTOUHO KOPPEKTHA, MOCKOJIbKY OHA HE YUUTHIBAET sIBJICHUE HEJTMHEHHOMN 1eOKYCHPOBKH MOLIIHOTO H3JTy-
yenusi B F cyioe nonocepsl. [1pu takoi neokycnpoBKe NPOUCXOAUT yUIHPEHHE OCHOBHOTO JIeMecTKa I1a-
rpaMMbl HAMPaBJAEHHOCTH HA3EeMHOT0 U3JTyUaTeIsl, TAK YTO YroJl PACXOAUMOCTH MyUKa paiOBOJIH CTAHOBUTCS
paBnbiM [10, 11]

2 (AN
O~y |92 4 2°0E (11)
0
f2 N IICJl’
rie Y9 — yroJ pacxoiMMOCTH Myuyka Ha BXxoae B E cJo# noHocdepsl, fop — KpUTHYECKas 4acTo-

ta E cnosi, (AN/N)yen — HeslMHelHOe U3MeHeHHe 3JIEKTPOHHON KOHILleHTpaluu B E cJjioe, Bbi3biBaeMoe
MOLLHOH PaAHOBOJIHOM.
CootBetcTByloliee ocabaeHne MHTeHCHBHOCTH Mpoxoasiiero namydenus [10, 11]:

Flen ~ 19—3 (12)
HeJT — 192 .

B ycuoBusix skenepumenta CYPA—WIND (93 ~ 5 - 1072, f2,/f? ~ 2,5 - 1072) npu paGote cTeHza Ha
MaKCHMaJsIbHOH MOLIHOCTH ( P,¢¢, =~ 160 MBT), Korna neinnefinoe M3MeHeHHe 3/71eKTPOHHON KOHLEHTPALIKH B
E cnoe coctabsier (AN /N) yen =~ 1071 [17], u3 (11) n (12) naxomum cooterctBeno ¥ ~ 1,790 U Fey ~
0,33.

Taxkum o6pasom, npu padore crenna “Cypa’Ha MaKCUMaJJbHON MOILIHOCTH, BOOOILE FOBOPS, A0JAKHO Obl-
J10 HabJ0AaThCs (CM. 1. 2) ylIHpeHHe OCHOBHOTO JleMecTKa JuarpaMMbl HarpaBJeHHOCTH CTEHA TPUMEPHO
Ha 70% M COOTBETCTBYIOLLEE NOMONHUTENBHOE OCIab/eHHe TPUHAMAEMOTO H3/TyYeHHsl B HANPaBJIEHHH MaK-
cUMyMa 3Toil auarpammbl Tyep =~ munyce 5 1b.* T1pu 3ToM yTouHeHHOe 3HAUeHKe BeJHUUHbI 3DPEKTHBHOTO
paccTosiHus Ayqg, Ha KOTOPOM MOTJIa Obl Pa3BUTLCA caMO(OKYCHPOBOUHAs HeyCcToiunBocTb KB paanososin
B BepxHel nonocdepe, 6yner pasHo (cM. (9), (10)) A,pg >~ 45 KM, 4TO 3aMeTHO GOJIbLLE XaPAKTEPHOTO Mac-
wtaba oHOPOAHOH aTMocdepbl Ha BbicoTax Fo cyosi nonocdepol H ~ 30 km. Tak uto u npu pabote Ha-
rpeHoro ctenaa “Cypa"c MakCUMasibHOM MOLIHOCTbIO B yeioBUsiX skcniepumenta CYPA—WIND passutue
3aMeTHOH caMO(OKYCUPOBOUHOH HEYCTOHUMBOCTH KOPOTKHX PAJIMOBOJIH 32 CUET CJAaObIX MeJIKOMACIITaGHbIX
BO3MYILIEHHH NPH AU(PPAKIMM STHX BOJH B CIyUyalHO-HEOMHOPOAHOH HOHOChepe OblI0 MPAKTHUECKH HEBO3-
MO2KHO.

Ho Heo6x0aumMo UMeThb B BUILY, UTO MOCJEHUH BBIBOJ CIIPABEJIUB JI/1s1 OOBbIUHBIX (HEBO3MYILLEHHBIX ) 'e0-
¢usnueckux yeaosuit pagapbix HaboneHuii CYPA—WIND. B yc/ioBUsiX cuiibHBIX HOHOC(EPHBIX BO3MY-
1IeHUH XapaKTepHbIi MaciiTab 0JJHOPOJIHOM aTMocdepbl Ha BbicoTax Fo ¢Jiosi HOHOC(EPHl MOXKET MHOTOKpPAT-
HO NPeBHIIATh CBOE CTaHaPTHOE, HeBO3MYyllleHHOoe 3HaueHre H ~ 30 kM [ 1, 2] u xapakrepHoe 3pdekTHBHOE
paccrosinue Aypg, ~ 45 KM, Ha KOTOPOM MOXKET Pa3BUTLCA caMO(oKycHpoBouHas Heyctoidunsocth KB pa-
JIMOBOJIH B BepxHell noHocdepe Bo Bpemsi skcnepumenta CYPA—WIND npu cundasHoii paboTe Beex 3-x

*B 1o ke Bpemst rpu paGoTe oHOro MoyJst crena “Cypa”Ha MaKCHMaJ/IbHOM MOIIHOCTH ( Pgg =~ 19 MBT) no/KHO HabmoaaTb-
Csl yLIMPEHHe OCHOBHOTO JIENeCcTKa AMarpaMMbl HallpaBJeHHoCTH npubuautenbio Ha 10% u nonosHuTesbHoe ocaab/ienue naayde-
st Dyen = Munyc 0,1 1B (em. (11), (12) ¢ yuetom (AN /N)yea ~ 2 - 1072 [18]).
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repelaTYNKOB HArpeBHOTO cTeHaa. [1pu 3ToM 10/1KHO HAGJI0IaThCsl YBeJIMUEHHE CIIEKTPaIbHON HHTEHCHB-
HOCTH (hJIyKTyallui MPUHUMAEMOr0 CUrHaJjia B 061acTh 4acToT (cM. (5))

) ) E
yo L (Ko

L A\ fE,

B natem cayuae Eg/E, ~ 1071, A >~ 30 M, v ~ 200 m/c[1, 2], mostomy v ~ 0,3 [11. ITa olenka HaX0auTCs B
XOpOLIEeM COOTBETCTBHH C pe3yJ/ibTaTaMKi U3MePeHUH CreKTpa (JyKTyallni TPUHUMAaeMOro CUrHaJja Bo Bpemst
ceanca HabJI0IeHUH B BO3MYILLIEHHbIX reoduanueckux ycaosusix 04.05.98r. (em. . 2).

Heckonbko nHaue 06CTOUT AeJio ¢ B3auMojelicTereM MoiiHoro KB pannousnydenus ¢ kpynHomaciuta-
HBIMM HEOZHOPOAHOCTSIMU HoHOCDepbl (I ~ 1 <+ 10 KM). DTH HEOAHOPOAHOCTH BbI3bIBAIOT, BOOOILILE TOBOPS,
CHJIbHBIE aiyKTYyaln npoxojsiiero yepes Hux KB usmyuenusi [2, 19]. [Tpu 3T0M nprBejieHHas Bblllie METO-
JIMKa pacyeToB CMeKTPasbHOH HHTEHCUBHOCTH TIPUHUMAEMOr0 H3JIyueHHsl U KJaCCUUEeCKHH aHau3 HeyCTOH-
YMBOCTH MOILIHOH MJIOCKO#H BoJHbI [ 16, 17]yxKe HecripaBeaJiMBHI.

3nechb GoJiee KOPPEKTHBIM SIBJSIETCS MPSIMOE TEOMETPOONTHUECKOE pellieHre ypaBHeHus (2) (¢p. (3))

A~ Ay -exp|—ifloz —ip(,y, 2)], (13)

z
re o(z,y, z) ~ /0 a(z,y, 2 )dz" — dasoBoe BosmyleHKe, BHOCHMOE B POXOSLLYIO BOJHY KPYIHOMAC-

ITaOHBIMM HEOJJHOPOAHOCTAMH Cpejibl, [o — HHTEHCHUBHOCTDb NMAJAI0LLIECH BOJIHDI.

[1pu 3TOM ecTecTBeHHbIE KpyTHOMACIITAOHbIE HEOAHOPOIHOCTH HOHOC(EPHOH M1a3Mbl HE BHOCST CKOJIb-
HUOYIb 3aMETHBIX aMIJIMTYIHBIX HCKaxKeHuil B npoxoasiuee KB uanyuenue BHyTpu camoro HoHocgepHOro
caost (z S H), HO MOTYT BbI3bIBaTb HX HA HEKOTOPOM PACCTOSIHHH OT TOFO CJIOSI B CHJy (POKYCHUPYIOLIMX
CBOMCTB 3THX HeopHopoaHocTel [3, 19]. Habmonasiumecst peako BeipaxkenHbie pokycupoBku KB uzmnyuenns
Bo Bpemst skcnepumenta CYPA—WIND Obuiu CBsi3aHbl, OU€BUMIHO, C BJAMSHUEM TaKHX KpPyrMHOMAclITa6-
HBIX JINH3006pa3HbIX HeoAHOpoaAHOCTeH HoHOCthephl [3]. [Tpu 3TOM (uiykTyallMoHHble CBOHCTBA HEOJHOPO/I-
HOCTeH, €CTECTBEHHO, HE IOJI2KHbI ObIK 3aBUCETh OT PeKUMa padOThl HATPEBHOTO CTEHAA.

Benuunny dokycuposku I unrencupHoctd KB usiyuenus, npowieiero yepes KpynHomaciuraGHyo
M30JIMPOBAHHYIO HEOJHOPOJIHOCTb C TMPOAOJbHBIM pasmepoM L, =~ 30 KM, OTHOCHTEJbHOH (JyKTyalmen
3/1eKTPOHHO# Konuentpaunn AN /N ~ 1072 u napamerpom f,/f =~ 0,5 [2, 3], nerko ouenuts no pop-
myJie [19]

> AN
Iy ~ /20 :\/2% (f—;> TL“:ZL (14)

[1pu 3TOM XapaKTepHbIH MoNepeuHblil pa3Mep a Takok JHH3006pa3Hok HOHOCHEPHOH HEOJHOPOJHOCTH Ha-
XOJIUTCS U3 U3BECTHOH BICOThI hOKYCHPOBKH [19)]
2
Zp ;{i ~ 300KM, (15)
%0
OTKYJld @ =~ 5 KM.

[Tonyuennoe snauenne Benuutbl I gy ~ 6 1b coOTBETCTBYET TUIHMUHBLIM 3HAUYEHHSIM HOHOCHEPHOH (o~
kycupoBku KB uanyuenusi B skcriepumente CYPA—WIND. Ho unorna nabuonanuch U GoJsiee CUJIbHbIE
doxycuposku Iy 2 10 ab. J10, Mo-BuaKMOMY, ObLIO CBA3AHO C BJMSHHEM GoJlee HHTEHCHBHBIX KPYTHO-
MaclTaOHbIX HEOJHOPOJHOCTEH HOHOCDEPDI THIIA MepeMelIalolIMXCsl BOJHOBBIX BO3MYLIEHHH ¢ BEJMUHHON
OTHOCHTEJIbHBIX (JIYKTyaLKil 3JeKTPOHHON KoHuenTpauuk AN /N ~ 1071 [2].

4. BAKJIIOYEHHE
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HUtak, B 0ObIUHBIX (HEBO3MYILIEHHbIX) Te0(U3HUECKUX YCJOBHAX KOCMHUECKOro 3SKCIepUMeHTa
CYPA—WIND He o6Hapy:keHa Kakasi-Jiu60 orpejiesieHasi 3aBUCUMOCTb MOBeJIEHHs] OCHOBHbBIX SHepreTHue-
CKHUX (HOpMHPOBAHHASI HHTEHCUBHOCTb ) U CTATUCTHUECKUX (TEKYLIMH HHIEKC MEepUAHUH M YACTOTHBIH CIIEKTP
MCCJIe/lyeMOro CJlyuailHoro mnpoiiecca) xapakrepucTuk npunumaemoro Ha 6opty KA WIND wuznyuenust ot
MoliHocTH 3oHaupytotero KB curnana crenna “Cypa”.

Corocrap/ieHe pe3y/bTaToB 9KCIEPUMEHTA ¢ COBPEMEHHBIMH MPEICTABACHUSIMU O SIBJEHHH caMogo-
KYCHUPOBOUYHOH HEYCTOHUMBOCTH CBUIETE/NLCTBYET, UTO BO BPeMs PaJMONpPOCBEYnBaHUsI HOHOCHEPDHI KOPOT-
KUMH PAJMOBOJIHAMU [PU OTHOLLIEHWUH MHTEHCHBHOCTEH MAJAKOLIEH BOJIHbL U JIA3MEHHOIO 110JIs1 Eg/Eg S
1072 camothoKycHpOBOUHast HEYCTOHUMBOCTL KOPOTKHX PaJMOBOJIH TIPH B3aMMOJIEHCTBHH KX C HOHOC(hEPHOF
MJIa3Moi MpakTHuecku He pasBuBaercs. [Ipu sTom Habsionaembie 3h(eKThl, COMYTCTBYIOLIHE MPOXOXKIE-
HUIO MOLIHBIX KOPOTKHUX PaAHOBOJH uepe3 HoHOoChepy, yAOBIAETBOPUTENbHO 00BSCHSIOTCS B paMKax o0lile-
NPUHSATHIX TPEJICTaBJAEHUH O paclpoCcTpaHeHUH PaJMOBOJIH B HOHOChEPE C PA3BUTOH KpynHOMAacIITaGHOH 1
MeJIKOMacIUTabHOU HEOTHOPOJHOH CTPYKTYPOH €CTECTBEHHOro npoucxoxaeHus. MckioueHue cocTaBasiior
3(hheKThl yLIMPeHHst OCHOBHOTO JIeNeCTKa IMarpaMMbl HalpaB/JIeHHOCTH CT€H/Ia U COOTBETCTBYIOIIET0 yMEHb-
LIEHHsI CPEJIHEro YPOBHS IPUHUMAEMOT0 H3JyUeHHsl B HAallpaBJeHHU MaKCUMyMa AdarpamMmmMbl BO BpeMst pabo-
Thl HAPPEBHOTO CTEHJIA C MAKCUMAJILHOK MOILHOCTbIO, KOTOPble 00bACHAIOTCS HeJIMHEHHOH 1ehOKYCHUPOBKOH
npoxoasiero KB usnyuenusi B E cjioe noHocepsbl.

Bwmecre ¢ Tem Bo Bpemst KocMuueckoro skcnepumenta CYPA—WIND Hnabionanoch pa3sutie 3aMeTHOM
caMO(OKyCHPOBOUHON HEYCTOHUUBOCTH KOPOTKHX PAaAHOBOJH B YCJOBUSAX CHJILHBIX HOHOC(EPHBIX BO3MY-
IeHUH €CTECTBEHHOr0 Npoucxoxaenus. [Toatomy TpebyloTcs nanbHedinme, 6osee aeTajabHbie HCCAEI0BAHUS
HeJIMHEHHBIX 3P EeKTOB MpU pajMoNpoCBeUMBaHHHU HOHOCHEPH KOPOTKUMU PaJMOBOJIHAMH BO BpeMsi reothH-
3UUECKUX BO3MYLIEHHH.

Pa6ota Beinmosinena npu nopuepkke POOHU (rpant Ne 96—02—18508)u ponna CRDF (rpant Ne RPI—
260).
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r. H. Hosropon, Poccus,
2Goddard Space Flight Center,
NASA, USA,
3Naval Reserch Laboratory,
Washington DC

SURA—-WIND RADAR: STUDIES OF NONLINEAR EFFECTS USING VHF-WAVE OCCULTATION OF THE
IONOSPHERE

Yu. V. Tokarev!, V. A. Alimov', Yu. I. Belov', G. N. Boiko', G. P. Komrakov!, N. V. Muravyova®,
A.V.Rakhlin', M. L. Kaiser?, and P. Rodrigues?

We present experimental results on receiption of VHF signals of the transmitting facility “Sura” of
Radiophysical Research Institute by NASA spacecraft WIND. The experiments were performed during
daytime on summer seasons of 1997—1998. Dependence of power and spectral characteristics of the VHF
radio waves on power of the sounding radiation is analyzed. We find that, in wide range of effective power of
the VHF radiation from about 40 kW to 160 MW, the phenomena observed in the radiation received onboard
WIND (such as focusings, scintillations, or frequency deviations of signals) does not usually depend on the
operation mode of the “Sura” facility. At the same time, broadening of the radiation pattern of the facility
and decrease of mean level of the received signal by about 6 dB toward the direction of maximum of the
radiation pattern were observed at the peak radiation power of the facility. The experimental results are
compared with to-date ideas on effects of seli-focusing instability and nonlinear defocusing of VHF radio
waves in the ionospheric plasma.

10. B. Tokapes u Op. 809



1999 Hsze. BY308 PAIIHO®HI3HKA Tom XLII No8

YK 533.951, 537.868

BJIMSIHUE MEJIKOMACLUTABHbBIX HEOJJHOPOJHOCTEM HA XAPAKTEPUCTUKH
OVERSHOOT-39®®EKTA B 3BOJIIOLIUH UCKYCCTBEHHOTI'O PAAUOU3JYYEHUS
MOHOCPEPDI.

YACTD II. CTAAUSA PEJIAKCALUH

E.H.Cepeees', C. M. [pau', I'. Il. Komparos', B.JI. ®poros?,
I1. llImy66e?, b. Tuoe?, T. Jleiizep®, T. Kapossu?

[IpescTaB/ienbl pedy/bTaTbl SKCIEPUMEHTANbHBIX MCC/EI0BAHUI 3BOMOUMH AHATHOCTHUECKOTO MCKYCCTBEHHO-
ro paguoussyuenusi nonocepnt (JIVMIPW) npu 3onaupoBanuu F'-o6sactd HoHOCHEPDI, BO3MYIIAEMOH C MOMOILbIO
motHoro KB paanonsiyyenus, B IMPOKOM JHana3oHe 4acToT HArpeBHOH M aMarHoctuueckoil BosiH. [1poBeneno ne-
cJie/loBaHKe CBOHCTB overshoot-sddekra B 3BosMOLMH H3JydeHUs HA CTAMH peslakcallik MeJIKOMaclITaGHbIX HOHO-
chepHbIxX HeopHopoaHocTel. [lokazano, uro yeusnenne JIMPU (o6pathbiii overshoot-addekr) siByisieTcst cieicTBU-
€M peJlaKcaly aHOMaJIbHOrO 0c¢/1a0JIeH sl U3JIydeHHs IPY pacCcesiHi Ha PeJIaKCHPYIOLLMX MeJKOMacluTaGHbIX HC-
KYCCTBEHHBIX HOHOC(EPHbIX HEOJAHOPOAHOCTAX. BhIsIB/IEHO yMeHblIeHHe XapaKTepHbIX BpEeMeH pasBUTHsI 06paTHOro
overshoot-sddekra 1 Bospacranue ero BeJIMUMHbI IIPH yMEHbLIEHHUH 4aCTOThl BOJIHBI Hakauku ot 6 MIit no 4 MI1y, a
TaK:Ke NP 30HAMPOBAHUH LEHTPAJIbHOK YACTH BO3MYLLEHHOH 00JIaCTH 110 CPaBHEHHIO C 30HAMPOBaHHEM ee repHde-
pun. Habumonaemble s dekTbl CBA3bIBAIOTCS ¢ BO3pacTaHMeM HHTEHCUBHOCTH HEOJHOPOJHOCTEH B 06JIaCTH MaCLUTA-
6oBl1 ~ 3+10 M.

BBEJEHHWE

B pa6ote 1] 6bl11 paccMOTpeHbl IMHAMUYECKHE XapAKTEPUCTUKN UCKYCCTBEHHOTO PAHOU3/TydeH s HOHO-
chepnl (MPW) Ha ctanuu pa3Butisi MesikoMaciiTaOHbIX HCKYCCTBEHHBIX HOHOC(ePHBIX HeoHopoaHocTel (MU -
NH), Bo36yk1aemMbIx Mpu Bo3eHCTBUM HA HOHOCDEPHYIO MJIa3My MOLIHOH BosHOH Hakauku (BH). 9tu ne-
cJ1efl0BaHus BbIIBUIM 1BoHCTBeHHYI0 posib MMMH B renepauuu usmyuenusi, koraa ycuieHne HHTEHCHBHO-
CTH MeJIKOMaclUTaOHbIX HEOJHOPOAHOCTEH B Mpollecce HArpeBa, a TakKxKe B YCJOBHUSX POCTA MOLIHOCTH U
yMeHbleHust yactoThl BH npuBoaut k overshoot-sddexry B nunamuike paspuruss MPU kak nposiBjeHuto
aHoMmaJibHOro ocjiabJieHus uaaydenusi npu paccesuun Ha MUWH. JlonosHUTeIbHBIM MCTOYHUKOM HHGOP-
Mauuu o B3aumocBsisu sBodiouun MPUY u MUMH mMoryT ciy»KuTh 9KCrepuMeHThbl ¢ HCTIOJIb30BAHUEM MTOCJIe
HenpepbIBHOIO HarpeBa HOHOCHEPHl PEKUMOB 30HANPOBAHHS BO3MYLLIEHHOH 06J1aCTH C TIOMOLIbIO HMITYJIbC-
HON auarHocTHueckoil BosiHbl (IIB) ¢ Godblioi ckBaxKHOCTBIO (Q = Ty /7, W MaJsoil CpejiHell MOLIHOCTbIO
usnyuenust Py, = P,/Q. 3nech 7, Ty, — JJMTEILHOCTb H NEPHOJL OBTOPEHHS MMITY/IbCOB, PP — MOLIHOCTb
BOJIHBI BO BPEMsl H3JlyueHHsi MMMy ibca. Ecain P He npeBbiliaeT MoporoBbiX MOLIHOCTEH CpbiBa NeHepaLuy
MWHH Pyop < 0,542 MBr [2], To tuarHoctiueckast BoJiHa He IPUBOJUT K MOJUIEPKAHHIO HHTEHCHBHOCTH

peslakCHpYIOLIMX MesKoMaciiTabHbIX HeoJHOpoaHOCTelH. Kak npaBu/io, napameTpbl 30HIMPOBaHUS BbIOHPaA-
torcst paBubiMu Py = P, ~ 10 +20 MBt (P, — 3¢ppeKkTrBHAs MOILIHOCTb H3JyueHHs] HArPEBHOTO CTEHJA ),
T = 20 mMc uTy = 1 c. [eHepupyemoe 1MarHOCTHUECKOH BOJIHOH H3JlyueHHe 110JyYnJ10 Ha3BaHHe IMarHo-
CTHUYECKOI0 HCKYCCTBEHHOT0 paauoussydenus nonocdepsl (IMPH)[3, 4]. Mamepenus xapakrepuctuk 1M -
PU u conocrapsienne nosydeHHbIX JaHHbIX C TEOPETHUECKUMH MOJIEJISIMU IreHepallik u3JayueHnst [5—8] u sm-
nupuueckor mojaenbio sBoson MUMH, noctpoenHoil Ha ocHOBe pe3dy/bTaTOB HAGJIOEHHH PAKYPCHOTO
paccesiHust pajMoBOJiH [9], MO3BOJAIOT MCCIE0BATh CBOMCTBA HCKYCCTBEHHON TYypOYJEHTHOCTH HOHOCHEe-
pbl B LIEHTPaJIbHOM YaCTH BO3MYLLEHHOH 06JIaCTH HA CTAMK PeaKcallii MeJKOMacITaOHbIX HEOTHOPOIHO-
creii [3, 4, 10].
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Onnum 13 ¢rnoco6oB AMATHOCTUKH HCKYCCTBEHHOH TypOyJIEeHTHOCTH Ha Pas/IMuHbIX BbICOTAX BO3MYLIEH-
HOH 06J1aCTH SIBJISIETCS BO3JEHCTBHE HA HOHOCHEPY Ha CYLIECTBEHHO pa3iuuHbIX yactorax. Kak mpasuso,
MCIOJIb3YIOTCS JIBE BOJIHBI, OJIHA U3 KOTOPBIX HTPAET POJib AHATHOCTUUYECKOM, a IPyrasi — pOoJib MOLIHOH BOJI-
Hbl Hakauku [4]. [1pu 3TOM 06s1acTH B3aUMOJEHCTBHS JIByX BOJIH C MOHOC(EPHOH MJIa3aMOl OKa3biBalOTCs
pasHeceHHbIMH M0 BbICOTE M B3aUMHOE BJIMSIHHE BbICOKOUACTOTHBIX TJIa3MEHHbIX BOJIH, CBsi3aHHbIX ¢ JIB u
BH, okasniBaercs HecylecTBeHHbIM. B TO ke Bpemss MVMH, BciencTBue ux CUAbHOU BBITSIHYTOCTH BJIOJIb
MarHUTHOTO TOJIsl, POTArUBAIOTCS U3 06J1acTH UX BO30OyxKaeHust mouHoi BH B o6s1acth renepaumu nuarno-
CTHUYECKOTr0 H3JyueHus, obecreunBasi TakuM 06pa3oM BO3MOXKHOCTb HCCJIEI0BAHUS BAUSHHUS Y2Ke CO3aHHbIX
HeoaHOpoHOCTel Ha xapakTepuctuxku JJVPH.

B nanno# pabore, siBJsiiollelcst npoaoJkeHueM [1], mpuBeeHbl pe3y/ibTaThl UCCAEI0BAHUE XapaKTe-
puctuk MPU u JIMPU B o6sacti oTpuliaTe/bHbIX 0OTCTpoek oT yactothl BH Af™ = f — f (cnekrpaJb-
HbIx KomnoHeHT broad continuum (BC) u downshifted maximum (DM) [11]) kak nns ciydasi nepexoaa ot
HernpepbIBHOTO HATPeBa K UMIYJIbCHOMY 30HAUpPOBaHUIO (pasnes 1.1), Tak u s cayuasi pa3HeceHHOro BO3-
neictBus (pasnen 1.2). Kpome toro, B pazzuese 1.3 o6cyknatorcs HEKOTOpble 0COOEHHOCTH IMHAMUKH Narrow
continuum (NC) — cnekrpasnbHoi komnonentsl MPH ¢ oterpoiikamu Af~ < A fpy [12]. OcHoBHOe BHU-
Manue B paboTe yieaeHo Npupojie npsimoro u oopatHoro overshoot-shhekToB B 9BOJMOLMH HCKYCCTBEHHOTO
pamrousayuenusi. [Ipsimoit overshoot-sd ekt BodHrkaer Ha craauu pazsutus MUMH u noapo6Ho onucan
B[1]. O6patHbiii overshoot-3ddeKT cOOTBETCTBYET MOSIBIEHHIO BpEMEHHOTO MaKCHMyMa aMiuTy sl JIMPU
Ha ctaauu penakcauudn MUMH. B pabote Ha ocHOBe 3KCTIepUMEHTAJbHBIX JAHHBIX MPeioyKeHa 00001eH-
Hasi SMOMpPHUECKasi MOJIe/b IMHAMUKH H3JIyueHHs, BKJII0UAIOIIast CTaAuI0 HelpepbIBHOTO HAarpeBa U IMarHo-
CTUUYECKOTO 30HAMpOBaHHUs, obcyxaaiorcs uamenenue ceoricts MUMH npu pasnuunbix mapamerpax Bo3-
JIEHCTBUS U MOHOC(EPHBIX YCJIOBUAX U BAUSIHHE HEOJHOPOAHOCTEH Ha IMHaMHuecKue xapakrepuctuku MPU
u JIUPU. I1poBeneH aHa/M3 BO3MOKHOCTEN IHATHOCTHKH XapakTepucTuk crnektpa MMIMH no pesysbratam
uamepenunt JIMPU.

1. PESYJIbTATbl 3KCINEPUMEHTAJIbHbIX l/lCCJ]EIIOBAHlflﬁ
1.1. 9soarouus guarnoctuyeckoro UPU na cragum penakcaunn MUUH

Ha puc. la—1B u puc. 2a—2B npuBeieHbl npuMepbl octidgorpamm MPU 1ist HecKoJIbKHX OTCTPOEK H
asyx uactot f BH, 5752 kIiin 4595 kI11, B pasnnunoe Bpemsi cyTok. Ha 3Tux pucyHKax sBosoLus U3ayueHns
NpH HEMpepbIBHOM HarpeBe (Ha BpemeHax t < tg, rje tgp — IJIUTeJbHOCTb Harpena) oOycJ/oBJ/eHa Mpoliec-
COM pasBuTHs HeoHopoaHocTel [1, 9], a uamenenue untencusHoctd JIMPU ot uMnysibca K uMnyJibey rnocJie
BBIK/IIOUEHHS] HEMPEPbIBHOTO Harpesa (Mpu t > ty) oTpakaeT u3MeHeHHe yCJ0BUH reHepali U3JyueHus B
npouecce pesnakcaunu cnekrpa MUWH [3, 4]. Tlpouecc dopmupoBanus MakcCUMyMa H3/IydeHHsT B PexKH-
Me JIMaTHOCTHYECKOT0 30HIMpoBaHust Ha cTajuu penakcauud MUMH u addexra anomanbHoro ocyabienus
CJIY>KUT MposiBJieHHeM o6paTtHoro overshoot-addekra B qunamuke JIMPH.

O6paboTKa 1aHHbIX U3MePEHUH 151 peKUMa IHAarHOCTHYECKOTO 30HANPOBAHHS CBOAUTCS K OTIPEIe/IeHHIO
CJelyIolMX NapamMeTpoB: BpeMeHH nocThxKenust makcumyma JAMPH myq, Xxapakrepusytoluero spemsi pe-
JIaKCalluK JIeNpeccopa na3JayueHHust; XapakKTepHOro BpeMeHH! MocJeyollero cnajaanus uatencusuoctu JIMPHU
(3TO crajaHue HOCHUT, Kak MPaBUJIO, SKCIOHEHIHAbHBIA XapaKTep ), OMpeaesiiolero BpeMs 7. pejakcaluyu
MCTOUHHKA, MO/UIEPKUBAIOLIET0 TeHePaLMio U3/1yUeHNsT; OTHOLIEHHS HHTEHCUBHOCTH BPEMEHHOTO MaKCHMyMa
JINPU k craumonapHomy ypoBHIO U3JyueHust Syid/ Sst, XapaKTepU3YIOLLEro BeMurHy o6paTHoro overshoot-
s(ekra; OTHOLIEHUsI MHTeHCHBHOCTeH BpeMeHHbIX MakcumymoB UPU u JIMPU Sy /Saq, onpenedsioliero
COOTHOLLIEHHE IPSIMOTO U 06paTHOTO overshoot-3¢heKToB; HHTEHCUBHOCTH UCTOUHHKA Sg HA MOMEHT BBIKJIIO-
YeHHst HeMPEPbIBHOTO HArpeBa.
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(nanesmu a—B, 3HaueHUs1 oTcTpoek B KIiL ykasa-
HbI B KBaJIpaTHbIX CKOOKAX) U CYTOUHbBIH XOJ1 Xa-
pakrepuctuk MPU nna A f~= 35kl (nanesu
r—n). “Cypa", 25.04.91, f=5752«lu, P, =80—

20 MBT, to= 120 ¢

HUs (MaHes M a—B, 3HaueHHs oTcTpoek B KIil

yKasaHbl B KBaJpaTHbIX CKOOKaX) W CYTOUHBIi
xon xapaktepuctuk MPW mng A f~ =28kl
(nanesmu r—n). “Cypa”, 01.04.96, f=4595 kI,
P,=15MBr, to =30c¢
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Jlast naHHbIX, MpeACTaBleHHbIX HA puc. la—1B n puc. 2a—2B, XapaKTepHbIM SIBJSETCS YMEHbLIEHHE T4
1 BeJMUUHBI Syig/Sst ¢ pocToM oTcTpoiiku A f~. [1pu stom BesurHa Sy /Snd, ONpeaensionias CooTHO-
lIeHre npsiMoro u o6patHoro overshoot-sddexros, mis f = 5752 k[l cTaHOBUTCS MeHblIE eIUHHULIBI TPU
Af~ > 20 + 30 kI, xotst 1151t MeHblielt uactotbl f = 4595 kIt Besinuuna Sy /Syg 0cTaeTest 6odiblile eu-

HULIbI 11151 Beex 3HaueHn# A f . [1pu u3amepeHnusix B 6oJiee nosjiHee BpeMst CYTOK HaGJI01aeTCst CYLLIECTBEHHOE
BO3pacTaHHe XapaKTePHbIX BPEMEH Tyiq M Ty, @ TAKXKE BeJIMUUH NPSIMOTo U oOpaTHoro overshoot-sddexTos.

It 6oJiee leTaIbHOTO aHa/IM3a PACCMOTPUM IMITUPUUECKYIO MOJIE/b IMHAMUKH PA3BUTHSI HHTEHCHBHO-
CTH u3JyueHusi S(t) KaK Ha CTajJld HerpepblBHOTO Harpesa (t < tg, cM.(2) B [1]), Tak U HA CTajUK JAMarHO-
CTHUECKOT0 30HAUpOBanus (t > ty):

Sq = In(Ss/Sst(t0))-

31ech Tq M Ty — XapaKTepHble BpeMeHa pa3BUTHS Jlerpeccopa U3yueHusl U UICTOUHHMKA, MOUIepKUBaloLLe-
ro reHepaluio M3JyueHHsl, a T U 74 — XapaKTepHble BpeMeHa peJlakcaliu Jernpeccopa i HCTOUHHKA COOT-
BeTCTBeHHO. B nmpennaraemoil sMnupudyecKon MOeH SBOJIOLMN U3JIyueHHs Ha cTaauu penakcaimun MUH
BpeMst 1ocTuKeHust makcumyma JJMPH 7yq 1 MHTEHCHBHOCTB 3TOr0 MakCUMyMma Syid ONpeessitoTcest cy-
lleCTBOBaHHEM 3KcTpemMyMa (hyHKiwH (1), a BesmunHa o6patHoro overshoot-sddexra Syrg/Sst B 60J1b1110i
CTeTeHH 3aBUCUT OT BeJIMUMHbI exp (Sq) = Ss/Sst.

[TockosbKy cnaganue unrtencusHoct J{VMIPU nocsie noctuzkenusi Makcumyma, Kak paBuJio, UMeeT 9KC-
MOHEHLMANbHBIH XapaKTep, 3TO JaeT BO3MOXKHOCTb OTPEI/NUTh U3 SKCTIePUMEHTAbHbIX AaHHBIX 3HAUeHHe
XapaKTepHOro BPEMEHH 7, a TakKe MyTeM annpoKCHMAalMK OLeHUTb BelHuuHy Ss(tp). 3HauUeHHe T BbIUMC-
JIsieTcsi ¢ momollpbio (1) ¢ uenosib3oBaHueM KCNepuMeHTalbHOM 3aBUcHMOCTH S(t) npu ¢t > to:

t—to

= In(In(Ss/Sst)) — In(In(Ss/S(t)) — (t — to)/78) @

[Tpu nonoGHbIX pacyeTax cJ/eiyeT, O1HAKO, MMETb B BUIL, UTO B CJlyyae 73 > T, OLEHKA /15 BeJHUHHDB T}
MO2KeT 0Ka3aTbCsl 3aBbIILIEHHOH, a U151 Sg, COOTBETCTBEHHO, 3aHMKEHHOH, YTO MPUBOJUT K HEBEPHOH OLIEHKe
T3 B Ja/bHefilx pacuerax. [Tostomy npu 73 > 75 onpenesenue napaMeTpoB MOJE/H POBOAKJIOCH MyTeM
UX nepebopa B COMOCTABJEHUH C JaHHBIMH KcnepuMenTa. Ha puc. 3 npeactaBsienbl pe3ysbTaThl pacueToB
3HAUeHU Tnvg/Ty U Smd/Sst, onpesesieMbx U3 yeaosus 0S(t)/0t = 0, B 3aBUCHMOCTH OT NapaMeTpoB
mozienu (1), B KoTopbiX 3HaueHue BpeMeHH JocTxkeHuss makcumyma JIMPU nocne Bhikiouenns narpesa
onpejiesisieTcs BblpaxKeHHeM

r
T™d = 74 In T—Sr In (é) (3)
Td Sst
npu to > 75, 74

Anasinz Boipaxkenus (1) 1 pe3y/ibTaToB pacueToB, NpeacTaBjieHHbIX Ha puc. 9 B paGote [ 1] puc. 3, noka-
3aJ1, uTo OTHOlIeHHe HHTeHCcHBHOCTel MakcumMyMoB MIPU u JIMPH mMoxeT c/1yKuTb ONpeeieHHOro poja 3M-
MUPUUECKUM KPHTEPHEM COOTHOLLEHHI BPeMeH Tq U Ts, T4 U T, . CorytacHo (1) ycioBue Sy /Swma > 1 otBeuaer
cayuasiM 74/7s > 1, 75 /75 > 1, n HaoGoport, yeaosue Sy /Sya < 1 oTBeuaer cayuasam 7q4/7s < 1, 73/75 < 1.
Boanee toro, poct unrencusnoctu MPY no ctaumoHapHoro ypoBHsi MOYKeT HOCUTb MOHOTOHHbBIN XapaKTep MpH
YCJIOBHU Ty TE < 1, paBHO Kak u XapakTepHbIH
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Puc. 3. 3aBucuMocTd OTHOLIIEHUS BpeMEHH J0CTHReHus MakeumyMa JIMPU Tyq K BpeMeHH pesiakcali Jernpecco-
pa 7} (TOHKHe JIMHUK ) U BeJIMUUHBI 06paTHOro overshoot-sddexra Snida/Sse (TOJICTbIE IMHHK) OT COOTHOLLIE-
HUSA T /TS, pacCUnTaHHble IS SMITUPHUECKOl MojiesH (1) npu sHaueHnsix Ss/Ss; paBHbix 5 1B, 10 1B, 15 1b,
20 1b u 25 nb

BpeMeHHOH MakcuMyM B sBostoLin JJMPH Mozker BooOl1ie 0TCyTCTBOBATh TPH 06OPaTHOM OTHOLLEHHHU T /74 >
1. Takum 06pa3om, OTCyTCTBHE HABJ1I0]aeMOT0 PSIMOTO HJIK 0OpaTHoro overshoot-addekra B 0T/1€bHO B3s1-
Thix uaMmepenusx sposioun MPU uau JIMPU ne ABasieTcs KputepreM OTCYTCTBUS JEMPECCHH U3JyUeHUS B
BO3MYIIEHHOH 06/1acTH HOHOChepbl. Bee paceMoTpentblie Bbillle 0COOEHHOCTH 3BOJIOLMH U3JTyUeHHSs, OTIpe-
JleJisieMble ero 3MNUpHUecKoi Mojiesibio (1), HabJatoaaloTes B 3KcnepuMenTe (cM. puc. 1 u puc. 2).

CornocrapJsisi BpeMenHble xapakrepucTiku spodmounn JJMPU ¢ nannbimu uamepenuii BpeMen pesakca-
LIMM MCKYCCTBEHHbIX HEOJJHOPOAHOCTEH, MOJyUaeMbIX B SKCTIEPUMEHTAX M0 PaKypCHOMY pacCesiHHIO Paauo-
BOJIH, MO2KHO OLIEHUTb XapakTepHble Macuitabbl cnektpa MMIH, oTBeTCTBEHHbIE 32 TeHepallio U Aenpec-
CHIO M3JTyUeHHs Ha CTaJMK pejakcauuu HeopHopoaHocteid. CorsacHo uamepenusm [9, 13, 14] saBucumoctsb
JUIsl XapaKTePHOTO BPEMEHH peJslaKCallii 7, MHTEHCUBHOCTH paccesinHoro curHana Iy = Iy exp (—2t/7;) o

n%  (t) or nonepeunoro macuraba MMHH moxet Gbith onpesesiena Kak

-2 *
aelo5 npu & > &,
Y *
: npu & < &,

(4)

() o

rie (&) ~ 10 ¢, &% ~ 27/(7+10) m~1. 3aBucumocts 7:(11), coorBercTByIoLIas (4), NpUBeAeHa Ha
puc. 1o u puc. 2.

g naHHbIX, MpeacTaBJdeHHbIX HA puc. la nas f = 5752 k[i1 U oTBeuaoMX JHEBHBIM YCJAOBHAM M3-
MepeHHH, XapaKTepHbIM SIBJISIETCS YMeHbllIeHHe BpeMeHH peslakcalii HCTOYHUKA T4 oT 6 ¢ 10 | ¢ ¢ pocTom
BesIMuKHbl OTCTPoiKH oT Af~ ~ 10 klit 1o Af~ ~ 60 kli1, uTo COOTBETCTBYeT yMeHbLIEHHIO MaclITaboB
MCTOUHHKA [] ¢ OT IeKaMeTPOBBIX 10 METPOBBIX pa3mMepoB ¢ Bo3pactanueM Af~ (cm.Takxke [3, 15]). Ha-
NPOTHB, JII BPEMEHH peJiaKcalliy Jiernpeccopa HabJ0aeTcsl Bo3pacTanie WX 3HayeHud oT 75 < T, s
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Af~ ~ 10kl no 73 > 75 st Af~ ~ 60 xIi1, uto onpenesnsieTcsi yMeHblIeHHeM OTHOLIEHHsT Sy /Shd 10
3HAUEHUH MHOTO MEHbLINX €IMHULBI ¢ pocToM A f~ U COOTBETCTBYET yBeJMUEHHI0 MaclTaboB Jaernpeccopa
l1q oT MeTpoBbIX B 06sacTi DM 110 nekameTpoBbIX pasMepoB B 06J1aCTH HOJbUINX OTPUIIATENBHBIX OTCTPO-
ek. Cayuait Sm/Sma =~ 1, oTBeualolMii paBeHCTBY 3HaueHHil 7] U 7., HabJsofaeTcsl B 06J1aCTH OTCTPOEK
Af7 ~ 20+30 kI [TonoGHoe cooTHOLLIEHHE BPEMeH T3 M T¢ ISl pa3/IMUHbIX OTCTPOEK MPUBOJUT K 06paT-
HOM 3aBUCUMOCTH BEJIMUMHbI Shiq/Sst OT A f~ 10 CpaBHEHHUIO ¢ 3aBUCUMOCTBIO Sy /Sst 0T A f~ Npu npsiMom
overshoot-sddekre [1], T. e. MakcHUMaJIbHBIE 3HAUEHHS BeJIMUUHBI 06GpaTHOTO overshoot-addekra Hab01a-
0TSl B 061aCTH MaJiblX OTPULIATEIbHBIX OTCTPOEK, cocTass 1t DM 2+4 nb.

B namepenusix ans 6osee Hu3ko# yactotel f = 4595 ki1, npeacraB/ieHHbIX HA pUc. 2 BO Beell obJa-
CTH PETHCTPUPYEMbIX OTCTPOEK XapaKTEPHbIM siBJIsIeTCs cayuail Sy /Syvq < 1, 4TO, ¢ OJHON CTOPOHBI, OT-
BeuaeT cjydato 6oJsiee MHTEHCUBHOTO o6paTHOro overshoot-addekra no cpaBHeHHo ¢ NpsiMbIM overshoot-
3hheKTOM, a ¢ APYrok CTOPOHBI, COOTBETCTBYET YMEHbIIEHUIO BpeMEeH peslakcalluu Jernpeccopa 10 3HaueHu
T4 < T, OTPAHHUYMBAs Pa3Mepbl Jenpeccopa uaJjydenus 061acTbio MeTpoBbix Maciutabos MMMH.

B KoHTeKcTe paccMaTpHBaeMON 3aBUCHMOCTH CBOHCTB HCKYCCTBEHHOH HOHOCHEpPHOH TypOyJIEHTHOCTH
ot uactotbl BH BaxkHbIM siBsisieTcst 06HApYy:KeHHe BO3pACTaHUs BeJIMUMHbI Syiq/Sst C yMEHbIIEHHEM YaCTOThI
BH (nannbie Ha puc. | u puc. 2). B o6mactu DM 3aBucuMocTb BesinunHbl o6paTHoro overshoot-sddexra ot
yactotel BH cooTBeTcTBYeT naHHbIM H3MepeHHH 3aBUCUMOCTH BEJMUHHBI MPsiMOro overshoot-sddexra ot
f, npuBenenHoii B [1] Ha puc. 7. [Ipu 3TOM Besunna o6paTHoro overshoot-sgdekra MOXKeT 3HAUHTENLHO
(na 510 n1b) npeBbiaTh Besnuuny overshoot-sddexra, uto xapakrepHo st Menbiuux yactotr BH. Ewe
GoJiee cyllecTBeHHO B oOsacTd DM Bospacraet BesnunHa Sg/Sgt, UTO, C OHON CTOPOHDI, CBH/IETEIbCTBYET
0 pOCTe MHTEHCHBHOCTH HCTOUHHUKA, TIOJUIEPXKUBAIOLILETO TeHEPALIMIO U3/TyYeHHUs, a C IPYyroil — O MOBbILIEHHH
3(HeKTUBHOH POJIH Jlenpeccopa U3JyueHHsi C MoHUKeHHeM yacToThl BH.

Poct BesinunHbl Spi/Sgy BMECTE ¢ POCTOM BeJIMUMHbIL Shviq/Sm NP yMeHblleHnH uacToThl BH oTBeuaer He
TOJIbKO BO3PACTAHUIO JIEPECCHH U3JyUeHHs], HO U YMEHbLIEHUIO XapaKTepHbIX BpeMEeH pesakcaluu aenpec-
copa Tj M COOTBETCTBYIOLUMX UM MaclutaboB [ 4. [Toc/iennee ciy»KUT LOMNONHUTEIbHBIM [TOATBEPKICHHEM
pesyJsibTaToB HceaenoBanui ceoiictB MMMH ¢ nomouipio MeToga pakypcHoro paccesiHusi pajuoBOJIH, CBU-
JieTesbeTByOIMX 00 yensennd natencusHoctd MMMH B o6sactu 60siee MesKHX, METPOBBIX MacIllTab0oB ¢
yMeHbleHHeM yactothl BH [1].

Ha puc. Ir v puc. 1n i Af~ = 35 k[ u na puc. 2r u puc. 2n1 a1 Af~ = 28 k[ npuBeeHbl 3aBu-
CHMOCTH MapaMeTpoB, XapaKTePU3YIOIIMX SBOJIOLMIO H3JIYUeHHs], OT BpeMEHH CyTOK 1Jisi ABYX yacToT BH*.
Pocr snauennit 7} B 10+-20 pas, nabuonaembrii npu f = 5752 kIt ¢ nepexonom k GoJiee MO3AHUM Beuep-
HUM H3MepeHusiM, mpu f = 4595 kIl oTMeuaercst ropasno pambiie, npu f = fo,, , tae fo, — KpuTHYeCKast
yacrora 1asmbl Fo cjiosi noHocdepbl. Peskoe Bo3pacraHue xapakTepHbiX BpeMeH pesakcauuu JIMPU, na-
6Jt01aeMoe NP Tepexo/ie OT AHEBHBIX K BeUePHUM U3MepeHusiM (0cobeHHO npu npubanKeHud yactoTel BH
K KpUTHUeCKoi yactore Fy cj10s (cM. puc. 1 u puc. 2)) 1 npuBosiiiee MpHu olleHKe MaciiTaboB HOHOCHEPHbIX
HEeoJHOPOIHOCTEH, oaaepkuBatoiux revepauunto JIMPY, k anHomanbHOMY pocTy UX BeJUUHHbBI BIJIOTh J10
pasmMepoB B HECKOJILKO COTEH MeTPOB (CM. (4)), aHalu3upoBaioch B 11e70M psiie pabot [4, 15, 16]. O6ey-
JKJIEHHE BO3MOXKHbBIX MEXaHU3MOB, OTIPEAEJSIONINX T0100HbIe CyTOUHble H3MeHeHus xapakTepucTuk JIMPH,
OyJleT TPOBEJIEHO B pasjiefe 2.

1.2. dBoaouusa guarnoctuyeckoro UPH B yc10BHAX 10NOJHUTENbHOIO HarpeBa HOHOC(hePHOU
nJia3mbl

DKCHepUMEHTBI 110 UCMOJb30BAHHUIO J0MOJIHUTEBHOTO HarpeBa HOHoC(epbl Ha yactotax f # frp, rae
fnp — uacToTa AMarHoCcTHUECKOH BOJIHbI, 1al0T BO3MOXKHOCTb HCCJIEI0BATh CBOHCTBA overshoot-sddexra B

*Has f = 5752 kI nanyuaemasi mouHoctb B 19:00 Mck. 6bl1a yMeHblleHa B 4 pasa, 4To HECKOJIbKO KOMITIEHCHPOBAJIOCh CHUXKeE-
HUEM pEeryJisipHOro MOTJIOIIEHUST B HIXKHUX CJIOSIX HOHOCHEPBI MPH MEPEX0/Ie K BEUePHUM U3MEPEHHSIM.
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3aBUCHUMOCTH OT POCTPAHCTBEHHOTO NoJioyKeHus obyactu renepaunu MUIH. Ha puc. 4 npuBenensi npume-
pbl OCIMJJIOrPAMM JI7151 BOJIH HAKAUKH, IMAarHOCTHUECKUX BOJIH U HCKYCCTBEHHOTO PaIMOM3yueHusi B 06J1aCTH
BC nn1s pagnuunblx 3HaueHuid 0 f = f — frp.

i fﬂB,BH = 4785 kIt |E|

; I

fBH,[[B = 4300 kIig 6

>1B, OTH. CX.

\

23:36  23:37

2326 23:27 MecTHOE BpeMms
—45 —45
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5 i T e in
2 o (o I “memijﬁ WA
%! 1 %! 1
-85 oA /\ -85 A 4
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Puc. 4. OcuunnorpaMMbl OTPaXKEHHOTO OT HOHOCQEPBI CHrHAJIA, M3JydaeMoro nepeaarunkom | (nawess a: f =
4785 kI, P, ~ 15 MBT, sonnupoBanue [, = 25 mc, T, = 2 c] u Harpes [tg = 60 c]) 1 nepenaTuukom 2
(nanesb 6: f = 4300 kI, P; ~ 10 MBr, HarpeB [ty = 60 c] v 3oHpoBanue [1; = 25 mMc, T, = 2 ¢]), a Takke
JMHaMHKa H3styuyeHns B obaacti BC npu ucnosb3oBanuu 0NoHUTENbHOTO HarpeBa ¢ 6 f = f— fig = O kIl
(nanemur, 1), d f = — 485 kI (nanesib B) u 6 f = 485 k[ (nanesb e). “Cypa”, 17.06.94, 23:26—23:40

Hasi ciyuas 6§ f = 0, korna o6aactu renepaunu IMPY n MUWH npoctpanctBento coBnanator, HabJio-
JIAI0TC MaKCHMaJibHble 3HaUeHUsl JIIs1 BeJIMUMHbI overshoot-sddexra u, ocobenno, o6patHoro overshoot-
spekTa B HccaenyeMoit 061acTh oTeTpoek (cM. puc. 4r u 4n). Has cayuasi §f # 0 pasuuua BbICOT /st
ypoBHei#i otpaxkenust BH u JIB cocrapnisina 12 km. [1pu qparnocuimpoBaniu BepxXHel 4acTH BO3MYLIEHHOH 00-
aactv (fryp = 4785 kI, 0 f = 4485 kl1y, puc. 4B) nenpeccust U3IydeHNs 3HAUUTEIBHO yMEHbLLIAETCs M PaK-
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THUECKH OJIHOCTBIO HCUe3aeT MPH 30HAUPOBAHUM HHXKHEH uacTH Bo3MylleHHOH obactu ( fip = 4300 ki,
0 f = —485 Iy, puc. 4e).

Pegysbrathl 60Jee 1eTanbHbIX U3MepeHuH 3aBUCUMOCTH XapakTepucTuk JIMPU ot Besmunnbl paccTpoii-
ku [6f] < 1000 kit (cootserctBytoweii pasnuie Boicot otpaxkenuss BH n JIB Ah < 20425 km) s

fnp = 5752 kluu Af~ = 42 x[y npeacrasieHsl Ha puc. d.

Sao, Ab Ts u Tg, ©
—10 -5 0 5 10
1000 _| ] I
500 - — s
= -
—~ b S
) ] -\&
ﬁ 0 B
. p P
= ]
= —500
- 1 O O O : T T :Svslt/ IASVll\/I T T Sl\/Itll T ?S%‘& T T T T \ x T T T

—-60 —5H5 —50 —45 —40 —35
SSt, SM’ SMd u SS, HB

Puc. 5. 3asucumocts craimonaproil uatencusHocTd JIMPU (Sgy ), HHTEHCHBHOCTH BPEMEHHBIX MAKCHMYMOB U3JTy -
uenusi (S U Syid) M MCTOUHUKA, Nojep:kuBalotilero renepatuto JIMPU (S5), a Tak:Ke BeJIMUMHBI aHOMAJIb-
Horo ocJabJeHust (S o) AMarHOCTHUECKON BOJIHBI M XapPAaKTePHbIX BPeMeH peJlakcalil “HCTOuHUKa"(7)) 1
“nenpeccopa”(7]) oT BeJIMUMHbI paccTPoiiKK yacToTel BH, Hcno/ib3yeMoi 115 10M0IHHTEJLHOTO HarpeBsa, oT
YacTOThI IMarHocTuueckol BosiHbl. “Cypa”, 24.09.91, 16:09—19:43. [Tapamerpsl BH: f =~ 47856750 kl1j,
P, ~ 80 MBT, to = 120 c. [Tapamerpet IB: frp = 5752 kI, P; ~ 20 MBT, 7 = 20 m¢, T, = 1 c.

AHaJiu3 NpUBeIeHHbIX HA PUC. D 3aBUCHMOCTEN MO3BOJISIET C/IEJATH CJIEyIOIIHE BbIBOJIbI.

1. MakcumasnbHas nenpeccusi uaayuenus exp (Sq) = Ss/Sst ~ 13 1b HabuonaeTcs He B LEHTPe BO3MY-
ueHHon obaactu ¢ df = 0, a npu 6 f* = —182 kI — B o6macTy, riae ypoBeHnb otpaxkenus mis BH 6ok
YPOBHIO BepXHETUOPUIHOTO pe3oHaHca s [1B.

2. Makcumasbhble BpeMena pesnakcauun ucrounvka JIMPU 77 ~ 9 ¢ (cootBercTtByiolme Macmradbl
l1s ~ 15+20 m) Habso1AI0TCS B LIEHTPasIbHOK YaCTH BO3MYLIEHHON 00/1aCTH.

3. OTHoteHue Sy /Swd, ONpeiesioliiee COOTHOLLIEHHE BeJIMUUH MPSIMOro U o6patHoro overshoot-sddekTos,
u3mensieTcst oT Sp/Swmd > 1 Ha Sm/Swma < 1 npu nepexojie oT 3oHaupoBanusi ¢ f > 6 f* K f < 6 f*, uto
OTBEUAEeT yMEHbLIEHHIO BpeMeH pesiakcauuu aenpeccopa JIMPH 7] u cooTBercTByiolemy u3MeHeHHIO Mac-
wtaboB 14 ot 1015 M 10 3+5 M npu nepexosie OT 30HAUPOBAHUS HHKHEH YaCTH BO3MYLIEHHON 00/1aCTH K
30HIMPOBAHUIO €€ BEpXHEH YaCTH.

4. BHe 11leHTpa/IbHOM UAaCTH BO3MYIIIEHHON 06/1acTh Habo1aeTes 06111asi TEHAEHMS K BO3PACTaHUIO KaK
MHTEHCUBHOCTH MCTOUHHMKA S, TaK U JIENPeCCHH U3jyueHust Sg/Sg MPH U3MEHEHUH 3HAKA PACCTPOHKH OT
0f >0modf < 0,uTo B AaHHBIX U3MEPEHHUSIX OTBEUAET yMeHblleHnio yuacToThl BH 1 Mmoxer 6biTh nposiie-
HHUEM YyKe He MPOCTPAHCTBEHHOH, a yacTOTHOH 3aBucuMocTH xapaktepuctuk JIMPU u cnekrpa MUHMH ot
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3HaueHus f.
OTMeTHM, UTO B U3MEPEHHSX C JOMOJHUTEbHBIM HAarpeBoM s cayuas § f > 500 kil HezaBUCHMO OT
~Y

3Hauenus f B nuHamuke JIMPU He HaGaonanoch pasBuths overshoot-addexToB (nenpeccuu uaayueHusi)
BO BCell 06/1aCTH PErHCTPUPYEMbIX OTCTpPOeK (cM. puc. 4, puc. 5, a takxke [10]). [Tono6noe nosenenue M-
PU moxer onpenenthecst Kak yMeHbLIEHHEM aHOMAJIbLHOTO 0CIa0J1eHNs H3JTyUeH s B CBSI3H C 9KCIOHEHIIH -
aJibHbIM craganueM uHTeHcuBHocT MUMH npu ynanenun ot LieHTpasbHON YacTH 06JacTi UX BO30OYXKe-
HHUsl, TAK M C 3aBUCUMOCTbIO nponosbhoro pasmepa MHUIMH ot ux nonepeunoro macwraba (I oc 1) npu
li < 2mlp,, rae lp, — nonepeunasi yiMHa tenyionpooaxoctn [17]. TTocsentnee 0GCTosITeNbCTBO 10K~

HO MPUBOAUTb K OoJiee ObICTPOMY CIAAAHUIO C BBICOTOH MHTEHCUBHOCTH MEJKOMACIUTAOHON 4acTH CleKTpa
MMWWH, orBercTBeHHOI 3a nenpeccuio uanyuenus B obaactu revepaunu JMPU. Ykpyuenune dpopmbl criek-
tpa MUHMH na nepudepun Boamylennon obaactu HabJ101a/a0Ch B 9KcepumenTax [ 18].

1.3. Oco6eHHOCTH 3BOJIOLMHY Y3KONOJOCHOH KOMIIOHEHTbI H3J1y4Y€eHHUSs]

HMcnonb3oBaHue peXKUMOB TMAaTHOCTHUECKOTO 30HMPOBAHUS MPH HccaenoBanuu ssosounu VIPH B 06-
nact otetpoek Af~ < Afp\, OTBEYaloLKMX y3KON0J0CHO# KomMnonente uaydenus (NC), naer Bo3mox-
HOCTb MPOSICHUTb NPUPOIY (POPMUPOBAHUS U3JydeHHs B 00JaCTH €ro MUHMMAJbHOH MHTEHCHBHOCTH MEXK-
ny yacroramd BH u DM B craumonapuom cnekrpe MPU. Ha puc. 6a npuBenenbl npumepbl oCUU/IOrPAMM
u3JyueHns: st AByx orctpoek B o6saacth DM u NC. CTpukuroHHasi COCTaBJsIONIAs Y3KOMOJOCHOH KOM-
nonentsl MPU, nmn NCq [10, 12], renepupyemasi B6JIM31M YPOBHSI OTPaXKEHUSI HA MEPBbIX MUJIIUCEKYHIAX
BO3JIEHCTBUS B PEKUME IMarHOCTHUECKOTo 30HaupoBanus (t = —30--0 ¢), uCNbITBIBAET CUIbHOE aHOMAJb-
Hoe ocJiabsenue ¢ pa3putueM uHTeHcUBHBIX MUV H 1 MOHOTOHHO BOoCcCTaHABIMBAETCS IO MEPE UX peslakca-
uuu (t ~ 180240 c). Bmecte ¢ Tem, ns craunonapuoro crekrpa MPW n npu nepexone B pexkum nua-
THOCTHYECKOTO 30HAMpoBanus (t ~ 0160 c) uznyuenue B ykazaHHOH 06JIACTH OTCTPOEK OTpeessieTcs
“TenyioBoilcocTapJsitoleil y3komnosocHoi komrnoHnenTsl NCy, KoTopasi o6ycJ/oB/eHa TeNnaoBok napaMmeTpu-
yeCcKOoH HeyCTOHUMBOCTBI0. JIOCTaTOUHO UeTKOE ee Bblle/IeHHe M0 AMHAMUKE Pa3BUTHS Haayuenus 1 A f ~ ~
5--6 kl11 oKazasoch BO3MOXKHBIM MPH MaJbIX MOIIHOCTSAX BodnercTus [12]. Ha puc. 66—6e npusenen psia
OCLMJIJIOrpaMM H3JydeHust U auHamuueckuit cnektp IMPU nos f = 5752 kIli, noctpoeHHble o pesyJib-
Tatam u3Mepenuit Ha crenne “luccap” [15]. M3 npuBeseHHbIX JaHHBIX BUAHO, YTO B PeXKMMe 30HIMPOBA-
Hus Ha cTaauu penakcauud MWWH rnaBHbI# crieKTpaibHbIA MAKCHMYM H3JydeHHs CMellaeTcs U3 06J1acTu
Afpm =~ 13 kil B 0641aCTh MEHBIIUX OTCTPOEK, B 3BOJIOLUMH KOTOPbIX HA0JIOAAETCS SIPKO BblPaXKEHHbIM
obpaTHblil overshoot-addexTt. JlaHHble HCCIe0BaHKS TO3BOJISIIOT CJIeaTh BBIBOJI, UTO HE TOJBKO “CTPHUK-
MOHHAas1", HO U “TernJoBasi” coOCTaBJSIOIAs Y3KOMOJOCHOH KOMITOHEHTbI UCITLITHIBAET CHJIbLHOE aHOMAJIbHOE
ocsiab/ieHue npu pa3Butuu uHTeHcuBHbIX MUHMH. Tlpu 3ToM B oTCyTCTBHE pa3BuTHs BUIMMOro overshoot-
s¢pekra B o6s1act NCy npu HenpepbIBHOM Harpese (HMCKJ/I0Uast HauaabHbli overshoot-sg ekt as cTpuk-
uuoHHoit komnonentsl NCg Ha Bpemenax t < 1 ¢, [10]) MmoxkeT HabsonaTbCsl 3HAUUTEBbHBIH 00paTHBIN
overshoot-s¢ ekt B pexkuMe TMarHoCTHUECKOro 30HAMpoBaHus. BoccranapauBasich Mo Mepe pejakcauuu
HEOJIHOPOJIHOCTEH, MHTEHCUBHOCTL “TEMJIOBOH” COCTABJSIONIEH Y3KOTIOJOCHOH KOMIIOHEHTbI B HEKOTOPBIX
CJIyuasix MOKeT 1ayKe MPEBOCXOIUTb HHTEHCUBHOCTD M3J/yU€HHUs B TJIABHOM CHEKTPaJbHOM
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NCJ DM[-924lu] NG, — NC, [a] Makcumyme. B takom caydae HabJionaeMblil B o6J1a-
cTu oteTpoek A f~ ~ 58 k[ crauuonapHoro crek-
tpa MPU mMuHUMYyM u3JyueHust MOXKeT ObITb CBSI3aH
He TOJIbKO ¢ ocJiabJieHreM 3/1eCh reHepalliy uaJyde-
HHUS, onpeiesisieMbIM POpPMUPOBAaHHEM MUHUMYMa B CTeK-
i~ Tpe N1a3MeHHbIX BOJIH B pe3dyJibTaTe pacrnaHblX Mpo-
teccoB [19], HO U ¢ IOMOJHUTENLHBIMA MeXaHU3Ma-
MH TIOTJIOLIEHHS], B UACTHOCTH, C 0OHAPYKEHHbBIM BO3-
4 . ‘ ‘ @ pacTaHueM BeJIMUHHbI AHOMAJIbHOTO 0CJ1a0JieHUs PO -

MM HbIX paJMOBOJIH
| Tt BOJM3K yactoThl BH ¢ paccrpofikoil uacror, oTBe-

Af~ =13kl yatownx obsactu orctpoek NCy [20]. Crenyer ot-
DM (1
NC

. S
METHTb, YTO OTHOLIEHHE HHTEHCUBHOCTEH
t
| W | MHHMMasbHOH HHTeHCHBHOCTH [N C'y B 06J1aCTH OTCTPO-
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—40 {v
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S, nb
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INTal s AT ImMaAr N

Ol
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Ol

ek Af~ =~ 5+7 kli1) 3aBucut or uactorsl BH kax
()34 ([21], cm. Takxke puc. 5 B[1]), 4To MOKET OLITH
OJIHMM W3 MPOSIBJIEHUH BJIUSHUS HA CTIEKTPaJIbHbIE Xa-
pakrepuctuku P paccmorpeHHo# Bbllilie 3aBUCH-
MOCTH UHTEHCHBHOCTH U popmbl cniektpa MUIH ot
uactotel BH. Takum o6paszom, DM B cnektpe UPU
OKa3bIBaeTCs BbIJICJCHHONH KOMITOHEHTOH, 110 CpaBHe-
nuto ¢ Kotopoii Kak BC ¢ Afge > Afyy, Tak u
NCi c A fye, < Afpp HCMBITHIBAIOT GOJIbLLIEE BIIHSI-
Hue co ctoponbl criektpa MUIMH kak ncrounnka ne-
NpPeCcCUu U3J/yUeHHsl.

TH. efI.
N

TH. eI,

A, OTH. ex.

2. OBCY)KJIEHHUE PE3YJIbTATOB

[IpoBenennble uccae10BaHUS IMHAMUYECKUX U CTTEK-
TpaJbHbIX xapakrepuctuk MPU B mimpokom nuana-
3oHe yactoT BH 1 ux conocrasJ/ienue ¢ JaHHbIMH Ha-
6J110JICHHI aHOMAJIbHOTO OCJabJeHUs] U PAKypCHOTO
paccestHist PAIHOBOJIH CBUIETENLCTBYIOT 00 onpejie-
astoieM Baussiun MUMH na nunamuky namyueHus.
OnnuMm M3 XapakTepHbIX MPOSIBJAEHUH TAKOTO BJIHS-
Hus siBasieTcs overshoot-sddekt — nosiaeHue Bpe-
MEHHOTO MaKCHUMyMa H MocJie/yiollee yMeHbllIeHHe HH-
TEHCUBHOCTH M3JyUeHHsI B TPOLIECCE POCTA HHTEHCHB-
HOCTH MeJIKoMaclITaOHbIX HeoHOpoAHOCTel. B npouec-
ce ymenbleHust uuteHcuBHoctd MUMH na cranuu
UX pejlakcalyd B JMHaMuKe quardoctudeckoro MIPH
HabJiojieTest o6paTHblil overshoot-sdhdexkr — pocrt, a
3aTeM yMeHblieHne uuteHcuBHocT TP, Bennunna
overshoot-sddekra okasbiBaeTcst MUHUMAJILHOH J171s
DM — camoit HHTeHCHBHON KOMITOHEHTbI

10 7

Bt
s ML

10 —et=

—40

Puc. 6. 9pomouuss UPM B o6aactu NC (Af~ <
Afpm) ¥ anHamuka cnekrpos MPW B pexu-
Me JIMarHOCTHUECKOTO 30HAMPOBaHUs (MaHesb €)
s f = 5752 kI, (nanesb a: “Cypa”, 24.04.91,
20:52, P, ~ 20 MBr, tg = 120 ¢, 7,=20 wmc,
T.=1 c, AfI(JC = 6,4 kIl — ToJsicTasi JIMHHUS,
Afpm = 9,2 kil — TonKas JuHus; naHe i 6—
e: “Tuccap", 31.03.87, 17:30 LT, P, ~ 6 MBr,
to = 60 ¢, 7,=20 mc, T,,=0,5 ¢)
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B criektpe MPHM — u Bo3pactaer ¢ yBesnuenvem Besnunbl Af~ B o6sactu BC u ¢ ymenbliennem A f~
B o0s1acti NCy. Passurue overshoot-sddekra npuBoaut, Takum 06pasom, K 3HAUMTENHHOMY YMEHbILIEHHIO
MHTEHCHBHOCTH U Cy)KeHuto wmiupunbl cnektpa MPUW B craunonapHom cocTosiHud 1o cpaBHEHHIO ¢ (asoh
makcumymoB MPU n JIMPU. Overshoot-sddexrs B nunamuke MPU u JIMPU nossasiorest npu noctixke-
HUU HEKOTOPbIX TOPOTOBbIX MollHOCTel BH (60bIINX /151 MEHBIIMX OTCTPOEK) M YCUJIMBAIOTCS MPU POCTE
mowHoctn BH. Tlpu snauntesbhbix orerpoiikax (Af™ > 70 klit) MoxkeT HaG/0ATLCS 1axKe yMeHbLe-

HHe cTalMoHapHOU (HO He MakcuMaJibHoi ) unTeHcuBHocTH MPU ¢ poctom motnocetn BH. Tpu nepexoge ot
JIHEBHBIX K BEUEPHUM M HOUHBIM YacaM HaOJI0IeHHH OTMeuaeTcs 3aMmeTHoe ycusenue overshoot-sddexros,
a Takxe yBesuuenue ppemen penakcauuu JIMPU. [lepeuncientbie addeKTh, B TOH WK HHOH CTeneHH 06-
cy:knaBlurecs panee B [2, 4, 15, 21, 22], nosyunsu cBoe HeCOMHEHHOE MOATBEPKAEHHE B TPEICTABIEHHbIX
JIAHHBIX.

JlonosiHuTEIbHBIMUA apryMeHTaMu B MoJib3y omnpeaensiouiei poau MUMH B npupoae paccMoTpeHHbIX
3(hPeKTOB fABJSETCS KOPPeNsns BeJuunHbl overshoot-3¢hekToB ¢ BeJIMUMHON aHOMaJIbHOTO ocabJeHusl,
a Takxke HecoMHeHHoe nono6ue quHamuku MMPH u [IMPHY B skcnepumenTax ¢ 10MOJHUTEIbHBIM HATPEBOM,
rae passutue JIMPU onpenensercs MUMH, Bo36y:KnaemMbiMi BOJIHOH HAKAUKK HA JOCTATOYHO OOJILIIOM
yIaJeH|un OT 06/1aCTH B3UMOJEHCTBUS IMarHOCTHUECKOH BOJIHBI, OTBETCTBEHHOH 3a TeHepaltio H3JyueHus, ¢
MOHOC(hEPHOI MJIa3MO.

Onnum U3 HaubGoJiee HHTEPECHBIX, M0 HallleMy MHEHHIO, pe3yJibTaToB paboThl, HA KOTOPOM BHUMaHHe pa-
Hee He aKIIeHTHPOBAJIOCh, SABJsETCS 0OHAPYKEHHE B3AUMOCBSI3H psilia sIBJE€HHH, Ha0J/101aeMbIX IPH yMeHb-
wennu yactotsl BH ot 6 MIt 1o 4 MIiL.

Bo-nepBbix, 3T0 3aMeTHOE yBeJIHueHHe aHOMaJIbHOTO ocyiabJ/ieHusi MpoOHbIX pagnoBoJiH (ot 10 1o 25 nb
no nannbiM crenaa Tpomce, cm. puc. 7 B [1], a Takxke [23, 24]), cOOTBETCTBYIOILIEE POCTY UHTErpasbHOH HH-
TeHcuBHocTH MM H.

Bo-BTOpbIX, 3T0O BO3pacTaHue HHTEHCUBHOCTH TPEXMETPOBbIX HEOJHOPOAHOCTEH, ONpeieIsiollee yMeHb-
ueHue crekrpaibHoro unaekca MMIMH B ob6mact MeTpoBbIX MacuITaboB, Mo KpakHel Mepe, Ha eUHULLY.
OTmeTnM, UTO pedysbTaThl IPYrux uccsenoBanuil popmbl crnektpa MWUMH, ne npunumaionmx Bo BHUMA-
HHE ee 3aBUCUMOCTb OT yacToThl BH, o6HapykuBaloT sHauuTe/bHble BApHALMH BEJUUHHBI CMIEKTPATBHOTO
MHJeKca B MHTepBasie MaciutaboB /) ~ 1,9+7m ot p ~ 3[13, 18], no p ~ 1[25].

B-Tpetbux, Hab/oaaercs ycuaenue npsimoro u (GoJiee 3HauuTeibHOe) o6paTHoro overshoot-sddek-
TOB — BeJiunHa exp (Sq) B o6smactu DM, xapakrepuayioliiasi HHTEHCUBHOCTD JIETPECCHH U3JyUeHHUs], yBe-
JIMUUBaeTcs oT npubansutesbio 35 1b 1o 15+20 nb.

Hakonell, B-ueTBepThIX, HMEET MECTO yMeHbllIEHHE XapaKTePHbIX BpeMeH pesakcaluu aenpeccopa M-
PU, oTBeualoniee Bo3pacTaHuio BKJ1ala METPOBBIX HEOJHOPOJHOCTEH B OCaabeHHe U3JTyueHH s .

MojenbHOe oncanne xapakrepucTrk overshoot-sgdekToB ¢ momollbio opmy.Jbl (1)1 ux conocranJe-
HHE C IMITUPHUECKON MoJesbio 3BoJouu crektpa MWMH [9] nossodsier cyauTs o posin HeoaHOpOAHOCTEH
TeX WJIM MHbIX MacluTaboB B reHepaluy U JerNpecCcut U3JyueHus pu pas/nuHbiX otcTpoiikax A f~. Takoi
aHaJu3 MoJy4eHHbIX J1aHHBIX TPUBOIUT K CJIELYIOLIMM BbIBOJAM.

[Tpu wacrorax BH f ~ 6 MIu Ha masnbix orerpoiikax (Af~ < Afpm) npsimoit overshoot-sgdexr

OKasblBaeTcs caabbIM, TOT/Ia Kak 06pATHBIH HMeeT 3aMeTHYIO BeJMUMHY: Sy ~ Sg¢ < Swmd. Xapakrep-
Hble BpeMeHa Pa3BUTHS Ty M pejlakcaluuu 7. 3P(peKTHBHOTO UCTOUHHKA Sy 0Ka3bIBAIOTCS OOJbILIMMH, YeM
COOTBETCTBYIOLLME BpeMeHa PA3BUTUSI U PeJiaKCalliy Jernpeccopa 7q U 73. [IpH 3HAUMTENIbHBIX OTCTPOKAX
(Af™ > 2040 k1) nmeer MecTo 0GpaTHOE HEPABEHCTBO S\ > Swd) H, KpOME TOro, HabJII01aeTCsl 3aMeT-

HOe YMeHblIeHHe BpeMeHH peJlakcallii UCTOYHHKA T, .

[Tpu ymenbuienun f no npubausutesabto 4 MIi1 yBesnuenue uurerpaibHoil nHteHcusHoctd MUMH 3a
CYET POCTA MEJIKOMACIUTAOHOH YACTH CIIEKTPA NPUBOJUT K YCHUJIEHUIO KAK IPSIMOTO, TaK U B O0JIbLLIEH CTENEeHU
o6parHoro overshoot-stdexros: a5 Beex otetpoek Sy < Swmd, Ts > Td, Ta > T4, XOTS [IPH yBeJIHUCHHH
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A f~ Habuo1aeTcst HEKOTOPbIHA POCT OTHOLIEHHST S/ Shd-

A1 paKThl yKa3bIBAIOT HA TO, UTO B 00J1ACTH MaJIbIX OTCTPOEK 3a reHepallio H3JaydeHust 0TBeuaioT 6oJiee
kpynubie MVMH, uem 3a ero nenpeccuio. [1pu 60b111HX OTCTPOUKAX POJIb MEJKOMACIITAOHON UACTH UCKYC-
CTBEHHBIX HOHOC(EPHBIX HEOJTHOPOHOCTEN B reHepallik U3/IyueHHusi OKasbiBaeTest 6oJee CyllecTBeHHOH, Ha-
6J0/1aeTCs TaKKe OTHOCHTEJIbHOE CMelLleHHe fienpeccopa B 00J1acTh KPYMHbIX MacliTaboB, 6oJiee 3aMeTHOe
npu Bbicokux yactotax BH. [Tounxkenue f npuBoauT K pOCTy HHTEHCHBHOCTH W YMEHbILIEHHIO XapAKTEPHbIX
MaciTaboB HEOAHOPOIHOCTEH, OTBEUAIOLIMX 32 IEMPECCHIO U3/TyYeHHUSI.

CornacHo cyuiectBylolmnm npeacrapiaenusam renepauus MMWH npu BosneiictBuu na F' 061acTh HOHO-
chepnl MouHbIM KB pannounssyuennem cBsizana ¢ Bo30Yy:KJeHHEM TEIJOBLIX HEyCTOHUMBOCTEH (TEmJIoBOM
napametpuueckoi [17] u pesonancHoi [26]) B o6JjiacTi BepxHero raGpuHOrO pe3oHaHca BOJIHBI HAaKAUKH.
[Tpu takux neycroiunBoctsix MHUMH o6pasylorcst myTeM HarpeBa mJjas3mbl B CyMMapHOM T0Ji€ 3JE€KTPO-
MArHUTHOU U MJIA3MEHHON BOJIH U BBITECHEHHUS IJ1a3Mbl U3 POTPeThiX 00JIaCTel BCJAEACTBHE Mpollecca Tep-
mMoauddy3ud, a TpaHcdopmauus (paccesiHie) B nyasMeHHbie (BepxHernOpuaHblie) BosHbl Ha MUIMH o6y-
CJIOBJIUBAET aHOMaJIbHOE oc/iabJieHre J1eKTPOMAarHUTHBIX BOJIH. PopMyJibl U151 CIEKTPaIbHON HHTEHCHBHO-
ctu MUUH, nosayuennsie B [17, 26] KauecTBEHHO MPaBUJIbHO OTMUCHIBAIOT JaHHbIE YKCMEPUMEHTOB. B 3THX
paboTax, ojiHaKo, He 0OHAPYKeHO KaKoH-J1100 3aBucHMOCTH dopmbl criektpa MWIH ot yacToThl BosiHbI
HaKauKH, B YaCTHOCTH, yBeJIMUEHHUS BKJIa/1a MeJIKoMacluTabHOH YacTH Mpu nonuKkennu yactorsl BH. B 10 ke
BpeMst U3 pe3dysbTaToB [17] caienyet, uto uHTerpasbHas nurencuBHocth MMMH, kak v BesiMunHa aHoMaJIb-
HOTO ocJ1a0JIeHHs1, YMEHbILIAETCS C POCTOM f, XOTSl U 3aMEeTHO MeJleHHee, UeM B sKcrepumenTe. Boamozkible
npuunhbl yrjouieHust cnektpa MVWH npu ymenbiienun f B HacTosiliee BpeMs He OUEBHJHBI U TPeOYIOT
JlaJibHelero pa3suTust Teopud dopmupoBanus cnekrpa MUH. OnHolt U3 TaKUX TPUUMH MOYKET CJIYXKHTh
3HaUHTeNIbHOE yBesrueHre 3(h(HEeKTHBHOCTH BO30OYXKI€HHSI MJ1a3MeHHbIX (JIEHTMIOPOBCKHUX ) BOJIH B Mpoliecce
CTPUKLMOHHBIX MapaMeTPHUECKHUX HEYCTOMUHBOCTEH (areprHouuecKol HeyCTOMUHBOCTH U HHJyLIHPOBAHHO-
ro paccestHusl Ha HOHAX) MPH MOHMKEHWH YAaCTOThl HAKAYKK U BO30YzKIeHHE MeJKOMACIITaOHbIX, METPOBBIX
MUWIUH B pesysbraTe caMoOKyCHPOBKH Myia3MeHHbIX BOJIH. JleficTBUTENBbHO, coTyiacHO [2] moporoBoe mno-
Jle Takux HeycTofuusocteit ES™ o f3/2) a nonepeunsiit macira6 MUMH, Bo3HUKILMX B pedyJbTaTe ca-
MO(OKYCHUPOBKH, MOXKET YMeHbIIAThCs BIJIOTh J10 [ ~ 2 M [27, 28]. DKcrnepuMeHTa bHbIE CBHJIETENLCTBA
B03MOxKHOCTH reHepaiud MWUIMH ¢ 1] ~ 3 M yxKe Ha cTaauu pa3BUTHS CTPUKLHMOHHON MapaMeTpUuecKou
HEYCTOHUMBOCTH (Ha MEPBBIX AECATKAX MUJIMCEKYH]I BO3EHCTBHUS ), CBSI3aHHbIE C PA3BUTHEM aHOMAaJbLHOTO
ocJiabJienusi TPOOHBIX BOJIH, TPUBE/IEHBI B [29)].

Mexanusm renepaunu MPU, csizannbliii c Tpancdopmatinei (paccesiniem ) nia3mMmeHHbIX (BepXHErH6pu/1-
HbIX ) BOJIH B 3/71eKTpoMariuTHble BosiHbl Ha MUIH 611 npeagioxken B [30]. [Tpu 3T0M pasjiMuHbiil UaCTOTHbIH
cniektp Komnonent MMPU onpenensiercsi paznuunbiMu MeXaHH3MaMH HEJIMHEHHOTO B3aWMOJEHCTBUS MJa3-
MEeHHBIX BOJIH MexKly co00H (MHAyLHpoBaHHOe paccesinue Ha noHax aist BC [30] u TpexBo/iHoBOE B3auMo el -
CTBHE BepxHe- U HHKHeruOpuanbix BosH it DM u 2DM [19]). CoriacHo Tako# MojesH MJI0THOCTb NOTOKA
sHeprun MPU S, MO2kHO NpUOJIMKEHHO 3anMcaTh B BUE

Sult) o [ Wolt) ke, (1) exp(=G(1) ds, (5)
rae ”%el u W, — cooTBeTcTBeHHO crekTpaJsbHas uHTeHcuBHOCTs MMMH u nioTHOCTh 3HEepruu BepxHe-
rUOPUAHBIX BOJIH, a Beauuuna G o [ ”%El da| xapakrepusyer aHomaJibHOe ocsiabJieHe BbIXOSIIEr0 U3
noHocdepbl namyuenus npu paccesnun Ha MUMH. Murerpan B popmyse (5) 6epercs no ob6nactu “uerou-
HUKa"H3Jydenus, B Bblpaxkenuu 1 G — 1o o6JacTu aenpeccopa. B cBoto ouepesb, MoCKoJbKy Mia3mMeH-
Hble BOJIHBI BO3HUKAIOT MpH TpaHcdopmaimu (paccesnun) BH na MMUMH, ux nnotHocTh 3Hepruu onpejie-
nserest Kak W, o« Wn  exp(—G(t)), rae G — anomaibHoe ocsabienne BH. MUMH, Takum oGpasom,
BBICTYNAIOT KaK B poJsii ucTouHHKA (Ss(t) B (1)), Tak u B posin nenpeccopa (MHoxkuTesb exp (Sq(t)) B (1))
uasayuennsi. Bogpacranue Besmunnbl overshoot-sddekra B cuity pasiuynbiX MPUUMH — C yBeJHUEHHEM OT-
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ctpoiiku B cniektpe MPH, monoct BH, npu nepexoie oT THEBHbIX K HOUHbIM YacaM HaOJMIOEHUH, I XKe
npu ymeHblieHnu yactotsl BH — caykut, Takum o6pa3om, NpU3HAKOM yCHIEHUS] MEXaHU3MOB, 00ecreun-
BaloOLLMX MpeobJ/afaHne Iernpeccuy H3JaydeHust Hajl ero reHepauye, n 10/KHO OTBeUaTh YCJOBUIO BO3pac-
TaHusl uHTerpanbHoi uHTeHcusHoct MUMH u G(t) — BesunHbl aHOMabHOTO OcsabJ/1eH|sT paHOBOJH,
KOTOpasi B JAHHOM CJlydae UTPaeT poJib ONTHUECKON TOJLIMHBI Cpefibl. PedysbTaTbl UNCAEHHOTO MOJEIHPO-
BaHusi komrnoHentsl BC [5, 6], mpoBenenHoro Ha ocHoBe Mojie/ I ABOHHON TpaHcdopmauuu [30] v smnupu-
uecko# MoJiesid 3BoJitolun criektpa MUWIH [9], kauecTBeHHO MOATBEPKAAIOT MpeJIoKeHHOe 06 bsiCHEHHEe
overshoot-s¢pdekroB. bosee noxpoGHoe conocTaB/ieHne NPeICTaBACHHbBIX SKCIEPUMEHTANbHbBIX JaHHbIX C
pesyJsibTaTaMH MOJIeJIMPOBAHUS TPOBEEHO HaMH B pabote [31].

OTMeTHM, 01HAaKO, UTO yCHJleHHe Jenpeccuu uaaydenus npu Af~ < A fpy (B o6nactu NCy) umeer,
M0-BUIMMOMY, JPYryI0 MPUPOJY U OTBEUAET M0 CBOUM XapaKTePUCTHKAM YACTOTHOH 3aBUCHMOCTH BeJIHUM-
Hbl aHOMaJILHOTO 0cJla0JIeHus] pajIMou3/ydeHus B y3koi obsiacty B6M3u yactotel BH [20], xots nocyiennee
YTBEPIKJIEHHE HYKIAeTCsl B YTOUHEHHH.

Caienyer Tak:ke OTMETHTb, UTO B HacTosllee BpeMsi 60Jibllioe BHUMaHHe yae/sieTcs paspaboTKe Teopuu
BO3HUKHOBeHHUS KorepeHTHbIX cTpykKTyp — MUMHMH ¢ 3axBaueHHbIMH BepxHErHOpUAHBIMU BOJHAMHU. B pa-
6oTax [32—34]| paccmaTpuBaercsi mapamMmeTpuueckasi HeyCTOHUHBOCTb 3aXBAu€HHbIX BEPXHETHOPUAHBIX MOJL
OTHOCHTEJIbHO BO30OYKAECHNS HUKHETMOPUIHBIX BOJIH U BEPXHETMOPUIHBIX MOJL Ha CABHHYTOH UacToTe. YueT
BJMSIHUS 3aXBaueHHbIX MoJ Ha cBoricTBa MIPU Gesyc/ioBHO BazkeH Jisl JeTabHON MHTEPIIPETALMU TaHHBIX
IKcrepuMenTa, ocobento B o61acth DM, onHako B HacTosillee BpeMs CTerneHb Pa3BUTHS TEOPUH ellle He 1aeT
TaKOH BO3MO>KHOCTH.

3uauntesibHoe (B 8+-80 pa3) yBejnueHHe xapakTepHblX BpeMeH pesakcauuu JJIMPH — nenpeccopa 7}
M MCTOUHHKA T, — MpPHU Mepexojie OT AHEBHBbIX K BeuepHUM uacam HabJjioneHud (cMm. takke [4, 15]) He mo-
JKeT ObITh 00bsicHeHo HabJoaeMbIM Bo3pacTanueM Bpemen pesakcauudn MUWH 7, B 2+-4 pasa B o6sacTu
macwra6os [ < I ~ 10 m B Beueptee Bpemst [13, 35]. [list 00bsICHEHHST JAHHOTO SIBJICHHSI pACCMaTpH-

BaloTcs BO3MoxkKHOCTH noanepkaung MMWH nuarHoctuueckoil BOJIHOM 3a CUeT yMeHbIIEHHS MOTJIOUIEHUS
sHepruv BH B D u E o6sactsix HoHocdepbl [4], MPUBOASIIETO K MPEBbILIEHHIO CPeHER MOIIHOCTH BO3-
JIEHCTBUSA HaJ Moporamu Bo30yxjaeHus u cpbiBa renepauun MUMH B yciioBusix ux BeuepHero ymeHblie-

Hust (Enop o T§/2 [17]), nopnep:kannss MMH 3a cuet He/MHeHHON NepeKaukyu SHEPrUM HU3KOYACTOTHOM
TypOYyJEHTHOCTH 10 CMEKTPY OT KPYMHbIX MacluTaboB K MeJKUM [36], a TakxkKe yCHJIeHHe TeHepaluun MeJs-
KomaciutabHol TypOysnenTHocTH B F' o6siacTu noHocepsl nocJe 3axoaa CoJHla, CBS3aHHOE, HATIPUMeEp, ¢
yCHJIEHHEM HOHOC(EPHBIX TOKOB MPH MPOX0KAEHUH TepMuHaropa [ 16].

Hapsiny ¢ ykazaHHbIMH MPUUHHAMM BaXKHYIO POJib B YBEJHUEHUH XapaKTepHbIX BpeMeH 3BoJiouuun M-
PU moxet urpath Bo3pacTtanue BepTHKaJbHbIX Pa3MePOB BO3MYLIEHHON 006/1aCTH B BeuepHee BpeMs CYyTOK
10 3040 km, oco6eHHO MPH BO3AEHCTBUU BOMU3K MakcuMyMa /1051 Fy. O TakoMm yBesMueHUH CBUETE/b-
CTBYIOT, B YaCTHOCTH, SKCIIEPUMEHTBI C JIOMOJHUTENbHBIM HArPEBOM HOHOCHEpPDI, pa3HECEHHBIM M0 YacToTe
C IMarHoCTHUECKOH BOJIHOH. K aHasoruunomy pocTy A0J/RKHO MPUBOAMTL M HCTOJNb30BAHHE PA3HECEHHOTO
HarpeBa HOHOC(EPbI Ha HECKOJbKUX YaCTOTAX, KOTJ1a 06'beMbl BO3MYLIEHHBIX 00/1aCTel MOTYT MepeKpbIBaTh-
cs1 [4]. Bnosne peanbhoe B mog0GHbIX YCIOBUSX yBETMUEHHE TPOIOJIbHBIX PA3MEPOB HEOAHOPOAHOCTEH [ || B
3-+-10 pas mo/mKHO MPUBOMUTL K KBaZpaTHUHOMY pocTy BpeMeH ux pesnakcauuu B 10+-100 pas, no kpaiine#
mepe s MUMH ¢ 1] > 1%, penakcauusi KOTOPbIX OnpeiesisieTcs npoioJbHoi aMOunosipHoi qucdysuer

l2

(Te+T) N

¢ Kos(pduuuentom D) = Y ~ o rie T3, Mj, Vi, — COOTBETCTBEHHO TeMIlepartypa, Macca HOHOB
iVin Tr

M 4acToTa coylapeHni HOHOB C HEHUTpasaMu, HMeeT KBaJpaTHUHYI0 3aBUCUMOCTb OT MPOJ0JBHOr0 Macuitaba

1 JI0CTATOUHO c/1a060 3aBUCHT OT nornepeunbix pazmepoB MUMH [13]. Takas cutyauus (yBeanuenre BbICOThI

BO3MYILIEHHOH 06JIaCTH U ee NPUOJIMKEHHE K MAKCUMYyMy cJ1osl Fy) UMesia MecTo B SKCIEPUMEHTax, Mnpeji-

CTaBJeHHbIX Ha puc. 2 1 f = 4595 kli1, rie npoxoxXaeHue KPUTHUECKUX YacToT cJiosi Fo HabJ/oaanoch eliie
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J10 HacTynyeHns 3axona CoJiHIla Ha HOHOC(EPHbBIX BbICOTAX.

B 3akJ/toueHne 0OTMETHM, UTO HCCJIE0BAHUS CYTOUHOTO X0/1a BpeMeHHoro noseaenus J{MPH, B Tom unc-
Jie ¢ UCMOJIb30BAHUEM CXEMbl YaCTOTHO-PA3HECEHHOI0 HAarpeBa, X COMOCTaBJIEHHE C IMIIHPUUECKUMH MO-
neasivu sogiouun MPU (1) u MUHMH [9] n MoaenbHbiMM uKc/ieHHbIMU pacueTtamu [, 6, 31] moryT naTb
CYLLIECTBEHHYIO HOBYIO HH(OPMALIMIO O Tpolleccax rnepeHoca u xapakrepe Bo30YyKIeHHUs U pesiakcallii He-
KYCCTBEHHOMH H eCTeCTBEHHOH TYypOYJIEHTHOCTH B BEpXHEH HOHOChepe.

Pa6ora BbinoJiHeHa pu prHaHCOBOH MoepKKe Poccuiickoro honaa gpyHaaMeHTaabHbIX UCCIeI0BAHUE
(npoektbl 97—02—16397 u 99—02—16479)u INTAS (npoext INTAS-RFBR 95—0434).
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INFLUENCE OF SMALL-SCALE IRREGULARITIES ON CHARACTERISTICS OF THE OVERSHOOT EFFECT IN THE
TEMPORAL EVOLUTION OF STIMULATED ELECTROMAGNETIC EMISSION. PART II. RELAXATION STAGE

E. N. Sergeev!, V. L. Frolov!, S. M. Grach', G. P. Komrakov', P. Stubbe?, B. Thide?, T. B. Leyser?,
T. Carozzi3

We present the results of experimental studies of the evolution of diagnostic stimulated electromag-
netic emission (DSEE), which is induced in the course of sounding of the ionospheirc F-region modified
by powerful radio emission, in a wideband range of diagnostic and pump-wave frequencies. Features of the
overshoot phenomenon in the SEE evolution during the relaxation stage of artificial small-scale irregulareties
(ASSI)are analyzed. It is shown that an increase of the DSEE (inverse overshoot or undershoot)is determined
by relaxation of the anomalous absorption of radiation in the course of scattering from decaying ASSI. It is
found that typical growth time of the inverse overshoot decreases while its value increases if the pump-wave
frequency decreases from 6 to 4 MHz. The same behavior of growth time and value of the inverse overshoot
is observed in the case of sounding of the central part of the perturbed ionospheric volume, as compared to
the sounding of its periphery. The observed dependences are related to an increase of the ASSI intensity in
l; ~ 3+ 10 m striation scale length.
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YK 537.876.23

KTEOPHH AHOMAJIbHOT' O INOIJIOLLLEHUSI
OBbbIKHOBEHHOHW BOJIHbI

A.T.Bpornun', C. M. Ipau?, I'. A. K6anros', H. A. 3a6omun!

B p860T€ [MoJIy4€Hbl K YUCJIEHHO UCCJIeI0OBAHbI TOUHbIC BhIpaxKe€HU s /151 aHOMaJIbHOT'O IMOTJIOLEHH S [IpO6HOF1 00bIK-
HOBEHHOW BOJIHbI BCJIE/ICTBHE TpaHC(bOpMaLLI/IH B IJTa3ME€HHbI€ BOJIHbI MPU BEPTHKAJbHOM 30HAUPOBaHHUU I/IOHOC(bep—
HOT'O CJIOs1 MJ1a3Mbl C 3alaHHbIM CIIEKTPOM HEOILHOpO,ZIHOCTeﬁ. Hccaenosan XapakTtep BO3MO2KHBIX HpI/IGJII/I}Kel-II/lﬁ npu
pacyeTre aHoMaJIbHOTr'O TMOrJIOWEHHS U olpeeJeHbl 'PaHULbI 06J1aCTH UX NPUMEHHUMOCTH.

BBEJEHHWE

Tpancdopmatus nonepeyHbix BOJH B MJ1a3MeHHbIE HTPAET BaXKHYIO POJib BO MHOTHX MpoLeccax, IPOUCXo-
JSILLMX B HOHOC(EPHOH MJ1a3Me, B 4aCTHOCTH, B MPoLlecCe reHepallui MeJKOMacITaOHbIX HEOAHOPOIHOCTEH
NpH HarpeBe HOHOCHEPHON MIa3Mbl B M0JI€ MOLIHON PaJMOBOJIHBI, U MPUBOAUT K 3HAUMTEIHLHOMY aHOMAJIb-
HOMY MOTJIOIIEHHIO BOJIH 0OBIKHOBEHHOH MOJIsipU3aliii B 00J1aCcTH BepxHern6puaHoro pesonanca[l, 2].

HccnenoBanuio spdexra aHoMaabHOTO TOTJIOLIEHHS TOCBSIIEHO 3HAUMTENbHOE YUC/I0 nybankauui. B
YACTHOCTH, OTpe/esieHre BeJUUHHbl aHOMAaJIbHOTO MOTVIOLLIeHHS 0OBIKHOBEHHBIX BOJIH MPOBOJAUJIOCH MyTeM
yCpeaHeHus ypaBHeHHs epeHoca st HHTEHCHUBHOCTH PaJAHOBOJIHBI MO OICTPBIM OCLMJLISILUAM 3JI€KTPOHHOH
MUVIOTHOCTH B paMKax AMHaMUuecKol Teopu [ 1, 3] 6o B npub/anKenud caydainbix ¢as |2, 4, 5]. B paborax
[6—9] na1st pacuera aHOMaILHOTO MOTJIOLEHHS OTIPEIesAICS TEH30P IPPHEKTUBHON AHITEKTPUUECKOH MPOHU-
AeMOCTH CJIyualHO-HEOJHOPOJIHOM MJ1a3Mbl B pe3oHaHcHO# obJiacTu. B pabote [10] ucnosb3oBanoch KuHe-
THUeCKoe ypaBHeHHe Bosabumana TSt M30TPOITHOM MJ1a3Mbl, a
B pabGorax [11, 12] conepxkutcsi 060611eHHe pe3yabraToB [10] Ha ciryuait MarHHTOAKTUBHOM MJ1a3Mbl.

B Hacrosiieli pa6ote pa3BUT MOAXOJ K ONpee/eHHIO BeJHUMHbI aHOMAJIbHOTO TMOTJIOLIEH s, OCHOBaH-
HbIH Ha OMpesieJieHuH ceueHusi TpaHcopMaliii 0ObIKHOBEHHBIX BOJIH B MJ1a3MeHHble Ha 6a3e 00111ero MeTo-
Jla pacueTa CeueHus paccesiHus Wi TpaHcopMaluu BoJiH B miiadme [13]. Hackosibko n3BecTHO aBTOpam,
B JIUTEpAType OTCYTCTBYET MOCJe0BaTe/bHOE ONUCAHUE TAKOH METOJMKH pacyeTa BeJMUHHbl AaHOMaJIbHOTO
norJoteHust 0ObIKHOBEHHbIX BOJIH. CeueHne TpaHcopMali HCMOIb30BAI0OCh /IS pacueTa BeJIMUMHbI aHO-
MaJibHOTO NorJollenus B padore [14], rae oHo GbiI0 MOJyUeHO U3 pellieH|s ypaBHEHHs TepeHoca CreKTpasb-
HOH TJIOTHOCTH HEPru 0ObIKHOBEHHOH BoJHbl. OnHako B [14] ncnosnb3oBanoch npub/nKeHHe X0J0AHOH
6€CCTOJKHOBUTEIbHOM MJ1a3Mbl U KBA3UTPOAOJLHOTO PACIPOCTPAHEHHS], UTO OTPAHUUMBAET TPUMEHHMOCTh
MOJTyUeHHbIX Pe3yJIbTaTOB.

B pasnesne 1 nacrosieit paGoTbl TPUBOAATCS UCXO/IHbIE yPABHEHHUS, UCIIOJIb3YeMbIe /17151 OTIpe/ieIeHHs Be-
JIMUMHBI aHOMAJIBHOTO MorJIolleHus1. B pasznene 2 Ha ocHOBe 9THX ypaBHEHHH ONpeae/sieTcs MoJHasi SHeprus
paccesinHoro noJsi. B pasnene 3 nosydensl o6iye BblpaXKeHUs 11l cedeHust TpaHchopMalld U aHOMaJb-
HOTO MOTVIOLIEHUS, CITPaBeIMBbIe IS CAyYaHHO-HEOAHOPOJHON MarHUTOAKTUBHOH MJ1a3Mbl C YACTOTHOH H
NpOCTPaHCTBEHHOU aucrnepcueil. B paznene4 B npubynKeHnH X0Ja0HOH 6€CCTOJNKHOBUTENbHON MJ1a3Mbl TO-
JIydeHHO€ BbIpaKeHHe 1715 aHOMaJIbHOTO MOTJIOLEHHS YIPOLIAETCs], B pasfiese d NPUBeIeHbl Pe3yJibTaThl YHC-
JIEHHOTO aHaJ/IM3a MoJyYeHHbIX 00LHX (hOPMYJT /151 PA3JTHUHBIX YaCTOT OOBIKHOBEHHOH BOJIHBI U HAK/JIOHEHHH
reoMarHuTHOro noJisi. B 3akstouennu 1ano KpaTkoe o6CyzKaeHHE Pe3yIbTaToOB PabOThI.

1. ACXOJHbIE YPABHEHUA
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By[LGM rnoJiaraTtb, YTO OTHOCHTEJ/IbHasA BeJIMUMHA HEOJHOPOAHOCTHU 9J1€KTpOHHO§I KOHUEHTPaUHH IJ1a3Mbl
MaJia:
AN/(N) < 1, (1)

rne AN(7t) — OTKJIOHEHHe 3JIEKTPOHHOH [MUIOTHOCTH OT cpejaHero 3Hauenus (N), Tpuuem

(AN(7,t)) = 0. Lnisi ciyuaiiHoro nmoJist (pJIyKTyalnii 3J1eKTPOHHOM MJIOTHOCTH CUNTAIOTCS MU3BECTHBIMH CIIEKTP
 CTPYKTYpHast PYHKIIHSI, TOTOJTHUTEIbHbIE YCJOBHUS, TAKHE KAK JIEJbTA-KOPPEJTHPOBAHHOCTD CJIyYaHHOTO M0~
Jisi, He HaslaraioTcsi. BeKTop HaMpsiKeHHOCTH 3JIEKTPHUECKOTO T0JIsT B CPEJIE YI0BIETBOPSIET BOJTHOBOMY ypaB-

HEHHIO

~ 1 62 .
rotrot (7 1) + / &7, 75 t,t) B(7, ) d3r'dt = 0, 2)
TJIe S1IPO MHTErpabHOIOo OMnepaTopa AUJECKTPUUECKOH POHHLLAEMOCTH HMEET CJIEIYIOLLYI0 CTPYKTYPY:
7ot —t
E ) = (-7t — ) + 220 aN JAN =
AN
= (&7 =7t = ) + [ = 7t = ) = 1) T = 3)

= (&(F ="t = 1)) + 04(7, 75 1, 1),
rue I— €[MHUUHBIN IMarOHAJIbHBIA TEH30P,

(7, 7)) = (217)4 / (E(F, w)) exp(ikF— iwr) Ak du,

p=r—7,7=1t—"t, (é(k,w)) — TeH30p AM3IEKTPHUECKON MPOHULAEMOCTH OJHOPOIHOH MJIA3MBI, ¢ —
CKOPOCTb CBeTa.

Yepennsisiypasuenue (2) no ancam6J1i0 peanu3aluil cayuyaiHoro noJst HEOAHOPOJHOCTEH U BbIUMTAS YCpe-
HEeHHOE ypaBHEHHE U3 UCXOHOT0, NoJlydaeM ypaBHEHHE /151 pacCesiHHON KOMIOHEHTbI M0JIsI:

2
rotrotE’(ﬁt)+37% / (E(F =7t — ")) E' (@, t)d>r'dt’ = — 423;( 1), (4)
rne
jmath(7, 1) = 4 » / 5e(F, 71, ) (B, ) dPrdt. (5)

[1pu nosyuenun Boipazkenuii (4) u (5) ucnosb3oBasoch NpUOIHAKEHHE OTHOKpATHOTO paccesiHus. OcHo-
BaHUEM /ISl ITOTO SIBJSIETCS TO OOCTOATENLCTBO, UTO 3((HEKTUBHOCTb paccesiiisl 0ObIKHOBEHHBIX BOJIH B
nsia3MeHHble 00BbIUHO 3HAUUTENbHO Bhille 3(h(MEKTUBHOCTH 00paTHOro Mpolecca, U, CJel0BaTeNbHO, BO-
JIIOLMST pacCcesiHHOM KOMIMOHEHTbI (M/J1a3MeHHbIX BOJIH) He BJMSIET HA TO, KaKasl 4yacThb SHEPrUH peryJisipHou
COCTABJISIOLLEH I10JIs1 BOJIHbI [IEPEXOJIUT B SHEPTHIO CJAYUAHHON COCTaBiIﬂ}OLU,eljl.

[Tostarasi nazaiolLyio Ha n1a3My BoJIHy r10ckoii ( E (7, t)) = Ege'f ™ot i npoussost npeoGpasosanie
dypbe no KoopauHaTaMm U Bpemenu B (4)—(5), mosyuaem

W AN - - R

G w) = L) G (= Foreo =) B, w) = ——'#j(k,w), (6)

. . ) , , , kK22 [ kik;
me I(w) = (W) — I, A(k,w) = det||Ay(F,w)|, Ayl w) =

: -
2\ 5z'j) + ek, w) —
JMCTIEPCHOHHDIH TeH30p, Aj;(k,w) — MaTpHla ajare6Gpanyeckux JOMONHEHHH K JHCIEPCHOHHOMY TEH30DY,
d;; — cumpoas Kponekepa.
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2. 9HEPT'HUS PACCESHHOTI'O MOJIs

Ypasuenue (4) MOXKHO paccMaTpUBaTh KakK ypaBHeHHe st noJist E’, co3naBaemMoro B mjiasme TOKOM C
nyoTHOCTbIO j. [ToJiHast sHeprust noJisi pu 3ToM paBHa
(2m)*
2

1 w0\ = 2%/7 =7
P = —§Re/]*(r,t)E’(r, t)d3rdt = — Re/]*(k,w)E’(k,w) d?k dw. (7)
[Toncrapasisi B (7) BbipazkeHust (6) /151 CMEKTPaNbHON MJIOTHOCTH TOKA M HATNIPSKEHHOCTH TOJIS1 U yCPeHsst
BEJIMUMHY 110 aHCaMOJII0 peasu3alril CJIydalHOro 1oJisi HEOJHOPOJHOCTEH 2JIeKTPOHHON KOHLIEHTPALUHU, 110~
Jydyaem

VTE? IT* (w) & (w) Ak, w) T (w)é L
(P) = ORe/z’w (W)eg() Ak, THW)EW) gy 5 o o) a3k du, (8)
8 A(k,w)
rjie €y — €eIMHUUHbIA BEKTOp MOJspU3alUK najaoileil BoHbl, @y (K, w) — NpoCcTpaHCTBEHHO-YACTOT-

HbIH CHEKTp cJydaliHbiX HeoJqHopoaHocTel, V u T — obbeM Msa3Mbl U BpeMsl ee B3aUMOJEHCTBUS C 110-
JIeM 3JIeKTPOMarHuTHo# BoJiHbl. [ToJiarasi, uto B cpelle MMeeTcst GeCKOHEUHO MaJloe MOTJI0LLIEeHHE, /151 TOJIHOH
HEpPruM PacCcesiHHOTO M0JIs OKOHYATE/IbHO OJYUHM

2
(P) = VJ;EO /H*gg;mgo@N(k Ry w — wo)wd(A) dk dw, 9)

rie d — aenbra-dynkus upaka.

3. BEJIMUUHA AHOMAJIbHOT'O MOTIJIOLWEHHUSA

[TosiHoe ceueHue paccestus (TpaHchopMalyi) o OTIPEeIsieTCsl Kak OTHOLIEeHUe CpejiHel MOLIHOCTH,
pacceuBaeMoll B eaMHule 00beMa, K MOMAYJI [IOJIHOTO [OTOKA 3SHEPrud Najalolled  BOJ-
ubl Sp [13, 15]:

_ )

= A
VT|So|

rie ng — I0Ka3aTeib PeJOMJIEHHs Naaloulel BOJHbL, 0y — yros, 06pasyemblii BEKTOPOM IPYNIIOBOH CKO-

POCTH U BOJIHOBLIM BEKTOPOM MNajaioliel BoJtbl. Mcnonbays nosyuenHoe B npeplaylieM pasese BhlpaxKe-
HHUe /151 CpeiHel SHepruu paccessHHoro nodist (9), nosyuaem

_cng E2|50|2 — |@oko|?/k3
= —F} ,
& cos Oy

o)y (10)

/ w IRENI A
gy —

= _ O (k — ko, w — wp)d(A) cos by d3k dw. (11)
€ g [[@[2 — |Goko|2/k3)]

OcnabJienve najatouieil BoJIHbI BCJIEICTBUE EPEX0/1a YACTH €€ SHEPTHH B PACCEsHHYIO KOMIIOHEHTY omnpejie-
JISIeTCSl MUHTErPUPOBAHUEM BJIOJIb JIyU€BOH TPAEKTOPHH TOJHOTO ceueHus paccesinus [ 15]:

L= /Uods.

Bocnosb3opaBumcs cootHowennem cos 0 ds = dh, rie h — BepTuKa/bHas KOOPAMHATA, T10/1y4aeM

H A ~ A

IT* e Mle; -

L:w//f 000 g (F — g, w — wi)(A) dk dw d, (12)
5 e (|02 — levkol2/k3]

riae H — noJiHasi BbICOTa pacCenBaloOLLEro CJ1051, HUXKHSIS TPaHULLa KOTOPOTo pacioJiozkeHa Ha BbicoTe h = 0.
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Bripaxkenue (12) HocuT o6LIME XapaKTep, OMUCbIBasi NOJHOE ocjabJ/ieHHe CpejiHero moJsi najarolien
BOJIHBI KaK BCJIEICTBHE TPaHC(OPMALMK B BOJIHBI APYrOTO THIA, TAK M BCJEICTBUE PACCESIHUS B BOJIHBI TOH
Ke 1oJIsipu3ally. BeiGop KOHKpeTHOro MexaHu3Ma ocsiabJ/ieHust onpeessieTcsl BBlOOPpOM COOTBETCTBYIOLLETO
KOPHS IMCMIEPCHOHHOT0 YpaBHeHUs1 A = O pU CHATHHM HHTErPUPOBAHHUS C MOMOLIBIO Ae/bTa-pyHKIuH. Hike
Mbl GyJIeM Mo/ipa3yMeBaTh, UTO UCMOJb3YeTCsl KOPeHb, COOTBETCTBYIOIIMH TpaHChopMauui 06bIKHOBEHHOH
BOJIHBI B [JIa3MEHHYI0 W,  CJeI0BaTesJibHO, Ny = ng, € = €y (ny W
€5 — COOTBETCTBEHHO M0Ka3aTe/b MPEJOMJEHUS U BEKTOP MOJSIPU3aLHH 0ObIKHOBEHHOH BOJIHbI ).

Il nanbHeiilero aHau3a cJielyeT KOHKpETH3UPOBaTh BHJL CIIEKTPa CJyuaiiHbIX HeopHopoaHocTeld @ n (R, w).
M3BecTHO, UTO KaK ecTeCTBEHHbIE, TAK U HCKYCCTBEHHbIE HOHOC(EepHbIe HEOTHOPOAHOCTH 061acTH F' Xxapak-
TEPU3YIOTCS CUIIBHOH BBITSIHYTOCTbIO BOJb CHJIOBBIX JIMHUH MArHUTHOTO MoJist 3eMJIH. DTO MO3BOJSIET UC-
10J1b30BaTh MPUOJIHKEHHE OECKOHEUHO BBITSIHYThIX HEOJIHOPOJHOCTEN U PEICTABUTb UX CIIEKTP B BUIE

@N(va) = ¢l(zl)5(w)6(ﬁ||)v (13)

re K1, K| — OPTOTOHA/IbHAsH U KOJIIHHEAPHAs] 10 OTHOLIEHHIO K BEKTOPY HATPSIKEHHOCTH F€OMArHUTHOTO
noJist cocTapJsiiolie BeKTopa /<. B Bbipaxenun (13) TakxKe yureHo, 4To XapakTepHble BpeMeHa U3MEHEHHs
HEOJIHOPOJIHOM CTPYKTYpbl HOHOC(EpDI, KaK MPaBUJIO, MHOTO 0O0Jibliie Mepuoaa KoseGaHHil BOJIHbI, BCJE/-
CTBHE U€ro MpH OrpejiesleHUH aHOMaJIbHOTO TOTJIOIEH ST HEOJHOPOJAHOCTH MO2KHO CUMTATh CTALIHOHAPHBIMH.
[Toncrapasisi cniektp (13) B Bolpaxkenue (12) 1 yacTHUHO CHUMAs MHTETPUPOBAHHUE C TOMOIIBIO COOTBETCTBY-
IOLIUX JlesIbTa-(yHKIMH, OKOHUATEIbHO 110Jlyyaem

-1 an
—d%k, (14)

v=v, AV

OA

ov

e \(k o, ko IIE L
A / AL, ky)lle
C

- (kL —Fkay)
ny [|65]2 — [Gofia[2/ 43

|k|J_|2kJ_min

rev = wg/wz, Wp — 3JIEKTPOHHAA [J1a3MEHHasl UacTOTa, Vs — COOTBETCTBYIOLLHH [1a3MEHHbBIM BOJIHAM KO-
penb ypasHennst A(k L, ko), v«) = 0. Bennuuna k| min OnpenensieTcs nyTem aHa/iM3a MCnepCHOHHbBIX KPUBbIX
MJIa3MEeHHbIX BOJIH B 06JIaCTH, IIe MPOUCXOAUT TpaHcdopmauus. Haumenbliero snauenust BOJHOBOH BEKTOP
TMJIa3MEHHbIX BOJIH IOCTUTAeT BOJM3M TOUKH OTPaKeHHs1 OObIKHOBEHHOH BOJIHBI, MOITOMY ISl OMIpeeaeH s
K 1 min MOXKHO BOCIOJ/Ib30BAThCS ypaBHEHHEM A(Elmin, ko, 1)=0.

4. AHOMAJIbHOE NMOTJIOWEHUE B MPUBJIMYKEHUU X0JI0AHOM MJIA3MbI

Bripaxkenue (14) MoxkeT ObITh YNPOLIEHO B MpeHeOPEXEHHUH TEMJIOBbIM JIBUKEHUEM 3JIEKTPOHOB, T. €. B
npUOJHKEHUH XO0HOH Ty1a3Mbl. B sToMm ciayuae [13]

1 1
SpA |[el? — [k ]?/&>

5(A) [6(n% —n?) +0(n? —n3)]+0(A) }, (15)

TJle M1, Mo — TI0Ka3aTesd NpejoMJeHns HeOObIKHOBEHHOH U 0ObIKHOBEHHOH BOJIH, A = esin 29 + ncos?y,
1 — yroJi, 06pa3yemblil BOJHOBLIM BEKTOPOM T1JIa3MEHHOH BOJIHBI C BEKTOPOM HAMPS?>KEHHOCTH MarHUTHOTO
nosist 3emn, e = 1 —v/(1 —u),n =1— v, u = w¥/w?, wy — 3/1eKTpoHHasH THpoyacToTa. BosbyKienuio
nJIa3MeHHbIX KoJleOaHuil oTBedyaeT nocJjejiHee caaraemoe B (15) — Tpancdopmalinsi 06bIKHOBEHHOH BOJIHbI
NPOUCXOJIUT B 06JIaCTH BEPXHETHOPHUHOTO Pe30HAHCA, IJie BbinoJiHsieTcs yejaoBue A = 0. Orcioa HaXoaum
ve = (1 —u)/(1 — ucos®?), on 04

ov ov

3pauHOCTH /151 XOJIOAHOH M/1a3Mbl CIIPABE/UINBO COOTHOLLIEHHE Ajj = €;€;Sp A, IPHUEM €IMHUUHBIA BEKTOP

. 1 .
[SpA| = — ‘Sp )\‘. YuuTbiBasi, uTo B 06J1aCTH NPO-
Ux

V=Ux V=Ux
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NoJISiPU3aLMK ISl POJIOJIbHbBIX MJ1a3MEHHBIX BOJIH NapaJijiesieH BoJHOBOMY BekTopy (€ = k/|k|), mosyuaem
BbIpakKeHHue Jisl BeJIMUMHbl aHOMaJIbHOTO TOTJIOLLIEHHST B XOJI0/IHOH MJ1a3Me:

w k(&) — 1)és|?v,s - - dh
L=n= / q2| (ji Zi' 22 ‘Id(k‘i—k‘u)d—dzk‘ia (16)
€ i ng|k|*{|€2|* — |e2ka|?/|k2|?} v
L=

rie k = (ki,ky|). Crenyer oTMeTHTb, uTO ycsioBHe A = 0 COOTBETCTBYeT BO3OYXKJEHHIO 3/IEKTPOCTATH-

4ECKHX M1A3MEHHBIX KoseGatuil. B peasbibix yeioBusix mpu k — 0 Ha CBOMCTBA MIA3MEHHBIX BOJIH CylLe-
CTBEHHOE BJIHSIHHE OKA3bIBAIOT 3/1€KTPOMATrHUTHbIE MONPABKH, MPONOPLHOHAbHbIE w /¢ (T1a3MeHHast BOJI-
Ha 1pu k > w/c npeacrapisier co60il z-MoJly), a MpH GOJIbLIKX k CYIIECTBEHHBIMH CTAHOBSITCS TEMJIOBbIE
MOMNpaBKH, NpornopliroHalbhbie 1/de, rae de — nebGaeBckuil pamuyc [2]. AHanM3 TOUHOrO AMCTIEPCHOHHOTO
ypaBHEHHUsI JUIsi T1J1a3MEHHBIX BOJIH C YUETOM TEIJIOBOTO JBHXKEHHUSI MPUBOIUT K OLEHKE Kk | min ~ w/c. DTO
03Hayaer, 4To BKJaJ B MpoLecc TpaHcHOopMaluu Aal0T HEOIHOPOIHOCTH C XapaKTePHbIMH MaciuTabamu, He
MPEeBbILIAIOIINAMH IJIHHBI BOJHbBI MMAJAI0LIEr0 H3JIyUeH s B BAKYyMe.

OlLieHHM BeJIMUMHY Pa3/IHUHbIX (haKTOPOB B [10IbIHTErPAIbHOM BbipakeHun B (16). B pesoHaHcHOH 06.1a-
ctHu, ~ 1, (&) —1 ~ —1I, k1 > koL, BCIEJICTBHE NOMEPEUHOCTH OGBIKHOBEHHO BOJIHBI |€2]* — |@ako|2 /3 ~
|@a|2, |E((€) — 1)&)? =~ |éxk|?. Tlonaras NpHOMHKEHHO cng & Vg, TIe Vg — FPYNNOBAasi CKOPOCTb OGbIK-
HOBEHHOM BOJIHbI, U CUHTAs, YTO B 00JIACTH pe30HAHCA BHIMOJHSIOTCS YCAOBUST KBA3HIPOJIOJABLHOIO Pacrpo-
CTpaHeHHsl, TaK uTo |62l’<:|2/|62|2|k|2 1/2, a TakxKke yunTbIBasi IBYKPATHOE MPOXOKIEHHE CJI0SI BOJHOM, JUIsi
JIMHENHOTO CJ1051 OKOHUYATE/ILHO MOJIyYHM

mw dh -
L="— / ®, (ky)d%k, . (17)
vg dv
v=1-u T>e
lki|>%
Bripaxkenue (17) 151 BeJIMUMHBI aHOMAJILHOTO MOTJIOLIEHHS] OObIKHOBEHHBIX BOJIH AHAJIOTHUHO BhIPAXKEHHUIO,

noJiyueHHomy B padote [4].

5. PE3YJIbTATbI YUCJIEHHOTI'O AHAJIU3A

[TosryuenHoe B mpeplaylleM pasiese BblpaxKeHue Ui BeJUUHHbl aHOMAJIbHOTO TMOTJIOLIEHHS SIBJSIETCS
JIOBOJIbHO TpyObIM. ETo TOUHOCTH OrpaHHuMBaeTcsl BeCbMa MPUOJMKEHHBIM YUETOM TEMJIOBOTO JBHUKEHHS
YACTHUIL MJ1a3Mbl U MOJSPU3ALIMH Maaalollel U paccesiHHON BOJIH. BoJsiee ToUHO BesMUMHA aHOMAJILHOTO TO-
TJIOLLEHHS C YUETOM KaK TerJOBbIX MOMPABOK, TaK U MOMPaBOK, 06YCA0BAEHHBIX HEMOTEHIHAIbHOCTBIO OIS
TMJ1a3MEHHbIX BOJIH, MOXKET ObITh OlleHeHa MPU MOMOLLH Bbipaxkenn# (14 ) uau (16) ¢ npumMeHeHreM YHCIeHHBIX
pacuetoB. [Tpu 5ToM yno6HO nepelith ot uuTerpupoBanus no d?k | k uurerpuposanuio no dv. Onyckas rpo-
MO3JIKHE MPOMEXKYTOUHbIE BbIPAXKEHHUS], TPUBEIEM OKOHUATEIbHBIN Pe3yJ/bTaT Jis BeJHUHHbl aHOMAJIbHOTO
MOTJIOLIEHHS (C YUeTOM ABYKPATHOTO MPOXO0KAEHHS CJI0SI BOJTHOM ):

—Deé,l? in 9
I —rH / /d n3|e3s )€2| sin ¥, o, (7)), 18
" () ny  Q2Q3 _ Ong 1) (%)
oY

Umin ‘n3 Sin

rae £(w, k) = &o(w) + B2(c?k?/w?)er (w) — TEH30p AM3MEKTPHUECKOI TPOHUIAEMOCTH MIA3MBI ¢ yIeTOM
TEMNJOBBIX MONPABOK, £g — TEH30P AMUJIEKTPUUECKON MPOHHULAEMOCTH XOJIOJHON MJIa3Mbl, TEH30p €1 CBS-
3aH C TeMJOBLIMU HonpaBKaMM (ero KOMIIOHEHTbI IIpuBe/ienbl, nanpumep, B [13]), Q2 = |éa]* — |2k |2/ K3,

les|? — |€3E3|2/k§ — [F2e%e,es, ko, & W ks, € — COOTBETCTBEHHO BOJHOBbIE BEKTOPbI H BEKTOPbI
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noJsipu3ald 0ObIKHOBEHHOH U MJIa3MeHHON BOJH, K| = k3| — ko, Mo, ng — T0OKa3aTesd NPeJoMJIeHHUs
0OBIKHOBEHHOH W TMJ1a3MEHHOU BOJIH, PUUEM [l OKa3aTesisl MPeoMJIeH s MJIa3MeHHbIX BOJIH MOXKHO BOC-

N0JIb30BaThCs BhipaxkeHHeM [ 13]
o A+ VAT +452AB
ng = s

24,32

o 2 : 419
6—3u+u cos? 9 sin® 9 + 3 sin

_ 4
Av=videosid T (—wi—4u)|

B = —en(1 + cos? ) + (e2 — g?)sin? 9, g = vy/u/(1 — u), B = Ver/C, Ver — CKOPOCTD TEMJIOBOTO JIBH-
JKEHHUST 3JIEKTPOHOB, OCTa/IbHble BEJIMUMHBI ONPE/Ie/IeHbl B MpeblaylieM pasaerie. B (18) nompasymenaercst
JiHelHbl npoduib cnost (H = |dh/dv]|), o6o6ienue (18) Ha ciioii ¢ npodusem, OTJHUHBIM OT JHHEHHOTO,
OUYEBH/IHO.

B pacuerax ncrnosib3oBajiach CJeyionasi MojieJib CleKTPa HCKYCCTBEHHBIX HEOIHOPOJAHOCTEH:

L (R) = Ca(l+ w1 /rE )2

TI€ K| M K| — OPTOroHa/ibHasl H napaJjuieJibHasi CHIOBbIM JIMHUSIM MArHUTHOTO MOJIsi COCTABJISIOLIME BOJI-
HOBOTIO BEKTOpA HEOJIHOPOJIHOCTEN K, o1 = 27/lgL, lo. — BHelIHWH MaciiTad criekTpa, HOPMHUPOBOUHAS

KOHCTaHTa
pn—2

-1
I(1/2) (H—Q) (R“OL)T
Cy = 62 r -2 Ku2(R
A RQﬂ'IigJ_ 2 2 HTZ( fol)|

I'(x) — ramma-dyukuus, Kg(z) — moauduuupoBantas pyHkuus beccesst Broporo poza (dbyHkuus Mak-
JIOHAJIb/1A ), TOKa3aTe b CriekTpa 1 > 2. Besinunna 0 g xapakrepuayeTt ypoBeHb HeopiHopoaHocTell AN/(N) u
MaTeMaTHUYeCKH OHa COOTBETCTBYET CTPYKTYPHOH (PYHKIIMHU CJAYUaHHOTO M0JIsi HEOJJHOPOJHOCTEH B MaciiTabe
R. Bemuuna vy B (18) onpenesnsier HUKHIOO TpaHuLyy 06JaCTH, Jatolled BKIal B aHOMaJbHOE MOrJole-
nue. OnpesesieHne 3ToN BeMUHHBI 06CYKAAETCS HUXKE.

B pacuerax ncnoJsib3oBasnach Mojie/Ib HOHOC(EPHOTO CJI0s1 C TUHEHHBIM MPODUIEM 3/1eKTPOHHON KOHIIEH-
Tpaluu. Dbl NPUHATHI CJlelylolile MapaMeTpbl ¢Jiosi: ToJlMHA ¢jiosi H = 100 KM, rupouactoTa wy /2w =
1,35 MIu. HopmupoBka crniekTpa cjiydaliHblX HEOJHOPOAHOCTEH MPOU3BOAMIach K Maclutady R = 50 m,
BeJIMUMHA CTPYKTYPHOF (YHKLMHU JUIst 5TOro Maciutaba 6pasnach 0g &~ 1072, 4To NPUOJIHZHTENBHO COOTBET-
CTBYET MapaMeTpam CleKTpa MeJKoMacilTabHONH HCKYCCTBEHHON HoHOCDepHO# TypOyieHTHOCTH. J11s1 yueTa
TEMNJIOBbIX IONPABOK BeJMUKMHA napametpa (3 nosiaranach pagHoii 1073 (Besuunna, xapakrepHas /s 06J1acTH
F vonocdepnr) [16]. BoluncsieHune KpaTHbIX HHTErpaJsioB POU3BOAKJIOCH MeTosioM Kopo6osa [17] ¢ ucnoJb-
3oBanueM 10° y3/10B KyGaTypHOil (OPMYJIbI.

B npubskeHnu Xoa101HON MJaa3Mbl HAaMOGOJbILNH BKJIA/, B TOTJIOUIEHHE 1aeT OTHOCUTEBHO Y3KHI UHTEP-
BaJ BOJM3U v = 1—wu (06s1acTh BepxHern6puaHoro pesonanca). [ Ipu yuere TensoBbIx monpaBok njia3MeHHble
BOJIHBbl MOI'YT PacClpOCTPaHSTHCS HUXKe 00J1aCTH BEpXHErHOPHIHOTO pe30HaHca U MHTepBaJl BbICOT, JalolUi
OCHOBHOH BKJIaJl B aHOMaJIbHOE MOIJIOLLEHHe, ONpe/lesisliiCsl HeloCcpeACTBEHHO Nnpu pacyerax. Ha puc. 1 no-
KaszaHo pacrnpeseserue BKaaaa AL B BeJIMUMHY aHOMAJIbHOTO TorJioliienust (Besnunia AL = oo(dh/dv)Awv,
rjie op — TMOJHOe ceueHre TpaHCHOpPMallMK) B 3aBUCUMOCTH OT BEJMUYHHBI v AJI YACTOTHI 30HAUPOBAHHUS
6 MIu npu rupouactore 1,35 MIi1 1 yrie Hak/ioHa BeKTOpa reoMarHMTHOTO MoJisi K BepThkaau 19°. Bua-
HO, YTO OCHOBHOH BKJIaJl B aHOMaJIbHOE T10TJIOLLEHHE MO-TIPEXKHEMY 1aeT OKPEeCTHOCTb BepXHErHOPHIHOIO
pesoHaHca v = 1 — u, a [IpH orpele/leHHH aHOMaJIbHOTO MOTVIOULEHHS B 11€/I0M MOXKHO OFPaHUUYHTBCS HHTEP-
BajioM v = [1 — 3u; 1]. B 11e/151X MoBbILIEHUsI TOUHOCTH 00,/1aCTh MHTErPUPOBAHHKS pa3bUBasiach Ha 3 yuacTKa
(v=[1-3wyl—ul,v=[1—-u;1—-095ujuv=[1-095u;1])n 11g KaKI0ro yuactka pacuer BK/Iajia B
BEJIMUHMHY aHOMaJIbHOTO MOTJIOLLIEHHSI IPOU3BOJAUJICS OTIAEJbHO.
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Puc. 1. Pacnpenenenus Bknaga AL pasiHuHbIX BbICOT- Puc. 2. 3aBUCUMOCTb BeJIMUHHBI AHOMAJIBHOTO [0-
HbIX 00J1acTell MJa3MEHHOro CJosi B BEJHUHMHY IJIOLEHHS OT MOKa3aTessi CIeKTpa HEOJHO-
AHOMAaJIbHOTO MOTJIOULEHHS ISl YaCTOThl 30HU- POJIHOCTEM, BBIUMCJIEHHAS 110 NPUOJIHKEHHOH
poBanus 6 MIiL cdopmysie (17), nns Tpex uactoT nmpoGHON

BOJIHBI.

PesysibTaThl pacueToB npeactapiaenbl Ha pucyHkax. Ha puc. 2 uzo6pakena 3aBUCHMOCTb MOJHOH BeJIH-
UMHbI aHOMAaJIbHOTO MOTJIOLLEHHS] OT 110Ka3aTesisl CTENEeHHOr0 ClIeKTPa HeOJHOPOHOCTEH MPH Pa3JIHUHbIX Ya-
CTOTAX 30HIMPOBAHHUS, MOJyUeHHAas 110 MpUbJAKeHHOH popmydie (17). 3aBUCUMOCTb aHOMAJIBHOTO MOTJIOLe-
HUS OT HAKJIOHEHH$SI MArHUTHOTO MOJIs1 (IUMPOTHI MeCTa HaOJMIOICHHS ) B STOM CJlydae MPAKTHUeCKH OTCYTCTBY-
eT. PocT BesinunHbl L Npu yMeHbLUEHUH T10Ka3aTedist CleKTpa f 3[iech 00yCJoBJIeH yBeJHUeHHeM HHTerpadib-

HOW MHTEHCUBHOCTH HEOJAHOPOJAHOCTEN /@(El)dzlil JUist BIOpaHHON HOPMHUPOBKH (MOCTOSIHHBIH YPOBEHD

HeoJHOpOAHOCTeH Npu pruKcupoBaHHoM Maciutabe). OTMeuaercsi TakxKe 3aMeTHbIH PoCT L ¢ yBesrueHnem
YaCTOTbI 30HIMPOBAHUS Wy.

AHaJIOrHUHbBIHA pacyeT 1o TOUHbIM opmyJiaM (pUc. 3) 1eMOHCTPUPYET HAJIMUHe 3aMEeTHOH LIMPOTHOH 3a-
BMCUMOCTH, T[pHUeM, MO Mepe TNpUOJIMKEHHS K 9KBAaTOpPHa/IbLHOH oOsacTH (ymeHblieHust yraa 6)
BeJIMUMHA aHOMaJILHOTO MOTJIOLIEHHS CYLIECTBEHHO yMeHblIaeTcst. 3aBUCHMOCTH BeJIMUHHBI aHOMAJIbHOTO
TOIVIOIIEHHsT OT YIJla HAKJIOHA CHJIOBBIX JIMHHI MArHUTHOTO TOJISI TIPH Pa3JIMUHbIX YaCTOTaX 30HIMPOBAHHUS
wo W MoKa3zaTeJie CTENeHHOro CrekTpa p = 3 npuBejieHbl Ha puc. 4. [TosiyueHHble 3aBUCUMOCTH KaueCTBEHHO
COrJIacyloTesi ¢ pedysibTatamu pabothl [12], mosyueHHbIMU IpyrumM MeTonoM. KoJinuecTBeHHOE cpaBHEHME ¢
pesyabratamu padot [11, 12] 3atpynaHuTesibHO BBUY TOrO, UTO B 9THX pabOoTax MPOCTPAHCTBEHHBIN CHIEKTP
MOLIHOCTH HEOJHOPOIHOCTEN 3a/1aBajiCs HESIBHO Uepe3 SKCIIePUMEHTAJIbHO OTpeiesisieMoe ceueHne obpar-
HOTO paccesiHUsi H3JyueHHusi pajapa ot obJsacTu HarpeBa. Ou3nUeCKH yMeHblleHHe aHOMAJIbHOTO ocJ/abJie-
HUsSI TIPH YBEJIMUEHHMH YIJ1a HAKJIOHA MArHUTHOTO MOJIst CBS3aHO C 3aBUCHMOCTBIO TOJIIPU3aLiK 0ObIKHOBEH-
HOH 3JIEKTPOMarHuTHON BoJsiHbI OT 6 [2, 5]. HefictBuTenbHo, coracHo (17) ceuenne paccesiHusi 30HAUPYIO-
1eil BOJIHBI B MJ1a3MeHHble HA MEJKOMACIITAOHbBIX BbITSHYTbIX HEOJHOPOIHOCTSIX OIPENENSeTCs CBePTKOM
|&5(¢ — 1)&|%. TTockosbKy BOJHOBBIE BEKTOPbI MPOJOJLHBIX MJIA3MEHHBIX BOJH B 0GJACTH BepPXHEro ri-
OpUIHOrO Pe30HaHCa HATPaBJIeHbl TOUTH MOMEPEK MArHUTHOTO MoJist, 3(PPEKTUBHOE pacCcesiHue POUCXOUT
TOJILKO B TOM CJlyuae, KOrjia 3/JeKTPHUeCKOe 10Jie 30HUPYIOLIEl BOJIHbI TAKKe HMEET J0CTaTOUHO GOJIbLIYIO
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Puc. 3. 3aBUCUMOCTb BEJMUMHBI AHOMAJILHOTO norJioumieHus Puc. 4. 3aBUCUMOCTb BEeJMUMHBI AHOMAJbHOTO TM0-

OT MOKa3aTeJisl CIIeKTPa HEOJAHOPOMHOCTEN C YUETOM IJIOUIEHHSI C YUETOM TEMJIOBBIX MOMPABOK OT
TEIUIOBBIX MOMPABOK ISl Pa3/UUHbIX YIJIOB HAKJIO- MAarHUTHOTO HAKJIOHEHHs § JiJisi 4aCTOT 30H-
Ha CHUJIOBBIX JIMHUE F€OMarHUTHOTO T10JIsT TIPH YacTo- nupoBanust 4, 6 1 8 MI1L 1 nokasaTteJist criek-
Te 3oHaMpoBanus 6 MIiL. Tpa u = 3.

KOMITOHEHTY, OPTOrOHAJIbHYI0 MATHHTHOMY TOJ110. DTO MMEET MeCTO, Korja 06/1acTh BEPXHEr0 THOPUAHOTO
pe3oHaHca rnonajaer B 06/1aCTh KBa3UIPOIOJAbHOTO PaCpOCTPaHEHUs 30HUPYIOLLEH BOJHbI (B TAKOM MTPH-
OJIM>KEHUH TToJTyueHa npubJkeHHast popmyJa (17)), utTo HMeeT MecTo NpH

sin?0/2| cos 6| < V. (19)

[1pu ymenbluenun 6 ymenblliaeTcst 1 OPTOroHasbHasi KOMIIOHEHTA €2 (YMeHblleHre 3HaunTebHee Ha 6oJsiee

BBICOKHX YaCTOTAX), UTO M MPUBOJUT K yMeHbllIeHHIO Besinuunbl L. [1pn BeinosiHennn HepaBeHcTsa, o6par-
Horo (19), B o6siacTn BepxHero ru6puUAHOTO pe3oHaHCA HMEET MECTO KBAa3HIONepeyHoe pacrnpocTpaHeHue,
30HAMPYIOLIAS BOJHA MOJSPU30BAHA MPAKTHUECKH BJOJb MarHUTHOTO TOJIs, U SPPEKTUBHOCTb pacCcesHus
(a, caenoBaTesIbHO, M BEJIMUMHA aHOMAJILHOTO 0CJIab/IeHusT ) 3aMETHO YMEHbILIAETCS].

Ha puc. ba u 56 nokazaHo oTHolLIE€HHE BeJMUMHBI AHOMAJIBHOTO TOTJIOLIEHHS], PACCUMTAHHON 110 TOUHBIM
dopmysiaM, K BeJHUHHE aHOMaJILHOTO MOTJIOLIEHHS, onpesensiemoro no dbopmyse (17), B 3aBUCUMOCTH OT
nokasareJisi CleKTpa /sl Pa3/JHuHbIX YaCTOT 30HANUPYIOLLEH BOJHbBI IPU yIyie HaKAoHeHns1 19° (puc. da) u anis
pas/IMUHBIX YIJIOB HAKJIOHA MAarHUTHOTO MOJIs MPH yacToTe 3oHauposanus 6 MIi (puc. 56). Buato, uto npu
0 < 30° npubmkenHas popmyJsia 1aeT BeJUUMHY aHOMAJBHOTO 0CJabeHHsI C TOUHOCTBIO 10 KO3 duireHTa
nopsiaxa 1.

3AKJIIOYEHHE

OcHoBHas Lle/Ib HACTOSILIEH CTAaTbU COCTOMUT B M3J102KEHHH METOJIa pacuera BeJMUHHbl aHOMAaJIbHOTO MO-
rJ101eHUs1 0ObIKHOBEHHOH BOJIHBI IyTeM OTpefieieHHs] cedeHust TpaHcopmaliii 06bIKHOBEHHBIX BOJIH B /13-
MeHHble. Takolt o/1Xo/1 He CBsi3aH ¢ BbIOOPOM KOHKPETHOM MOJIEJIH Cpejibl (XapaKTepHCTHKH Cpellbl 3a1al0TCsl
TEH30POM JIH3JIEKTPUUECKOH POHUIIAEMOCTH ) U TIO3TOMY HOCHT OOLIME Xapakrep. DTO MO3BOJSAET MONYUHTh
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Puc. 5. CpaBHeHMe BeJIMUMHBI aHOMAJILHOTO MOTJIOIIEHHS, PACCUUTAHHOM MO TOUHON U NPUOJHKEHHOH hopmyJiam, B
3aBUCHMOCTH OT M0Ka3atesisi crieKTpa Jyisl yriia HakjaoHeHus 19° 1 uactore 3ouaupoBanus 6 MIii (naHesb a),
JUIst PA3JIMUHbIX YIJIOB HAKJIOHEHHs FeOMarHUTHOTO MOJIsi K 4acToT 30HaupoBanus 4, 6 u 8 MIir (nanens 6).

BbIpaXKeHHSs1 JI/1s1 BEJIMUMHbI AHOMaJIbHOTO MOTJIOULEHUs!, IPUMEHHMbIE K CJIydalHHO-HEOIHOPOJHOH MarHuTo-
AKTUBHOH IJ1a3Me C POCTPAHCTBEHHOH NUCIIePCHEN U CYyYaHHBIMU HECTALIMOHAPHBIMUA HEOAHOPOAHOCTSIMH.

[IpumeHeHHbIH B HAacTOsILIEH paGoTe METO/] MO3BOJISIET UETKO BBISIBUTh XapakTep NpUOJIMKEeHUH, UCTIO/b-
3yeMbIX 0ObIUHO TIPH pacueTe aHOMaJIbHOTO MOMVIOLEHHs] OObIKHOBEHHbBIX BOJIH. B UacTHOCTH, NP MOJIyuUeHHH
NpUOJIHKEHHOTO BbipaxKeHus (17) HernosbayloTes NpeirnonoKeHne 0 CTaTHCTHIECKOH OIHOPOIHOCTH CPEJibl,
npubJIKEHHE OJJHOKPATHOIO paccesiHusl AJisl ONpelesieHHs] SHEPTHUH PacCesiHHOW KOMIOHEHTBI, MPeroso-
JKEeHHE 0 CTalMOHAPHOCTH HOHOC(EPHBIX HEOJAHOPOJHOCTEH, MOJIe/b CrIeKTpa /st OECKOHEUHO BbITSHYTHIX
HEOJIHOPOJIHOCTEH, a TaKxKe MpUbJ/KeHue 6€CCTONKHOBUTENbHON XO0AHOMN MJIa3Mbl C MPUOJHAKEHHBIM yUe-
TOM TEIJIOBOIO JIBUKEHHUSI 3J1eKTpoHOB. KpoMe Toro, pacnpocTpaHeHue 30HAHPYIoLLel BOJIHbl paccMaTpruBa-
eTCsl B KBa3UINpoa0abHOM Npub/nKeHd. CpaBHEHHE MOJMyUeHHbIX B CTaThe BblpazKeHUH /151 BEJIHUMHbBI aHO-
MaJIbHOTO MOTJIOLLIEHHS U TPUOIHKEHHOTO BbipazkeHus (17) mo3BodisieT onpenesutb 06JacTb NPUMEHUMOCTH
nocJjeaHero. YncseHHble pacueThbl MOKa3biBatoT, uTo hopmydia (17) sBasieTcst XOpoluM NpUOJIMKeHUeM MpH
OLIEHKE BEeJIMUMHBbI aHOMAJIbHOTO MOTJIOILEHHS [/l CPEIHUX U BBICOKHX LIHPOT: MOMPaBOUHbIA KO3(DPULHEHT
OKa3bIBAETCsl MOPSI/IKA eMHULBI /11 H3MEPEHHH, HAanpuMep, Ha HArpeBHbIX cTeHaax B Tpomco (0 = 12°),
“Cypa"(d = 19°) u “I[uccap" (6 = 32°). B o :xe Bpemst popmysna (17) He npuMeHumMa 11 HOHOCHEPbl HU3KUX
LLIMPOT, HarpUMep st ctenaa B Apecu6o (0 = 45°). BolpaxkeHusi /st BeJIMUMHBI aHOMAJILHOTO MOTJIOLIEHHS,
NoJlydeHHble B HACTOSILLIEH CTaThbe, SIBJSIOTCS YHUBEPCAJbHbIMM U MOIYT ObITh HCIOJb30BaHbl B pacyeTax,
TpeOyIOLMX MOBbILUEHHON TOUHOCTH €€ ofpeesieH s, Harpumep, 1Jisi AMarHOCTUKH HUCKYyCCTBEHHOH TypOy-
JICHTHOCTH BO3MYILIIEHHOH MOLIHBIMH PaAHOBOJMHAMH 06JIaCTH HOHOCDEPDI 10 €€ UCKYCCTBEHHOMY PanoU3-
aydenuio [18]. OTmeTnM Takzke, UTO B paMKax MoJiydeHHbIX BbIpaxKeHHUH He ynaeTcs 00bSICHUTL yBeJHueHHe
aHOMaJIbHOrO ocJ/1abJieHUs TIPU CHU2KEHUH YaCTOThbl MOLLHOH PajMOBOJIHbI, OOHAPYKEHHOE B SKCIEepUMEH-
te [19]. Takoe yBesnmuenue 10/KHO ObITh CBSI3aHO C YBEJIHUEHUEM MHTETPasbHOH MHTEHCHBHOCTH HEOJHO-
POJIHOCTEH, UTO TIOITBEPKAETCS TaK¥Ke BbIBOJAaMH patcoThl [20].

B 3akjiiouenne 3aMeTHM, UTO MPH BbIBOJIe BhipaxkeHu# (16)—(18) HamMu He yUUTbIBAIOCH BJIMSIHHE MEJIKO-
MaclITabHbIX HEOJHOPOJHOCTEH Ha JUCIEePCHOHHbIE CBOUCTBA MMJ1a3MEHHBIX BOJIH, B UACTHOCTH, 3aXBaT MO-
CJIEJIHUX B HEOJHOPOJHOCTH. PacueTbl aHOMAJILHOTO MOIJIOLIEHHST B TAKOM TPUOJIMAKEHUH MTPOBeieHbl B [21]
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ON THE THEORY OF ANOMALOUS ABSORPTION OF THE ORDINARY WAVE
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In this paper, we obtain and analyze numerically exact expressions for anomalous absorption of sample
ordinary wave due to its conversion to plasma waves in the case of vertical sounding of an ionospheric
plasma layer with given spectrum of irregularities. We analyze various approximations for calculation of the
anomalous absorption and validity ranges of these approximations.
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