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MODERN PROBLEMS OF IONOSPHERIC MODIFICATION

A. V. Gurevich

Rapid progress in the experiments and theory during last few years allowed to take a fundamental new step in
our understanding of physical processes in the ionosphere modified by powerful radiowaves.

INTRODUCTION

One of the most important new physical phenomena discovered during ionospheric modification is the
generation of a small scale irregularities — striations. Striations determine strong field aligned scatter-
ing and wide band attenuation of radiowaves, affect significantly the stimulated electromagnetic emission.
The theory and observations demonstrate a whole complex of nonlinear processes in ionospheric plasma,
determining the existence of striations: generation of upper hybrid waves, their trapping and decay inside
striations, intensive transformation into Z-mode and electromagnetic waves. The trapped waves determine
strong heating and transport along and across striations, what lead to a new type of self-focusing pro-
cess of a pump wave and results in bunching of striations. The review would cover the modern methods of
theoretical and experimental investigations, the future perspectives would be stressed.

1. NONLINEAR STRUCTURING OF THE MODIFIED IONOSPHERE

1.1. Experiment

In a numerous previous studies using different radio sounding methods a strong amplification of iono-
spheric inhomogeneties in modification experiments was established [1, 2]. This artificial “ionospheric tur-
bulence"has a wide Fourier spectrum — from 1 m to 10 km [3—6]. It was usually divided into two main
parts with large scales (0.1 < 10 km) and small scales (1 <20 m). The large scale turbulence was supposed
to develop as the result of selffocusing instability of the powerful pump radiowave [3—4], the small scale —
of a quite different process called the resonance instability [7—10].

The new in situ experiments on the rockets by Kelley el al. [11] established quite a definite nonlinear
structures, which develop in a wide height range of the order of 30 km around the reflection point of the
ordinary pump wave.

The following main features of the structures in a modified region of ionosphere are established.

1) Existence of stationary striations alongated magnetic field lines on several kilometers. This fully
agrees with the results obtained previously by radio sounding methods [6].

2) The characteristic width (full width at half maximum) of striations is of the order of 5 + 10 m.

3) The density perturbations N7 inside striations are negative (N7 < 0). This result was obtained on
the rockets for the first time. It fully agrees with the well known theoretical prediction of resonance instabil-
ity [7-9].

N max
4). The density depletions in striations have unexpectedly large amplitudes up to |]1\7—| ~10%, where

Ny is unperturbed electron density. The averaged value of density fluctuations according to [11,12] is of
the order of 2%. The close value of the order of 1% was estimated from the observations at Platteville,
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SURA, and Tromsg facilities under conditions of strong anomalous absorption. So, an agreement with the
radio observations of the rms value of density fluctuations exists. This means that in the regions filled with
striations in Arecibo the pump radio wave absorption should be quite strong — more than 10 dB.

5) Striations are not everywhere. In the modified region crossed by the rocket three filled with striations
large patches having dimensions of 1 < 2 km are seen. The distances between the patches where striations
are not seen are of the same order. Striations in patches form groups — bunches of striations (with definite
pike-type structure) which have various dimensions of the order of 0.1 + 0.5 km. In general, the picture
inside patches agrees with the developed large scale ionospheric turbulence structure observed by radio
methods [3, 6]. The new result is the existence of definite middle scale structures — bunches and very
well defined kilometer scale structures (patches) — with the complete absence of striations in the regions
between them.

6) Detailed comparison of a scattered radio spectrum in Arecibo, calculated from the data of measured
density fluctuations in the rocket experiments [12], with the direct radio scattering measurements in Plat-
teville [13—15] allowed to establish a significant difference in characteristic scales of striations across the
Earth’s magnetic field: in low-latitude ionosphere (Arecibo) striations are 6 + 7 times larger, than in middle
and northern latitudes (Platteville, Sura, Tromso).

1.2. Theory

The generation of striations was one of the most significant new physical phenomena, discovered during
ionosphere modification by powerful radio waves. The striations determine both the effective field aligned
scattering of UHF and VHF radio waves (AFAS), anomalous absorption of the pump wave (AA) and a
strong attenuation of a probe waves in a wide frequency band (WBA)[2, 3, 16]. A close connection of stria-
tions with a high frequency emission (SEE) of the disturbed ionosphere is also established [17—19]. Due to
anomalous absorption striations determine strong damping of the Langmuir turbulence, which effectively
develops in the vicinity of reflection point of an ordinary pump wave during the first 10 < 100 ms after the
pump switching on.

Resonance instability. The resonance instability [7—10] is developing in the so-called “resonance re-
gion"of the ionosphere in the vicinity of an upper hybrid resonance. In upper hybrid (UH ) resonance the fre-
quency of natural plasma UH waves is equal to the frequency of an ordinary pump wave (PW): fug = fpw.
[T the density depletion N exist in the UH region then the pump wave would energetically excite the UH
waves inside the inhomogeniety. Due to the heating of plasma by UH waves, the temperature of elec-
trons T, will grow up and the depletion amplitude Ny (0) will grow up as well. This process is called “reso-
nance'instability, as inhomogeniety plays role of a resonator, where the powerful ordinary waves effectively
pumps on the natural plasma UH waves due to the direct linear transformation on the gradient of density
inhomogeniety.

The resonance instability is nonlinear and explosive: N1(0) ~ (t —tp) ™, where ¢ is time, and coefficient
a ~ 1 =+ 2 depending on the characteristics of inhomogeniety. The main features of resonance instability
were confirmed by ionospheric experiments. Let us mention also, that the instability is determined by the
component of the pump electric field, orthogonal the Earth’s magnetic field at the upper hybrid level E&H
This component is high enough for the north and middle latitudes on the Earth and diminishes strongly
for the low latitudes A < 30°. Due to this the conditions of resonance instability excitation at low latitudes
(for example in Arecibo), are much more difficult then in middle and northern latitudes (Platteville, Sura,
Tromso, HAARP).

We note that the theory another name, usually used in literature for the same resonance instability
process is thermal parametric instability [20, 21].
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Stationary state of striations. A fundamental problem is the nonlinear stationary state which is es-
tablished after the full development of the resonance instability. Exactly this stationary state determines the
main characteristics of various nonlinear phenomena in the ionosphere, which were explored using different
radio methods (AFAS, WBA, SEE). Moreover, the striations were recently observed directly in experiments
in situ on board of rockets [11].

The theory of stationary state of the striations in ionospheric plasma was developed recently by Gure-
vich, Lukyanov and Zybin [22—24].

The stationary state of striations is described by a system of nonlinear stationary equations for trans-
port of particle density, electron temperature and equation for the electric field of plasma waves excited
in striations in the upper hybrid resonance region. All transport processes — diffusion, thermal diffusion,
thermal conductivity, together with recombination and energy exchange should be taken into account. We
emphasize, that in the F'-region transport is strongly anisotropic.

Solutions of this strongly nonlinear system was obtained by Gurevich, Lukyanov and Zybin [22, 23],
using small parameters which arise from the concrete physical situation in the reflection region of ordinary
radio wave. The obtained structure of isolated striation is shown at Fig. 2 of [23]. The threshold critical value
E. of electric field of the pump wave Eq, when stationary striation can exist (Eg > E.), is determined. It is
of the order 10 = 100 mV/m depending on ionospheric conditions and conditions of excitation. This value
is easily reached in ionospheric modification experiments.

[t follows from the theory, that the stationary striations are density depletions elongated along mag-
netic field lines on the scales L ~ 10 = 15 km. The characteristic half-width of the striations is [ ~
5 = 10 m. The depth of the density depletions |N1/Ng| ~ 1 + 10%. The shape, depth, and width of the
depletions depend on one dimensionless parameter; the width is growing with diminishing depth. The
considered stationary striations exist for a finite value at Ny > Ny, only, where Ny /No ~ 0.012.
We emphasize that the striations observed in experiments performed by Kelley et al. [11], their elonga-
tion (of the order of 10 km), the depth of density depletions (2 + 10% ), and their characteristic hali-width
scale (510 m) correspond well to the proposed theory. The minimum amplitude of the depletions observed
(1 +2%)is also in accordance with the theory.

The main prediction of the theory is a strong enhancement of electron temperature inside striations
Tenar/Te ~ 2 + 4 in the heated region near UH resonance point. This fact has not yet been observed.

We stress that the source responsible for the explosive character of resonance instability is a strong
heating inside striations which is proportional to (N1 /Ng)2. The stabilization comes from a nonlinear growth
of the transport coefficients (mostly thermal conductivity ) with the temperature T,. That is why the sta-
tionary solution exists only for large enough values of Tt /Te > 1.6 (or for N1 /Ny > 0.012). This nonlin-
ear stabilization process was not considered previously.

If the frequency of the pump wave fpw is in the vicinity of harmonics of the electron gyrofrequency
(frw = nfy)new physical processes become significant. We considered in [22] the excitation of striations
on the vicinity of the third gyroharmonic fpw = 3 fg. In this region not only upper hybrid plasma waves
(UHW), but a new one mode — the Bernstein mode (BW) — could be excited by the pump wave. The
significant difference between these two modes is that UHW is trapped inside the striations, but BW is not
trapped. The energy of UHW being trapped heats the striations. The BW propagates ireely transporting the
energy out of striations. That is why the amplitude of excited striations is falling down in the close vicinity
of the gyroresonance, where fpw = nfg.

Anomalous absorbtion and wide band attenuation. The existence of striations determines the anoma-
lous absorption of the pump wave and any other probe wave in a wide frequency range up to 200 <400 kHz
around the pump wave frequency — this is so called wide band attenuation (WBA). The absorption is due
to the excitation of upper hybrid waves inside striations by the direct linear transformation of the pump wave
or probe waves on the striation density depletions. As the excitation of striations depends nonlinearly on the

max
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amplitude of a pump wave, and the amplitude of a pump wave is damping due to the anomalous absorption
on striations, this two processes are strongly coupled. This connection depend significantly on the number
(or the density) of striations. Significant is also the leakage of the part of UHW energy to the Z-mode,
which is generated by the UHW in the presence of striations. All these processes were taken into account
in [24]. That allowed to construct the nonlinear theory of anomalous absorption. Previously anomalous ab-
sorption was considered only in a linear form: the waves are absorbing at the given striations (see reviews [3,
6]) Now we consider nonlinear situation, when the striations depend strongly on the pump wave field Ey,
but the pump wave itself is absorbed by striations. This process affects significantly the whole structure
of resonance region and is changing dramatically in the vicinity of gyroharmonic fpw ~ nfg. A strong
diminishing and even full disappearance of striations and anomalous absorption in the vicinity of the third
gyroharmonic fpw ~ 3 fx is shown by Gurevich et al. [24]. This effect is in a full qualitative agreement with
observations [16, 25].

Selffocusing on striations. The negative character of density disturbances in striations lead to a new
type of nonlinear interaction of the pump wave with the modified ionosphere — selffocusing on striations.
The process results in formation of bunches of striations [26].

When the ordinary pump wave is propagating in the direction along magnetic field a large number of
striations could be excited. The dimensions of striations across magnetic field are small in comparison with
length of the pump wave and the density depletion in striations Ny depend on the pump wave amplitude
Ey. Due to this the average over a large number of striations (V1) is negative and depend on Ey : (N1) =
(N1)(Eyp). It results in nonlinear positive correction in dielectric permitivity and lead to the focusing of pump
wave on striations. The self-focused pump wave amplitude has a bell-like form. The characteristic scale of
a bunch of striations L ~ 0.1 = 1 km, it is growing practically linearly with the Eypnax — maximal pump
amplitude in the bunch.

Maximal large scale structures in a low latitude ionosphere (patches). In a middle and northern
latitude ionosphere the striations are everywhere and the considered process of seli-focusing on striations
results in the developing of a wide range of large scale structures up to the maximal scales of the order of the
pump beam. Only the amplitude inhomogeniety of the incendent pump beam should be taken into account
to determine the form and scales of the maximal structures in the case. The last problem has not yet been
considered by the theory.

Quite a different situation is in the low latitudes, where the inclination angle o of the Earth’s magnetic
field to the vertical is large enough, a > 30°. For example, at Arecibo o ~ 40° and the direct generation of
striations due to excitation of resonance instability is very difficult or even forbidden for a not too powerful
pump wave here. The striations could be then freely excited only in the presence of a large scale inhomoge-
nietes which by itself exist due to the excitation of striations inside them. They form a special large scale
patches, where the strongly excited striations exist. Out of the patches there is no striations [27].

Thus the theory not only explains the rocket observations of Kelley et al. [11], but allows as well to
reconcile the significant differences in the radio observations at Arecibo and at middle and northern latitude
stations (Platteville, Sura, Tromso).

2. IONOSPHERIC TURBULENCE AND SEE

Wide spectrum of plasma turbulenceis observed in the numerous ionospheric modification experiments.
Mainly different radio methods of observations were used (radio scattering, radio scincillations, SEE emis-
sion, radio interferometry; see reviews of [4—6, 28]).

The following classification of the turbulent processes could be proposed

1. Low frequency turbulence f ~ 10 =3 + 102 Hz.

2. High frequency turbulence f ~ 3 + 10 MHz.
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3. Middle frequency turbulence f ~ 1 <+ 100 kHz.

Ionospheric turbulence is extremely wide problem. Here we’ll concentrate on a part of a mostly inter-
esting new results only.

The low frequency turbulence is closely connected with nonlinear structure of modified ionosphere.

Drift type instabilities could be excited in the striations due to the significant difference in electron
temperature enhancement and density depletions. Due to this plasma in striations is not in a fully equi-
librium state: strong gradient of electron temperature d7,/dr is not compensated by the density gradient
d Ny /dr. It results in generation of a drift electric current, which can lead to excitation of a drift type insta-
bilities. The excited waves are alongated the Earth’s magnetic field having the scales about of 1 km along
and 0.1 =+ 1 m across field lines, their characteristic frequencies are 10 + 100 Hz [26, 29].

Note that in the base of the spectrum of high frequency (HF) radio waves (f ~ 50 MHz) scattered by
striations at high powers of the heater wave, characteristic dopler width about of 30 Hz is
seen [30, 31]. The new mode with analogous minimal ifrequencies is detected in the rocket measurements
as well [11, 12]. One can speculate, that these observations — both in radio wave scattering and direct in
situ measurements support the existence of striations self-oscillations of drift waves, discussed here.

Striation turbulence is a nonlinear saturation state of the developed driit type instability [32]. This state
comes as a result of effective excitation of a instability inside striations, which began to decay and interact,
thus not establishing of a fully stationary state of striations. The striations turbulence frequency spectrum
has the widht about of 1 <+ 10 Hz. It depends mainly on the magnetic field inclination angle and intensity of
the pump wave. Striations turbulence is mostly strong at the UH resonance region, where the characteristic
scales of striations both accross and along the magnetic field are several times less than in a fully developed
stationary state. Due to the turbulence a transverse heat transport is strongly enhanced, what lead to the
effective averaging of electron temperature distribution T,. Temperature fluctuations AT, inside striations
are now not so strong, as in a fully stationary state AT, /T, ~ 0.1, but remain always positive (AT, > 0,
desity fluctuations AN/N ~ 1 + 3% — always negative (AN < 0).

Modulation instability could be excited in the process of nonlinear selffocusing on striations, if the
ionospheric drift caused in F'-region by the external electric field would be taken into account. This instabil-
ity can excite a frequency spectrum 10 ~! + 1073 Hz. The lowest frequency is determined by the oscillations
of the whole disturbed region fuin ~ L/Vqy, where L is the scale of the perturbed region, vq is the plasma
drift velocity across the magnetic field. One can speculate, that exactly these oscillations were observed in
a well-known optic measurements in Arecibo by [33].

Effect of amplification of a low frequency motions in striations due to the action of a high frequency
turbulence has been recently discovered. The frequency width of a field aligned scattered signal is usually
very stable — of the order of 1 + 5 Hz. Recent experiments by Ponomarenko et al. [34] have demonstrated a
significant growth of the frequency width near the third gyroharmonic. This important new result indicates
on a possible connection between a weakly nonstationary state of striations with the excitation of Bernstein
modes.

The high frequency and middle frequency turbulence are developing as a result of intensive pump-
ing of plasma waves in the resonant region by the powerful ordinary heating wave. It is deeply connected
with the artificial electromagnetic emission of modified ionosphere (SEE).

The main two processes are the development of a strong Langmuir turbulence near the reflection point
of O-wave due to parametric decay instability and the intensive pumping of UH wave in striations in the
vicinity of UH level. The wide class of nonlinear decay processes, cavitation and acceleration of electrons
determine the simultaneous development of the spectrum of high frequency and middle frequency turbu-
lence. Ton sound waves, low hybrid waves, the Bernstein modes, Z-mode are excited thus forming quite
a complicated turbulent region. Many interesting features of excited plasma turbulence were established
by combined experimental and theoretical analysis by Thidé, Stubbe, Leyser, Erukhimov, Frolov, DuBois,
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Mjglhus, Grach et al.

A detailed reviews of the recent state of the experimental studies is given by Frolov[35] and Sergeev|[36].
A fundamental new approach to the theory of decay process in upper hybrid region, taking into account the
trapping of UH waves in striations is developed by Gurevich et al. [37] and Mjelhus [38, 39]. The detailed
comparison of the theory and observations of SEE generated by strong Langmuir turbulence is given in [40].

3. EXPERIMENTAL PROGRAM

In conclusion it is natural to indicate on some experiments, which can significantly influence our un-
derstanding of a complicated physical processes in ionospheric modification.

1) Rocket in situ experiments are of the first class interest. Radio observations, using even the modest
technics, give only integral characteristics and due to this ask a detailed analysis to obtain an information
about physical processes. The rocket measurementrs using appropriate technics can give information not
only about nonlinear structures, but about ionospheric plasma turbulence both in middle frequency and
high frequency range, about spectrum of accelerated energetic electrons, electron temperatures and so on.
We emphasize, that the rocket measurements are local, what make it possible much more concrete analysis
of physical processes and comparison with the theory.

2) The detailed plasma line measurements for the field aligned scattered signal (AFAS) is extremely
desirable. Up to now, only one measurement of the plasma line is known done more than 20 years ago by
Minkoff et al. [14]. The AFAS plasma line measured with appropriate sensitivity (more than 30 dB to the
main level signal) has to give a fundamental information about UH plasma turbulence which determines
main physical process in modified ionosphere. Up to now it has been observed by SEE emission only.

3) Acceleration of electrons is one of the mostly interesting problems in ionospheric modification exper-
iments. The optic methods and incoherent scatter radar (ISR) Carlson’s method gave a significant infor-
mation about the electrons with energies 2 + 20 eV.

The specific measurements to study dependence of red, green and other optic lines of artificial airglow,
when the frequency of the heating wave is close to the multiple gyrofrequency ( fpw = nfr ) could be signifi-
cant. We know, that in the vicinity of the multiple gyrofrequency a dramatic reduction and even total vanish-
ing of striations take place. Such changes lead to strong reductions of the artificial red-line airglow possibly
even eliminating it, if the airglow results from the electron heating mechanism inside striations [41, 42].
On the other hand, since anomalous absorption fades significantly close to multiple cyclotron resonances,
the amplitudes of heating waves in the reflection region and the corresponding electron acceleration by the
Langmuir waves have to be magnified [43]. Notice that a strong asymmetry occurs in the vicinity of triple
cyclotron resonance. For the upshiited frequency fpw > 3 fg the striations that disappear at fow = 3fH
then come back for the upshiit of about 10 kHz , while for the downshifted frequency fpw < 3fg the stri-
ations come back if the downshiit is an order of magnitude more than above. It was also shown [44] that
in the frequency range of 20 kHz around the resonance, the effective acceleration of the electrons could
be influenced by the upper hybrid plasma waves trapped in the striations. Thus it is possible to expect an
essential asymmetry in the observations related to the accelerated electrons in the vicinity of the resonance.
Therefore detailed analysis of the airglow, excited by radio wave at frequencies close to multiple harmonics
of the cyclotron frequency, are of fundamental interest.

4) The Langmuir turbulence in the reflection region is developing in a few milliseconds timescales. In a
time scales of the order of 1 s the situation in the reflection region changes dramatically due to creation of
strong striations in the upper hybrid resonance region, which effectively absorb the pump wave below the
reflection point. It leads to a diminishing of the level of Langmuir turbulence in the reflection region that
was proved by multiple experimental observations.
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Quite a special situation arises in the gyroresonance fpw = nfy, when striations and anomalous
absorption in upper hybrid resonance region disappears. What is the time development of Langmuir tur-
bulence, anomalous absorption, SEE emission, and striations in the reflection region in the gyroresonance
conditions? What processes determine the stationary state of the system in that case? This problem is of
fundamental interest.

The first preliminary results of its experimental study are reported recently by Leyser et al. [45].

The author acknowledges multiple helpful discussions with Dr. H. Carlson and Dr. K. Zybin. The work
was partially sponsored by the EOARD SPC 97—4049 and RFBR 96—02—16465.

REFERENCES

Ultlaut W.F. // J. Geophys. Res. 1970. V.75. P. 6402.
Ultlaut W. E, Cohen R. // Science. 1971. V. 174. P. 245.
Gurevich A. V. — Nonlinear Phenomena in the lonosphere — Springer-Verlag, New York, 1978.
Fejer J. A. // Rev. Geophys. 1979.
Epyxumon JI. M. u 1p. — B kn.: TensioBble HesuHelHble siBjeHust B miiaame — lopbkuii: MTIPAH,
1979. C.7.
6. Robinson T.R. // Phys. Reports. 1989. V. 179. P. 79.
7. Vaskov V. V., Gurevich A. V. // Sov. Phys. JETP. 1975. V.42. P. 91.
8. Vaskov V. V., Gurevich A. V. // Sov. Phys. JETP. 1977.V.46. P. 487.
9. Mjelhus E. // J. Plasma Phys. 1983. V.29. P. 195.
10. Inhester B., Das A., FeierJ. // J. Geophys. Res. 1981. V.86. P. 9101.
11. Kelley M. C. et al. // J. Geophys. Res. 1995. V.100. P. 17367.
12. Franz T. L. nee Arce, Kelley M. C., Gurevich A. V. // Radio Sci., to be published, 1998.
13. Fialer P A. // Radio Sci. 1974. V.9. P. 923.
14. Minkoff J., Kugelman P, Weissman 1. // Radio Sci. 1974. V.9. P. 941.
15. Rao P.B., Thome G.D. // Radio Sci. 1974.V.9. P. 987.
16. Stubbe P. et al. // J. Geophys. Res. 1994. V.99. P. 6233.
17. Leyser T.B. et al. // J. Geophys. Res. 1990. V.95. P. 17233.
18. Leyser T. B. et al. // Phys. Rev. Lett. 1992. V.68. P. 3299.
19. Bernhardt P. et al. // Phys. Rev. Lett. 1994. V.72. P. 2879.
20. Grach S. M., Trakhtengertz V. Yu. // Radiophys. Quant. Electron. 1975. V.18. P.1288.
21. Grach S. M. et al. // Radiophys. Quant. Electronics. 1977. V. 20. P. 1254.
22. Gurevich A. V., Lukyanov A. V., Zybin K. P. // Phys. Lett. A. 1995. V. 206. P. 247.
23. Gurevich A. V., Lukyanov A. V., Zybin K. P. // Phys. Rev. Lett. 1995. V. 75. P. 2622.
24. Gurevich A. V., Lukyanov A. V., Zybin K. P. // Phys. Lett. A. 1996. V.21 1. P. 363.
25. Stocker A.J. etal. //J. Geophys. Res. 1993. V.98. P. 13627.
26. Gurevich A. V. etal. // Phys. Lett. A. 1998. V. 239. P. 385.
27. Gurevich A.V.et. al. // Phys. Lett. A. 1999. V.251. P. 311.
28. Stubbe P, Hagfors T. // Surveys in Geophys. 1997. V. 18. P. 57.
29. Antoni S.N. —- In Book of Abstracts: Vth International Suzdal URSI Symposium on the Modifi-
cation of lonosphere, Suzdal, 1998. P. 14.
30. Korovin A. V. et al. // Radiophys. Quant. Electronics. 1982. V. 25. P. 195.
31. Noble S. T,, Djuth F. T. // J. Geophys. Res. 1990. V.95. P. 15195.
32. Gurevich A.V., Zybin K.P. // Phys. Lett. A. 1999. (in press)
33. Bernhardt P. A, Tepley T. A., Duncan L. M. // J. Geophys. Res. 1989. V.94. P. 9071.
34. Ponomarenko P. V., Leyser T. B, Thidé B. // Geophys. Res. Lett. 1998. (in press).

OLk W=

A.V.Gurevich 605



1999 Hsze. BY306. PAIIHOPH3HKA Tom XLII Ne7

35

36.

37.
38.
39.

40.
41.
42.
43.
44,
45.

P.

606

. Frolov V. L. — In Book of Abstracts: Vth International Suzdal URSI Symposium on the Modification
of lonosphere, Suzdal. 1998. P. 19.

Sergeev E. N. — In Book of Abstracts: Vth International Suzdal URSI Symposium on the Modifi-
cation of lonosphere, Suzdal. 1998. P. 21.

Gurevich A. V., Carlson H. et al. // Phys. Lett. A. 1997.V.231. P. 97.

Mijglhus E. // J. Geophys. Res. 1998. V. 103. P. 14711.

Mjglhus E. — In Book of Abstracts: Vth International Suzdal URSI Symposium on the Modification
of lonosphere, Suzdal. 1998. P. 24.

Cheung P. Y. et al. // Phys. Rev. Lett. 1997. V.79. P. 1273.

Mantas G. P, Carlson H. // J. Geophys. Res. 1996. V. 101. P. 195.

Gurevich A. V., Milikh G. M. // J. Geophys. Res. 1997. V. 102. P. 389.

Gurevich A. V. et al. // J. Atmos. Terr. Phys. 1985. V.47. P. 1057.

Dimant Ya. S., Gurevich A. V., Zybin K. P. // J. Atmos. Terr. Phys. 1992. V.54. P. 425.

Leyser T. B. et al. — In Book of Abstracts: Vth International Suzdal URSI Symposium on the Mod-
ification of lonosphere, Suzdal. 1998. P. 18.

N. Lebedev Physical Institute [TocTynuna B pejakiiuio
of RAS, Moscow, Russia 25 cespans 1999 1.

A.V.Gurevich



Tom XLII Ne7 Hsze. BY3068. PAIIHOPH3IHKA 1999

A SEARCH FOR THE LOCATION OF THE HF EXCITATION
OF ENHANCED ION ACOUSTIC AND LANGMUIR WAVES
WITH EISCAT AND THE TROMS® HEATER

B.Isham?', T. Hagfors?, E. Mishin?, M. T. Rietveld?, C. LaHoz?3, W. Kofman*, T. Leyser®

In an effort to understand the mechanisms which give rise to the enhanced ion acoustic and Langmuir waves
in HF modification experiments, measurements were made with the EISCAT Tromsg heater and the two inco-
herent scatter radars to locate the regions of enhancement in space. Simultaneous measurements were made of the
enhancements with both the VHF (224 MHz) and the UHF (933 MHz) radars, the latter being scanned in the mag-
netic meridian plane between vertical and field aligned through the Spifze angle. The results show that enhanced
bottom-side and topside ion acoustic and plasma waves at UHF and VHF are a common phenomena in these da-
ta. UHF topside enhanced plasma waves were not observed, possibly due to lack of radar sensitivity. At UHF the
enhanced ion waves were strongest when the radar was pointed between the Spitze angle and geomagnetic field
aligned direction. The topside features we believe give evidence for the production and propagation of Z-mode waves
during this experiment. There is no evidence in these data for a decay of Z-mode waves into Bernstein and lower
hybrid waves inside the overdense F layer as we believe to have observed previously.

INTRODUCTION

EISCAT ionospheric HF modification experiments occationally show evidence that features such as
the outshifted plasma line, an enhancement of plasma oscillations at a frequency higher than the heater
frequency by hundred to several hundred kHz [1]. There is ample evidence that effects of the HF wave is
often able to penetrate the normal reflection level (critical level), travel through the ionosphere to the topside
whilst retaining enough strength to cause excitation of both ion acoustic and plasma waves at a level where
the plasma frequency is again close to the heater frequency [2]. An explanation of the outshifted plasma line
originating from a height above the critical level has been advanced in terms of coupling of the O-mode
to a Z-mode at the O-mode reflection level, a decay of this Z-mode wave into Bernstein and lower hybrid
waves at the level of reflection of the Z-mode, with associated electron acceleration and enhanced plasma
turbulence [3]. This type of decay ought only to take place when the heater irequency is near a multiple of
the gyro-frequency, a requirement for long wavelength Bernstein waves to be excited.

In order to test these ideas, and to reaffirm certain previously obtained results, we planned a series of
experiments with the Tromsg heater and with EISCAT UHF and VHF radars as diagnostics in addition to
stimulated electromagnetic emission (SEE) observations. These experiments were planned to include the
following.

1). Measurement at high resolution of the EISCAT HF enhanced plasma line spectra, with the goal of
locating the cascade spectrum relative to the matching and reflection heights during daytime experiments.
The observed irequency range must be wide enough to include the outshifted plasma line.

2). Measurement of the heater enhanced spectra, and particularly their distribution in height as the
Incoherent Scatter Radar (ISR) UHF beam scanned along the magnetic meridian in steps between 13°
south of zenith and 13° north of zenith (only the south of zenith scans were carried out in our experiments).
The scanning would then include field aligned at the south extreme, and the two Spitze directions at ap-
proximately 6° north and south of the zenith. (Between the two Spitze directions the reflection height stays
constant at the level where the heater frequencyis equal to the plasma frequency. The reflection height drops
beyond these limits. At the Spitze angles the k-vector of the heater wave is aligned with the direction of the
geomagnetic field). The requirement to include the outshiited line in the spectra applies here also. We would
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expect the penetration of the ionosphere to occur at defined directions associated with the close coupling of
the Z-mode and the O-mode in a limited angular “window”.

3). The scanning for heater irequencies close to a multiple of the electron gyro frequency, and for a heater
frequency about half way between multiples of the gyrofrequency. The outshifted plasma line frequencies
must be included in the observed spectra. If the scenario described above is correct, the outshifted plasma
line at heights above the critical level should only be observed when the heater frequency is close to a
gyroharmonic.

4). Performance of low HF duty cycle experiments with increased/lowered HF power during EISCAT
experiments in order to investigate the effects of increased/lowered power on the generation processes.

5). Performance of observations with the EISCAT tristatic configuration at high altitude and horizontal
resolution in order to observe the effect of the geometry on observations of the normal HF plasma line and
on the outshifted plasma line.

6). Simultaneous observations of SEE. It would be particularly interesting to examine the spectra at
different angles to see if the spectral features are related to particular directions of arrival (not carried out
during the experiments).

7). ISR observations of electron density profiles and temperatures profiles interspersed with the obser-
vations.

8). Dynasonde measurements for continuous observations during the runs.

1. DETAILS OF THE OBSERVATIONAL PARAMETERS

The incoherent scatter radars were programmed to make a number of different measurements nearly
simultaneously. The sequence of transmissions and reception periods of the UHF radar is shown in Table 1.

The UHF radar antenna system was pointed between vertical and 13° zenith angles, stepping by 2
and dwelling at each direction for 60 sec. The VHF system was pointed vertically at all times because
operational restrictions prevent the stepping through a zenith angle sequence. The UHF peak power was
1+1.2 MW, and the VHF peak power was 2 MW. The antenna gains (dBi) of the two radar systems are
48 dB and 46 dB, respectively.

The heater duty cycle was kept to a minimum in order to as much as possible avoid the creation of ther-
mally induced effects such as the creation of field aligned striations and other electron density modifications.
The heater pulse lengths used were normally 200 ms on every 10 sec. The heater peak power level (ERP)
was kept at 160180 MW for the normal heater antenna, and 512576 MW for the superheater[4], giving
a free space power density at the reflection height at approximately 230 km of 0.3 to 0.9 mW/m?2. The heater
antenna beam was pointed in the direction of the Spitze, i.e., 6° to the south of zenith. The total beam width
to the 3 dB points of the heater antenna was 15° and for the superheater 7°. The superheater was operated
on 26 November, 1997 between 11:07 and 11:35 UT and on December 1, 1997 between 11:34 and 11:50
UT.

The Dynasonde was operated at regular time intervals in order to monitor the ionospheric conditions
and to ensure that the heater frequency was kept below the maximum plasma frequency of the ionosphere
at all times. SEE observations were carried out part of the time with a different heater modulation. These
observations will be reported on in a separate paper elsewhere.
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Description of the ISR observations of the VHF and UHF diagnostics

Start | Observation properties Description of the observation
times
(ps)
0 | PRP (pulse rep. period) start Beginning of observation cycle
1290 | tx* IL+PL PP (100 pus pulse) [on line and plasma line power profile
3630 | tx IL+PL (2 ps pulse, 20 us spacing, | Multiple ambiguous short pulse obser-
44[UHF] or 51[VHF] pulses) vations at UHF and VHF channels
10150 | cb** IL+PL PP Calibration of single pulse power profile
10860 | tx IL+PL+OPLJUHF] MPPP (2 pus | Multiple pulse UHF and VHF power
pulse, 120 us spacing, 9 pulses) profiles of ion line, plasma lines and out-

shifted UHF plasma line
17130 | tx IL ACF (320 us pulse UHF, 1020 us | Long pulse observation of ion line auto-

Table pulse VHF) correlation functions

22230 | tx PL chirped (128 us pulse) Chirp observations

26230 | tx PL unchirped (128 us pulse) Observation with zero chirp rate

29330 | tx IL+PL remote sites (960 us pulse) | Transmission of long pulse for remote

[UHF] site observations of ion line and plazma-

lines

32030 | cb OPL MPPP [UHF] Calibration of outshifted plasma line
multiple pulse power profile channel

32330 | cb IL ACF Calibration of ion line autocorrelation
channel

34700 | cb PL chirped Calibration of plasma line chirp channel

35600 | cb PL unchirped Calibration of plasma line zero chirp
channel

38000 | PRP end and repeat End of observing cycle, repeat

*tx=transmission
*cb=calibration and background

2. OBSERVATIONAL RESULTS

The experiments were conducted in November and December, 1997. The UHF (933 MHz) incoherent
scatter radar was scanned between vertical and field aligned in order to measure the height of occurrence of
the enhanced plasma oscillations and possible dependence of the enhancements on the angle of incidence
of the heater wave. The VHF (224 MHz) was kept pointing vertically at all times. Ample evidence was
found to show that there is coupling through the ionosphere of the heater wave creating enhanced plasma
and ion oscillations on the topside of the ionosphere, presumably due to Z-mode propagation. Somewhat
to our surprise the penetration was not confined to specific elevation angles of the UHF radar beam which
one might expect if the major O to Z mode coupling occurs near the Spitze angles. We shall return to other
possible explanations under the discussions at the end of the paper.

In the present experiment we detected no entirely convincing evidence of a decay of the Z-mode into
lower hybrid and Bernstein modes above the reflection level. However, the low peak electron density during
most of the experiment most likely prevented Z-mode reflection from occurring. The excitation of plasma
waves at the topside was observed with the VHF radar and the observation of ion-acoustic waves at the
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Fig. 1. Observations of high and low resolution UHF power profiles, Nov. 26, 1997.

topside was commonly observed at UHF. At UHF the excitation of ion-acoustic waves at the bottom of the
ionosphere is strongest in a region near field aligned pointing. The excitation at the top of the ionosphere
occurs over a wide angular range, which is surprising in view of the narrow window expected to exist for
efficient coupling of the O- and Z-modes. The height where ion-acoustic waves are excited is the lowest
where the UHF beam is aligned with the magnetic field. The ion line appears to originate near the critical
level when the UHF beam is pointed vertically, but below this height when field aligned. In the few cases
where UHF plasma lines are observed the origin appears to be below the height of the ion line oscillation by
several km.

In Fig. 1 with data from November 26, 1997, the top trace shows the power in the UHF radar system as
a function of time. The second trace displays the variable pointing direction of the UHF antenna with the
Spitze direction shown as a horizontal line. The three next traces show power profiles of the ion line, the
plasma line and the outshifted plasma line. The sensitivity is insufficient to give reliable data in these three
channels. The two last traces show power profiles of the ion line and the plasma line with a longer pulse
and higher sensitivity. The presence of a topside ion line is clearly shown, and it should be observed that the
line is only clearly apparent when the UHF radar is pointed in directions between the Spitze and the field
aligned direction. The ion line enhancement below the ionospheric maximum appears to be present for all
pointing directions. The same may be seen for the plasma line, which does not have a topside counterpart,
or a counterpart so weak that it is not observable.

In Fig. 2 the lower six traces show the same quantities as in Fig. 1 but for December 1, 1997. In Fig. 2
a topside feature is not in evidence, but here there appears to be a preference for bottom side plasma line
excitation in directions centered on field aligned. Fig. 3 is the continuation of Fig. 2. The only remarkable
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Fig. 2. Observations of high and low resolution UHF power profiles, Dec. 1, 1997.

feature is the brief reappearance of the topside ion line enhancement between 12:36 and 12:48.

In Fig. 4 the height of the heater enhanced features are shown for the VHF observations in two different
height resolutions also for December 1, 1997. At the bottom of the ionosphere there are strong enhance-
ments both at the ion line and at the plasma line frequency. A topside feature is evident in the plasma line
only at 12:42, at approximately the same time as the appearance of a topside ion line feature in the UHF ob-
servations. The continuous height variations as a function of time probably only reflect natural ionospheric
changes.

Figs. 5 and 6 show results from the UHF chirp observations. The leit five strips show the channel with
a chirp rate of 30 kHz/km, the right five with a chirp rate of zero. The total frequency interval in each
strip is | MHz. The times when the UHF antenna is pointed in the field aligned direction are indicated by
arrows. The strength of the plasma line in these observations is correlated with the pointing direction of
the UHF antenna, being stronger when the antenna is pointing field aligned. Indications of an outshifted
plasma line is in evidence between 12:24 and 13:12 UT. The frequency separation is approximately 130 kHz
and remains remarkable constant during these observations. By comparing this frequency to the frequency
separation observed in the chirp channel with a chirp rate of 30 kHz/km one can conclude that the outshifted
plasma line originates some 2 km below the height of the normal plasma line. At 12:00 UT, however, there
is somewhat unconvincing evidence of an outshiited line. There is a jump down in height of a few km either
because of profile changes with time or because of the change in pointing of the antenna beam. It should
be observed that the downward displacement in height between the normal and the outshifted lines occurs
when the heater frequency is 4.544 MHz which is not an integral multiple of the electron gyro-irequency,
so that the theory advanced by Mishin et al. [3] to explain such a shift cannot be invoked.

Figs.7 and 8 show the height of the ion line enhancements as a function of time for 26 November
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and | December, respectively. The heights of the two enhancements appear to be very closely the same,
presumably the height of the reflection level. The UHF ion line height variation is quite difficult to determine
because of the weakness of the signal. There appears to be a tendency for the UHF ion line height to fall
below the VHF height, particularly when the UHF is pointed in the field aligned direction. This statement
is, however, uncertain because of the subjective filtering which had to be involved in the drawing of the
height variation of the UHF ion lines.

3. DISCUSSION AND CONCLUSIONS

The conventional approach used to interpret incoherent scatter radar spectra following the injection of
intense ordinary mode HF radio waves is based on the paradigm that there are two main regions (layers),
the matching height H,, and the reflection height H,, where enhanced plasma waves are generated via
the process of Langmuir turbulence [5]. However, experiments show that plasma line enhancements may
occur anywhere between H,, and H,, and the outshiited plasma line (HFOL) phenomenon suggests the
possibility of additional processes also occurring. In some experiments the HFOL has been interpreted as
coming from heights apparently above the critical level. In these cases the conditions were favorable (near
Spitze) for the O-mode to be converted to the Z-mode, which would then propagate past the O-mode
critical level to its own reflection or cutoff level and the heating frequency was close to a multiple of the
electron gyro-frequency. Another suggestion involves the mode coupling through the reflection level due
to irregularities formed at the critical level by the strong HF heater wave [6]. Yet other suggestions have
been advanced to explain how excitation can occur above the reflection level. One of them involves kinetic
effects carried through the reflection level on electron beams [7]. We believe that the most likely mechanism
is through the O-mode to Z-mode coupling. The nature of the coupling mechanism is, however, not clear.

[t has been shown that the Z-mode might decay into electron Bernstein and lower hybrid waves with
subsequent acceleration of electrons yielding the enhancement of the Langmuir waves observed as the
HFOL[3, 8]. A similar decay of the O-mode into electron Bernstein and lower hybrid waves is suggested
to contribute to the stimulated electromagnetic emission phenomenon [9].

Thus the HFOL and at least some part of the SEE may be the outcomes of the same or a similar
process. That is, generation of Langmuir waves by electrons accelerated in the course of the above decays
below/above the critical layer when the heater frequency is close to a harmonic of the local gyro-frequency.

Intense Langmuir turbulence may also be generated due to Z-mode transformation into Langmuir
waves (e.g., [10]) independent of how far the heater frequency is away from gyroharmonics either after
the Z-mode is reflected and returns to the critical level or when the Z-mode penetrates the ionosphere and
meets the critical level at the top side. The manifestations of strong (cavitating) or weak (cascading) tur-
bulence, depending on the transforming power, may be expected at these transformation levels. In addition,
due to the asymmetric electron acceleration by the electrostatic wave pattern, one may expect plasma line
enhancement well below the transformation region.

Given the southward (toward field-aligned) displacement of the Z-mode, the horizontal displacement
of the Z-mode transformation region from the O-mode conversion region may be as large as 15+-20 km
(ct. [10]).

Our results may be summarized as follows. 1) Enhanced bottom-side and topside ion acoustic and
plasma waves at the UHF and VHF are a common phenomena in these data. However, UHF topside
enhanced plasma waves were not observed, possibly due to a lack of radar sensitivity. 2) At UHF the en-
hanced ion waves were strongest when the radar was pointed between the Spitze angle and geomagnetic
field aligned direction. 3) The topside lines we believe give evidence for the production and propagation of
Z-mode waves during this experiment. 4) There is no evidence in these data for a decay of Z-mode waves
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into Bernstein and lower hybrid waves inside the overdense F layer. 5) High resolution (300 m) power pro-
file data give evidence for a low level of irregularities during the experiment as intended with the low duty
cycle used.

Perhaps the most interesting results are the observations of topside ion line enhancements with both the
UHF and VHF radars, and topside plasma line enhancements with the VHF radar (although our data do
not rule out UHF topside plasma line enhancements). The UHF enhancements depend on the field angle,
occurring principally at angles between the Spifze angle and field aligned, while the VHF enhancements
occurred with the VHF radar pointed vertically, where it remained during the entire experiments. These
results confirm and expand on the topside UHF ion line enhancements reported by Isham et al. [2].

The standard theory of Z-mode propagation predicts O mode coupling from the bottomside into the
overdense plasma in a very narrow angular range located at the Spifze angle [11]. However, the observa-
tions reported here show the topside excitation occurring over an angular range of many degrees, which
appears to be incompatible with the existence of a very narrow coupling window. In fact, the HF ray paths
at angles outside the Spitze region should not even reach the critical level, making it particularly hard to
explain the O-mode to Z-mode coupling mechanism. By the same token, it is difficult to imagine how en-
hanced plasma lines can be created when the HF rays, for example, turn around several kilometers below
critical at field aligned, while theories for strong Langmuir turbulence suggest that induced lines should
commonly appear at the critical level . On the other hand, enhanced lines appearing near the UHF radar
matching height are difficult to explain as the electric field of the HF pump remains nearly perpendicular to
the geomagnetic field until within a kilometer or two of critical [12].

Note, however, the O-mode decay into electron Bernstein and lower hybrid waves [9, 13]. The optimum
conditions for this process is in the vicinity of the upper hybrid layer, i.e., X (Hy,p) = 1 — Y2, where Hy,
is the height of reflection of the upper hybrid mode, Y = wp /w, wy is the angular electron gyrofrequency,
X = wf)/wz, and wy, is the angular plasma frequency. This level is displaced from the reflection layer by
SHyup ~ —Y? . L,, where L, is the scale size of the electron density profile. For Y = 1/4 it yields a height
difference  H,p, ~ —6 km, which is of the same order as § H,,, the height difference between the critical level
and the Langmuir wave matching level for the EISCAT UHF radar. In the case of injection parallel to the
magnetic field By for the EISCAT conditions at Y <1/3, the reflection height H\ is defined by the equality
X (H)) ~=0.95 which is practically equivalent to the condition w,(H|) = wyr cos x (x is the angle between
the wave vector and the vertical at launch, wg r is the angular frequency of the HF heater wave) valid for
an unmagnetized plasma. This results in a height difference of H| — Ho ~ —2.5 km, where Hj is the
height of refrection of the O-mode. Therefore the O-mode decay into electron Bernstein and lower hybrid
waves may develop similarly to the vertical injection resulting in acceleration of suprathermal electrons and
enhancement of Langmuir waves.

[t might be argued that irregularities play a role, but as noted the high resolution power profile data
argue against this, as does the sheer angular extent where coupling to what is believed to be the Z-mode
is observed, as well as the question of why then the coupling should not also occur at angles between the
Spitze and vertical.

Another phenomena in need of theoretical explanation is the mechanism which produces the topside
enhancement. It is most likely Z-mode waves which are directly causing this enhancement through the
excitation of plasma instabilities. Excitation after reconversion to O-mode would seem unlikely as the O-
mode wave would then be above the topside critical level, with nothing to prevent it from propagating freely
away into space. Satellite observations suggest that the Z-mode can convert to O-mode in the topside F
region. However, even if the O-mode wave were able to excite topside instabilities, topside Z-mode to O-
mode conversion is likely to be substantially less than 100% efficient. Z-mode power is already reduced due
to inefficiency in the topside O-mode to Z-mode coupling process — if it were not inefficient, there would be
no power left to excite bottomside enhanced lines. The Z-mode power density at the topside critical level will
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also be reduced from that at the bottomside point of origin by 72 losses. These considerations add support
to the case for direct Z-mode excitation of topside instabilities. The coupling via particle kinetic effects has
also been suggested as an explanation of the topside enhancement [7, 14]. We believe this to be unlikely
because the memory of the plasma oscillations at the bottomside carried by electron streams to the topside
must be completely lost when the electrons cover a distance corresponding to a large number of free paths
between the bottom and the top of the ionosphere.

The opposite behavior of the intensity ratios of the enhanced lines on VHF and UHF is also notable.
The intensities of the VHF lines behave as it is usually expected with the plasma line being stronger than
the ion line, while the ion line is strongest in the UHF data, another unexplained observation.

We note that HF frequencies near multiples of the electron gyrofrequency were used about half the
time. Although gyrofrequency-dependent effects have been observed during heating experiments [15], it is
unlikely that such an effect might occur by chance, and in any case the ionosphere did not remain suffi-
ciently steady for the HF frequency to match a gyroharmonic for any significant fraction of a UHF antenna
scanning cycle.

As already mentioned above there is no evidence for a Z-mode to electron Bernstein and lower hybrid
mode decay, which was predicted to be observable in the presence of Z-mode propagation as a type of UHF
outshifted line by Mishin et al. [3].
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YK 533.951, 537.868

BJIMSIHUE MEJIKOMACIUTABHbIX HEOJJHOPOJHOCTEM HA XAPAKTEPUCTUKH
OVERSHOOT-39®®EKTA B 3BOJIFOLUIUH UCKYCCTBEHHOT'O PAAUOU3JIYYHEHUS
MOHOCPEPDI.

YACTDb I. CTAAHUSI PASBUTHS

E.H.Cepeees?t, C.M.Ipaul, I'.Il. Kompakos*, B.JI. ®poros?,
I1. lllmy66e?, B. Tuoe?, T. Jletizep®, T. Kapossu®

[pescTaB/ieHbl pe3yJibTaThl SKCIIEPUMEHTANbHBIX HCCJE0BAHNE BOJIOLMH MCKYCCTBEHHOTO PaHOU3Jyde€HUsSI HOHO-
ctepol (MPU) npu momudukaumu F-o6aact HoHocdepbl ¢ nomolibio MotiHoro KB paauousiyuennsi B mimpokom
JiHara3oHe YacToT BOJIHBI Hakauku. [1poBeseHO corocTaB/eHne XapakTepucTHK overshoot-sddekra B sBosoLmH
WPH ¢ nanubiMu Habsto1eHHi 3¢hdekTa aHoMasibHOro ocJiabJ/IeH|st U paKypcHOTo paccesiHusi paanoBoJiH. [TokasaHo,
uTo overshoot-sddekr sB/sgeTCs CIeACTBUEM aHOMAJIBHOTO 0c/1a6J/IeH!sT U3JIyYeHHsl TIPH PaCCesTHUM Ha MeJIKoMac-
IITaGHBIX MCKYCCTBEHHBIX HOHOC(EPHBIX HEOJHOPOAHOCTSX. BbISIBJIEHO YMEHbLICHHE XapaKTepHbIX BPEMEH Pa3BUTHS
overshoot-sddekra u BozpacTaHue ero BeJMUHHBI MIPH YMEHbLIECHUH YacTOThl BOJIHBI Hakauku ot 6 MIiL no 4 MI1y,
KOTOPbIE CBA3bIBAIOTCSI ¢ OOHAPYKEHHBIM BO3pACTAHHEM MHTEHCHBHOCTH HEOJHOPOJAHOCTEH B 06JsacTH MacluTaboB
ly ~3+10m.

BBEJEHHWE

[1pu B3aumonefictun mMoutHoro KB pannousnyuenus O-nossipudatinu ¢ niagmoi F-o6gaactu HoHoche-
pbl BOJIM3KM YPOBHS OTpaxKeHHst BoJiHbl Hakauku (BH) Bo3Oy:knaercs nckycctsennas nonocdepnasi Typoy-
JIEHTHOCTb — BbICOKOUACTOTHbBIE MJIa3MeHHble BOJIHbI [ 1 -5] M MesiKomMaciTaGHble HCKYCCTBEHHble HOHOChEep-
Hble HeopHopoaHoctd (MUMH) ¢ 1] < ¢/ fgp, CUIbHO BBITSIHYTbIE BIOJIb MATHUTHOTO M10JIs1 Hy(l, < L)o—
15]. 3necnb fpy — uwacrora BH, [ u 1, — macwra6et MUH cooTseTcTBeHHO BIOJIb M NONEPEK MATHUTHO=
ro noJisi. McesienoBanusi CBOMCTB BbICOKOUACTOTHON MJIa3MEHHOU TypOYJIEHTHOCTH MPOBOJASATCS C MOMOILIBIO
HeKorepeHTHoro paccesinus paanosost (HPP) YKB muanasona [1—3]. MUWH onpenensitor shpekThr aHo-
maJsibHoro ocsabaenus (AO) [6-9] u pakypchoro paccesiiusi BoJiH (PPB) B KB u YKB muanasonax [10—18],
KOTOpPbIE UCIOJb3YIOTCS [/ AMarHOCTHKH CBOHCTB HOHOC(EPHBIX HEOTHOPOTHOCTEH.

B nocsieanue roapl MFHTEHCHBHO MPOBOAATCS UCCJIEI0BAHNS HCKYCCTBEHHON HOHOC(HEPHOH TypOyIeHTHO-
CTH C MOMOILbIO HCKYCCTBEHHOTO paaroudnyuenusi vonocdepsl (MPH) — BropuuHoro ssnekTpoMarHuTHOroO
M3JTyUeHHs] C LIMPOKMM CrIeKTpoM B o6s1act otetpoek [A f| = | fupu — fen| < 200 k[t [19]. Mcenenosanns

MPOLECCOB FeHepallui UCKycCcTBeHHOH TiasmeHHon iunuu, MUIH u IPU, B yacTHOCTH Mpu NPOBEIEHUN HX
oaHOBpeMeHHbIX HabJmoenn# [3,11], mokasasnu, uto Ha popmupoBanue crnekrpa MPU onpenensiouiee Biu-
sIHME OKAa3bIBAIOT KAK BbICOKOUACTOTHAS MJa3MeHHast TypOy/JeHTHOCTb, TAK U HU3KOUACTOTHbIE BO3MYLIEHHUS
3JIEKTPOHHOH KOHUEHTPAUMH. SIBJsACH MPOAYKTOM TPaHCHOPMALMK BbICOKOUACTOTHBIX MIa3MEHHBIX BOJIH,
MPU Hecer B cebe HHTErPaJibHYIO 0 00bEMY BO3MYIIIEHHOH 00J1aCTH HHPOPMALIHIO O PA3JIMUHBIX HEJMHEH -
HBIX MIpolleccax, ONpeessioluX CBOHCTBA HCKYCCTBEHHON HOHOC(hePHOH TypOYJIEHTHOCTH H MEXaHU3MbI Te-
HepaluK Pas/nuHbIX ero crekTpasibHbix KomnoHeHT [20-25]. Cnekrpanbhbiii coctaB MPU o6napyxusaer
3aMeTHYI0 3aBUCUMOCTb OT uacToThl BH. Jlsisi uacTtoT, noctatouno ynaseHHbIX OT TAaPMOHHK 3JEKTPOHHON
rupouactoThl 1 fie (fie =~ 1,25 + 1,4 MI1), ocHoBHAs 10J151 U3/yUeHHSI COCPEIOTOUEHA B 00/I1aCTH OTPH-
HaresibHbIX OTCTpoeK OT yactoThl BH. OcHoBHBIMU crieKTpasbHbIMH KOMIOHEHTAMH H3JydeHHsl 311eCh §1B-
JISTIOTCS TJIaBHBIH CMeKTpasibHbli MakcuMyM (corsiacHo TepmuHogiornu [20—22] — Downshifted Maximum,
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DM) ¢ Afpy = fea — fupu =~ 8 + 18 kI, wmpokonosiocHast KomnonenTa uayuenus (Broad Continuum,
BC [21]) ¢ Afge ~ 15 + 120 kIl 1 yskonosiocnasi komnonenta usayuenns (Narrow Continuum, NC [21,
23])c Afye < Afpum-

B nacrosiuieit cepun pabot (cM. Takke [26—27]) aHanU3UPYIOTCS Pe3yJIbTaTbl HCCJEA0BAHUH IBOJIIOLUH
UCKYCCTBEHHOH HOHOC(EPHOH TYypOYJIEHTHOCTH B LIMPOKOM JuanaszoHe uactotr BH (He 61M3KUX K 1 fe ), MO-
JiyueHHble ¢ oMoliibio Metoia PPB u uamepennii xapakrepuctik AO pannososin u MPU. Ilpu uccnenosa-
Huu Bausinusg MMMH na cnektpanbhble U auHamuueckue xapakrepuctuku P ocHoBHOE BHHMaHMe ye-
Jisiercst npupojie overshoot-sdhekToB — MosIBJIEHHIO BpeMEHHBIX MaKCHMYyMOB HHTeHcHBHOCTH MPH ¢ no-
CJI/LYIOLIMM yMeHbllIeHHeM HHTEHCUBHOCTH Ha CTaIUAX PA3BUTHS U PeJaKCcallik MeJKOMacCIITabHbIX HEOIHO-
poanocteil. [TockoabKy xapakTepHble BpeMeHa pa3Butus u pejsakcauuun MUIH Bapbupyiotcs B quanasone
0,5+30 ¢, mbl He OyzieM paccMaTpuBaTth GoJiee GbICTPBIE MPOLLECCHI (C XapaKTepHbIMU BpeMeHaMH MeHblie
wiu nopsizika 0,1 ¢), MMeIoIMX MeCcTo Ha HauaJbHON cTaauu Bo3neicTBus [3, 23—25]. B nacrosiuier pa6o-
Te pacmarpuBaercs crajaus passutuss MUVH u UPU npu nenpepbiBHOM BosaeiictBud BH Ha nonocdep-
Hyio njasmy. B [26] uccaenyercs BpemeHHOe noBeaeHue uanyuenusi Ha craaud penakcauun MUWH npu
UCIOJIb30BAHHK CXeMbl JIOTIOJHUTEILHOTO HarpeBa HoHocdephl. B [27] npuBoasiTCs HEKOTOPbIE Pe3yJibTaThl
yucJieHHoro MoaenupoBannst aunamukn MMPU, Boinosnnennoro aist monenu "noitnoit Tpancdopmaunu-[28],
KOTOpbI€ MO3BOJIAIOT GoJiee AeTalbHO UHTEPIPETHPOBATh IKCIEpUMeHTaNbHble AaHHble. [lesbio npoBenen-
HbIX UCCJIeIOBAHUH SIBJISIETCS M3yueHHe BO3MOXKHOCTeH ucnoJb3oBanus uamepennit MPU nnst amarnoctuku
cnektpabHbix xapakrepuctuk MUIMH npu paznnunbix uacrorax BH.

Pesy/ibTaThl 9KCMepuMeHTaNbHBIX HCCEA0BAHUN ObIIH TTOoJyueHbl Ha HarpeBHbIX cTenaax HUPOU “3u-
menku"(Humxunit Hosropon) u “Cypa-(Bacusabcypek), a takke “luccap-(yuiante). B kauectBe peru-
CTpaTopa CreKTpaJsbHbIX XapaKTePUCTHUK MPUHUMAEMbIX CHTHAJIOB HCIOJIb30BaJICs criekTpoananusatop HP
3585A B perKUMe 110CJ/1e10BaTE/ILHOTO aHau3a (BpeMsi CBUNUPOBaHUs 26 ¢). Jluist uccieoBaHus IMHAMUKH
u3J1yueHus ¢ 6oJiee BLICOKHM BpeMeHHbIM paspelienneM nopsiaka 100 Mc Ha (pUKCHPOBAHHBIX YACTOTAX MC-
nosb3oBanuch KB pannonpuemuunku. Kpome toro, 1715 anannsa ucnoJ/ib30Bajsuch pesyJ/ibTaThl U3Mepenui [8],
noJiyueHHble Ha ctenjie B Tpomce (Hopserus).

1. PE3YJIbTATbI 3KCIMEPUMEHTAJIbHBIX UCCJIEJOBAHUM

1.1 ConocraBjeHue pe3yabTaToB udmepeHuii xapakrepuctuk UPU u MUUH npu pazanunbix
yacrorax BH

OnnoBpemennble uamepenus xapakrepuctuk MPU u MUMH npu BosaelicTBuu Ha HOHOChEpHYIO MJ1a3My
B nuanasone yactot BH ot 6 MIi1 1o 3 MIii 6biiu BbinosiHensl B nepro ¢ 29 despads no 5 mapra 1988 rona
MPH UCMOJb30BAHUN HAarpeBHOro cTenaa “3umenku”. [Ipuem pakypcHo paccesiHHbIX CUTHAJIOB OCYLLECTBJISI-
sl Ha perucTpalnoHHoM nyHkre “IpakoBo” noja XapbKoBOM Ha UaCTOTAX 30HAMPOBAHUS faouy, =~ 14,996 MI11
(ctanuust TouHoro BpeMeHn, MockBa) U faouy, =~ 49,7 MILL(nepBblil TeeBU3HOHHBIN KaHaJ1), YTO O3BOJIHJIO
JIMATHOCLIMPOBATh HEOJHOPOJAHOCTH ¢ MaciuTabamu cooTBeTcTBeHHo [ ~ 13 M u l; ~ 3 MB. Ontumasnbhas
BBICOTA BO3MYILIEHHOH 06J1aCTH [ PaKypPCHBIX HAaOJI0IeHrI cocTasasa hgo ~ 230250 km. Habuonenus
nposoauiuch ¢ 16:00 1o 22:00 LT, npu 510M yMeHblLIeHHE KDUTHUECKOH YaCTOTbI fop,, 1 H3MEHEHHE PaKype-
HBIX YCJIOBHH MPUBOAMIO K HEOOXOAMMOCTH YMEHbLIEHHsI YaCTOThl BO3EHCTBHS HArPEBHOIO MepenaTynka
“Slerpe6"(adpdexTrBHAS MOUIHOCTD HU3ayueHnst P, &~ 10 MBT) ¢ fgy ~ 6 MI no 4,0 MIt u st nepenar-
urka “Bas"(P, ~ 1 MBr) Bruiots 10 2,8 MI11, uT0 1aBa/I0 BO3MOKHOCTb MPOCJEINTb 38 XapaKTePUCTHKAMH
MWHWH B ueHTpe Bo3MyllleHHOH 06J1aCTH HA pa3Hbix yacTotax BH.
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Puc. 1. Bapuauuu BpemeH pa3BuTust (7y) M cTalOHAp-
HOH HWHTEHCHBHOCTH PACCESIHHOTO PaJMOCHTHA-
qaa (Ig) masi I3 ~ 3 M (a), a TakKe 3BOJIOLHUS
xapakTtepucTuk pa3sutust IPHM u anomanbHoro
ocsiabsiennst BH (6, 1) npu pagjinuHbix uacToTax
Bo3zeicTBuUs (3umenkn — [pakoso, 29.02.88 —
05.03.88, 16:30 — 22:00 mcxk).

Ha puc. 1 a npencraBsenbl pedy/brathl 06paboT-
KU U3MEPEHUH CTAUMOHAPHON MHTEHCUBHOCTH CHUT-
HaJsla, pacCcesiHHOro 3-MeTPOBBIMH HEOJHOPOAHO-
CTSIMM, B 3aBHCUMOCTH OT yacTtoTbl BH. Bumto,
yTO NpH cHUKeHuH yactotel BH ot 5,750 MIiL no
4,015 MIiL MHTEHCUBHOCTb pacCesiHHOro CHUrHaJja
nnsil) ~ 3 mBo3pactana B k ~ 2 + 5 pa3. uten-
CHUBHOCTb paccesinusi /sl [ | ~ 13 M B JaHHBIX U3-
MepeHHsIX OCTaBasaCh MPAKTUUECKH HEH3MEHHOH.
ATO COOTBETCTBYET M3MepeHusiM Ha cTenae "[uc-
cap", B KOTOPbIX TAK¥Ke He 0OHaPYKEHO 3aBUCHMO -
CTH MHTEHCHUBHOCTH pacCCesiHUsl Ha J1eKaMeTPOBbIX
HeonHOpoaHOCTSIX ¢ [ & 10 M oTyacToTel BH[29].
Takum o6pasom, pe3dy/bTaThl U3MEPEHHH MOKA3bi-
BAIOT, UTO MPU yMeHblIeHHH uactoThl BH cnextp
MWUWH cranosurcs 6osiee nosorum. B npeanosio-
JKEHUU CcTeneHHoro Buaa cnekrpa MMIMH

n%al o & ” (1)
B HHTepBajie MacluTaboB || = 2mw/e; =~ 3 +
13 M umMeeT MecTo yMeHblLICHHE NTOKa3aTe s CTere-
HU p Ha Besnuuny 0,5--1 nMpu yMeHbILIEHUH YacTO-
ol BH ot npu6susurensuo 6 Ml no 4 Ml s
HauboJiee HU3KOH HUCIOJIb3yeMOH YacToThl fpy =
2,8 Ml (fsu > 2fue, 2fue =~ 2,63 MIu pans
h =~ 250 KM) HHTEHCUBHOCTb PACCEsHOTO CHI-
Hasma st [; ~ 3 M Oblia aumb B 24 pasa
MeHbllle MHTEHCHBHOCTH PacCesiHoro CUrHaJja npu
feu = 5,750 MIi1, xots a3ddheKTHBHAS MOLIHOCTD
BH (ucnosnbsoBancsi nepenatuuk “Bs3”) ymeHb-
miasach npu 3tom B 10 pas. OTMeTnm, 4TO B U3-
MepeHHsIX ¢ UcroJsb3oBaHueM crenaa “Cypa” npu
BO3JIEHCTBUU Ha uactoTax fgy > 8 MIi1 paccesin-
HbIU CUTHAJ st [ =~ 3 M, Kak NnpaBuJjo, HabJ10-
JIaJICsl TOPA3I0 peke W UMesT MEHbILYI0 HHTEHCHB-
HOCTb 10 CPaBHEHHUIO ¢ HAGOIeHUAMH NP fpy <
6 MIu. Takum o6pa3oM, Ha OCHOBE CYLIECTBYIO-
LLIMX IAHHBIX 9KCIIEPUMEHTA MOKHO C/Ie/1aTh BBIBOJL
00 OTHOCHTEJIbHOM YBEJUUEHHH MeJKoMacliTab-
Ho# yactu criektpa MUMH (ymeHbliiennu noxkasa-
TeJisl p) pu ymeHbliennu fpy. B pa6orax [13,19]
BO3pacTaHWe MHTEHCHUBHOCTH paKypCHOro pac-
CesiHUSl 3-MeTPOBBIMH HEOJHOPOIHOCTSMH TPH
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fBH >~ 2,8+3 MIiicBs3bIBasoCh C 61M30CTHIO YACTOTHI BO3IEHCTBUS K 2 fi1.. [I[pOBeeHHbIe HAMU U3MepEHHUS
MO3BOJISIIOT TOBOPUTH O GoJiee 0O1IeH TeHAEHIMH POCTA HHTEHCHBHOCTH HEOJHOPOAHOCTEH ¢ [ ~ 3 M MpH
yMeHbleHuH yacToThl BH Hixe 5+6 MIL

BwmecTe ¢ pocTOM MHTEHCHBHOCTH pacCesiHHOTO CUrHaJja sl | ~ 3 M ¢ yMeHblieHdeM yactotel BH ot
6 MIi no 4 MIi nabmonaercs U ymMeHblIeHHe XapaKTepPHbIX BpEMeH €ro pa3BUTHs 10 CTAMOHAPHBIX 3HA-
YeHHUH OT Tgt =~ 1 + 3 ¢ 10 75t =~ 0,2 <+ 1 ¢ Npu BKJIIOYEHHUH HATPEBA B YCJOBHUSAX MPEABAPUTENBHO HEBO3MY-
1leHHOH HoHOCcdephl (cM. puc. 1a). Bpemsi pa3Butusi 1eKaMeTpoBbIX HEOJHOPOAHOCTeN (I ~ 13 M) B laHHBIX
9KCTEPUMEHTaX cJ1ab0 3aBUCUIIO OT fgy, COCTaBJAA Tg¢ =~ 5 <+ 7 c. Bospacranue Bpemen passutusas MMU-
MH c yBennuenueM ux maciitaba COOTBETCTBYET SMIUPHUUECKOH MOJIE/H 3BOJIIOLMH HeoiHOpoHOCTel [11]:
Tst X li, (B) ~ 0,4. JoctaTtouno GoJiblike Bapualyu /s 3HaueHuii 4 ~ 0+ 1 B pas/anuHbIX u3Mmepenusx [ 13]
MOTyT ObITh CJIeICTBHEM OOHAPYKEHHOH 3aBUCHMOCTH BPEMEHH reHepaluid HeOAHOPOJHOCTeR ¢ [ ~ 3 M OT
yactotsl BH.

OnnoBpemenno ¢ uamepenusmu xapaxkrepuctuk MUMH nposomunach perncrpaumnsi curnanos BH u
NPU na crenne “3umenku”. Ha puc. 16 — 1 npencraBsena cepusi OCUMJIIOTPAMM 3BOJIOLNH U3JyUeHHs]
JUist pasHbix yactoT BH npu Bk/oYeHHM BO3AEHCTBHS B YCJAOBHSIX NPEIBAPUTEbHO HEBO3MYLLIEHHOH HOHO-
chepnl. [Tpexjie Bcero, ¢ ymeHblileHHeM 4acToThl HarpeBa ot 5,75 MIiL 1o 4 M1 nabuoiaeTcst ymeHbllieHHe
XapaKTepHOTro BpeMeHH pa3BUTHs 3 deKTa aHomanbHoro ocaabsaennss BH 740 1 Bpemenu paszsutus 1o cra-
umonapuoro suauenus MPU r2M B o6nacTu rnasnoro cnekrpasbHoro Makcumyma (Afpm =8+ 12klu)or
5 ¢ 10 0,5+1 c. Takum o6pasom, Bpemena TOM ~ 75, mast fyy = 5,75 MIiL COOTBETCTBYIOLIME BpEMeHaM
Tst PA3BUTHS JIEKAMETPOBBIX HEOJHOPOIHOCTEH ¢ [ ~ 13 M, C yMeHbllleHHueM yacToThl 10 fpy = 4,0 MIu
HAYHHAIOT OTBEYATh BpeMEHAM Pa3BUTHSI METPOBBIX HEOJHOPOAHOCTEN T 1] ~ 3 M.

Jpyro BazkHOH 0COOEHHOCTHIO H3MEHEHHU 1 SBOJIIOLMH U3JTyueHus B o6yactd DM ¢ ymeHbllieHHeM yacTo-
Tl BH siB/1sieTcst mepexo1 0T MOHOTOHHOIO POCTa MHTEHCUBHOCTH JI0 CTALIMOHAPHOTO 3HAYEHHUST K IMHAMMUKE,
XapakrepuayeMoil nosisjienuem overshoot-sddekra — BpemeHHOTO MakcumyMa B pa3sutiu DM c xapak-
TepHbIM Bpemerem TR < TRM ¢ nocsienyiommm ymMmeHblueHHeM HHTEHCHBHOCTH CHIHAJIA 10 CTALMOHAPHO-
ro ypousi. Besmunna overshoot-sdhdekra, onpenensiemasi Kak oTHoleHHe MaKCUMalbHOH HHTEHCUBHOCTH
M3JIyueHHst K cTalldoHapHoi (S /Sst), TaKxKe HMeeT YaCTOTHYIO 3aBUCUMOCTh, Bo3pactasi ot 0 aB (oTcyT-
CTBHE YMeHbILIEHUsI aMIIUTYIbl) 105 fgy = 5,75 MIi1 o 4+6 nB nia fgy = 5,1 Ml u 1o 69 1B s
fu =~ 4,0 MIL. [Tono6GHble H3MeHeHUsT B 3BOJIIOLMH M3J1ydeHusl ¢ NoHWKeHneM yactotbl BH ot 6 MIr no 4
MIi1 nabaonanuck panee u Ha crenze "luccap-[29]. das fgy = 2,8 Ml MPU peructpupoBanoch TobK0
B nepsble 10--20 ¢ HarpeBa B TeueHHe PA3BUTHS 3-METPOBBIX HEOJHOPOAHOCTEH U YMEHbIIAI0Ch 10 YPOBHS
9(UPHBIX 1LIYMOB MPH BbIXOJIE HA CTALMOHAPHBIH YPOBEHb.

PegysibraThl 0JHOBpeMeHHbIX u3MepeHuil nuHamuku passutus BH, P u MUMH B ycioBusix npeua-
BAPUTEJbHOTO BO3EHCTBUS HA MOHOCHEpHYIO Maasmy Tpems ummnyibcamu BH mautensbuoctbio 5 ¢ (s
feu = 5,750 Ml u 5,100 MI) u 1 ¢ (mns1 fgy = 4,015 MIi1) ¢ nepuojgom nosropenust 20 ¢ ¢ no-
CJIeMIYIOLMM TE€PEX0JI0M B PEKUM MHHYTHOTO HEMpPEepbIBHOrO HarpeBa npuBeneHbl Ha puc. 2—4. M3 npen-
CTaBJIEHHBIX JIAHHBIX BUAHO, uTO BpeMeHa pa3sutusi P u anomanbHoro ocnabnenus pis BH ymenbiia-
toTCsl, a BesunHa overshoot-sdekra HeCKOMBKO BO3pacTaeT OT UMIYJIbCa K UMIYJbCY, TPHUEM 3TO BO3-
pacranue okasblBaeTcsl 3HauuTesbHee npu 6oJiee HU3knX yacrotax BH. Ilpu passutumn neoanopoanocteii ¢
[} ~ 3 m HabJio1aeTCs CTaaus BPEMEHHON 3aep:KKH B MOSIBJIEHUH paccesiHHoro curuadna [11] pmurensHo-
ctbio g =~ 1+ 2 ¢ aaa fgy = 5,75 MIt, ymenbmatomasicss 1o 0,5+1 ¢ g fgy = 5,1 Ml u Bnsoth
J0 0,104 c nna fgy ~ 4.0 MIiL. [ns 1ekameTpoBbIX HEOJHOPOAHOCTEH ¢ [ ~ 13 M BpeMsi 3aJIepPKKU
cocraBJisiio 7o ~ 1 =+ 3 ¢. Bpemena 3aiepKKu 1 mocJ/ie1yioliero pa3BuTisi Kak METPOBBIX, TaK U JleKaMeT-
POBBIX HEOTHOPOJHOCTEN YMEHbIIAIOTCS, @ HHTEHCUBHOCTb HEOJIHOPOAHOCTEH MOXKET HECKOJIbKO BO3pPACTaTh
MpH Nepexojie OT NePBOTo K MOCAEYIOUIUM UMITYJIb-
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cam BH. [Tono6Hoe noseaenue curiajion
onpeaessiercss o0lled NPUUKMHON — Ha-
JuureM 3¢ hekToB nocsenencTBus (co-
XpaHeHHeM OCTaTOYHOTO YPOBHSI BO3MY-
IeHUH TJOTHOCTH HOHOC(EpHOH MJias-
Mbl) OT MPEMILECTBYIOUMX HMIYJIbCOB
HarpeBa.

Huss MUMH ¢ | ~ 3™ Takke HH-
TEPEeCHO OTMETHTh HabJI0aeMoe OT UM-
MyJibca K UMITyJIbCY BO3pacTaHue 4acTo-
Tbl (JIYKTyalldll pacCestHHOro CHrHaJga,
coctapasiowei Fy, ~ 1T ana nepsoro
MMITyJIbCa BO3EHCTBUS U MPUHUMAIOLILEH
MaKcHMasibHble 3Havenust Fy ~ 3 <+ 511
st fgy = 5,75-+5,1 MI, Fy ~ 5811
s fgy =~ 4,6 + 4,0 MIiL npu ayutenb-
HOM Harpee. Bennuuna Fy, Xxapakrepu-
3ylolllasi B JIAaHHOM CJlydae LIMPUHY ya-
CTOTHOTO CTEKTPa paccessHHOro CUrHaJla,
Bo3pacraer B 1,0--2 pasa ¢ yMeHblIeHH-
eM fBH-

[IpoBenennoe conocrapieHue of-
HOBPEMEHHBbIX ~ HM3MEpPeHHH  JIHHAMHKH
pasBUTHS CIHEKTpa MeJKoMacIuTaOHbIX
HeOJIHOPOIHOCTEH, 3h(heKkTa aHOMaJIbLHO -
ro ocjiabJeHust U 3BOJIOLMH U3/TyUeHHs B
00J1aCTH TJIABHOTO CMEKTPaJbHOIO MaK-
CHMyMa MO3BOJISIET CEIaTh CJELYIolHe
BbIBO/IbI.

1. C ymenbluenurem yactotel BH ot
6 Ml 1o 4 MIiL Habaoaercs Bo3pac-
TaHue B 25 pa3 MHTEHCHBHOCTH MeJ-
kKomacutabHoit uactu criekrpa MUIMH ¢
[} =~ 3 M Ipy 0OJIHOBPEMEHHOM yMeHbllie-
HUM XapaKTepPHOTO BPEMEHH UX PA3BUTHS
1 yBEJHUEHUH YACTOThI (PIIyKTyaLuil (11~
PUHBI YACTOTHOTO CMEKTPA) pacCessHHOro
curnana Fg. B To e BpeMs B 3KCIepH-
MeHTax [8] npu ymeHbllleHUH fpy HabJIIO-
JIaJ10Ch YBeJIMUeHHe BeJMUUHbl aHOMaJlb-
Horo ocJsabgsennss BH u npo6HbIX BoJH
(6oJsiee MOAPOOHO CM. HUXKE, pHC.7) Ha
10+12 1B, uro cornacuo [4] cBuneTeb-
cTBYyeT 00 YBeJIMUEHUU UHTErPaJIbHON HH-
tencusHoctt MHMHWH. M3mepenus

5750 xI'n (3]
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Puc. 2. [Ipumep oHOBpeMeHHbIX U3MePEHHIl XapaKTEPUCTHK BOJIIO-
uun BH (naness a), UPU (nanesb 6) U pakypcHo paccesii-
HbIX CUTHAJIOB 1ist [ | ~ 13 M (naHesib 8) U | ~3 M (naHesb )
npu fpyg =~ 5.75 Ml (3umenku — Ipakoso, 04.03.88, 18:31
MCK).
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Puc. 3. [1pumep onHOBpeMeHHbLIX U3MepPEeHHH XapaKTe- Puc. 4. [Ipumep oHOBpeMEHHBIX H3MEPEHUI Xa-
puctuk 3Bosiounu BH (nmaness a), UPU (na- pakTepucTuk 3BoJioun BH (nanens a),
HeJib 6) U PaKypCHO pacCesTHHBIX CHTHAJIOB J1JIsi NPU (nanesib 6) 1 paKypcHO paccesiHHbIX
1) ~13m (nanesb 8) Ul ~ 3 M (naHesb &) npu CUrHaJioB Jyist [} =~ 3™ (naHeJsib 8) npu
feu =~ 5,1 MIix (3umenku — [pakoso, 03.03.88, feu ~ 4,015 MIi (3umenku — [pakoBo,
18:31 mck). 03.03.88, 19:01 mck).

YACTOTHON 3aBUCUMOCTH BeJIMUMHBI aHoMaJjibHoro ocsiaGjenuss BH Ha crenje "3uMeHKH"OblINM 3aTPyjIHEHbI U3-3a
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JOCTAaTOUYHO BbICOKOTO YPOBHSI U3JIyUCHU ST 3€MHOH BOJIHBI.

2. XapakrepHble BpeMeHa pa3BUTHs aHoMaJibHOro ocsiabsiennst u IPY umeloT npakTHuecku oJiHy U Ty »Ke BeJUuHr-

HYy (TAI,)\M < TS?M ~ TAQ), OTBeuasi BpeMeHaM pasButus 7o MUMH ¢ 1} ~ 13 M nad fey =~ 6 Mliu il ~ 3 m s

feu =~ 4 MI1, ymenbuiasch ot 5 ¢ 10 0,5+1 ¢ ¢ ymeHbliueHueM yactoTbl BH. ¥YMeHblieHne Bcex XapakTepHbIX BpeMeH
HabJ01aeTcs U 15l (PUKCHPOBAHHON fpyy MPH HAKOTJIEHUH 3PP EKTOB NOCEAeHCTBUS OT NMPEAbLAYIIMX LUKJIOB HArpe-
Ba. OTClo/1a CJIe/lyeT, UTO BCE TPH UCCJIElyeMbIX SIBJCHUSI UMEIOT OJIHY U TY XK€ NEepPBONPHUMHY, KOTOPOH CJYKUT BO30Y-
KJeHHe MeJIKoMaclITabHbIX HEOAHOPOJHOCTEH B Mpollecce BO3ACHCTBHS MOIIHOMO PAIMOU3/IyUeHHs] Ha HOHOC(EPHYIO
TJ1a3My.

3. C ymenbuieHuem yactotbl BH ot 6 MIiy o 4 MIi1 na6Jaionaercsi Bo3pactaHue BeJuudHbl overshoot-addexra
Sm/Sst o1 0 10 9 1B, KOTOPBIl MOXKHO paccMaTpUBATh KaK aHOMasibHOe ocjiabJieHne H3JyUeHHs1 aHAJIOTHUHO 3(hheKTy
aHomaJibHoro ocsabsenust BH u npo6Hbix paguosost npu paccessuuu Ha MM H.

Takum o6paszom, B JaHHOH cepuu Hamepenuit aas fgy = 5,75 Ml adpdekr AO BH u spostoumst UIPU B o6sacTu
IJIABHOTO CIEKTPaJIbHOrO MaKCUMyMa ¢ HauboJiee Me/lJIeHHbBIMU XapaKTePHbIMU BPEMeHAMH Pa3BUTHs U TPAKTHUECKHM
otcytetBreM overshoot-addexra B GoJibliell CTereHH OMpeessiioTesl PA3BUTHEM JIEKAMETPOBBIX HEOJHOPOJHOCTENL.
YMeHbliieHne xapakTepHbix BpemeH passutust addekta AO BH n UPU B o6sactn DM, a Takxke GoJiee sipko Bbipa-
JKeHHbI overshoot-3ddexT B 3Boso1MH U3/ydeHus, HabJt01aeMble ¢ yMeHbllleHHeM yactothl BH o1 6 MIiy 10 4 MIiy,
CBUJIETEJILCTBYIOT O CMELIeHHH Beca HCTOUHHUKA M, IyIaBHOe, ferpeccopa MIPH, onpenessiioliero nonasJeHne uasyue-
HUsl, B 00J1aCTh G0Jiee MeJIKHX, METPOBBIX MaclITaboB, 06HAPYKHUBasT KOPPEJISILHIO ¢ BO3pACTaHHEM HHTEHCUBHOCTH 3-X
METPOBLIX HEOJHOPOJHOCTENL.

1.2 UccaenoBanus apoaounn MPU B mimpokom nuanasone yacror BH, BbinosiHeHHble HA HATPEBHOM CTEH1E
“Cypaﬂ

Hccnenosanus colicts MUPU B 6oJiee inpokom auanasoHe 4aCTOTHBIX OTCTPOEK B CIIEKTPE HU3JYUEHHs, a TaKxKe
MCIOJb3yeMbIX MoLIHOCTeH W yacToT BH 6biiin BblmosiHeHbl Ha HarpeBHOM cTenie “Cypa”. Ha puc. 5 npuBeeHbl npu-
Mepbl cCTallMOHapHbIX crieKTpoB MPH 1151 MakcuMasibHbIX MOLIHOCTEH Bo3neicTBusl P, ~ 120 <+ 150 MBT B inanazoxe
yactor BH 4,3-+-8,3 MIl1, Bjasnu oT rapMOHHK 3J1eKTPOHHOI rHpodacToThl | fpy — nfye| > 200 klit. dnst Gosee Bbico-
KUX 4acToT Bo3nelcTBus ( fgy > 5 fHe, PUC. Da, 56) HabJllo1aeTCs HU3Kasi HHTEHCHBHOCTH M3ayueHus B obsiactd BC u
"kackaaHasi"ctpykrypa cnekrpa MIPU ¢ Hannunem HeCKOJIbKMX MAaKCUMYMOB H3JlyueHHsl B 00J1aCTH OTCTPOEK, MPUOJIH-
3uTesibHO KpaTHbIX A fpp. MakcuMasibHasi MHTEHCHBHOCTD W LiMpuHa criekTpa MIPU nabuoatotest mpu uamMmepeHusix
Mexny 4 fije ¥ 5 fie B 06aacTu yactot fpy =~ 5,6 + 6,3 MIiL (puc. 5B, 5r), rjie JOMUHUPYIOLLIMMHE KOMITIOHEHTAMU H3J1y-
uenud sipasiiorest DM u BC. Ipu ucnonbdoBanuu 6osee Huskux uactot BH ( fpy < 4 e, PUC. 91, 5€) HHTEHCHBHOCTD
CTEKTPa U3JIyUeHHs] yMeHbLIAETCs, COXpaHss B 00acTh oTcTpoek Af = > A fpp popMy THIIA KOHTHHYYM.

Ha puc. 6a- 68 npuBesienbl octipsiorpammbl pagsutist TPU 71st HeCKOJIbKHUX OTCTPOEK MPU TpeX 3HaueHusiX fgy,
B L1eJIOM OTpaskalollhe 3aBHCHMOCTb AMHAMUKK pasdsutus UPHY ot wactotel BH. ! las uacTtoT BosjeficTus B aua-
nasoHe 5,6+9,3 MIl1 nMHaMUKa pa3BUTHS U3/yueHUs B oOsacti DM Xxapakrepusyercsi, Kak paBUJ0, MOHOTOHHBIM
POCTOM MHTEHCUBHOCTH JI0 CTallMOHAPHbBIX 3HaUeHUH (puc. 6a- 66). C poCcTOM BeJIMUHHBI OTCTPOHKH B IMHAMHUKE Pa3BU-
THS U3JIyuUeHHs1 HauuHaeT popMUpoBaThes overshoot-addekt. st Gosee Huskux yactor BH or 4,3 MIt1 no 4,8 MIig
pasBuTHE u3Jyue-

'31ech 1 nanee Ha pucynkax unteHcuBHoctb MIPU,Boipaxkennast B 1B, npuBoauTCs 10 OTHOLLEHHIO K BesiunHe S = 3 X
107% Br/Tu — KaJIMOPOBOUHOMY YPOBHIO CMEKTPaJIbHOMN MJIOTHOCTH MOLLIHOCTH CUIHAJIA HA BbIXOJle FreHepartopa liyma.
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Puc. 5. [1pumepsl ctaunonapubix cnekrpos MPH, no- Puc. 6. [Tpumep 3BoJIOLMY U3JTyUdeHUsT JIJIsI HECKOJIb-
JiyueHHbIX Ha ctenjie "Cypa"B LIMKJe U3MepeHHUH Kux orctpoek B criektpe MPU (puc.a-B) u
19 — 27 man 1993 . 3aBUCHMOCTD Soy = =2 OT BEJIMUHHbI OT-

CTPOWKH (pHC.T) pu pa3ubix yactorax BH.

HHUSI C SIPKO BbipaxkeHHbIM overshoot-addexTom HabMo1aeTest BO Beel 06/1aCTH OTPULIATENLHBIX OTCTPOEK (pHuc. 6B).
ITO NPUBOJAMUT K PE3KOMY YMEHbIIEHHIO CTALIMOHAPHOH crieKTpa/bHON HHTeHcuBHOCTH MIPU B nanHoM nnanasoHe ua-
crotr BH, xoTs 5151 cTanuu pasBuTHsi BpeMEHHOr0O MAaKCUMyMa HHTEHCUBHOCTb W3JyueHus cjiabo 3aBUcHT oT fgy. Ha
puc. 6r pejicTaBJieHbl 3aBUCHMOCTH BeJIMUUHBI overshoot-addexra ot oTcTpoitku A f Jjist pa3/iMuHbIX 1ana3oHoB ua-
ctot BH. V3 pucynka BuaHo, uto BesinunHa overshoot-addekra Bospacraer Ha 5+-10 1b kak ¢ poctom Af ~, Tak 1 ¢
yMeHblleHueM fpyy oT 5,6--5,8 MIi1 1o 4,8+4,3 MIiL npu (pMKCHPOBAHHOM 3HAUEHHH OTCTPOHKH.

OGHapy»KeHHOe B HarpeBHbIX IKCIIePUMEHTax Ha cTeH e “3uMeHku” Bo3pactaHue nurencuBHocTd MUMH ¢ 1| ~
3 M pu ymeHblieHuu yactoThl BH ot 6 MIi1 1o 4 MIit s Masno mouHoetu P, ~ 10 MBT Koppesupyer ¢ yckopeHueM
Pa3BUTHSI U POCTOM BeJinuMHbI overshoot-sddekra B sBosmounn MPU B o6s1actu otetpoek A f~ ~ 8 + 12 kIt Takas
JKe TEHJEHLMSI B 3aBUCHMOCTH XapakTepUCTUK overshoot-addekra oT fgy npu Tex ke oTcTpolikax HabJiofaeTcs 1
JUIst cyliiecTBeHHO 60JblINMX MollHocTed Ha cTenjie “Cypa” (ocumsiorpammbl P npu 6susknx Af ~ Ha puc. | u
puc. 6). Takum o6pazom, JIOTHUHO MPEANOJIOKHUThL, UTO 3aBUCUMOCTL uHTeHcuBHOCTH MUMH ot fgy coxpansiercs u
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Puc. 7. 3aBucumoctsb BesnunHbl overshoot-sddexra B 06mactt DM (Sppmgy ) U aHOMabHOTO ociabJeHust (S oo ) OT
yactotbl BH.

111 60J1bIIKMX MotHocTeld BH.

Kpome Toro, yactotHast 3aBUCMMOCTb HabJ1I01aeTCsl M B H3aMepeHusix Besnuntbl AO panroBosin [8a], KoTopasi co-
rjacHo [4] nponopuuoHasbHa uHTerpaibHoi nurecusHocts MMMH. Ha puc. 7 npejicraBiena 3aBUCHMOCTD BEJIMUHHbI
AO paauoBoJiH OT [y, MOJNyUeHHast B H3MepeHHusiX Ha ctenaax B Tpomce[8a]u “Cypa”. Ha 3ToM »Ke puCyHKe npHUBeieHa
3aBUCHMOCTD BeJIHuKHbI overshoot-sddekra B o6sactu DM ot uactotsl BH, nosiyuennas no pesysbratam uamepeHui
1991 — 1998 r.r. Ha ctenne "Cypa"B nHeBHOe Bpemsi cyToK npu Py ~ 120 + 150 MBT, koTopasi ¢ norpeuHocTbio He
6osiee 10+15% cOOTBETCTBYET 3aBUCUMOCTH J1JIs1 HHTErPAIbHON MHTEHCHBHOCTH U3JTyUEHHUSI.

B uacrotHoMm inanasone Mexy 3-i u 4-ii rapMOHMKaMH rMpope3oHaHca oopallaer Ha ce6si BHUMaHUe 00111ast TeH-
JICHLIMST BO3pacTaHusi BemunHbl overshoot-sddekra (o 10 16) u Besnuntbl AO pagroBodit (1o 15 1B) ¢ noHuxeHrem
uactotsl BH ot 5,4 MIi1 no 4,3 MIi1, uto, B 4aCTHOCTH, TPUBOJIUT K YMEHbIIEHUIO CTALIUOHAPHONH MHTEHCHBHOCTH H3-
JlydeHHsl B 00/1aCTH HAUMEHbLIHUX HCIOJIb3YeMbIX 4acToT fpy ~ 4,3 + 4,5 MIi1 (cMm. puc. 5).

B okpecTHOCTSIX rapMOHUK T'MHPOpe30HaHCa MOBeJeHHEe XapaKTePUCTUK aHOMaJsIbHOTO ocsiabJenus [8], overshoot-
scpdekra [30] u MUMH [31] B 3aBUCUMOCTH OT fpy A0CTaTOYHO CBOEOGPA3HO, U €ro 00CYXKJIeHHe He BXOJUT B LIEIH
HacTosilell pa6oTbl. OTMETHM JIHILIb, YTO COTJIACHO MPHUBEIEHHBIM Ha PUC. 7 JIAHHBIM, YBeJHUeHHe aHOMAJbHOTO cJial-
JIEHHs1 KOPPEJIUPYET C MOsIBJeHHeM U ycusenureM overshoot-sddekra B o6iactu yactot | fgy — nfige| < 100 kliL.

B skcnepumentax Ha crenjie "Cypa"uccseoBasoch TakyKe BJIMHHE HW3MEHEHHsl MOIIHOCTH BO3JEHCTBUS Ha
xapakrepuctuku overshoot-addexra. Ha puc. 8 nist iyx uacror BH ( fgy = 5,6 kluu fgy = 4,5 lit) npencras-
JIeHbl 3aBUCUMOCTH XapaKTepPUCTHK cTalMoHapHbix criektpoB MPU (puc.8a, 80), iMHAMUKM pa3BUTHsT U3JYUEHHUSsI
B o6sacti DM (puc.86,8¢) u BC (puc.88,8 ac) or mownoctn BH. HarpeBubiii crenn pabotan B ciemytolnem
pexxume: uzsyuenne anugnoch 90 ¢, naysa — 210 ¢, MOUIHOCTb M3JydeHHsl YBEJHUMBAJACh OT CeaHca K CeaHCy
Ha 3 1b. B stux uamepenusx noporam renepauun MPUW u pasButus sddekra aHomanbHOro ociabyeHUsi COOT-
BetcTBOBaM MolHocTH BH PJ/32 ~ 4 + 4,5 MBT (Ge3 yuera peryJ/isipHOro norJiollleHust B HUXKHell HoHOChepe
~ 4 + 8 1B). U3 pucynka BuaHO, uTO MpH Masbix MoliHocTsX (Pj/16) B obiacth DM HabJio1aeTcsi MOHOTOHHOE
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Puc. 8. [Ipumepsl craumoHapHbix criektpoB MPU puc. (a, 1), sBoJiounu uagydenust puc. (6, B) u puc. (e, X) B
obaacth DM u BC, a takKe 3aBUCHMOCTb MaKCHUMaJIbHOH U cTallMoHapHOU uHTeHcuBHOCTH MIPU oT
motHocTi BH puc. (1, 3) ajist 1Byx uactot Bosneiictust: fgy = 5,6 MIit(crenn "Cypa”, 10.09.97, 16:35
— 17:01 LT puc.(a—r)) u fgg = 4,5 MIu (ctenn "Cypa", 18.09.96, 16:36 — 17:03 LT puc.(n—3)) npu
MakcuMaJbHoi MouHoctd BH Py ~ 150 MBT.

passutie MIPH, overshoot-sddexr Haunnaer passuBatbest npu By /4 nas fpy = 5,6 MIivn Py /8 wst fyy = 4,5 MIix
(cm. puc. 86 u 8e). Il1s1 60/b1IKMX OTCTPOEK, B obsiacT BC, overshoot-3ddekt HaunHaeT pa3BuBaThCs yKe MpH MaJibix
motHoctsix BH P§ /16, uMest 60J1bliryio BesIMuMHY 1pH GoJiee HU3KOM yacTote BH, 1 nocTiraer Hau6osbLIMxX 3HAUEHHH
NPU MAKCHMaJIbHBIX MOLIIHOCTSIX BO3/I€HCTBHsI (CM. pUC. 8B U 8K ).

B ta6sn. | ana nByx uwactor BH npuBeneHbl 3HaueHUs BpeMeH, XapaKTepU3YIOUWIUX JIUHAMHUKY pas-
utusg  HMPH, orBeuaiole ocuu/uiorpaMmMaM  Ha  pUC.8: BpeMeHHM 3aJep:KKH B TOSIBJEHUH BHIHMO-
ro pocra CurHaja (T(;), BpPEMEHH JIOCTHXKEHHS BPEMEHHOTO MaKCUMyMa H3JiyueHusi (7p1) M XapakTep-
HOTO BpemeHH pasBuTusi overshoot-addekra (7py). C poctom MolHOCTH HabJ0OaeTcsl  yMeHblleHHe
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Ta6bauua l
Bpemennble xapakTepucTuku quHamuky passutus MIPH, cootBeTcTBy10LIME OCLMII-
JlorpaMMam, MpUBeJeHHbIM Ha pUC. 8.

S = 5600 KIix fen = 4500 kI
DM(Af~ =10«lu) | 7g,c | T™M,C | Tov, € | Tg,C | ™M, C Tov, C
Py/16 3,0 20,0 | — 5,0 180 | —
Py/8 0,8 8,0 — 0,9 6,0 21,7
Py/4 0,4 3,0 144,7 |1 0,7 3,8 9,3
Py/2 0,2 1,8 36,7 10,5 1,6 6,2
Py <02 | 1,2 239 | <02 (1,2 3,9
BC (Af~ ~ 40 kIi1)
Py/16 5,5 185 260 |70 180 |[17,0
Py/8 0,8 8,6 10,1 1,0 6,5 9,0
Py/4 0,4 3,8 8,0 0,8 3,0 4.3
Py/2 0,3 2,0 5,4 0,6 1,5 1,9
P 0,2 1,5 3,6 0,3 1,1 0,9

3HaUeHHI BceX XapaKTepHbIX BpeMeH. B cpemuem npu P, > Py /16 mjst Hux HaGJ101aeTcs CTeleHHasi 3aBUCHMOCTD OT
’
moutHocetd BH 7 [ o¢ P;% ¢ nokasarenem crenent § ~ 0,6 < 1, 4To B LleJIOM OTBeUAeT 3aBUCMMOCTH BPeMeH pas-

Butust MMM H ot moiHocTu HarpeBa 7'(;, To.st < Py [11]. [loisi kaxkioro puKCHMPOBAHHOTO 3HAUEHHSI MOLIHOCTH BPEMst
To HECKOJILKO YMEHBIIACTCS ¢ YMEHbIICHHEM A f ~, BPeMsi Ty C/1a00 3aBUCHT OT BEJIMUHHbBI OTCTPOFIKH, a XapaKTepHOe
BpEMS Toy CYLIECTBEHHO YMEHbILIAETCS KaK ¢ Bo3pactaHueM A f ~, Tak U ¢ ymeHblueHreM yactoTel BH. OTMetum, uto
3HAUEeHUs BCeX BpeMeH, Xapakrepuaylolmx pa3sutue MPU, Moryt 3HaunTesibHO yMeHbLIATHCS MPH BKJIIOUEHHH HAarpeBa
B YCJIOBUSIX MPEJIBAPUTEJILHO BO3MYIIEHHOH HoHOCDepbl (cm. 11 1.1).

Ha puc. 8¢ n 83 Takxke npuBe/ieHbl 3aBUCHMOCTH MaKCUMaJIbHOH (S ) U CTaLLMOHAPHOH (.St ) HHTEHCHBHOCTEH U3-
Jsydendsi ot motiHoctd BH. B o6nactu DM ns fpy = 5,6 MIit otMeuaercs cnaboe otanuue 3aBucumocteit Sy (Ps)
1 St (P5), B To BpeMsi Kak st fgy = 4,5 MIi1 HabJonaeTcst TeHAEHIUs K "HACBILIEHHIO "YPOBHSI CTALMOHAPHON HH-
tencuBHocTd UPU ¢ poctom mMouinocTu HarpeBa. B ciyuae creneHHON annpoKCUMaUUK 3TH 3aBUCUMOCTH MOTYT ObITh
NpeJCTaBJeHbl B BUIE Sy X PBQ}QV‘, St oc Pgpt. Tlpu stom BemunHa apy =~ 1,1 < 1,2 npakTHUeCKH He MeHseTes ¢
u3MeHeHneM uactotbl BH, Torna kak o g 3ameTHo yMeHbliaeTces ot npubansutesnbHo 0,9100,2 npu yMeHblIEHUH fpy OT
5,6 MIir 1o 4,5 Mt [Togo6Hoe cOOTHOLIEHHE (x pj M (i, OTBEUAET 3HAUNTEJNBHOMY BO3PACTAHUIO BeJIMUKHBI overshoot-
spdekra Sy /Sst KAK ¢ POCTOM MOIHOCTH, TaK U ¢ yMeHbllleHHeM yacToThl BH.

B o6snactu BC s Af~ = 40 «lig overshoot-sddekt Boipaxken ropasyo cuibHee Jyist 06enx yactor BH, uto
HaXOJUT CBOE OTPaKeHHe B pasHulle 3HaueHud oy ~ 1,3 + 1,6 U agy =~ 0,3 = 0,5 115 31oit komnonentst UPH. Or-
METHM TaKxKe, 4TO B Psifie SKCIIEPHMEHTOB MPH 3HAUHTE/IbHBIX OTPHLATe/IbHBIX 0TCTpoikax Af ~ > 70 klit ¢ pocTom

MOLIHOCTH BOJIHBI HAKAUKH HAaGJ1I0/1a/10Ch 1axKe MojlaB/ieHne cTauroHapHoi uHteHcuBHoCcTH MPU (v < 0) mpu mak-
CHUMAaJIbHBIX MOIIHOCTSIX BO3/IelCTBUs [32], uTo oTpakaet 6oJiee 061110 TEHIEHIUIO HEKOTOPOTO YMEHbIIIeHUs] 3HaUeHUH
nokasareJieil cTenenu 6, ap 1 agy ¢ poctoM mMoiHocTd BH ot noporoBbix 3Hauenuii B renepatmu MPU (em. puc. 8 u
Tabu. 1).

2. OBCY)KJEHHUE PE3YJIbTATOB

AHa/u3 MpoBeIeHHbIX UCCJEN0BAHUE MOKa3aJs, YTO MPH BO3CHCTBHH MOLIHOH PaAHOBOJIHON Ha HOHOCHEPHYHO
naasmy Bo3byxxaeHue U pocT uHTeHcuBHocTH MIMIMH conpoBoxknaercs, ¢ 01HOH CTOPOHbBI, yBeJHUUEHUEM HHTEHCHB-
noctu IPU, a ¢ jpyroii — passutuem adekra aHoMajbHOrO ocsabJieHnst paanoBoJiH. [Ipu npeBbillieHHH HEKOTO-
poro ypoBHsi uHTerpaJjbHoil unrencusHoctd MUMH (6osibliiero jyist Menblinx otcTpoek A f ~ ) B IMHAMUKE PAa3BUTHS
U3JlyueHust HaurHaeT popMupoBathest overshoot-sddekrt — ymenbiienne unrencusHoct MIPU nocie nocruxkenus
MaKCcHMaJbHbIX 3HauUeHuil. Bospacranue unrerpaibHoit untencuHoctd MMM H nipu nepexone kK ctauMoHapHOMY CO-
CTOSIHHIO UCKYCCTBEHHOM TypOyJIeHTHOCTH, NPH yBesnuenuu moiHoctd BH [9-11, 18], a TakKe ¢ pocTOM HHTEHCHB-
HOCTH M BECBOTO BKJaJa MejiKkoMaciitabHoil yactu criektpa MMUIH (MeTpoBbiX HEOJHOPOJHOCTEN ) IPH YMEHbILIEHHH
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yactoThl BH Koppesiupyer ¢ yBesnueHueM Kak BeJIMUHHBI AHOMAJILHOTO OCc/1a0JeHUs paiuOBOJIH [8-9], TaK U BeJIHUMHBI
overshoot-addexra.

[IpoBenenHoe conoctapJsenue nuHaMmuku pasputuss P u MUHMH cBuneresbcTByeT 0 ABOUCTBEHHON POJIU HEO -
HOPOJHOCTEN B mpouecce reHepauun uaaydenusi. Ha craguu pocta untencusHoct MPH 1o makcumasbHbIX 3HAUe-
it MMUH BbicTynator B posin uctounuka Sg(t), nojaepKuBaiollero revepaiuio uaiyuennsi. Ha cranuu passutus
overshoot-ahdexra MHUHH nonosinuTeIbHO HAYHHAIOT UIpaTh PoJib aenpeccopa Sq(t), oGycaBiuBasi aHOMalbHOE
ocnabJienue uanyuenns exp {—Sq(t)} Ha BbIXoje U3 BO3MYLLEHHON o6sacTH. BpeMeHHasi 9BOMIOLMA MHTEHCHBHOCTH
MPHU na cranuu passutuss MUMH mozxet ObITh npesicTaBaeHa ¢ MOMOLIbIO 3aBUCUMOCTH

’ ’

S(t) = Su(t) (1 — exp(—2=T0)) exp (—Sa () (1 — (= -=10))) masit > 7, 2)

Ts Td

3nech Sq(t) = In(Ss/Sst), Ss, Sa ¥ Sst — BCJIMUHHbI, XaPAKTEPH3YIOILHE HHTCHCHBHOCTD COOTBETCTBEHHO HCTOUHHKA,
Jlenpeccopa U CTalMOHAPHOTO YPOBHS U3JYUEHHUS], T, Ts U Tq ONPEIEIsIIOT COOTBETCTBEHHO BPeMsl 3aepKKH B pas-
Butud MIPU u xapakTepHble BpeMeHa pa3BUTHSI UCTOUHMKA W Jlenpeccopa uaJjydeHusi. Bce 3Tu mapameTpbl 3aBUCHT,
B CBOIO OuUepejib, KaK OT BeJIMUMHbI OTCTPOoiKK A f~, Tak U ot uactotel BH. B npennaraemoii sMnupuueckoi Moesu
JIuHaMukH passutis MPU Bpems nocTHKeHHS H MHTEHCHBHOCTb BPEMEHHOT0 MAKCHMYyMa OTPEeAeNAIOTCs CylIeCTBOBA-
HHeM KcTpeMyMa (yHKIMH (2), a BesnunHa overshoot-agdexra Spy/Sst B G0OJbIION CTENEHN 3aBUCUT OT BEJHUHHbI
exp { Sy} = Ss/Sst U COOTHOLIEHHUS T4 /Tq.

Ha puc. 9 npescraBiieHbl pe3y/ibTaThbl UNCJEHHBIX PACUETOB 3HAUEHH T py U Spy /Sst B 3aBUCHMOCTH OT TAPAMETPOB
Mojieid (2). Ilyist TpaHCUEeHIEHTHOTO ypaBHeH st

_ exp (TM/Td) Ts Ss o
95(1)/0r = TS — i (22) = 0 (3)

B HEKOTOPOF 006/1aCTH 3HAYEHHI T /T4 CYLIECTBYET JIBa PeLleHHs], OJHO U3 KOTOPLIX COOTBETCTBYET MUHUMYMY (DYHKIUH

, BpeMs Ty, JOCTHU2KEHHUSA U OTHOCHUTEJIbHASA HHTEHCUBHOCTDL = KOTOPOI'0 TaK>Ke IpuBeJeHbl Ha uc. 9. Ananus
S(t e ocC e OTHOCHTE a €HC ocC

st
NPUBE/ICHHBIX Ha PUCYHKE IJAHHBIX [TO3BOJISIET CE/1aTh CJEYIOLIHEe BbIBOIbI.
1. I1pakTruecku a/1s Bcelt 06/1aCTH NapaMeTpOB BbIMOJHSETCS COOTHOLLEHHE T < Tq.

2. luHaMuuecKre XapakTepUCTUKHI U3JIyUeHHs! 15 MasbiX OTCTpoeK A f ~, riie HabJojaeTcsl HAMMeHblIast BeJIMUU -
Ha overshoot-sddekra Sy /Sst, ONPENEsIOTCS TAKUMH BpeMeHaMK PA3BUTHsT HCTOUHHUKA U J€TIPeccopa, Jisi KOTOPbIX
Ts/Ta > 1; Ipu 9TOM MOHOTOHHAsi IMHaMuKa pa3Butusi FIPU (oTcyTcTBre MakcHMyMa) He BCeria COOTBETCTBYET OT-

CYTCTBHIO JIE[IPECCHU U3JTYUEHHUSI.
3. 3HauuTesIbHOE Bo3pacTaHue BeJIMuuHbI overshoot-sddekra ¢ yBesueHrem A f ~ Mpu OTHOCHTeJIbHO c1aboii 3a-

_ . . Ts Ts .
BHCHUMOCTH Tp OT Af~ oTBeuaeT cMellleHHI0 3HaueHn# ¢pyHKUUH Tp (—) U Sm(—) B 06/1acTh 3HAUEHUEI apryMeHTa
Td Td
Ts/Ta < 1, 4TO MOXKeT 06YCJIaBJANBATBLCS KAK POCTOM T4, TaK U, B GOJIbIIEH CTEeHH, YMEHbILIEHHEM Tg C POCTOM BeJIH-
UHHbI OTCTPOUKH.

4. Habaionaemoe Bo3pacrtanue BeJnuuHbl overshoot-addexra aJisi Bcex OTCTPOEK ¢ yMeHblileHHeM yactothl BH
[PU OTHOCHTEJILHO CJ1a00# 3aBUCUMOCTH Tp OT fpy OMpe/e/sieTcst yeueHueM aernpeccopa uanydenus In(Ss /Syt ) npu
HEKOTOPOM YMeHbLIEHWH 3HAYEHUH T4.

5. lunamuka MPU npu Ha/Muuu MUHUMYMa HHTEHCHBHOCTH, HabJloJlaeMast B psijie 9KCIIEPUMEHTOB, B UaCTHOCTH
npu fay > nfye [30], MoxKeT 0TBeuaTh yCJIOBUSM reHepallid HHTEHCUBHOTO IEMPeccopa U3JydeHust ¢ 74 < Ts.

V3mepsiemble 3HaueHHsI Tpy U Soy HE MO3BOJISIIOT OIHO3HAUHO OTPEIEJITh BEIMUMHBI Ts, Tq U Ss/Ss¢. B HacTosilIee
BpeMs 3Ta 3ajJiaua peliaeTcs MyTeM CornocTaBaeHus MuHaMuki passutis MPU B skcniepumente ¢ pesyJ/brataMu Mojie-
supoBanusi pazsutusi UPU npu pasnnunbix napamerpax mojesd. Ornpe/esisieMble TakKuM 06pa3oM BpeMeHHbIe XapaK-
TEPUCTHKY HCTOUHHKA U JIENPeccopa U3JlyueHHs B JaJibHellIeM MOTYT UCMOJb30BaThCs [l COMOCTABEHHUS ¢ XapaK-
TepbiM BpemeHeM passutusi MUWH 74, 3aBucsium ot 1, P,, fpy) U onpenesieHnsi MaciutaGoB HEOJAHOPOIHOCTEH,
BHOCSILIIMX HauboJiee CylleCTBEHHbIN BKJad B reHepauuio u aenpeccuio MPU, no smnupuueckoit Mojend 3BOJIOLUU
MUWMHT[11].

Bosiee neranbHoe o6cyKaeHHe BAUSHUS PA3BUTHS U peslakCali MeJKOMaclITabGHbIX HEOJAHOPOJHOCTEN Ha 1U-
HaMHUEeCKHe XapaKTEePUCTHKH Pas/HUHbIX CleKTpabHbiX KomrnoHeHT MPY npu ncnosnb3oBaHnu pasiMuHbIX BpeMeH-
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Puc. 9. 3aBucHMOCTb BpeMeH J0CTHKeHHst MakcuMyMma U MuHuMyma MIPU (7 1 7y, ) MO OTHOLIEHUIO K BpeMeHH
pa3BUTHSI JeNpeccopa 74, BeJHUUHbI overshoot-atdexra Syi/Sst (TOMCTbIE TMHAN) U BEJTHUHHDL Sy, / Sst
(TOHKHE JINHUH) OT COOTHOILEHHUSI Tg/Tq, PACCUMTAHHbBIE JIJIs SMITUPUUECKON MOJIesH (2) pU 3HAUEHUSIX

Ss/SstpaBubixb 1B, 10 1B, 15 nb, 20 nb u 25 nb.

HbIX PEKUMOB U3JyueHuss BH, MouiHoCTH U yacToThl HarpeBa MpPoBeIeHO BO BTOPOH U TpPeTbel uacTsx JAaHHOH pabo-
Thl [26,27].

ABTOpBI BbIpaXKaloT rJyGoKyio MpU3HaTebHOCTL Poccuiickomy oty (yHIaMeHTalbHbIX UCCAeI0BaHUE (TTPo-
exThl 96—02—18659, 97—02—16397 u 99—02—16479) u INTAS (npoekr INTAS—RFBR 95—0434) 3a okazanHyio
(hMHAHCOBYIO MOIEPKKY MPH BBIMOJHEHUH TaHHON paGoThl.
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INFLUENCE OF SMALL-SCALE IRREGULARITIES ON CHARACTERISTICS OF THE OVERSHOOT EFFECT IN THE
TEMPORAL EVOLUTION OF STIMULATED ELECTROMAGNETIC EMISSION. PART I. DEVELOPMENT STAGE

E.N.Sergeev, S. M. Grach, G. P. Komrakov, V. L. Frolou, P. Stubbe, B. Thide, T. Leyser, and T. Carozzi

We present the results of experimental studies of the evolution of stimulated electromagnetic emission (SEE)
induced in the F'-region of the ionosphere by powerful radio emission in a wideband frequency range. Characteristics
of the overshoot effect in SEE evolution are compared with the observational data on the long anomalous absorption
and backscattering of HF and VHF radio waves. It is shown that the overshoot results from the anomalous
attenuation of SEE due to its scattering on artificial small-scale irregulareties (ASSI). We found that typical growth
time the SEE overshoot decreases while the magnitude of this effect increases as the pump frequency decreases from
6 to 4 MHz. These features are related to the observed increase of the ASSI intensity in I, ~ 3—10 m striation scale
length.
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REVIEW OF SEE FEATURES: RECENT RESULTS OBTAINED
AT THE “SURA” HEATING FACILITY

V.L. Frolov, L. M. Kagan, and E. N. Sergeev

We present a short review of stimulated electromagnetic emission (SEE) features for main SEE components
(DM, UM, NC, BC, BUM, and BUS) and their variations when additional X-mode heating is used. Experiments
have been performed at the “Sura” heating facility (Nizhny Novgorod, Russia) during the last few years.

Since the first observations of stimulated electromagnetic emissions (SEE), excited in the ionospheric
F region by a powerful high frecuency (HF) electromagnetic wave from a groundbased transmitter[1, 2], a
lot of variety of spectral structures have been distinguished in the sidebands of the reflected pump wave. The
first classification of the SEE structures was done in [3]. Today more than 15 SEE components are known.
Among them the major SEE components on the downshifted side, with respect to the pump wave frequency
fo, are “downshifted maximum” (DM), which is the most prominent SEE spectral structure downshifted
approximately 9 = 15 kHz from the pump [3—5], “broad continuum” (BC), which can extend up to Af~ ~
50 <+ 80 kHz below the DM [4, 6] and “narrow continuum” (NC™), which occurs either in a frequency
range between the DM and the pump carrier at the steady state of artificial ionospheric turbulence (AIT)
development or at frequencies up to Af~ ~ 60 kHz below the pump frequency at the initial stage of AIT
evolution showing in both cases a rapid decrease of its intensity with increasing Af~ [4, 6—8]. On the
upshifted side of SEE spectra for pump frequencies far from gyroharmonic frequency ranges, the major
spectral features are “narrow continuum” (NC™*), which is observed in a frequency range up to Af+ ~
20 kHz above the carrier[6, 7], and “upshifted maximum” (UM), which is a narrow peak at frequency shiits
of about 7+ 12 kHz [3, 9].

An important distinguishing characteristics of the SEE is a crucial dependence of the emission prop-
erties on fo, if it is close to a harmonic of the electron cyclotron frequency nfee (fee ~ 1350 kHz in our
measurements, n is the harmonic mode)[4]. In this case generation of “broad upshifted maximum” (BUM)
is observed in SEE spectra at offset frequencies of about 15 <+ 150 kHz [4, 10]. It is believed that the gener-
ation of such an intensive emission component as the BUM is conditioned by cyclotron harmonics effects
for which excitation of the Bernstein waves as a result of a four-wave interaction is of basic importance.

We can note also “upshifted wideband emission” (UWE), which is observed in the upper sideband of
the pump frequency at offset frequencies up to 500 kHz [11], “downshiited wideband emission” (DWE),
which is observed in the lower sideband of the pump frequency at offset frequencies from 70 to 110 kHz [6],
and emission observed in a vicinity of a twice pump wave frequency[12].

In last few years, investigation of SEE properties in the upper sideband of the pump irequency plays a
dominant role since these emission components can not be explained in the framework of common three-
wave interaction mechanisms. Recent experiments have shown that rather intensive wideband emissions in
the upper sideband of the pump frequency (like the BUM) can be produced for fq in a frequency range rather
far from gyroharmonics. This emission component has been named “broad upshifted structure” (BUS)
[13]. The existence of such emissions for pump frequencies outside the known gyroharmonic ranges is very
important for the theory of SEE generation.

In ionospheric modification experiments it has been found a close relation between SEE and low-
frequency (artificial small-scale irregularities or striations and low-frequency plasma waves) and high-
frequency (the Langmuir, upper-hybrid, and the Bernstein plasma waves) turbulence. Basing on SEE
measurements this can be used for diagnostics of AIT properties and is an alternative to incoherent radar
observations.
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Below we present some results obtained in our recent experiments.

1. NEW BUM FEATURES

We have performed detailed investigations of BUM features and found that the BUM is a composition
of two different emission components [14]. The first component (BUM) is generated in the immediate

vicinity of the electron cyclotron harmonic frequency and shows a weak dependence of its peak frequency,

Afgum, = r(n%ng) — fo, on the pump frequency fo. Its intensity is greatest for 6 f = fog — nfee >~ 0.

The second component (BUMjy) is generated when §f > 0 and prevails in the BUM spectrum when the
pump frequency is of about 20 kHz above the gyroharmonic frequency, showing a stronger dependence of
its peak frequency on the pump frequency than the BUM;. For d f > 20 kHz, the frequency shifts of the
BUMj peak, A fgum,, may be approximated as A fgum, = df. The BUMy peak intensity has its largest
value for § f ~ 30 =+ 40 kHz, where an occurrence of multiple maxima (up to three, as a rule) is observed in
the spectra. Experiments with additional heating have shown that superthermal electrons, accelerated up
to superthermal energy in a plasma resonance layer due to thermal parametric instability development, can
exert an influence on generation of the BUM 1 component [15].

2. BUS FEATURES

[t has long been noted that rather intensive emissions in the upper sideband of the pump frequency can
be produced in the frequency range between gyroharmonics. This emission component has been named
“broad upshifted structure” (BUS) [13]. Generation of the BUS shows definitely its dependence on the
gyroharmonic mode number n. With growth of n the frequency band of BUS generation becomes more
narrow, first of all, through a decrease of its upper boundary from §f = fo — nfee >~ 700 kHz ~ 0.5 f,
to approximately 520 kHz ~ 0.4 f.e, and to about 260 kHz ~ 0.2 f.. for the 3fce = 4 fce, 4fce ~ 5fce, and
5fce + 6fce frequency ranges, respectively. Along with that the frequency subrange where the BUS has
the highest intensity approaches to a gyroharmonic. These results may be considered as a hint that the
BUS is also a gyroharmonic feature. It has been found that the BUS becomes detectable when the effective
radiated power (ERP) exceeds a magnitude of about P ~ 5 MW. For the BUS, no hysteresis effect in its
intensity—power dependence has been observed. The rise time for the BUS is a few seconds similar to the
DM, but the BUS reaches the maximum of its development only after 15 + 30 s of pumping when the DM
has already reached steady state following an initial overshoot. Measurements performed have shown that
the striations do not play such a crucial role in the BUS generation as for the DM. It has been found also
that BUS can be exited by underdense heating, when the F3-region critical frequency for, is below the
pump frequency by up to 200 kHz, which corresponds for these measurements to the difference between
the upper hybrid resonance frequency and the plasma resonance frequency. Basing on this fact it may be
concluded that the BUS, as well as the DM and BUM, is generated near the upper hybrid resonance layer.
[t can be seen, on the experimental grounds, that the BUS and BUM have a number of common features, in
spite of the fact that the generation of the BUM occurs only when a pump frequency is close to an electron
cyclotron harmonic frequency, while the generation of the BUS occurs when a pump irequency is rather far
from a gyroharmonic frequency. Among the similarities are the form of their spectra, the limited influence
of the striations on their evolution, the absence of a hysteresis effect in its emission intensity-pump power
dependence, and the faster relaxation rate after a pump wave switch-off the time of relaxation (7, < 1 ms)
compared to the DM. Taking into account all obtained experimental data we can not exclude that the BUS
is a gyrofeature like the BUM.
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3. RELATIONSHIP BETWEEN DM AND UM FREQUENCY SHIFTS

We have studied a dependence of DM and UM positions in the SEE spectrum on the pump fre-
quency in the wide frequency range fo = 4.5 + 9.5 MHz [16]. It should be noted that the most part
of measurements have been carried out in gyroharmonic frequency ranges for n equal to 4, 5, 6, and 7.
To characterize the position of the DM and UM in SEE spectra we have chosen frequencies corresponding
to their peaks of the spectral power density, AfPM ~ —(9 =+ 15) kHz and AfUM ~ 7 + 12 kHz, as well
as to minima of the spectral power density located between the maxima and the pump frequency, A fPM
~ —(7 = 8) kHz and AfIM ~ 5 -+ 6 kHz. It has been found the following. First, for both the DM and UM
a linear dependence of their peak frequencies on the pump frequency is the same in the analyzed frequency
range: A fOMUM ~ [P 4 1.1.1073 (fy — 4500)], where fo is expressed in kHz, F is equal to 9 kHz and

max

7 kHz for DM and UM, respectively, i.e. the difference |AfPM| — |A fUM| is kept constant and is of about
2 kHz. Second, the frequencies of the minimum spectral power density do not almost depend on the pump
frequency while the difference |A fOM| —|A £UM|is also of about 2 kHz. These experimental data permit us
to conclude that the UM is not a mirror structure relative to the DM but a common instability may play a

significant role in the generation mechanism for both SEE components.

4. EXPERIMENTS WITH X-MODE PUMP WAVE FOR ADDITIONAL HEATING
OF THE IONOSPHERE

In F-region modification experiments, powerful HF radio waves with O-mode polarization have been
almost always used. This is because of the fact that in the vicinity of a plasma resonance these waves
effectively interact with the ionospheric plasma, resulting in the growth of the thermal (resonance) and
parametric decay instabilities and, consequently, in the generation of the AIT. In the case of X-mode wave
pumping, the lack of resonant interaction between the X-mode waves and the plasma significantly limits
possible mechanisms of AIT generation. However, recent experiments carried out at the “Sura” heating
facility have allowed to reveal that phenomena, induced in the ionosphere modified by powerful X-mode
waves, have complex nature [17]. Performed measurements have shown that the switch-on of the addi-
tional X-heating leads to a decrease in the O-wave-induced HF turbulence level of both pondermotive and
thermal origin. In the latter case it also causes a decrease in the intensity of artificial small-scale striations.
The measurements have shown also the following. 1). The most effect of the X-wave heating take place
when the X-wave reflects from the ionosphere in a vicinity of the reflection level of the O-wave. 2). An influ-
ence of the X-wave modification on features of the AIT, induced by O-wave, is observed in a wide frequency
range of about 500 kHz around the optimum frequency. 3). This phenomenon is not a result of a mod-
ification of the lower ionosphere (of the D and E regions). 4). The effect of the X-wave heating becomes
detectable when the X-wave power is more than of 20 MW ERP. 5). A typical time of SEE evolution un-
der the additional X-mode modification can last from 0.1 s to a few seconds depending on level of the AIT
induced by the O-mode diagnostic wave. 6). An aftereffect of the X-wave modification is kept lasting up
to 60 s. It is found also that the X-mode modification before O-mode pumping creates preconditioning
effects, expressed as both a decrease of the intensity of the DM and BC emission components and a re-
tardation of their development. However, the effect is noticeably weaker than in the case of simultaneous
radiation of the X- and O-mode waves. Thus, it is reasonable to conclude that X-mode modification can
itself effect the AIT evolution, and the influence is essentially amplified in the presence of O-wave excited
turbulence.

The first experiments regarding studies of the X-wave—plasma interaction have shown a great com-
plexity and multiplicity of the observed phenomena the nature of which is still unknown.
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5. STUDY OF TEMPORAL EVOLUTION OF HF-EXCITED PLASMA WAVES
BY MEANS OF THE SEE

Until recently, the experimental studies of the temporal evolution of HF-excited plasma waves were
carried out almost exclusively by means of incoherent scatter radars. In our measurements, based on the
SEE evolution researches, a new method has been elaborated and applied for investigation of HF plasma
turbulence (the Langmuir and upper-hybrid plasma waves) with the high temporal resolution of about of
0.3 ms [18]. To investigate pondermotive SEE components (NCg, NCT) a pump pulse modification with
the pulse duration of 10 < 200 ms and the interpulse period of 1 + 10 s is used to guarantee the “could
start” conditions for development of the parametric decay instability. Measurements, in which a time mode
with the switch-on interval of 80 +— 180 ms and the switch-off interval of 20 ms is used, are carried out to
study such thermal SEE components as the DM and BC related to the development of the upper-hybrid
turbulence. This scheme is used also for studying features of the BUM and BUS emission components. The
presence of the 20-ms-long pauses for the quasi-continuous pumping provides a way for repeated multiple
measurements of the emission evolution after the pump turn-on and turn-off. Because the SEE has the
noise nature, averaging its intensity over more than 10 pulse data sets is usually made to improve clarity.

Our results allow to make the following conclusions.

1). The SEE temporal development (the growth time and the overshoot magnitude) depends essentially
on both the emission component observed and the frequency shift for the chosen component [8, 18].

2). A typical decay time, 74, after the pump switch-off depends on the emission component, the pump
power and timing for pump wave radiation. In [8] it has been found that for the pondermotive part of the NC
a value of the 74 decreases abruptly from of about of 4 ms at low pump powers (the time is close to plasma
wave collisional damping under conditions of our measurements) down to of about 1 ms if the pump power
exceeds a threshold value ( Py, ~ 5-+20 MW ERP), which depends on the pump timing being larger for the
shorter pump pulse duration. It is reasonable to believe that such decay time variations are dictated by the
strong influence of photoelectrons and HF-accelerated electrons on plasma wave damping.

3). The decay time exhibits its smallest magnitude of about 0.3 ms when a pump frequency is very close
to a gyroharmonic frequency and grows gradually with an increasing frequency shift from the gyroharmonic
frequency for both the lower (DM and BC) and upper (BUM) sidebands [18]. It may indicate that in the
gyroharmonic frequency range the cyclotron damping of plasma waves plays a dominant role.

The elaborated diagnostic SEE (DSEE) technique [19] can be used for studying features of the small-
scale turbulence of both artificial [19] and natural [20—21] origin, as well as for measuring transport of
HF-induced disturbances along the geomagnetic field line in the upper ionosphere [15]. In this field of in-
vestigations extremely interesting results may be expected from simultaneous measurements by means of
both incoherent scatter radar, providing information on additional ionospheric parameters (electron and ion
temperatures, and plasma drift velocities) and ionospheric modification by HF powerful radio waves. Such
kinds of measurements can be performed today in Arecibo, Puerto Rico (mid-latitudes) and Tromsg, Nor-
way (high latitudes).

The all above examples show the enormous richness of the SEE properties reflecting features of plasma
instabilities excited in the ionosphere by HF powerful waves. Taken together, performed observations show
that, first, many processes occur simultaneously in the ionospheric plasma modified by a powerful HF wave
and, second, generation of the SEE reflects directly these processes’ development representing an ideal
test for our understanding of nonlinear processes. The fresh results open new ways for experimental and
theoretical work and are important not only for plasma physics in general but for its application to solar and
stellar plasma surroundings as well.

This work has been supported by Russian Foundation for Basic Research (project Nes. 98—05—64509
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QUANTIZATION OF PLASMA DENSITY IRREGULARITIES
UNDER THE ACTION OF A POWERFUL ELECTROMAGNETIC WAVE:
SPECTRUM OF UPPER HYBRID OSCILLATIONS
SELF CONSISTENTLY TRAPPED IN THE DENSITY CAVITIES

Ya. N. Istomin' and T. B. Leyser®

A theoretical model of the self localization of upper hybrid (UH) oscillations in plasma density depletions, due
to thermal nonlinearities driven by a homogeneous and monochromatic pump electric field is presented. The Bohr—
Sommerfeld condition for the trapped UH oscillations demands that the parameters of the density cavity are quan-
tized. The depth and square of the width of the depletion across the magnetic field is proportional to an integer. For
a parabolically shaped cavity, the cavity depth is proportional to the square of the width. The characteristic rela-
tive value of the density minimum is a few percents and the width is of the order of one meter, for the pump wave
amplitudes used in ionospheric F'-region experiments. We consider also the parametric decay of the primary local-
ized UH oscillations trapped in the quantized plasma density depletions into secondary UH oscillations and lower
hybrid waves. We have calculated the spectrum of the nonlinear stabilized secondary UH oscillations, which are
also trapped self consistently in the same density cavity. The spectrum of the UH oscillations is consistent with the
observed spectrum of the downshifted (DM) and upshifted (UM) maximum in stimulated electromagnetic emis-
sions (SEE).

INTRODUCTION

In the present treatment we discuss theoretically a complex response of magnetized plasma involv-
ing upper hybrid (UH) oscillations and the effect of thermal and ponderomotive nonlinearities, driven by
a monochromatic dipole pump electric field transverse to the ambient magnetic field. The model concerns
the self localization of UH oscillations in a plasma density cavity and the formation of multiple UH states
through parametric interaction between two or more UH oscillations and lower hybrid (LH) waves which
radiate out from the cavity. In order to facilitate discussion of the frequency spectrum of the nonlinearly sta-
bilized secondary UH oscillations and comparison with experimental results, we briefly review the model,
which has previously been presented in detail by the authors [1].

The model is based on that of small-scale magnetic field-aligned density irregularities by the present
authors [2], in which the nonlinearly stabilized irregularity spectrum is obtained analytically for the case of
the UH wavelength of the same order as the transverse irregularity scale, however, without considering the
specific cavity shape and UH field distribution. We consider here the dynamics of the transport and pon-
deromotive processes transverse to the ambient magnetic field dominating over parallel dynamics, which
holds for sufficiently high pump powers and small transverse scales (less than the thermal ion cyclotron
radius) inside the pump—plasma interaction region [2]. In a plasma with the thermal conductivity parallel
to the magnetic field much larger than that across the field, the density irregularities become field-aligned
and extend far out from the pump-plasma interaction region.

The complex interaction of slow thermal plasma structuring and fast ponderomotive processes can oc-
cur during ionospheric high frequency (HF) pumping, in which a powerful HF electromagnetic pump wave
is transmitted into the ionospheric plasma from the ground. The currents associated with the localized UH
oscillations can cause electromagnetic emissions, which are suggested to be relevant to the stimulated
electromagnetic emissions (SEE) observed during ionospheric HF pumping [3] as well as electromagnetic
emissions from other plasmas.

Experimental results have shown that a number of SEE spectral features depend on the formation of
pump-excited magnetic field-aligned irregularities [4—6], which occurs on a much longer time scale than
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that of ponderomotive processes. The present model attempts to describe self consistently the slow irreg-
ularity formation and fast ponderomotive processes involving UH oscillations, which hitherto have been
treated separately.

Parametric instabilities of driven trapped UH oscillations have previously been studied for the case of
pre-formed density depletions across the ambient magnetic field. Gurevich et al. [7] calculated the instability
threshold for the decay of the localized UH oscillations into UH and LH waves, and estimated the stabilized
amplitude of the decay products. Mjglhus [8] identified two parametric instabilities for the trapped UH os-
cillations, namely the decay into UH and LH waves and the so called Stokes—antiStokes instability, which
exists when the pump frequency is slightly below the arithmetic mean of the frequencies of two trapped
UH oscillation resonances. Mjglhus obtained theoretically the instability thresholds and growth rates and
computed numerically the spectrum of the trapped UH oscillations for a weak driver. In the present model
the UH oscillations are self localized in the density irregularity due to a thermal nonlinearity, which implies
a quantization of the irregularity. Both the instability threshold and spectrum of the nonlinearly stabilized
amplitude of the UH oscillations are calculated.

1. SINGLE UH STATE

We describe UH waves with the electric field E; = El exp(—iwst) driven by the pump field Ey =

Ej exp(—iwpt) scattering off a density irregularity ng (the electron density is Ne = Ny(1 + 19) where Ny is
the background density), wg = wy. In the stationary state [2]

2 3w? Vo = L 5
—(-A SV 4 i )E = —no(Eg + E 1
u}p( o + 5 2+is ) By = Smo(Eo + En), (1)

where V, = poV 1, T = 1) /pe, r1 is the transverse coordinate with respect to the magnetic field Awy, =

wuh — wo, wuh = (W + w2)Y2; we, wp, pe, and v, are the electron cyclotron frequency, plasma frequency,

thermal cyclotron radius, and electron-ion collision frequency, respectively. Taking E1 = e Eq and in-
troducing ', = (|A[/8)"/?r1/pe, V.2 = (s/|1ADPEVE, 16 = mo/IAL, 6 = 2ve/(|Alwp), 0 = A/|A],
A = 4(wyn — wo)/wp, and s = 6w? /w2, the equation (1) can be reduced to

V' %e1 = nh(1+¢€1) + (0 — i6)ey (2)

for the pump driven UH electric field e interacting with the density irregularity 7.

To describe the density and temperature irregularities it is convenient to introduce the diffusive eigen-
modes &1 2 = 1o + 0/a1 2 where § is the relative electron temperature irregularity [2]. From the transport
equations for a magnetized electron fluid and an unmagnetized ion fluid involving the electron and ion dy-
namics only transverse to the magnetic field, we obtain

2 e(|En> — |Eo|?)
3a1 2 NoTeo

(2 - d1,2vi)§1,2 =

or 3)

where 2, 4 1 2, 5 1.\ 4 1/2
__/____ _/____ _/_
“.2= <3'<5l 3 KT) * K:a'il 3 KT) Tt 1
T =1et,d12= (3a12—1)/(3Kra12), K1 = To/(Te+T}), Te and T; are the electron and ion temperatures,
respectively, T, = Teo(1 + 6), Tuo is the background electron temperature, k', = ) /(Novep?) & 4.66, k|
is the transverse electron thermal conductivity, € is the dielectric constant of vacuum, and Ey, = Eg + E;.
The effect of the ponderomotive force of the high frequency oscillations on the diffusive irregularities is
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much smaller than the thermal effects [2], and is therefore not included in the Eq (3). Profile modifications
due to the ponderomotive force, such as obtained for a pre-formed cavity [9], are therefore not expected to
be significant for a self consistent cavity.

Noting that g = (a1£1 — a262)/(a1 — asz), the steady-state equation (3) for the primed quantities can

be reduced to

1 *
V' = —5 Qe +ef + [al), (4)

where .
o 2s 60|E0|2
 3dyda|A2 NoTy

Equation (4) gives i, in the equilibrium between the transverse transport processes and the heating/cooling
from e relative to the spatially uniform heating from Ej alone. Notice that equations (2) and (4) depend
only on the one parameter Q.
Neglecting the collisional damping (6 = 0) in studying the self localized single UH state itself, Egs. (2)
and (4) give
V' %61 = nh(1 + £1) + oeq, (5)
2

Vi = =Q(e1 + ). (6)

In addition to numerically solving Egs. (5) and (6), we analytically calculate in the geometrical optics ap-
proximation the characteristic amplitude 7, and width [{, of a density cavity containing a single UH state.
From the numerical solution of Egs. (5) and (6) (see, e.g., Fig. 1 below)

€1~ —1+cos (/k’ldr’l). (7)
The fact that €1 exhibits this spatial oscillation can be seen from Eq. (6) in which the right-hand side is

non-negative only for —2 < g1 < 0. Averaging Eq. (6) over the spatial oscillations and using Eq. (7) one
can obtain
Q

Vi =5 (8)
which is fulfilled by a parabolic density depletion
/
/ ~ T \2
=10yl — (7= 9
o 770[ <l6/2) ]a (9)
where 775 = —Ql62/32. For a sufficiently deep density depletion, where multiple scattering of UH waves on

the density inhomogeneity dominates over linear dispersion characteristics, Eq. (5) reduces to

V/ %er (14 1), (10)
which yields
K= - (11)
and
' /pe
! = 1/2 +
61+1%<1(Tl7/ /cos / k’dz—w (12)
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No» %, 81=E1/E0

0 50 100 X, Pe

Fig. l. Electric field amplitude £; of self localized single UH state and density cavity . @ = 1 and ¢ = 1 with
Eo = 0.5 V/m gives A = 0.0041. The density cavity is approximately parabolic.

which coincides with the equation (7)in the central region of the cavity. The expression (11)used in Eq. (12)
describes the spatial oscillations of the single UH state in a parabolic density depletion. For UH oscillations
trapped in 9 we then have the Bohr—Sommerfeld quantization condition

1/2 1/2 2\ 12
T <1—(l,j2)2> dr', =720+ 1), (13)
~l/2 ~l/2 0

where n is a positive integer. Here we used that the solutions for 1 from Eqs. (5) and (6) are even for even
1o. We obtain the quantized depth and characteristic width of the density depletion (unprimed quantities)

1/2
il = 181 (%) " 2+ 1) = (209) 220+ 1), (14)
(s 1/2 2 1/4 e (5 1/4 12
LO_(|A|) 4(@) (2n+1) _4(2p) 2n+1)"2, (15)

where
1 el|Eof?

P= 6didy NoTeo
The present multiple nonlinear equilibria may be viewed as a nonlinear quantum mechanics, in which the
associated Planck constant fny, is not constant, but depends on the pump power:

hat, = (2ps) /2.
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With typical parameter values for ionospheric F-region HF pumping (s ~ 0.28, Ey = 0.5 V/m giving p ~
1.5 x 10~°), we obtain the quantum density step Ang = 2(2ps)'/? ~ 0.006 and Iy = peLo ~ 0.7 (2n+1)*/2
m. These values are consistent with experimental results. The relative amplitude of HF pump-excited small-
scale magnetic field-aligned density irregularities in the ionosphere has been measured to be a few percent
during daytime at high latitudes [10] and several percents at mid latitude [11].

Fig. 1 shows a density cavity ng and the single UH state £; from numerical solution of Egs. (5) and (6)
with @ = 1. The density cavity is approximately parabolic and it is seen that €; oscillates spatially around
£1 ~ —1 with the amplitude approximately equal to unity, or E; oscillates around —Ep with the amplitude
Ejy, as described by Eq. (12). More complex density structures resulting from the self localization of UH
oscillations are also possible, such as, e.g., double wells [1].

2. DOUBLE UH STATE

[f the pump amplitude is sufficiently large, the single UH state does not exist, but instead the cavity
may be associated with a double UH state, which contains UH oscillations at two different frequencies. We
describe this state by considering the parametric decay of the primary UH oscillations E into secondary

trapped UH oscillations Ey = Es exp(—iwst) and LH waves with the relative electron density fluctuation
m = n1/No = m exp(—iwit), which radiate out from the self consistent density cavity (wg = w1 = wo + wy).
For LH waves strictly transverse to the ambient magnetic field, we have in the one-dimensional case [12]

- O Ve\.  oo2- 62“’12)12~~~ ,
—12wip (& + 5) m— Csvj_nl = 8mgwg w_gvl(EO + EﬂE; exp(zwlt), (16)

where ¢2 = (T + WT}) /mi, Yo = 3/4, 7 = 3, e — is an elementary charge, m, and m; are the electron
and ion mass, respectively, wi, = wewpi/ (W + w?)/2 is the LH resonance frequency, wy, is ion plasma
frequency. Here an ion componenet contains O * ions in the ionospheric bottomside F-region.

The HF equation for the secondary UH oscillations is

2 /.0 3w? Ve\ = 1 -
Z (i~ Awm2+ 22w 12N E, - SnEy =0 17
wp@at it S xHQ) 27 9= (17)

where n = 19 + 11, Awgn2 = wah — (Wo — wWih) = Awyn + win, and Ey, = Eg + Ey + Es.

We saw in Eq. (7) that in the geometrical optics approximation, Ey + E; oscillates approximately sinu-
soidally (k1 ~ (2n + 1)7/ly). For large values of n the changes of &k inside the cavity are small, such that
Ak /ky ~ 1/n in the geometrical optics approximation when n > 1(the same argument holds for k2 and
the associated integer m introduced below). Because of this we neglect the violation of the phase matching
in the center of the cavity. Similarly,

By = | By cos (/kzdm). (18)

The quantization condition for the secondary UH state is

12/2
/ kodr; = (2m + 1), (19)
—1y/2

where the quantum number m > 0, 2 is the spatial extent of the secondary field in the cavity, and ko =~
(2m + 1)7/l2. Further, the right-hand side of Eq. (16) has two spatial dependencies for the interaction of
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the primary and secondary UH oscillations:
- R T
(Bo+ B1)Bj = 5| Bol Byl x { cos [/(kl + ka)dry] + cos [/(kl k). (20)
Thus, m too has these two spatial dependencies. Noting that near the instability threshold the linear dis-

persion equation for the LH waves is approximately fulfilled, Eq. (16) yields the LH wave frequencies
(W = wih + Aw)

2(ky & ko)?
Awy = SRR (21)
2w
where wy > w_, and
0 0 Vo ie?(k1 £ ko)? ~ =
o, Yeliy = S 1 =02) B o 22
<8t Ugarl+7+ 2)77& 32memiwpwlh| olE3, (22)

where the group velocity of the LH waves

o O0Aw4 _c§|k:1:|:k:2| . 2Awy
g = =

8(l<:1j:k:2) Wih - |l€1:|:ki2|’

and ~ is the growth rate of the parametrically excited UH and LH oscillations. Solving Egs. (17) and (22)
we obtain just above instability threshold (v < 1./2) in the limit v, >> 2v,/lo, in which the collisional
damping exceeds the convective losses of LH waves radiating out from the cavity,

E
y= (R,

In the opposite limit v, < 2vg/12,

o (| Eo|*
_ Ve (l ol” _ 1).
Combining both these limits, an approximate expression of the threshold for parametric decay of the primary
UH oscillation into a secondary UH oscillation and LH waves radiating out from the cavity is obtained as

N 27memiwpw1h1/e(ye/2 + vg/l2)

2
EOt - 62(/{31 + kiz)z (23)

The threshold is proportional to (v./2 4+ vg/l2), which is the sum of the collisional damping and convective
losses of LH waves. In addition, short-wavelength LH waves (for which n,m > 10) are subject to ion
Landau damping ~ion which may compare to the collisional damping[13], in which case v, in Eq. (23) must
be replaced by ve 4+ 27ion. However, in the present treatment we do not consider large values of n and m, so
that ion Landau damping by the unmagnetized ions can be neglected. Instead, the convective losses is the
dominating damping mechanism. For typical ionospheric parameter values and k1 + ko = k1, Eq. (23) gives
Eot ~ 0.4 V/m forn = 5. This threshold is likely to be exceeded in ionospheric HF pump experiments.
Further, UH energy is lost from a single cavity also due to the so called Z-mode leakage resulting from
the conversion of the trapped UH mode in the UH wave reflection region inside the density cavity to the Z-
mode, which escapes the cavity [14]. For the case of a high density of irregularities across the magnetic field,
Z-mode energy would be transformed into UH oscillations by the inverse process of Z-mode leakage [15],
thereby decreasing the effective Z-mode leakage. This is the case presently considered and we assume
that the damping of the UH oscillations due to Z-mode leakage is smaller than the collisional damping.
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However, a detailed investigation of the effect of Z-mode leakage in the presence of other irregularities is a
worthwhile topic for future research.

Extending Eq. (1)toinclude Eg we can study the nonlinearly stabilized amplitude in the geometrical op-

tics approximation. We have for E; seli consistently in the present of Ey, Es, 19 and n

2,0 : 1 1 = 1 =
( g~ Awun + ——V2 + Z—)El - —770E1 gMoEo + omEs. (24)
From Eq. (17) we obtam for the secondary UH oscillation
2,0 1 1 .,z =
— Awan2 + 22692 4 YNy — ZnoE Y(Eo+ E1). 25
wp((% Wuh + V +1 ) 2 = 5MoE2 = 5 (Eo + E1) (25)

The LH waves are excited by the ponderomotlve force of the primary and secondary UH oscillations and are
described by Eq. (16). Similarly to Eq. (4), the equation for g in equilibrium with the transport processes
transverse to the magnetic field and the relative heating/cooling by the HF electric fields is

60(|Eo + El|2 — |Eo|2 + |E2|2)

Ving = —
210 3d1daNoT,

(26)

In the stationary state the collisional damping of E» must equal the parametric excitation, which can be
shown to give . 3
|Eo + Er|? = Eg;, (27)

implying that in the saturated instability state E; oscillates spatially around —Eq with the amplitude Egy.
The amplitude of the nonlinearly stabilized secondary UH oscillation can then be obtained as

| | :E0t<§—;)t—1)1/2<§2)1/2 (28)

The self consistent shape of the density cavity containing the double UH state is obtained by averaging
Eq. (26) over the spatial oscillations of £} and Es, which gives

m=-plLi(1-5) -BZ - (1-F - 3)* (29)
for |x| < Ly = l2/pe and
w=—[rd(1- 2) - (1= %)+ a0

for Ly < |x| < Lo, wherey; = E3,/E3 < 1and yp = y%/z(l - y%/z)lo/lz as obtained from Eq. (28). It
is seen from Egs. (29) and (30) that the cavity has a parabolic shape with two different coefficients, namely
(1 —y1/2 — y2/2) in the center of the well and (1 — y1/2) in the outer region. The parabola is thus flatter in
the centerin the presence of the secondary UH oscillation. The density depletion in the center is

~ 2 Y1 2Y2

o= —p[L(1-3) ~ 145
Thus, |7o] is smaller for a double UH state compared to a single UH state. As seen from the right-hand side
of Eq. (26) the total electric field and the associated heating which causes the density depletion is higher
when Ey # 0. Due to the thermal force associated with the transverse transport processes, electrons move
in the direction of the temperature gradient [2] so that |7jp| decreases as a result of heating, which makes
the parabola flatter in the center. Fig. 2 illustrates schematically the double UH state in the cavity with the
flatter bottom of the well as described by Egs. (29) and (30).
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Fig. 2. Schematic illustration of a density cavity of a double UH state. The two UH oscillations differ
in frequency by approximately the LH frequency. The flatter bottom of the cavity occurring for a
double UH state is indicated.

3. DISCUSSION AND CONCLUSIONS

The localized UH oscillations provide net currents that radiate electromagnetic waves, which could es-
cape the plasma. We conjecture that such emissions give rise to SEE in ionospheric HF pump experiments.
[t has been proposed that the downshiited maximum (DM) emission in SEE spectra could be due to UH
oscillations trapped in density depletions [16].

Fig. 3 shows an example of a calculated frequency spectrum of the parametrically excited trapped UH
oscillations, for different n and m (nmax = 7 and n > m) and parameter values typical of ionospheric
experiments. The intensity yo of the secondary UH oscillation is plotted as a function of the frequency
downshift from the primary UH frequency. The discreteness inherent in trapped oscillation modes gives the
spectrum a line structure. The highest frequency component is downshifted by approximately 1.2wy, (n = 2,
m = 1). A spectral peak is seen at a downshift of approximately 1.4wy, at which there are overlapping
contributions fromn = 5, m = 2and n = 7, m = 1. The maximum frequency downshiit in Fig. 3 is
determined by the maximum n used.

Assuming that irregularities with different n occur according to a binomial distribution (which have a
power-law tail), and using the same parameter values as in Fig. 3, we obtain instead the spectrum of sec-
ondary UH oscillations shown in Fig. 4. The binomial distribution enhances the smaller n relative to the
larger n, which makes the spectrum stronger at the high frequency side. Further, it is seen that the line
structure of the spectrum is enhanced in the spectrum in Fig. 4 compared to that in Fig. 3, with notches at
downshiits of, e.g., approximately 1.30wy, 1.37wiy, and 1.50wy,. The calculated spectra of secondary UH
oscillations are consistent with experimental results for the DM feature in SEE spectra. For comparison,
Fig. 5 shows an example of an SEE spectrum exhibiting the prominent DM. With wy, ~ 8 kHz the DM oc-
curs between approximately wyy, and 2.5wy, below the pump frequency. Further, the notches in the spectrum
in Fig. 4 appear similar to the, so called, split DM that has sometimes been observed[17, 18].

The secondary UH oscillations can in turn decay into tertiary UH oscillations and LH waves, thereby
forming a triple UH state, if the UH oscillation amplitude is sufficiently large and the density cavity is
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Fig. 3. Frequency spectrum of parametrically excited Fig. 4. Frequency spectrum of parametrically excited
secondary UH oscillations for p = 3.34 x 107° secondary UH oscillations, for the same param-
and Npmax = 7,1 > m. eter values as in Fig. 3 but with the different n

binomially distributed.

sufficiently deep. Thus, the cavity can contain a number of UH oscillations, separated from each other by
approximately the LH wave frequency. It should be noted that whereas in the present treatment we only
considered the structure transverse to the ambient magnetic field, it is essential that the UH currents have
a component orthogonal to the cavity density gradient (parallel to the ambient magnetic field) in order to
produce radiation which can escape the plasma [19]. A parallel wave number can be inherited from the
electromagnetic pump wave.

In conclusion, we have discussed a model for the self localization of UH oscillations in density cavities
due to a thermal nonlinearity driven by a monochromatic dipole pump electric field. For the found multiple
nonlinear equilibria, both the cavity depth and extent across the ambient magnetic field is quantized. In ad-
dition to density cavities containing a single UH state, cavities can also self consistently contain a double
UH state, or a triple UH state, etc., if the pump amplitude is sufficiently large. To form a double UH state,
the pump strength must exceed the instability threshold for parametric decay of the primary self trapped
UH oscillation into secondary UH oscillations and LH waves. The threshold can be exceeded in electro-
magnetic HF pumping of the ionosphere from the ground and the calculated spectrum of secondary UH
oscillations agrees with experimentally observed features of SEE spectra. The model results of quantization
of the density irregularities and the existence of multiple UH states with a coexistence of several trapped and
interacting UH oscillations in one cavity could be further tested, e.g., by in situ measurements in laboratory
plasma experiments, by in situ measurements from sounding rockets or satellites in the ionosphere, or by
using ground-based radars to scatter off the density irregularities and UH oscillations.

We are grateful to Bo Thidé for his comments on the manuscript. This research was supported by The
Royal Swedish Academy of Sciences and the Swedish Natural Science Research Council.
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YK 533.951, 537.868

O KHHETUYECKHUX 9P PEKTAX
B F-OBJIACTH HOHOC®EPDI,
BO3MYWLEHHOU MOLUHbIMH PAJHOBOJIHAMHU

C.M.Ipau

Paccmotpenbl HekoTopble 3(h(heKThl, CBA3aHHbIE C YCKOPEHHEM 3JIEKTPOHOB BbICOKOUACTOTHOH MJ1a3MEHHOH Typ-
GyJIEHTHOCTBIO MPH BO3JEHCTBUHM MOLUHBIM paJHou3iydeHdeM Ha F'-o6sacTb HoHocdepsbl. [lyist yacToT BO3aeHCTBHS,
JIaJIEKHX OT KPaTHOTO LMKJIOTPOHHOTO pe3oHaHaca, Hail/IeHbl Iopor JaBUHOOGPa3HOro HapacTaHHs! UMCJ/1a YCKOPEHHBIX
YACTHLL 32 CYET JOMOJHUTENbHON HOHU3ALIMU U X CTALHOHAPHAS TJIOTHOCTD € YUeTOM KaK TypOyJIEHTHOTO yAepKaHHs
9JIEKTPOHOB B YCKOPSIIOLLEM CJIO€ 32 CUET PACCESIHUS HA MJIa3MEHHbIX BOJIHAX, TAK M CTOJIKHOBHTEJILHOTO BO3BpaTa HX
B yckopsitoluii cyoft. [1pn uacrortax BosaeicTBust, 6JM3KUX K KPATHOMY LIMKJIOTPOHHOMY pe30HaHacy, B pe3yJsbraTe
ycKopeHusi hopmupyercst QYHKLHS pacripesiesieHust ObICTPbIX 3/J€KTPOHOB € CYLLECTBEHHOH MonepeuHol aHu30Tpo-
nHel, pesakcalyst KOTOpo# 3a CUET CTOJKHOBEHHH € 3apsKEHHBIMH YacTHLAMM 32 NpeleaMHi YCKOPSIOLIEro CJ10s
MPUBOJIUT K TIOSIBJICHHIO MAKCHMyMa 110 MOMepeuHbIM CKOPOCTSIM B XBOCTe pacnpejenenus. [Ipeasoken MexaHu3m
reHepali CreKTpaJbHOH KOMITOHEHTbI HCKYCCTBEHHOrO paanouaiydenus noHocdepsl broad upshifted maximum,
CBSI3aHHbIH C LMKJIOTPOHHON HEYCTOHUMBOCTBIO YCKOPEHHBIX 3/1€KTPOHOB ¢ MAKCHMYMOM pacrpe/e/ieHust o nore-
PEUHBIM CKOPOCTSIM B 00J1aCTH JIBOHHOTO Pe30HaHca, Ijle 4acToTa BOJIHbl HaKauKW OJIM3KA KaK K BEPXHErHOPUIHOH,
TaK M K KpaTHOH LIMKJIOTPOHHOM YacToTaM.

BBEJEHHWE

J11s1 onkcaHusi MHOTHX SIBJIEHHH, POUCXOSLIMX B HOHOChepe no aeficTBueM MouiHoro KB paanosiy-
UeHMs1, BIIOJIHE JI0CTATOUHO THAPOMHAMUUECKOTO OMUCAHHUS M1a3Mbl. K TaKUM sIBJIEHUSIM OTHOCSTCS, HATIPU -
Mep, PeryJisipHblil HArPeB U KPyMHOMACLITaOHble epepacnpe/ie/ieHns J0THOCTH Mia3Mbl | 1, 2], BO3HUKHOBe-
HUE MeJIKOMACLITAOHbIX HEOJIHOPOHOCTEH MJIOTHOCTH U MJIa3MEHHBIX BOJIH B PE3yJIbTaTe TEMNJIOBbIX HEYCTOMH -
ynBocredt [2, 3] u ap. C apyroii cToponsl, MHOTHE Hab/0naeMble 3(P(eKThl, B MEPBYI0 ouepelb YCKOpeHHe
9JIEKTPOHOB MJ1a3MEHHBIMU BOJIHAMHU U BJIMSIHHE YCKOPEHHBIX 3JIEKTPOHOB HA FeHePalnio HCKYCCTBEHHOIO pa-
JuousydeHust nonocdepbl B KB nnanasone [4], Ha Bo3OyxKneHre ONTHUECKOTO CBEUEHHs [D] U U3/yueHus B
YKB nnanasone [6], Ha 10MOMHUTEIbHYIO HOHU3ALMIO HEUTPATBHON KOMITOHEHTHI [ 7], TpeOYIOT KUHETHUECKO-
ro OMUCaHMUSI.

TeopernueckoMy onucaHUUIO HEKOTOPBIX 3PPEKTOB, CBA3aHHBIX C YCKOPEHHEM 3JIEKTPOHOB, U MOCBSILIE-
Ha HacTosilas pabora. Hike, B nepBom pasjiesie, pacCMOTPeHbl YCKOPEHHE 3JIEKTPOHOB U JI0MOJHUTEbHAS
voHu3auus F'-o6sacTd voHOCHEepPDI ISl C1yuast YaCTOT BO3EHCTBHS, He OJIM3KUX K KPATHOMY LIMKJIOTPOHHO-
MY P€30HaHCY, BO BTOPOM — YCKOPEHHE 3JIEKTPOHOB MPH W ~ wy = Nwee (31€Ch w — Y4aCTOTa MJ1a3MeHHbIX
BOJIH, wy — YacTOTa BO3JEHCTBYyIOLILEH BOJIHbI (BOJHBI HaKaukn, BH), wee — 3/€KTpOHHAs LMKIOTPOHHAS
yacTtora, m > 3 — 1leJloe UMCJIO0), B TPETheM — CTOJKHOBUTE/bHAS peslakcallisi aHM30TPOMHON (PyHKLMH
pacnpejiesieHus 3JIEKTPOHOB, NPUBOJIsALILAs K 06pa3oBaHuIo rop6a B XBOCTe (DYHKLIMH paclpeiesieHts], B ueT-
BEPTOM — PAaCCMOTpPeHa LIMKJIOTPOHHASI HEYCTOMUUBOCTh HATENIOBbBIX 9JIEKTPOHOB B 00JIACTH IBOMHOTO pe-

30HaHCa, IJIe W ~ Wyh ~ NWee (371€Ch Wup = /W2, + w2, — BepXHeruOpu/Has 4acToTa, Wye — MJa3MeHHast
yacToTa).
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1. YCKOPEHHE 3JIEKTPOHOB U JOMOJIHUTEJIbHASI HOHU3ALUHUSA F-OBJIACTH HOHOC®EPDI AJ14 CJIYYAS
YACTOT BO3JAEMCTBUS, HE BJAU3KUX K KPATHOMY LIMKJOTPOHHOMY PE3OHAHCY

DBoJiolLUs PYHKIUU pacnpe/iesieHnsi ObICTPbIX 3JeKTPOHOB f (v, z,1) B KBA3UJIMHENHOH TEOPUU OIHUCHI-
BaeTcst ypaBHeHueM [8]
d of of of
—dt = =+ (VV)f = =—Dopg—, (1)
f ot v, Ovg
rjie U — CKOPOCTb 3JIEKTPOHA, HHEKCHI v, (3 IPUHUMAIOT 3HAUEHUS T, Y, Z.
BuiisiHeM MarHUTHOTO MOJIS HA YCKOpPEHHe 3JIEKTPOHOB MOXKHO MpeHeOpeub Mnpu kv > wee (31€Ch
k — BOJIHOBOH BEKTOP Myia3MeHHOH BOJIHBI, HHIEKC “ L "0THOCUTCS K HAMpaBJ/IEHHIO MATHUTHOTO 110J151). DTO
HepaBeHCTBO Oy/leM CUHTATb BbIIOJHEHHBbIM, 03TOMY B Kos(duuunente nuddysun Dyg yuTeM TOJIbKO ye-
PEHKOBCKO€E B3aUMOJIEHCTBHE YACTHUIL C MJIa3MEHHBIMU BOJIHAMU:

2
Do = 872 / AR W 6 (R — w). 2)

31ech e U m — 3apsil U Macca 3J1eKTPoHa, w = w(E) u W — uactoTa u CrekTpasibHas MI0THOCTb SHEPTUH
MJ1a3MEHHbIX BOJIH.

B T0 e Bpemsi, ecJi monepeyHblii Mo OTHOLIEHHUIO K HaNPaBJAeHHIO MArHUTHOTO NoJist padmep L | obJjacTu
TypOYJIEHTHOCTH BEJIUK MO CPABHEHHIO C PAJIMyCOM LIMKJIOTPOHHOTO BpallleHUst 31eKTPOHOB (L | > v [wee),
pa3JIeT YaCTHIL B 06JACTH TypPGYICHTHOCTH GYJIeT OJIHOMEPHBIM H HATIPABICHHBIM BI0JIb MATHUTHOTO 110415t 3.
[Tpu sToM B sieBo#i uacTu ypaBHeHusi (1) cinaraemoe (V) f Hy:KHO 3aMeHUTb Ha v,0f/0z (cuuraercsi, uto
MarHuTHOE MoJie HarpaBJeHo B0Jb BepTHKaMH z). M3 (2) ciemyet, uTo ycKopsITbCS MO AeHCTBUEM TypOy-
JIEHTHOCTH OYJIyT JIMLIb YaCTHLbI CO CKOPOCTSIMU v > v, TJle vg = w/k — hazoBasi CKOPOCTb IMJ1a3MEeHHbIX
Boat. [pu vg > Ve, rie Ve = (T, /m,)Y/? — Tennosas ckopocTb 3/1eKTpoHOB, T’ — TeMIepatypa JeKTpo-
HOB B HEPreTHUECKUX eIMHULAX, B TPOLIeCCe B3AUMOIEHCTBHUS C MIa3MEHHBIMH BOJIHAMHU Oy/1yT y4acTBOBATh
TOJIBKO Te OBbICTPblE YAaCTHIIbl, CKOPOCTb KOTOPBIX B MOMEHT BKJioueHnsi BH samerno npesbiiana remso-
BYIO (B MOHOC(EPHBIX SKCTIEPUMEHTaX, HarlpuMep, TAKUMH YaCcTHLAMHU SIBJSAIOTCS (hoTO3eKTpoHbl [9]). D-
(heKTHBHOCTb YCKOPEHHS 3JIeKTPOHOB B OTPAHUUEHHOM CJIOE TJ1a3Mbl BO MHOTOM OTPEE/ISIeTCsl BpeMeHeM T
npoJieta MU 06J1aCTH JIOKAJIW3aluK BbICOKOUACTOTHOH MJ1a3MeHHOH TypOyIeHTHOCTH. B THIIMUHBIX yCI0BHSAX
9KCIIEPUMEHTOB 110 MOAU(HUKALIMK HOHOCGhEPbI BePTHKAJbHbIN pagMep 3Toi obsactu coctabaser L S 1 K,
¥ 3a BpeMsi nopsiika L /v 3/1eKTPOHbI He YCreBaloT MPUOOGPECTH 3aMETHYIO SHEPTHIO.

Heonnomeprocth pacnpenenenus njia3MeHHbIX BOJH B YCKOPSIOLIEM CJ10€ MTPUBOJUT K BO3PACTAHUIO T
BCJIEJICTBHE paCCesiHUS 3JIEKTPOHOB Ha HUX. Takasi HeOHOMEPHOCTh (M30TPOMU3aLMsl CHeKTpa) Mpu napa-
MeTPUYECKOM HarpeBe Mya3Mbl BO3HUKAET BCJEICTBUE HEJUHEHHOH MepeKaukd SHePruu Maa3MeHHbIX BOJH
Mo CHEeKTPY MPH JIOCTATOYHO BBICOKOM YpoBHe TypGyJentHoctd [10, 11]. Hanpumep, npu Bo36yKaeHuH B
HoHochepe TENJOBOH MapaMeTpHuecKoi TypOyJIeHTHOCTH MOCJIeHsIsl BOSHUKAET B Y3KOH 06Js1acTH HoHOChe-
pbl BOJIM3K BepxHero rubpuaHoro pezonanca BH, u pacnpenesnenue njioTHoCTH sHEpTHH HOHOC(EPHBIX M1a3-
MEHHBIX BOJIH B k-TIPOCTPAHCTBE HOCHT CYLLIECTBEHHO HEOAHOMEPHBIi xapakTep [3]. B sTom cayuae B pesyib-
TaTe paccesiHusl YaCTHILbl MHOTOKPATHO MEHSIIOT HarpaBJ/ieHHe CBOEro ABHKEHHS U HA/I0JITO 3a1€PKUBAIOTCS
B 06J1aCTH TypOyJIeHTHOCTH (TypOy/IeHTHOE yepKaHue ). YCKopeHue, TakuM 00pa3oM, CONPOBOKIAETCS H30-
Tponu3auuen GyHKIMK pacrpeieseHust ObICTPbIX 9J€KTPOHOB.

Hau6osee npocto apdexrol, cBsI3aHHbIE C HEOAHOMEPHBIM pacrpe/eseHleM Maa3MeHHbIX BOJH B Orpa-
HHUEHHOM CJIO€ MJ1a3Mbl, MOYKHO PACCMOTPETh B cJyyae c(hepUueCcKd CHMMETPHUHOTO pacrpeieseHust crek-
TPaJbHOM MJIOTHOCTH SHEPTHH MJ1a3MEHHBIX BOJH

w
W-

= m(S(k — k). (3)
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Takoe paccmoTpeHnue st 4acToT, He OJIU3KHUX K NWce, MPOBeNEHO B pabotax [12, 13]. B stom cayuae annzo-
Tponuio pyHKLMK pacripesesienus f(v, (1) MOXKHO CUHTATH CJ1a00k U PeICTaBUTh f(v, () B BUJie

floypu,z,t) = F(v, z,t) + ®(v, p, 2, t), (4)

1
rne F' = (f) = (1/2) [ fdp, p = v,/v = cosf, & < F. Takoe npejcrasjeHre No3BoJsieT NOMyUHTh OT-
1

JleJibHbIe YpaBHeHUst /151 U30TporHo# ( F') u anuszotponHoii (P ) yacreit hyHKIMK pacnpesenerus (MojapodHee
cm. [14]):
oF o0 _0F 10 , _ O0F

= 2 Di— + ——1v?Dy— 5 5
ot~ 0z ‘oz * W2 o0, 2w (v, 2) + Sem (v), ()
vOmN 2w
D = —— = 70
T 6wy’ 7T 3N ©)
1 v*mN OF
O~ —— — — 7
2 wWug 0z K (M

rie N — KOHLEHTpalUsi 3J1eKTPoHOB. B mpaByio uacTb ypaBHeHHst (D) BKJIIOUEHbI MICTOUHUK ObICTPbLIX Ya-
cTHll (v, z), KOTOPbIH MOKeT ObIThb CBSI3aH KaK € MOCTYIJIEHHMEM YaCTHIL Yepe3 rpaHully 00./1aCTH, 3aHATOM
nJ1a3MeHHOH TypOyJ/JeHTHOCTbBIO, TaK U C POXKAEHHEM 4YacTHIL BHYTPH 06JIacTH (Harmpumep B HOHOChepe —
BCJIEJICTBHE (POTOHOHH3ALNH ), @ TAKXKE HHTErpaJl CTOMKHOBEHUH S | COOTBETCTBYIOLIMIT TPOLIeCcCy HOHH3A-
LMY 3JIeKTPOHHBIM yapom [9].

13 ypaBHenus (5) JIerko oLleHUTb XapaKTepHylo SHepruto E*, KOTOPYIO /J€KTPOHbI I0/2KHBI TPHOOpeTaTh
B [poliecce YCKOPEeHHUsl, U BPEMsI XKU3HHU T* 2JIEKTPOHA C TAKOH FHEPTHEN B CJI0e ¢ XapaKTepHOH TOJIIMHON L.
JlefCTBUTEIbHO, BPEMST KH3HH 3JIEKTPOHA CO CKOPOCTBIO ¥ B CJI0€ MOXKHO OLleHHTb U3 (5) Kak 7 ~ L2/Dy, a
ero sHepruio E Ha BbIXoJle U3 cjios Kak ¢ = E /m ~ Do, B pedysbraTe nmMeem

* w

2/5
="~ (wL’L}gm) R T~ L/’Uo. (8)

N3 (8) cnenyer, B UaCTHOCTH, UTO 3 eKTHBHASI CKOPOCTD IBUKEHHUS UACTULIBI Uepes c/10k 6/113Ka K ha30Boi
CKOPOCTH [1J1Ja3MEHHbIX BOJIH V.

CornacHo [3, 15] npu 5KBHBAIEHTHBIX MOLIHOCTSIX HA3EMHbIX NepeaTunkoB P,y ~ 4050 MBT B cayuae
TENJIOBOH NapameTpuyeckoil TypOyJaenTHocTH Beuunna W/NT, nocturaer npubansurenbio 1072 B caioe
ToJiMHON L ~ 1 kM. @asoBasi CKOPOCTh MJ1a3MeHHbIX BOJIH BOJIM3H YPOBHS BEPXHEr0 THOPUHOTO pe3oHaHca
BH, rze jiokanuzosana TypOyJIeHTHOCTD, cocTaBaseT vy ~ 108 cMm/c. BasiB juisi OLeHOK w = 3,5-107 paa/c,
Vo = 2-107 em/c, nonyuaem v* = v/2* ~ 3-10% cm/c, uto COOTBETCTBYET SHEPIUH 3/1eKTPpoHA E* ~ 25 3B.
DHeprus yCKOPEHHbIX 3J1€KTPOHOB £ MOXKeT, TaKuM 06pa3oM, CyLLIECTBEHHO MPEBbIIATh MOTEHLHA/bI HOHH -
3alMH MOJIEKYJ HEATPaIbHON KOMITIOHEHThI NiadMbl £ B yactHoctH, B F'-c/10e HoHoChephl VISt OCHOBHBIX
HeHTpaJibHbIX KOMIOHEHT — aToMapHoro kucJjopoaa O U MoJieKyJ/sipHoro azotra No — noTeHUHas bl HOHU-
3auuu cocrapasioT Eg = 13,6 3B, K, = 15,6 3B. I[Ipu E* > E. xapakrtep yCKOPEHHS 3JIEKTPOHOB CyLIEe-
CTBEHHO MeHsieTcsl. B npotiecce HOHH3aUMH 00pa3ytoTCsi BTOPHUHbIE 3JIEKTPOHbI, YUaCTh KOTOPBIX MoNajaer
B 06s1acTh sHepruil B > Eg (Ey = mey = muv3/2), BHOBb yCKOPSIETCs 1a3MEHHbIMU BOJIHAMH BILIOTH
10 sHepruit E ~ E* > E, 1 MOXKeT MHOTOKPATHO y4acTBOBATh B Nnpolecce HoHu3auuu. ITorepu GbicTphbIX
YACTHLL 3 XapaKTEPHOIr0 HEPreTHUecKoro UHTepBaJa yckopenuss By < E < E* cBs3aHbl ¢ HX YXO/IOM U3
06J1acTH ycKopeHust |z| < L u ¢ nonajaHueM BTOPHUHbBIX 3JEKTPOHOB B 00JsiacTh sHepruil F < Ej. 3ana-
4a 00 YCKOPEHHH H JOTOJHUTE/IbHON HOHH3ALMK Ist ciiydast B* 2 2F., Koraa paccestHHblil U BTOPHUHBIIL
3JIEKTPOH HMEIOT 110C/1€ aKTa MOHH3ALUH SHEPTHH, MeHbluKe E., Ho 00a NonajaaioT B HHTEPBaJ yCKOPEHHS,
peutena B [13]. [Tpu 3TOM GbIJI0 MOKA3aHO, UTO MPH BLIMOJIHEHHH YCJAOBHS

Vien (€¥)7* > 20\2/(7V/3), (9)
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KOTJ1a 3a BPeMsl XKU3HU B YCKOPSIIOLLEM CJIO€ 3JIEKTPOH yCIieBaeT HOHM30BATh JI0CTATOUHOE KOJMUECTBO Hell-
TpaJioB, BO3HUKAET JJaBUHOOOPa3Hoe HapacTaHhe Yhca HaATeMJIOBbIX YacTull (HeycToHunBoCTh). B (9) Be-
JIMUMHA Ao JI0JDKHA OMNPENesiThbesl U3 YCJ0BUH Ha dyHKUMIO F'(g, 11, 2z, 1) Ha TpaHULIAX YCKOPSIIOLLETO CJIOS
z = L, Vjon(e*) — uacTora MIOHU3UPYIOLIUX COyIAPEHUE JIEKTPOHOB C SHepruei B,

Vion (8%) = V2e*0 T (e*) Nyp,. (10)

3nech N, — KOHLIEHTPALMsI HEUTPaJIbHBIX YACTHLL (TIPETIoNaraeTcsi, yTo B Myia3Me MPUCYTCTBYIOT HEHTpaJIbl
TOJIbKO o1HOro copra), o (E) = [IT(E, E3)dEy — napumajibHoe ceueHrHe HOHU3ALMK HEATPasIa JIEKTPO-
HoM ¢ sueprueil B, I'M(E, Ey) — nmiddepenuuanbHoe napumaibHoe ceueHre HOHU3aLnU MePBUYHbIM 3J1eK~
TPOHOM C 3Heprueil E, B pe3ysbTaTe KOTOPOU UCIYCKAETCH 3JEKTPOH ¢ 3Heprued Fo. Beauuunna ceueHus
MOHM3aLMK B o06s1acTh sHepruil B, < F < 60 5B sMHeiiHo 3aBUCHT OT SHePruu NepBHYHOrO 3/1eKTpoHa [16] u
OIUCHIBAETCS BblpaxKeHHeM

ot (B) = 0u[(E/E,) - 1]1(E ~ E), (11)

rae l(E — E,) — enunnunas dyHkuma XeBucaiia, a BeJMUMHA 0 /I OCHOBHBIX HEHTPA/IbHBIX KOMITO-
HeHT HoHoCdepbl, aToMapHoro Kucjaopoaa (o = O) u MosekyasipHoro azota (a = Ng), coCTaBJseT COOT-
BercTBenHo oo = 0,4 - 10710 em? u oy, = 0,88 - 10710 em?. B [13] a5 anaauTHueckoro peuieHusi 3a-
Jlaud O JIOTIOJIHUTEIbHOH HOHU3ALMK B paMKax ypaBHeHHs (5) MCMoJb30BaN0Ch MOJIEIbHOE MPEICTaBIeHHE
ot (E) = (2/9)04(E/E,)? 1 (E — E,), cna6o ormuatoieecs ot (11) B o6nactu snepruii B, < E < 4E.,.

CornacHo (9) mopor HeyCTOHUMBOCTH MOXKET ObITh MPEBbILIEH KaK 32 CUET YBeJHUEHHs MJIOTHOCTH SHEp-
TMH TJ1a3MeHHbIX BoiH W (KoTopasi, B CBOIO ouepejib, yBeJnuuBaeTesi ¢ poctom moluHoctd BH), tak u 3a
cuer pocta pazmepa yckopsitoiero ciosi 2L. Crabunusalusi pacCMOTPEHHON HEYCTOHYHBOCTH MPOUCXOJUT
3a CyeT HACBIIIEHUS MJIOTHOCTH SHEPTHH MJ1a3MEHHBIX BOJH HA MOPOroBoM ypoBHe Wiy, MpH 3TOM Besl “H3-
ObITOUHAs " SHEPTHUST MTepelaeTcsl yCKOPEHHbIM 3/1eKTPOHAM U TPATUTCS Ha JOMOJHUTEbHYI0 HoHH3aumio. Co-
raacHo [13] Ha cTamuu HaChIlLIEHUS pellieHne YpaBHeHHs (O) MOXKHO 3arucaTthb B BUe

g
F(e, z) ~ 071Na6*£21{1 15(10) cos(Aoz/L), (12)

rie yo = 2v2\g(g/e%)%/2, K1/5(yo) — moamdunumposannas dynkuus Beccenst Broporo poa, a nosinas
MJIOTHOCTb YCKOPEHHBIX YacTull N, onpejessieTcs uepe3 napamerp HaarnoporoBoctd W/Wyy, — oTHolleHHe
“HavaJbHOMN 'MJIOTHOCTH SHEPTUH TJIa3MEHHbBIX BOJIH K TIOPOrOBOH:

Na/N ~ 09(vo/w)(e" [u3) (W/ Wy, — 1). (13)

31ech vy — JIeKpPeMEeHT 3aTyXaHHsl MJ1a3MEeHHBIX BOJIH B OTCYTCTBHE 106ABOUHBIX HAATEMJIOBbIX yacTHil. OT-
MeTHM, uTO penienue (12) nosyueHo B mpeanooKeHud CHMMETPUH YCI0BUH HA TPaHULIAX YCKOPSIIOILETO CJ1051
OTHOCHUTEJILHO TOUKH z = 0.

B pa6orax [12, 13] 3anaua peuianach B MpearnosoKeHUH CyLIeCTBEHHOTO HAKOMJeHHs ObICTPBIX YaCTHIL
B 006J1acTH TYypOYJIEHTHOCTH, UTO MPUBOIMUJIO K rpaHuuHomy ycsoBuio F(v, L) = F(v,—L) = 0 u 3Haue-
HHUIO BeJiukHbl Ag = /2 B (9). [1pu 3T0M U3 06s1acTH |z| < L MCXOAUT CTALMOHAPHBII MOTOK SHEPTHUHBIX
uacrutl, paBibiil [v pu ®(v)dy = D10F/0z, uTO NO/KHO MPUBOJUTH K CYLIECTBEHHOMY HAPYIIEHHIO H30-
TOpNUK (PYHKIMK pacripesesienust B obaactu |z| > L. B 3Toil o6sacT, oHaKo, PU pacCMOTPEHUH KHHe-
THKH CBEPXTENJIOBBIX 3JIEKTPOHOB HEOOXOIMMO YUUTBIBATL CTOJIKHOBeHHUs [ 1, 17]. BaxkHo, uto HanpaBsieHue
CKOPOCTH 3JIEKTPOHOB MPH COYIAPEHHUSIX C TSKENbIMU YaCTHLIAMH MEHSIETCSs ropa3io ObicTpee, UeM UX SHep-
THsl, MOCKOJIbKY 6 < 1, rme 6 — 1015 9HEpPruu, TepsieMast Py TakKoM cToJKHOBeHUHH. [TosTomy 3a Bpemsi
At ~ (6v)~!, me v — yacToTa CTOJKHOBEHH, 3JE€KTPOH yCreBaeT MHOTOKPATHO H3MEHUTh HaNpaBJeHue

654 C.M.Ipau



Tom XLII Ne7 Hsze. BY308 PAITHO®H3HKA 1999

CBOEr0 JIBUXKEHHUS, T. €. TPOUCXOJUT U30TPONU3ALUS PYHKUMH pacrpeesneHusi. ITo MPUBOIUT, B CBOIO Oue-
peJib, K BO3BPALIEHHIO 3JIEKTPOHOB B YCKOPSIOLLMH CJI0M H, CJIEI0BATE/LHO, K MOBbILLIEHHIO 3(h(heKTHBHOCTH
yCKOpeHHusi. 3aj1aua 0 MHOTOKPATHOM YCKOPEHHH JIEKTPOHOB B Y3KOM cJioe TypOyJieHTHOCTH 6e3 yueTa Typ-
OyJIEHTHOTO yllep:KaHusl JIJIst CJlyuasi 4acToT, JajleKuX OT KPAaTHOro LIMKJOTPOHHOTO pe3oHaHca, Oblia pac-
cmotpena B paborax [17, 18]. B stux paborax mpeanosaranoch, uTo 3a BpeMsi OJHOTO MpoJieTa 00J1acTH
TypOyJIeHTHOCTH U3MEHEHHE SHEPTUH 3J1eKTpoHa Ae He3HAUNTEbHO, (Ae K €).

Hike ucciieoBaHo BiMsiHKEE “CTOJKHOBHTELHOTO BO3BpaTa' uacTHlL B 06J1aCTh YCKOPEHHS HA PACCMOT-
PEHHYI0O HOHH3ALMOHHYIO HEeyCTOMUMBOCTb. JlJisi pellieHus 3ajaun B 06J1acTH |z| > L Bocrosib3yemcst ypaB-
HeHUsIMU U151 PYHKLUMHK pacnipenenenus [17, 18]

OF 0 OF v? 2e
a5z (Pegz) =S D= =g (4
v OF
= —he 5, (15)

3nech ® — no-npexHeMy MaJjasi aHH30TPOIHAsH YacTh (GyHKUMM pacnpenenenusi, F > &; F = (F° —
f©)) — uamenenne H30TPONHOI uacTH HYHKLMH pacTpee/eHus ol BAMAHHEM ycKopsiowero cos, f (0 —
HeBO3MylLLeHHast (PYHKLMS pacrpenenenns. Bux unrerpana crosiknoBenuit So(F') B uccsienyeMoM HHTepBaJe
sHepruit 1 3B< F < 30 3B B nonocdepe nocratouro cioxen [9]. B obnacru |z| > L mbi, caenysi [17, 18],
BbiGepeM HHTErpaJl CTOJKHOBEHHH B MojiesibHOM Bujie So(F) = —d09v9F, rue 69 — 10J1s1 SHEPTUH, Tepsie-
Masi 3JIeKTPOHOM TPU CTOJKHOBEHHH C HeHTpasoM, v¥9 — yacToTa TaKUX CTOJKHOBEHHH, UMeSl B BHJLY, UTO
B obsactu sHepruit F 2 4 =+ 5 3B HauGoJibliiee BUsiHEE HA K30TPOIHYIO YaCTh (DYHKIHH PACTPEIeJIeHHUsT
3JIEKTPOHOB OKAa3bIBAIOT HEYNPyrie CTOJKHOBEHHUS C HeHTpaaMu, U peHebperasi, B YaCTHOCTH, MOSIBJICHHEM
BTOPHUHBIX 3J1eKTpoHOB. Kpome Toro, B 1a/bHeliiemM 6y1eM npearnosarath, 4To B cyuae pa3BUTHs HEYCTOH-
ansoctn F(e) > £ () B obnactn e > «.

Ypasuenusi (14), (15) ¢ yueTom BbipaxKenust 11s1 3PPEKTUBHON YACTOThI Ve COyIAPEHUH YACTHIL C MJ1a3-
MEHHbBIMH BOJIHAMH (Ve ~ wWug/mNv?3) umeror Bua, BecbMa cxoaublii ¢ (5), (7). Pasnuua mexiy ypas-
Henusimu 1 dysun (5) u (14) 3akaouaercs B TOM, UTO B MOC/AEHEM OTCYTCTBYET AU Qy3us 4aCTHIL B TPO-
CTpaHCTBe cKopocTei. [lyid pelieHusi mocTaBaeHHON 3a1aun 06 YCKOPEHUH U JIOTIOJIHUTENbHOW HOHU3ALHUHU C
YU€TOM CTOJIKHOBUTEJLHOTO BO3BPATa 3JIEKTPOHOB B YCKOPSIIOLIME CJI0H HY2KHO PellUTb ypaBHeHHe (5) B 06-
Jactu |z| < L, ypaBHeHue (14) B o6nactu |z| > L u clunThb pelienus npu |z| = L. 3agauy no-npexuemy
OyJleM CUMTaTh CUMMETPUUHOK OTHOCHTeNbHO 2z = 0, npu 3ToM OF'/0z(0) = 0. Kpome Toro, st NpoCTOThI
OyjieMm npejnosarathb, uto 09(e) u 19 () He 3aBUCAT OT 2. B KauecTBe rpaHUUHBIX YCJIOBHI /151 ypaBHEHHUI (D)
¥ (14) npumeMm HempepbIBHOCTb MOTOKA OLICTPBIX 3JIEKTPOHOB Uepe3 MOBEPXHOCTh |z| = L,

DlaF(v,L—O) DC('?F(U,L+O)

= 16
0z 0z ’ (16)

1 HEMPEPBLIBHOCTD X MOJIHOM KOHLIEHTPALIMK Ha 3TOH MOBEPXHOCTH,
/dng(v,L—O):/dng(v,L+O). (17)

Pelenne 3anaun BHyTpH 06aacTi TypOyaeHTHOCTH (|z| < L) no-npekHeMy onpejessieTcst BblpazkeH -
em (12). Bue obsactut TypOyIeHTHOCTH, HANIpUMep, Npu z > L, u3 (14) umeem

F(e,1,2) = Fe, L+ 0) exp[—(z — L)/Ld], (18)

rie L. = /2¢/309192 — xapakrepHblil MaciTal pejiakCallii JIEKTPOHOB ¢ 3Heprueit €. [1yisi aHU30TPOITHOM
yacTu (PyHKUMH pacrpeaeseHust uMeem

D(e, p, 2) = pV389F (e, 2). (19)
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Otmernm, uto B o6Jacth suepruit £ 2 E., Besunna 69 npesbiiiaet 10~ u ycsi0BHe CylIECTBEHHON H30TPO-
nu3auud QyHkUIMK pacnpejesenus (F > ) MoxKeT HapylaThCsl.

Ypasuenusi (16)u (17) nocsie noacranoBku B Hux petenuii (12) u (18) npeacrapisitior co6oi cuctemy ajist
onpenenenusi \g 1 F'(e, L+ 0), HaxoxK/ieHHe KOTOPbIX pelliaeT MmocTapJeHHyto 3aaauy. [Tocse HekmoueHust u3
ypasuennit F'(e, L 4 0) anst A\g umMeem

~1/5
1/5 1/69(e-)e* /yo K1 /5(y0)dyo
Aogrg = 2 () (20)

5V3 /y3/5K1/5(y0)(59(5)/59(57))71/2%.

5 ~ *
Brifpas 6/M3Kyl0 K peasibHOl MOjle/IbHyI0 3aBUCHMOCTb 09(g) ~ 09(e)4/e/ey = 0,1/2¢/e* n Boc-
M0JIb30BABLUNCH OLLEHKAMH VISl €% U v, M0JTyuaeM OLEHKY Ha BETMUMHY ¢!

Ao ~ 0,5.

AT0 3HAUEHHE OKA3bIBAETCs MPUOJU3UTENBHO B 3 pa3a MeHbllle, UeM MoJyueHHOe B MPUOIHKEHUH CHIIbHOTO
HAKOIJIEHUs] YACTHIL B ¢Jioe ¢ TypOyJeHTHOCTbIo (Ao = m/2). Takum o6pasom, “CTOJKHOBHTE/LHBIN BO3-
Bpat'yCKOPEHHbIX 3/J€KTPOHOB B 00/1aCTh TypOYJE€HTHOCTH MPUBOIUT K 3HAUUTEJbHOMY (ITPUMEPHO Ha M0-
PSIZIOK ) CHU?KEHHIO TIOPOTa paCCMOTPEHHOH HOHU3ALIMOHHON HeyCTOHUMBOCTH (9), KOTOPbIH MPH MOJyYeHHOM
3HAYeHHH Ao [IPUHUMAET 3HaUeHHe

Vion(e")7" = 0,9. (21)

YueT HoHH3aUMH YCKOPEHHBIMH 3JIEKTPOHAMH BHE 00/1aCTH TypOYJ/JI€HTHOCTH BEJET K JajbHeHlIeMy CHUXKe-
Huto nopora. OjaHako paciier atoro addexra saTpyHeH, MOCKOJIbLKY HajlexKHbIe JaHHble 0 BUJe TuddepeH-
uMasbHoro cevenust vonuzaunn I (Eq, Eo) npu HEGOJbIIMX MPEBbILEHUsIX SHEPIHH MEPBUUHbIX 3J€KTPO-
HOB HaJl TOTEHLMAJIOM HOHU3ALMH B JIUTepaType oTcyTcTBYIOT [9].* [1poBenenHble OLEHKH ¢ UCMOIb30BAHHEM
nanubix [1, 9] o KoHlleHTpalMK HEHTPaJbHBIX KOMIOHEHT W CeYeHHsX MOHU3ALMK MT0Ka3aJ/iM, UYTO Ha BbICOTaX
nopsizika 200 kv nipu L ~ 0,5 =+ 1 KM BeJIMUHHA Vo, (€¥)7* ~ 0,2, T. €. U151 yBEPEHHOTO JOCTHKEHHS TIopora
HEYCTOHUMBOCTH HEOOXOMMO KaK yBeJIMUeHHE MOILHOCTH BOJIHBI HAKAUKH, TaK U, CAMOE [JIaBHOE, YBeJIHUeHHe
BEPTHKAJILHOTO pagmepa 06/1acT BO30YyKAeHHS MJ1a3MeHHbIX BOJIH. Takasi CHTyalust MOKeT UMeTb MECTO MpH
npubamKenud yactotel BH K kputnueckoii uactore F'-cji0s1 WM MpH UCMOJb30BAaHUK HAarpeBa HOHOCHEpPDI
Ha pa3HeceHHbIX YaCTOTaXx H, CJeI0BaTe/NbHO, BbICOTAX.

2. 0b YCKOPEHHWMU 3JEKTPOHOB MPU MOAUPUKALIUU HOHOCPEPDLI PAAUOU3JIYYEHUEM C YACTOTAMHU
W R NWee

B npenpiayumx pasuenax ycKopeHue 3JeKTPOHOB paCCMaTPUBAJIOCh B MTPEANOJI0KEHUH, UTO B KBA3UJIH-
HellHoM ypaBHeHuH (1) onepatop nuddysun MoxKHO cuuTaTh H30TPONHBIM (Dyg o< 6(1217 — w)). B nnmnno-
BOJIHOBOM Tipesiesie (kv < wee), @ TAKXKe TPU MPUOIHKEHHH YACTOTHI MJ1a3MEHHBIX BOJH K FTapMOHMKAM
3JIEKTPOHHOH LIMKJIOTPOHHON YaCTOThl (W R NWce) HEOOXOJUMO YUUTLIBATH BJIUSIHHE MArHUTHOTO MOJIsI Ha
MPOLIECC YCKOPEHHsI. YCKOPEHHE JIEKTPOHOB MPH W R NWee B MPUIOKEHHH K SKCTIEPUMEHTAM 110 B3aHMO-
JIEHCTBHIO MOLIHBIX PAIMOBOJIH ¢ HOHOC(EPHOH M1a3MoH paccMaTpuBaJgioch B padorax [19, 20]. B nux, rakxke
Kak u B [17, 18], yckopsiiolmit cyioil cunTasncs y3kum, T. €. MpeanoJaranoch, 4UTo U3MeHeHHe SHEPTHH IJ1eK-
TpoHa Ac 3a BpeMsi OHOTO npoJsieTa 06acTh TypOyJeHTHOCTH He3HauuTe bHO (Ae < ¢). I[lpu stom BHe

*B pa6ote [13] ypaBnenue (5) nisi cayuast B, S E* yaanoch NpoMHTErpupoBath, He KoHkpeTuaupys Bun I (E1, Es), a ucronb-
3ys1 JIMLIb 3aKOHBI COXPAHEHHUsT SHEPTHH U YHMCJIA YACTHUIL B IIPOLLECCE HOHUBALHH.
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YCKOPSIIOLIErO CJI0SI IPOUCXOUT ObICTPAsi H30TPOIMKU3aLlKsl (PYyHKIMK paclpeieJieHHst 3a CUET COyIapeHni 1
aHuzotponHyio 106aBky ® (v, u, t) MoxHo cuntath Manoi (®(v, p, t) < F(v,t), cM. (4)) npu Beex v.

B nacrosiiiem pasjesie paccMaTpuBaeTcst yCKOPEHHe 3JIEKTPOHOB MJ1a3MEHHBIMH BOJIHAMH TIPH W R NW e
B OPaHMUEHHOM CJIO€ MJ1a3Mbl. B OTJIHUHE OT CJyuast 4acToT, AaJIeKUX OT JIEKTPOHHBIX LIUKJIOTPOHHBIX rap-
MOHHK (H30TPONHOE YCKOPEHHE), 3HAK MPOAOJIbHOH CKOPOCTH YACTHIbI U, HE MEHSIETCSI B MPOLIeCCe B3an-
MOJIEHCTBUSI C BOJIHAMHU, U 3(hheKT TypOy/IeHTHOTO ylaep:KaHusi OKa3biBaeTcsi HecylllecTBeHHbIM. C 1pyroii
CTOPOHBI, B MPOLIECCE B3AUMOJIEHCTBHSI MOTYT y4aCTBOBATh 3JIEKTPOHbI C IOCTATOUHO MAJIBIMH (MOPSIIKA Tel-
JIOBOH ) TIPOJIOJIbHBIME CKOPOCTSIMH, J1JIsT KOTOPbIX

kv, = w(E) — NWee. (22)

Bpemst xKu3HM UaCTHLbI B TypOYyJJIeHTHOM cJioe 7 ~ L /v, CTAaHOBUTCS IOCTATOUHBIM /IS 3aAMETHOTO YCKOpe-
HHSI, KOTOPOE POHCXOUT MOMepeK MArHUTHOTO 10/ist B H NPHBOAUT K MOSIBJCHHIO 3aMETHOMH aHH30TPOMHH
(yHKLMHK pacTipenesenns B 061acTh GOMbIINX 3Hepruil (& > V2/2).

B kBasuiMHelHOM NPUOJIHKEHUH KMHeTHUeCKoe ypaBHeHue (1) 1/1st PyHKIMH pacrpe/ieseHus 3J1eKTpo-
HOB B MATHUTOAKTHBHOH MJ1a3Me UMeeT BU/L, 8]

2 S
g+vg—e— Z /d3k(ikz+8%e 9 )x

ot 0z 2m?2 P ov, v, Ovy
kiv \ |Ez? - 0 Swee O
2 1U] k N o ce
XJS ( wce ) k2 (5(6&)( ) kZ/UZ che) (avz kZ + ’UJ_ a'UJ_) f? (23)

e Js(q) — dynkuus Beccenst neporo pona, E% — CreKTpaJsibHasi MHTEHCHBHOCTD MJ1a3MeHHbIX BOJIH. B
JaJibHeiilieM OyjleM paccMaTpuBaTh CTalMoHapHylo 3aaauy (0f /0t = 0), nosarasi, uto TypOyJ/JI€HTHOCTD
cocpesiotoueHa B cjoe 0 < z < L, nocratouno y3koMm (L < [, rae lo = Vo/v, — aiuHa cBOGOIHO-
ro npo6era 3JIeKTPOHOB), UTOOBI MJ1a3My MOXKHO ObLJIO CUHTATh OECCTOJKHOBUTEJLHON W MOJaraTh E% =
Eg(z)[l (z) — 1(z — L)]. Kpome toro, 6yaem cunTath, uto 4acToTa M1a3MeHHbIX BOJIH w GJH3Ka K KPaTHOI
LMKJIOTPOHHOH YACTOTE NWee (1 > 3) M UTO CrieKTpaJsibHas HHTEHCUBHOCTD IMJ1a3MEHHBIX BOJIH E]% He 3aBHU-
CHUT OT a3UMyTaJIbHOTO yIJia, a MoJisipU30BaHbl MJa3MeHHble BOJIHbI MOUYTH TONepeK MarHuTHoro noJs. [1pu
9TOM B MPaBoi YacTH (23) MOXKHO OrPAaHUUMTBLCS OJHUM UJIEHOM CYMMbI C § = m U peHebpeub caraeMbIMu,
coziepkallumMu k,0/0v, no cpaBHEHHIO C (Nwee/v 1 )0/0v . DTO 03HAUAET, UTO YACTULA TIPU TIPOJIETE Ue-
pe3 YCKOPSIIOLLKI CJIOH He MEHSIeT CBOEH MPOJI0JbHON CKOPOCTH, U BEJIMUMHY U, MOXKHO PacCMaTPpUBaTh KaK
napamerp 3ajnaud. YpasHenue (23) npu 3TOM NPUHUMAET BUL

vﬁ:ii(pﬁ), (24)

Zaz Vy asj_ asj_

ree; = vi/Q,

2 E2
e kiv, >
D=1 2, / 2 ( ) ks, k. (25)
mé Wee k
B csiyuae H30TPOMHOro yCKOpeHUs1 pe30HaHCHOE YCJIOBHE w = k¥ BBIMOJHSETCS JHIb JJIs1 JIOCTATOU-

HO OBICTPBIX YACTHIL CO CKOPOCTSIMH v > Ve, B TIPOTHBHOM CJiydae Mja3MeHHbIe BOJHbI CHJIbHO 3aTyXaloT
Ha TeMJIOBbIX 3J1eKTpoHax. [lyist 53(h(eKTHBHOTO yCKOpPeHHsl, TaKUM 06pa3oM, HeOOXOUMO HaJIHuKke 3aMeT-
HOH “HayasibHON "MONYJISIMH HAATENJIOBBIX YaCTHIL. B yc/oBHsIX HOHOCHEPHI Ui BEPXHETHOPHIHBIX BOJIH
w(E) = wuh(Euh) mpH (W — nwee) S 0,01 + 0,1 wee pe3oHaHCHOE yCI0BHE (22) MOXKET BBIMOJHSATHCS JIST
JIOCTATOYHO MaJIbIX TTPOAOJBbHBIX CKOPOCTEH YaCTHL v, S Ve, IPH 3TOM LMKJOTPOHHOE 3aTyXaHHe BEPXHEr -
OPH/IHBIX BOJIH Ha TEIJIOBbIX 3JIEKTPOHAX BCEro B 2--5 pa3 MpeBbillIaeT CTOJKHOBUTEIbHOE.
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JlanbHeiilliee pacCMOTPEHHE Mbl HAUHEM CO CJIyuasi JUIMHHBIX BOJIH M YACTHIL C HEOOJIBIION MOMepeuHoi
CKOPOCTbIO, Korlia ¢ = kv /wee < 1. Ilpu 310M J,(q) =~ (q/2)"/n! u ypaBHeHue (25) npuHUMAET NPOCTOM
BHJL

o5 _10 08 )
o¢ yox O
rex = k2el /wk,y = ki /wk, g = v2/2,( = [ Ddz, ky — xapakTepHoe IolepeuHoe BOIHOBOE
YHCJIO T1J1A3MEHHBIX BOJIH (J1/151 BEDXHETHOPUHBIX BOJH Ky Ve ~ 0,2wee ),
~ d.w? inil E?
D= "k k dk 27
mN w§e krznn,6 1, ( )
rie d, = __ Pelienue ypaBHenus (26) uMeeT BH
A = il DI yP 8
00 1-n/2 2—n /2—n
_ Y ' n(1—n)/2 2y(za’) _y(:c +T ) /
f(@,y,¢ —7/fo$,y T Iy | — 55| exp da’. (28)
N T A (@) (@ n)p

3nech fo(z,y) — yHKUMS pacnpe/eseHns 3J1€KTPOHOB Ha BXOJIe B YCKOPSIOLIMI CJ10H, [, — MOIUpULHUPO-
BaHHas pyHkuus beccensinepsoro pona, v = (1—n)/(2—n).[Ipun = 4 u v = 3/2 pelenne 3anucbiBaercs
Kak (cM. Takxke [8])

o0 = [ [ 22 (oo [ (3-2)] (- 57)

+exp [—% (i + %ﬂ (1 + 2@‘;;9;’) } da’. (29)

N3 dhopmya (28) 1 (29) cenyer, uTo, BO-NepBbIX, yCKOPEHHE yacTHlL TeM 6oJiee 3(h(PEeKTUBHO, UeM BbIlle
MX HEPrHs Ha BXOJIE B CJ10i. BO-BTOPBIX, MPH 10CTATOUHO GOJBLINX (, KOT/a

(> yfe=p/(1-p?),

YTO COOTBETCTBYET J0CTATOUHO MHTEHCHBHBIM I1J1a3MEHHbBIM BOJIHAM U JIJIHTEIbHOMY BPEMEHH YKU3HHU dJ1eK-
TPOHOB B CJI0€ ( PeXUM CUIILHOH N Py3un ), y PYHKIIHUM pacrpeeseHust 101KeH POPMHUPOBATHLCS CTENEHHOH
xBocT f o< 7! no nonepeunbIM CKOPOCTAM H, CJIENI0BATENLHO, MOSABAATLCS 3HAUNTEIbHAST AHU30TPOIHS
(YHKLMH pacrpeeseHusl.

J17151 OLIeHKH XapaKTepa MOJIydeHHOTO pellieH!sl B YCJIOBUSX SKCIIEPUMEHTOB MO BO3JIEHCTBHIO HA MOHO-
cepy nprMeM, UTO YACTOTHbBIH CIIEKTP MJIa3MEHHbIX BOJIH Y3KHH, 8 UX MHTEHCMBHOCTb PABHOMEPHO pacripe-
JeJIeHa 110 TOTePEYHBIM BOTHOBBIM BEKTOpaM k| :

v d(ky — kz(ki,wo)). (30)

2
_k_
2
8 wkz

3nech W (z) — uHTerpaJjibHasi IJIOTHOCTb SHEPTUH TJIA3MEHHBIX BOJIH.
Pacnpenenenue (30) siBaisieTcst pelieHneM CTallMOHAPHON 3a1auu /151 BO3OYKIEHHsI TEMJI0BOH Mapamer-
puuecko TypOyJ/ieHTHOCTH B HoHOChepe (cM. [3]). [1pu stom st ¢ umeem

~1 2(n—2)
kL W(z)
(km) / o ke, (31)
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3Hauenus k, u k| 31ech onpeiesisiioTesi Pe30HAHCHBIM yC0BHeM (22) 1 IMCIepCHOHHBIM ypaBHEHHEM MJ1a3-
MEHHBIX BOJIH NPH w = wy. [1oCKOJbKY 15t BepXHErHOpUaHbIX BoJH Ok, /Ok) > 0, HauboJiee 3(ppeKTHBHOE
YCKOpEeHHe UMEeET MeCTO JI/Isi MAKCUMaJIbHbIX k| ~ ky,, KOT1a MaKcUMasibHa BesiunHa ¢/y. B cBoto ouepenp,
corJyiacHo [3] Ha BBIXOJie U3 CJI0ST

/W(z)dz ~ Wy /v, (32)
rae Wy — MJIOTHOCTb SHEPTUH BOJIHBI HAKAUKH HA BXOJE B YCKOPSIOUIMH CJIOH, ¢ — CKOPOCTb CBeTa, Vg —
JIeKPEMEHT 3aTyXaHHsl M1a3MeHHbIX BosH. [Tosaras nanee 0k ,/0k | ~ 1, k| ~ kpy, Wpe & NWee, HMEEM

¢ n? ckm Wy V2

y 2 [(n—112 vy NT. v2°

(33)

B ycJ/10BHsIX 9KCIIEPUMEHTOB Ha TPETheH U UeTBEPTOH LIMKJIOTPOHHBIX TADMOHUKAX BeJIMUHHA (/Y 0Ka3bl-
BaeTcs 10cTaTouHo Goabluol (npu Wo/NT ~ 107% nan = 3 (/y ~ 300V2/v2uman = 4 (Jy ~
10V62/v§), , HATIPUMep, MpU n. = 4 YKCJIO YACTHIL CO CKOPOCTSIMU V| & Wee/km, v, ~ Ve Ha BbIXOje U3
CJ1051 IpeBbILIAET HCXOHOe DoJiee ueM Ha 4 nopsiika. Ha 6oJiee BbICOKHMX rapMOHUKaX, Ipun = 6 un = 7,
CJy ~T7-1072V2 /v u (/y ~ 1073V.2 /v cooTBeTCTBEHHO, T03TOMY S(PHEKTUBHO YyCKOPATHCS MOTYT TOJIb-
KO UaCTHIbl, JBUTAIOLIMECs MPAKTHUECKH MOTEPEK YCKOPSIOLIEro ¢ost, y KoTopbix v, < V. [lpun = 5
¢/y ~ 3V2 /v? u yckopenue octaetcst 10CTaTOUHO 9PHEKTUBHBIM.

Kak rokasbIBaloT NpHBe/IeHHbIe OLIEHKH, 3HAUUTe/IbHAsL YaCTh YACTHIL B MPOLECCe YCKOPEHUS I0JIKHA
nonajiaTh B 06J1acTb ¢ > 1, 1€ v 2 Wee/km. [1pu 3170M ypaBHenue (26) U, COOTBETCTBEHHO, €r0 PellIeHHs]
(28), (29) nepecratot ObITh CIIpaBeIUBLIMU. AHAJUTHUECKOE PellieHke ypaBHeHus (24) B 3ToM ciyuae s
pa3yMHbIX MojieJiell pacrpeiesieHust E%(E) HalTH He YlaeTCsl U MPUXOJUTCS OPAHUUMTBLCS KaueCTBEHHbIM
paccmoTpenueM. [liist pacnpesenienus niaasmeHHbiX BoJH B Bujie (30) Koadhduument muddysuun (25) D o
J2(k1v] Jwee) obpaluaercst B HyJb 11pH Gnj = (k1vl/wee)j, e j = 0,1,2,..., gnj — KOPHH (YHKLHH
bBeccens, k| onpenesnsieTcs U3 pe30HaHCHOTO YCJIOBHS (22) U AMCTIEPCHOHHOTO YPaBHEHUsI NIa3MeHHbIX BOJH
npu w = wp. CoryacHo [8] B mpoliecce KBa3HIUHEHHOH AUPPY3UH YaCTULBI HE MOTYT MEPEXOAUTh uepes
TOUKH, B KOTOPbIX D = 0, U B 06J1aCTH ¢, s < ¢ < Gp,s4+1 YHCJIO YACTHLL JO/KHO COXPAHATBCSA:

qs+1
0

5 / fluz, vy, 2)gdg = 0.

ds
Ecuiui ipu z — 00 9Heprusi njiaaMeHHbIX BOJIH OTJIMUHA OT HYJs, U3 (24 ) cienyet, uto df /Ov, = 0, T. e. nipu
Gn,s < g < Qn,s+1 Ha DYHKLHMHK pacripeiesieHust 06pasyloTes 11J1aTo 110 NolepeuHbiM CKOpocTaM. BeicoTa sThx
J1IaTO Pa3JiMuHa U OTpeie/isieTcst HauasbHbIM UMCJIOM YACTHIL B KOHKPETHOM MHTEpBAJIE.

B peasbHOl cuTyauuu BesnuuHa z KoHeyHa. OHAKO MPU A0CTATOUHO OOJbLIOH HHTEHCHBHOCTH MJ1a3-
MEHHbIX BOJIH U MIPOTS2KEHHOM cJi0e TypOy/IeHTHOCTH TeHIEHIMS K 00pa30BaHUIO MJIATO J0JIKHA TTPOSIBJIATh-
cs. Ouenum xapakrep auddy3un 3J€KTPOHOB M0 CKOPOCTSIM, M0JI0KUB B (24) 0/0e ) ~ 1/e . Torna us (24)
1MeeM

2 N/Ddz/vg, (34)
wi (k ~ ky,, 0k, /0ky (wo) ~ 1)

4 pe 2 72

rae A ~ 1+ 10 — uncaennsiii Kospduunent. [1pu 3Hauenusx ¢, 1715 KOTOPBIX MpaBast yacTb ypaBHeHHUs (3D)
TMPEBBILIAET JIEBYIO, HMEET MECTO PEXKHUM CHJIbHOH TU(QY3HH, T. €. J10/KHO YCTAaHABAUBATLCS pacpeiese-
HUEe 3JIEKTPOHOB THIIA MJ1aTO, NpH 3ToM 0/ < 1/e). Jlasi napameTpoB, THIMUHBIX JIJIsT HOHOC(EPHBIX
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3KCIIEPUMEHTOB, 110CJ/Ie[IHEE HEPABEHCTBO BbINOJHSETCS BIJIOTh /10 3HaUeHui ¢ = ¢, ~ 10 + 20, 3a uckJo-
ueHneM obsactefl, OJIM3KUX K ¢ = @y, s (TH€ ¢ s — S-H KOpeHb ypaBHeHust Jy,(¢) = 0). DKCNepUMeHTbI M0
Mo mpuKauuu nonocdepsl nposoasitest npu yactorax BH ot 4 1o 9,5 MI11, uto nepekpbiBaeT UHKJIOTPOHHbBIE
rapMOHHKM ¢ HOMepaMu oT 3-ro 1o 7-ro. Hanomuum, uto ¢35 ~ 19, ¢75 ~ 24. MunumanbHoe 3HaueHue q,
TIPH KOTOPOM BbIIOJIHAETCs cooTHOLIeH e (35): 0 < ¢, < @p,1, ONpeje/seT nepexo ot caaboil auddysnu
npu ¢ — 0 K CUJbHOMN MPHU yBeJHUEHUH MONEPEUHOH CKOPOCTH YACTHUIL U (MJIH ) TTONEPEUHbIX BOJHOBBIX UMCEJ
MJIa3MEHHbIX BOJIH. Besinunnbl ¢, ¥ g, yBEeJMUUBAIOTCS C HOMEPOM rapMoHUKH. VX 3HaueHus /151 THITUYHBIX
MOoHOC(hEPHBIX MapaMeTpoB NpH v, = V, npuBejieHbl B TabJl. 1.

dopma pyHKIMH pacripesiesieHusi B 001aCTH CHIbHOU THddy3UH onpesiesisieTcsi, eCTeCTBEHHO, BUJIOM 3a-
BUCHMOCTH K03t uumenta auddysun ot vy . B uactnoetn, npu ¢ < 1u (g?/y > 1 uMeeT MecTo, KaK yKe
YKa3bIBaJIOCh, CTeMeHHasl 3aBUCUMOCTb f o< lep, rae p = n — 1. [1pu 3nauenusix ¢ 2 1 poct Kospdum-
enta auddysun D ¢ g 3amensisieTcs, caeaoBaTebHO, BeJHUMHA T0Ka3aTesst p yMeHbllIaeTcsl, a B 00J1aCTH,
rie (J2(q))" < 0, moskno uMeThb MecTo n1ato (f /Ov, = 0) Ha hyHKUMH pacTpe/Ie/IeH st BIIOTh JI0 3HAUe-
HUH ¢ = @p,1, IPH KOTOPbIX HapyllaeTcs npuobJMKeHne cuibHol auddysuu. B obaactu cnadoit anddysnu,
pH ¢ — @Gp,1, AOJDKEH HabJ10aThes Pe3Kuil crnaj GyHKUUK pacrpenesenus. B obaactax ¢n1 < ¢ < gn 2,
gn2 < g < Qn,3 M T. 1. KAPTHHA J0JUKHA TIOBTOPSTLCS, HO 3HAUeHUs! (PYHKLMH pacrpeiesieHHsl OKasblBaloT-
Cs1 CYLLIECTBEHHO MEHbLIMMH, MOCKOJIbKY HauabHast GyHKLMs pacrnpenenetus fo cocpepotoueHa B 06JacTu
vy SVe.

B caiyuae minpokoro 4acToTHOro CrieKTpa niaa3MeHHbIX BOJIH

Ta6auua l pe3oHaHCcHOe ycJioBHe (22) npu UKCHPOBAHHOM ¥, BBINOJI-

HSETCS IS pa3iuuHbiX k, U Kosppuurent auddysun (25)
n 3 4 5 6 7 HUTJIE B HYJb He o6 pattaercs. [ Ipu aTom 06s1acTh MIaTO JOJK-
@wm 006 05 12 2 29 Ha MPOTSITMBATHCS BILIOTH 0 BepXHeH rpaHulbl ¢ 061acTH
g, 12 165 18 21 24 CWIIbHON I y3nn. DTy rpaHuLLy MO-TpeKHEMY HaJlo orpe-

JeJIITh U3 yca0BHs (34 ), 1 oHa 10/KHA ObITh OJIM3KA K OLIeH-
Ke g, puBeieHHon B TabJ1. 1 mis pacnpenenenus (30).

Takum 06pasom, B pedyJibTaTe yCKOPEHHS 3JIeKTPOHOB MJ1a3MeHHbIMH BOJIHAMH BOJIM3H 3J1EKTPOHHBIX M-
pOrapMOHHK Ha BBIXOJI€ U3 YCKOPSIOLLEro cyios y (GyHKIMH pacrpenesneHusi popMUPYeTCsi CHIbHO aHH30TPOTI-
HbIA XBOCT HAATEIJIOBLIX YACTHLL C U] > U, C JO0CTATOUHO [JIABHBIM PAacCIpele/IeHHeM THIIa I11aTO 10 MoMe-
peunbiM ckopocTsiM. [Ipese/ibHast SHEPrusi yCKOPEHHUST B TUIIHUHBIX YCJOBHSIX SKCIIEPUMEHTA MOXKET JI0CTH-
ratb 50--100 3B. BepxHioto o11eHKy KOHIIEHTPALIMK YACTHIL B 06JIACTH MJIaTO MOKHO TOJNYUUTh U3 SHEPTeTH-
uecKUX cooOpaxKeHuH, npernodarasi, 4to 60JblIAs YACTb SHEPTUY HAKAUKK MepeaaeTcsl yCKOPEHHbIM 3J1eK-
TPOHaM, W MPHUPABHSIB MOTOKK SHEPTUHM HAKAUKH M YACTHLL, YXOAALLIMX Uepe3 IPaHULly YCKOPSIOLLEro CJO0S.
JloJ1s1 HEpPruyHbIX YACTHUIL, OLleHeHHAs TAKUM 06pa3oM, cocTasaser 10 ™4 < 1073 ot KouuenTpauuu GoHoBo#
TNJ1a3Mbl.

3. 0 PEJJAKCALIMUM AHU3OTPOIHOM ®YHKLIMU PACIIPEJIEJIEHUS B CTOJIKHOBUTEJIbHOM MJA3ME

PaccMoTpuM CTOIKHOBUTE/BbHYIO peslaKcalio aHH30TPOMHON YacTH (PyHKLMHU pacrpeeneHus, Ko-
TOpasi 10JKHA TPUBOJUTL K U30TPONHU3aLMK M OCTBIBAHUIO YACTHIL XBOCTA. YpaBHeHHe sl PyHKUMH pac-
npesesieHus1 HaJITENNOBbIX 3J1eKTPOHOB (v > V) B npeHeOpeKeHUH JIeKTPUUECKUMH TOJSIMU 3ariilieM B

BUIE
of of

E +/Uz£ = See + Sei + Sem, (36)

7€ See, Sei, Sem — HHTErPAJIbI MEXK/LY3JIEKTPOHHBIX (€€), yIPYTHX 3JeKTPOH-HOHHBIX (€i) U yIPyrux 3JeKTpoH-
HelTpasbHbIX (em ) coynapenuil. B (36) npene6pe:keHo HeynpyruMu 3/71€KTPOH-HOHHBIMH H 3J1€KTPOH-HEHTPaJbHBIMU
COyIapeHUsIMH, COyJapeHHsIMU, COOTBETCTBYIOLIMMH MPOLLECCY PEKOMOUHALIMH, KOTOPbIE BJIUSIOT B MEPBYIO
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ouepesib Ha CPEIHIOND TeMMEPaTypy U KOHUEHTpaLHUio 3JaeKTpoHoB [1, 9], a TakkKe coynapeHusiMH, COOTBET-
CTBYIOLIMMH TPOLLECCY HOHU3ALIMH JIEKTPOHHBIM YIapPOM.
CoraacHo [ 1, 9] unrerpaJni coynapenuii B popme Jlannay npu v > {Vi, Vi } Moryt 6bITh 3amnucaHbl B Bujie

) L ANOR L
See - UVe( ) (f+ av + 2 a/[/( lu ) aM’ (37)
_ me 0 (o T 10f\  re(v) O of
Sei = vre(v) m; Ov ( + Me U av) + 2 ("m( H ) ou’ (38)
rie p = v, /v = cos @, T; — TemrepaTypa HOHOB,
4rNe*ln A off VE
ve(v) = T 3\/7 Ve 3 (39)

v — sddexTuBHAS UaCTOTA MEXKILY3TEKTPOHHBIX H 3JIEKTPOH-HOHHLIX COYAaPEHHEl 1S TeTIOBO# T1a3MBbl,

In A — xyJoHOBCKHE Jjorapudm. Boipaxkenue (37) cnpaBe/iyiiBoO, KOrJa KOHUEHTPALIUST ObICTPbIX UACTHLL IV,
JIOCTATOYHO MaJsia, Ny << N, U UX CTOJIKHOBEHUS MexKly COOOH MOXKHO HE YUUTHIBATD.
Canenys [1, 9], pasnoxum ypastenue (36) no nosnmnomam Jlexxanapa P;(u):

(v, 1, 2 Zf] v, Z) (40)

Torna, yuuTbiBasi CBOHCTBA [TOJMHOMOB, NOJIYUHM CJIEYIOLLYIO LIeMoUKy ypaBHeHui (j = 0,1, .. .):

af;j ( J_0fia, g+1 5fj+1)_ , .
Bt T\ 1 0 2513 0 ) T et St Sem)s. 1)
rae
241 |
()= 5= [ P an. (12)

Cornacho [1] 1151 coynapenuit 3J1eKTpOHOB ¢ HEUTpaIaMKi UMeeM

(Sem)s = =i ()55 Vinj = Nt [ Gem (0 0)[1 = Py (1)) dp (43)

3nechb Ny, — KOHLIEHTPALHUS HEUTPAJIbHBIX YACTHLL, Ty, (v, 1) — muddepenimaibHoe 3hheKTUBHOE ceueHre

YIPYroro paccesiiusi 37eKTpoHoB. [1pu coynapeHunsix ¢ TBepAbIMU lIAPUKAMHU pauyca a (Tak MOKHO YCJOBHO

MOJIEJIMPOBATh YIIPYrHe CTOJKHOBEHHS! 3JIeKTPOHOB C HeHTpaJibHbIMM YacTHLIAMM TIPH ¢ = const) ¢ = a? /4.
Torna npu j # 0

_ _ a’N,, _eff 3 v

VmJ_Vm_ 9 _em16\/—v

3neck VS, — 3deKkTUBHAs UacTOTa YIPYTrHX COylapeHnH 3/7eKTpoHoB ¢ HerTpadamu [1]. M3 (43) Buano, B
YACTHOCTH, UTO Sepmo = 0. DTO sABASETCS CJEACTBUEM MTpeHeOpeKeHUsT SHEProOOMEHOM C MOJIEKYJIaMHU TPH
BbIBOJIE POPMYJIbI.

Kak cienyer us BoipaxkeHui (36)—(44 ), CTOJIKHOBUTE IbHAS PeJaKCalsl HAJLTEMJIOBbBIX 3JIEKTPOHOB MPH-
BOJIUT K MX OCTbIBAHUIO U H30TPONU3alki. Eciii ocTbiBaHUe OnpesieisieTcs, B EPBYI0 OUepe/ib, CTOJKHOBE-
HUSIMH C TEMJIOBBIMU 3JIEKTPOHAMH (TepBbie J[Ba UjeHa B paBok yacTh (37)), a sHeprooGMeHOM C HOHAMH U

(44)

i
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HeHTpa/IbHBIMKM YaCTHIIAMHM MOXKHO NpeHeOpeub, TO BKJAJ B U30TPOMHU3ALMIO 3JEKTPOHOB U MOHOB MPAKTH-
YeCKH OJIMHAKOB (Cp. MOCJ/eHHe UleHbl B MpaBbIx yacTsx (37) u (38)), a BKaaa HEHTPaJIOB B 3TOT Mpolece
onpenensiercst ornowenueM v /v Tlockonbky B yenosusx F-o6aacti nonocdepn v81 /v <« 1, rnan
HeHTpaJsIbHbIX YACTHLL B H30TPOTU3ALIMIO OKA3bIBETCS 3aMETHBIM JIMLIb U151 3J€KTPOHOB C 10CTATOUHO GOJb-
M sneprusivi E 2 50 3B.

Jlast peleHust cTalMOHAPHON 3a/1aud O peslakcallii HAATENJOBbIX 3JE€KTPOHOB C CHJIBHOH TOTepeuHoH
AHHU30TPOMHel 3a Npejie/laMi YCKOPSIIOLIEro ¢JI0st Mbl IOJKHBI 0J102KUTb B (41) 0f; /0t = 0 1 3anathb rpa-
HUuHble yesoBus s f nipu z = 0. YpaBHenus (41) ¢ unrerpasamu crosknosenuit (37), (38), (43) o6pasyiot
LeMOYKy CBSI3aHHBIX YpaBHEHHH, MPUUeM B KaxKIbIX K ypaBHeHHUSsIX coiepKUTCs K + 1 Heu3BeCTHBIX (PyHK-
uiit f; (j = 0,1,2,..., K). Pewenue 3Toil cHCTeMbl PeCTaBJIsIeT coOO0i 3HaUMTe/IbHbIe MaTeMaTHYECKHe
TpyaHocTH (cM. [9], ri. 4). B HacTosiem pasjiesie Ji/ist BbIICHEHHS] 0COOEHHOCTEH CTOJIKHOBUTENLHOM pesiak-
calMy aHU30TPOIHOTO pacrpeiesieH|si CBePXTEMJIOBBIX UACTULL OTPAHUUUMCS pellieHheM BpeMeHHOH 3a/1aun
¢ 0/0t # 0B onHopoaHo# cpefie (0/0z = 0) ¢ HauaJIbHOI aHU30TPOIHEl (YHKIHH pacrpeiesieH s, MPeIrno-
Jlarasi, uTo KaueCTBeHHOE MoBe/leHHe (DYHKIIMU pacrpesieseHns B IPOCTPAHCTBE /51 HCXOJHOH 3a1aun OyneT
noao6Ho noJyuenHomy. [pu 9/0z = 0 cuctema ypaBHeHu#i (41) pacnanaercs Ha He3aBUCHUMble YpaBHEHHUSI
17151 K03 dULMEeHTOB pasiioxkenus f;(v), npuueM s MOCTPOEHHs pellieHust ypaBHeHus (36) Hal0 CyMMH-
poBaTh 10ocTaTouHoO Gosibliioe (Godblie 20) uncao wieHos pasnoxenus (40). Cnenaem najnee caenyroume
ynpouenus. [TpeneGpexxem B npasoil uact (37) cjaraeMbiM, NPONOPLHOHAILHLIM V.2, TIpeoaras, 4To
v > Ve, a B (38) onyctuM cyiaraemble, MpornopLUHoHasbHbie me/m;. [loc/ienHee cOOTBETCTBYET TOMY, UTO
3JIEKTPOH-HOHHbIE CTOJKHOBEHHST OKAa3bIBAIOT 3aMETHOE BJIMSIHME JIMIIb HA M30TPOMU3ALIMIO XBOCTA (PyHK-
LMW pacrpesieieHusi, BKIaJ Ke TaKHX CTOJKHOBEHHH B €ro OCTbIBaHHME 3a CUET Mepeiauyd SHeprud HoHaM
OKAa3bIBAETCSI MaJIbIM 110 CPABHEHHIO C 3J1€KTPOH-3/1€KTPOHHBIMHU CTOJKHOBEHUAMH. B 3THX mpuOIHKeHHsX
ypaBHenusi (41) ¢ yuerom (37), (38), (40)—(43) npunumator Bua (j # 0)

%—a off 173 19f; jG+1)

ot ¢ e v dv v3

fil -8t =g, (45)

re o = 3y/7/2, B =3/16+/27. [1pu j = 0 nocJsientee cjaraemoe B paBoii uactH (45) cyieyer onyCTuTh.
Petenue ypaBHenusi (45) 3anucbiBaercs B BUjie

i@+

3 3 1
Plw* + 30T V23] x

v
v3 4+ 3a vt V3
4

Bl v —(v® 4 3a vt V3)3]

ff 4 ’
avg V;

fj(t’ U):

(46)

X exp

e fO(v) = f(t = 0, v).

[Toncrapnsisi nanee (46) B (40), Mbl MOJyudM BbIpazKeHHe, OMHUCHIBAIOLIEE CTOJNKHOBUTENbHYIO peslak-
cauuto Masoil (N, < N) nonyJsiudi CBEPXTEMJIOBBIX 3J€KTPOHOB (v > Vi) BO BpeMeHH OT HEKOTOPOTo
HauasbHoro pacrpenenenus fO. KoneunbiM pesy/ibTaToM pesakCalMu JIOJKHBI ObITh MX MOJHAS H30TPO-
NU3alust U Tepexojl U3 HAJITENJIOBON MOMYJISLMU B TeraoBylo masmy. OHaKo XapakTep Takoro rnepexoja
3aBucuT oT Buaa Gynkuun fO(v, 1). B uacthoctw, ecam (v, 1) o6sanaet sHaunMTeILHOM MONEpeuHoi aHu-
3oTpornueii, To 6oJiee GbICTpasi pesiakcallisi HH3KO9HEPIHUHBIX YACTHIL 32 CUET KYJIOHOBCKHX COYIapeHHil ¢
3apsKEHHBIMH UaCTHIAMH (Ve (V) o v™3) MOXKET MPUBOANTHL K 06pa3oBanuio rop6a Ha XxBocTe (GyHKLMH pac-
npefiesienust Mo nonepeubiM ckopoctsm. Jleiicteutensio, npn v < (3a vStt)/3 V, na seex f;(v, t), kpome
j =0, 0fj/0v > 0, nnpu p = 0 BKAAL uieHOB cymMbl ¢ j > 0 B (40) MoxxeT npeo6/1agath Hajl BKJIALOM
HYJIEBOTO uJjieHa pasfioxkeHusi ¢ 0fo/0v < 0. [1pumep pesiakcauuu yHKUME pacnpeiesieHust ¢ norepeu-
HOW aHU30TpoMNuUel npuBeneH Ha puc. | u 2. Pacuet no gopmynam (46), (40) npoBoauscs ajisi aHU30TPOITHOM
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MaKCBeJIJIOBCKOH HAaua/IbHOK (PYHKLIMK pacripeiesieH s

3/2
0 me/ N, mevg _ mevi N, v? szz

(27T)3/2T¢T||1/2 P\ e ) (2m)3/2Vy Vi, o V7 2VR )T
rie VA, = V%lV%” /(VE + V%”) ~ V%”, Ty > Ty. f(v)
J11s1 pacueToB GbIM UCIOJMb30BAHbI CJEYIOLIUE Ma- 1
pamertpbl: Vi = Ve =V, /15, v Jueff = 0,1. Ha puc. 1
npezcranJ/enbl kpusble f(v,u = 0,t) = f(v, = 0, vy, 1)
ISl HECKOJIbKHX MOMEHTOB BpeMenu. Ha puc. 2 npencras-
JeHbl BUIL pynkumk f (v, vy, t=0) = fO(v,, v, ) (puc. 2a)
u f(v,,vy,t) npu vt = 0,5 (puc. 26). Buano, uto B
[poLecce pejlakCaluu yxKe uepes ¢ ~ 0,21/;3‘:f Ha (PYHKLUH
pacnpenesienusi o6pasyercsi rop6 ¢ df /Ovy > 0, npuuem
MakcumyM rop6a (Jf/0v; = 0), pacnoJioyKeHHbli MpH
vy =~ 5+ 7V, nepeMeniaercs co BpeMeHeM B 00J1aCThb
60sbLINX Nonepedynbix ckopocTeil. Co BpeMeHeM (3a t ~
(3 + 4)/ve™ npu nenosbaoBanubIX MapameTpax) 3a cuet
OCTbIBAHHS HAJITETJIOBBIX 3JIEKTPOHOB MPH COYIAPEHHUSIX C
TEMJIOBLIMU 3JIEKTPOHaMU rop6 nponajaet. /s nosiByie- 3 10 15

(47)

20
HUSI TaKoro rop6a HeoOXOAMMa, €CTeCTBEHHO, A0CTAaTOu- v, /Ve
Hast HayaJibHasi aHK30TOPINHS. PacueTbl MOKa3biBaIoT, 4To Puc. 1. ®yHkuua  pacnpejie/eHus
npu Haua/bHOl (yHKuuK pacnpenenenus fO B suse (47) flo,p=01) = fgf’vz = 0, v1,t) anst Mo-
rop6 Bosnukaer npu Vi, 2 7+ 8 V. 11’1351*]:033 Bpemenn vgt = 0; 0,15 0,25; 0,75;

Kak y»ke ykasbiBaJoch, /sl 3a1aUl POCTPAHCTBEH -
HOMW peslakcalun (hyHKIUU pacrpeiesieHust enouKy ypaBHeHui (41) pagbeiMHuTh He yaaeTcs, 1 3ajaua oka-
3bIBAETCS CYLIECTBEHHO ca0kKHee. OHAKO KaueCTBEHHO XapaKTep pelleH sl J0/KeH COXPaHATLCS C 3aMeHOH
v na i;1 — o6parnyio anuny cso6oanoro npodera. Takum 06pa3oM, paccMoTpeHHe, TPOBeIeHHOE B pas-
Jesax 2 u 3, IPUBOJUT K CJEIYyIOIIMM BbIBOJIaM. B pesyJsibrare ycKopeHHsi J1eKTPOHOB MHTEHCHBHBIMHU T1J1a3-
MEHHBIMH BOJIHAMHU C W A NWee, TOJSPU3OBAHHBIMU TonepeK B, B y3koM (L < o) c/10€e, OPHEHTHPOBAHHOM
nepreHuKyJ/IsipHO MarHUTHOMY TOJI0, HA (DYHKLHMH pacrpesenenust o6pasyeTcst aHM30TPOIHbIH XBOCT HaJl-
TEIJIOBBIX JIEKTPOHOB, B KOTOPOM v > v|| C IUIABHBIM PACIPE/IeIEHUEM M0 MONEePeUHbIM CKOPOCTsM. 3a
npejiesiaMi YCKOPSIIOLIEro CJI0st, HA PaCCTOSIHUSX 2 S o, 38 CUET KYJIOHOBCKUX COYIAPEHHIl B XBOCTE (DYHK-
LMK pacrpefenennsi Boguukaet ropo ¢ df /dv, > 0.

4. 0 UMKJOTPOHHON HEYCTOMYUBOCTU YCKOPEHHbIX 3JIEKTPOHOB

DyHKLMSA pacrpe/ieseHusi ¢ TPYNMoil HaATeMIoBbIX yacTil ¢ 0 f /Ov) > 0 MOKeT 0Ka3aThCsl HeyCTOHUM-
BO OTHOCHUTEJIbHO BO30Y:KJIEHHSI T1J1a3MeHHbIX BOJIH, TprueM HanboJee 3¢hHeKTHBHO TaKasi HEYCTOHUHBOCTh
JIOJ>KHA Pa3BUBATLCS B 00J1aCTH JIBOHWHOTO PE30HAHCA, TJIE W R NWee = wyn [21—23]. Takast upka0oTpOHHAS
HEYCTOHUMBOCTb MPUBJIEKAETCS, B YUACTHOCTH, JUI HHTEPIPETALMH CIIOPaIMUeCKUX BCTJIECKOB PaIiOU3JTyde-
nust CosiHua Tuna "3e6pa-ctpykryp” [22] u pamronsnyuenust MoHOC(HepHOH MJ1a3Mbl IPH BTOPAKEHUH MOTOKOB
9HEePruuHbIX UacTull [24], KoTopble reHepupyIOTCs BOJM3H KPATHBIX 3JE€KTPOHHBIX THporapMoHuK. Huzke no-
Ka3aHo, UTO 3Ta HEYCTONUHBOCTb MOKET CJIY?KUTb TPUUMHON reHepalliii OJHOH U3 CIIEKTPAJIbHBIX KOMITOHEHT
MCKyCCTBeHHOTO paauonsiydenust vonocgepsl (MPU) — broad upshifted maximum (BUM). BUM npucyr-
cryer B criektpe UPU npu wy £ nwee B 061aCTH TTOJIOKUTENBHBIX OTCTPOeK Aw = w — wy ~ 15+ 200 k1.
[Tonpo6Ho HabMO1aeMble CBOMCTBA ITOH KOMITOHEHTHI OMMCaHbI, Hanpumep, B[25—29]. 3nech ykazkeM JiHllb,
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Puc. 2. Bua dyuxuuu pacnpenenenus f(v,, v, ,t) as momentos vETt = 0 (a)u vt = 0,5 (6).

UTO, BO-TIE€PBBIX, OTCTPOHKA YaCTOThI MAKCUMaJIbHOH HHTeHCHBHOCTH BUM Awgyn OT wy NPUOIU3UTENBHO
yILOB.HeTBopﬂeT COOTHOILUEHHIO
AWBUM R W — NWee (48)

1, Bo-BTOpbiX, BUM HuKOr/a He HabJ1I0/1aeTCsl Ha OTCTPOKKAX, MEHbIIUX HEKOTOPOH MPeNebHON Aw cytoff,
a BeJIMUMHA Awcytoff MTPUOTU3UTENBHO JMHEHHO PACTET ¢ HOMEPOM FapMOHUKH U coryiacHo [27]| npun < 7
YJIOBJIETBOPSIET COOTHOLIEHUIO

dn — 11 < Aweytoi(n)/2m < 3n — 4, (49)

B KOTOPOM BEPXH5Isl M HUKHSIS PaHULbl BblpaxKeHbl B KI11. B HacTosiliee BpeMsl CyLLECTBYeT HECKOJIbKO Te0-
pernueckux mojesel reHepaun BUM. BoJibLLIMHCTBO H3 HUX OCHOBAHO HA UEThIPEXBOJIHOBOH NapamMeTpuye-
ckoil neycroiiunBoctu [30—33], B pesyJ/ibraTte KOTOPOil BOBHUKAIOT BEPXHETHOPUIHAS BOJHA C YACTOTOH Wy,
613KoH K uactore BUM, saniekTpoHHasi 6epHILTEHHOBCKAS BOJHA C YACTOTON W A% NWee U HKHETUOPUAHAS
BOJIHA C YACTOTOH wi, NPHUEM YCJIOBHS YACTOTHOTO CHHXPOHHM3MA JIJ151 TAKOH HeyCTOHUMBOCTH UMEIOT BH L

Wo — WB = Wyh — Wo = W,

NpUueM JIEBOE PABEHCTBO 3/1€Ch PAaKTHUeCKH coBnaaert ¢ (48). MeskomaciiTabHble HEOJHOPOJAHOCTH, KOTO-
pble BO3HUKAIOT B pe3yJibTaTe TEINJIOBbIX HEYCTOHUMBOCTEN B 06/1aCTH BEPXHEr0 TMOPUHOTO Pe30HAHCa BOJI-
Hbl HaKauKu [2, 3], IpH 3TOM CJ1y>KaT (Ha TOM HJIM HHOM 3Tare) /s B3aUMHON TpaHChOpMallMK M1a3MEHHbIX
M 3JIEKTPOMATHUTHBIX BOJIH [15]. OTMeTHM, 01HaKO, uTO NpH Wy >> wiy =~ 27 - 7 KIL, rie wih ~ \/Weeei —
HUXKHErHOpU/HASE 4acToTa, 3(P(MEKTUBHOCTD HEJIMHEHHOTO UEThIPEXBOJHOBOIO B3aUMOJIEHCTBHS C yuacTHEM
HUYKHErHOPUIHBIX BOJIH JI0J2KHA 3aMETHO yMeHblIaThes [34], uto nesaer npoOsieMaTHUHBbIM aJleKBaTHOCTD
Takoi moaesu s untenperaunu BUM. B [35] pacemotpen mexanuam BosnukHoBenust BUM B pesyJsibrate
M1epPeXO0JIHOTO U3JIyUeHHUsT 3JIEKTPOHOB, YCKOPEHHbIX MJIa3MEHHBbIMH BOJIHAMHU, B CPeJle ¢ MeJIKOMACIITaOHbIMH
HEOJIHOPOJHOCTSMH (/151 TAKOTO MeXaHHW3Ma HyKHbl MaclITaObl HeopHOpoaAHOCTel nopsinka 0,5+1 m).
LIMKJIOTPOHHAST HEYCTOHUMBOCTD YCKOPEHHbIX 3JIEKTPOHOB, B Pe3yJibTaTe KOTOPOi BO30YKIAI0TCs BEpX-
HerMOPH/IHbIE BOJIHBI C YACTOTOH GOJIblIIE YACTOThI BOJIHBI HAKAUKH, TAKXKE MOKET OTBEUaTh 3a (hOPMUPOBaHKe
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CMeKTpa MmJja3MeHHbIX BosiH B o6sact yactor BUM [36, 37]. OcHoBbiBasich Ha pedysbTartax [22], onuiiem
KPaTKO OCHOBHbI€ CBOMCTBA TAaKOH HEYCTOHUHBOCTH JJIs1 YCJOBHI aKTHBHBIX HOHOC(EPHBIX 9KCIIEPUMEHTOB.

[TycTb B nu1asme ¢ wpe >> Wee MPUCYTCTBYIOT HAATEIIOBbIC 3/J1IEKTPOHBI C MaJIOH KOHLLeHTpaured N, < N
1 (PyHKLHMEH pacrpeeseHust ¢ MAaKCUMyMOM MO MOMePeuHbIM CKOPOCTSM (v, > Vo)

2
f('Uz,UJ_) — vl ef(vngUi)/Qvg. (50)

4/ 2702

Takasi hynkuus pacnpenenenus siBasieTcsl HEYCTOHUMBOH OTHOCHTEIbHO BO30Y2KAEHHS BEPXHETHOPUIHBIX U
3JIEKTPOHHBIX OEPHIUTEHHOBCKUX MOJL. YCJIOBHE HEYCTOHUHBOCTH, CBsI3bIBatoLLee k| U U,, UMEET BUJL

Kipe 2 (VE/vd)n?, (51)

riie pe = Veo/wee. M3 (51) caenyet, uto Gosiee 3(peKTHBHO TaKast HEYCTOHUUBOCTb pa3BUBAETCsl B 00J1aCTH
HOPMAJIbHOF IUCTIEPCHH BePXHErHOPUIHBIX BOJH, rie Ow/0k; > 0 u

k3 p2 < n. (52)

B o6sacti aHoMasibHON aucnepcu (Ji/1s1 GEPHILTERHOBCKUX MOJ1) MHKPEMEHT HEYCTOHUYHBOCTH OKa3blBa-
ercs Ha 1+-2 nopsiaka menblie. Kom6uuupys (51) u (52), mosyuaem, uto CHiibHasi HEYCTOHUUBOCTD Peasinay-
eTCst VISl IOCTaTOYHO SHEPTUUYHBIX YACTULL CO CKOPOCTSIMU

va > /n Ve (53)

Ha puc. 3 u 4, B3siTbix U3 [22], npeicTaB/ieHbl 3aBUCHMOCTH MHKPEMEHTA HEYCTORUHBOCTH Y OT k3 p2 npu
Pa3JIMUHbIX Wyh /Wee (PHC. 3) H MAKCUMAJILHOTO MO kipg MHKPEMEHTA Yy OT Wyh /Wee W Vs / Ve = 20 1 Bwee <
wah < 6wee (puc.4). Buano, uto B6/M3H ABOHHOTO pe3oHanca, riae 0 < wyn — nwee S (0,1 + 0,2) Wee,
HabJ1l01aeTCst Pe3Koe yBeJMueHne HHKPEMeHTa, a HauOOoJIbllee €ro 3HAYEHHE Y max AOCTHTACTCS TPH Wy, —
Nwee >~ (0,01 + 0,02) wee U M0 NOPSIIKY BEJUUMHBI PABHO

Ymax = (Na/N) Wee- (54)

MuHHMaJ/IbHAs TeMJI0Bast MOMPABKA Wiy K BEPXHETHOPUIHON UaCTOTE wyp AJIs1 BO3OYKIAIOLIMXCS BOJIH
onpenesiercs hopmy.ioii (51) u 1MCepCHOHHBIM ypaBHEHHEM BePXHErHOPUIHBIX BOJIH, KOTOPOE MpH n? > 1

u k] > k, uMeeT MpoCTOH BUL

w? = wy + 3k pewe- (55)
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B pesysibrate B 06J1aCTH IBOHHOTO PE30HAHCA, MIPU Wyh = NWee UMEEM

2 w2

a

Wee- (56)

.~
Wmin =

BenuunHa wyin, TaKUM 06pa3oM, TIPH HEU3MEHHOU v, JIMHEHHO HapacTaeT ¢ HoMepoM rapmoHuku. [TosHas
M0JI0Ca 4acTOT BO3GYXKIAIOLIMXCSI BepXHErHOPUIHBIX BOJIH cocTtaBisieT (0,1 + 0,2)wee. ClrenaeMm HEKOTO-
pble OLEHKH JJIsl YCJIOBHI 9KCIIEPUMEHTOB N0 MouduKalun HoHocdepbl. [Iph fee = wee/2m =~ 1350 kit
3aBucuMocTb (49) 6amska Kk (56) npu v2/V2 ~ 500 + 700, T. e. s 3HEPruil HAATENJIOBLIX YACTHLL 10~
psiika 5070 3B. ITpu 3TOM M3MepeHHble 3HAUEHUS Awcyt—off OJM3KH K TEOPETUUECKHM, €CJIH NPEANoJo-
JKUTb, UYTO HEYCTOHUMBOCTb UMEET MECTO HECKOJIbKO HHKE BepXHEero ruGpuaHOro pesoHaHca Hakauku, Ko-
ra |wyp — wyn(2)]/2m ~ 8 + 10 k[ CornacHo puc. 3, 4 u qUCTIEPCHOHHOMY ypaBHeHHIO (5D) pu n = 5
IIMpHHA crieKTpa udjayuennsi B obaacti BUM nosmkna cocrapasats 50100 klii, a mosoca 4acToT BOJIHBI
Hakauku, npu Kotopbix BUM nosken Bo3byxaarbess — 100-+-200 kIit, uTo cooTBETCTBYeT AaHHbIM HAbJII0-
nenuil. Jlanee, 151 BO30OYK/I€HHST HEYCTOMUHBOCTH B YCJOBHSAX HOHOCHEPHI HEOOXO0JUMO, UTOOLI HHKPEMEHT
(54) npeBbICU/ IEKPEMEHT CTOJIKHOBUTEJLHOTO 3aTyXaHUsi BEPXHETHOPUIHBIX BOJIH Vg A2 Ve /2, UTO UMEET
mecTo pu (N /N) 2 (Vo /wee) = (2 + 3) - 1075, Bo3MOXKHOCTb (POPMHUPOBaHHS HEPABHOBECHOK (hyHKIIMH
pacnpenenenus tuna (50) 3a cueT yCKOpeHUs 3J1eKTPOHOB B 061aCTH B3aUMOIEHCTBHS MOLLIHON PAJMOBOJIHBI
C MOHOCEPHOH MJIa3MOH MPH Wy R Nwee U €€ PeslaKCcallii 3a CUeT KyJOHOBCKHUX COYNiapeHni 3a npejenamu
o6J1acTH paccMOTpeHa B MpeablayluX pasnenax. [Tosyuentblie napameTpbl Takol (yHKUUH (SHEPTUH YCKO-
PEHHbIX 3/1eKTPoHOB nopsiaka 50100 3B u N, /N ~ 10~%) cornacyiotest ¢ noJtydeHHbIMU OLEHKAMH.

Takum o6pa3oM, BO3MOXKHbIH MexaHH3M reHepaund BUM-komnonentst MPU BbINISAIUT Kak cieiyto-
11as1 Lernoyka sIBJeHHi: a) paccesiHie BOJIHbI HAKAUKKM Ha MeJKOMAacIUTaOHbIX HEOAHOPOIHOCTSIX B MJ1a3MeH-
Hbl€ BOJIHbI B 00JIACTH BEpXHEro rMOPUIHOTO Pe30HAHCA wy =~ wyh(2); 6) yCKOpeHHe 3J1eKTPOHOB BepXHe-
rMOPUIHBIMU BOJIHAMH U (DOPMHUPOBAHHE aHU30TPOITHOTO MO TONEPeUHbIM CKOPOCTSM XBOCTa (PYHKLIMH pac-
npeneseHusi; B) popMUpPOBaHHeE 3a MpeieaMHi YCKOPSIOLLEro ciosi HepaBHOBECHOH (DYHKIIMM pacripeeseHust
c Jf/0vy > 0 3a cuer KyJIOHOBCKUX COyIapeHHH; T') LIMKJOTPOHHAST HEYCTOHUMBOCH ObICTPBIX 3JIEKTPOHOB,
NPUBOASILLAs K BO3OYK/ICHHIO MJIa3MEHHBIX BOJIH C W > wWo; /1) paccesiHue MJIa3MEeHHbIX BOJIH B 3J1eKTpoMar-
HUTHbIE Ha MeJIKoMaclTabHbIX HeoaHopoaHoCcTAX. OnHako s GoJiee 1eTanbHON POBEPKH aJleKBaTHOCTH
NpeIozKEHHON MOJIE/IM IaHHBIM SKCIepUMeHTa He0OXOAMMO NaJbHellee pa3sBuTue Teopud. OTMETHM, U4TO
MeXaHH3M JIBOHHOH TpaHC(OPMALMK BOJHbI HAKAUKK B BEPXHETUOPU/IHbBIE BOJIHLI U 0OPAaTHO HA MeJIKoMac-
1ITaOHBIX HEOJHOPOAHOCTSIX C MPUBJIEUEHHEM HHBIX TPOLECCOB (POPMUPOBAHHS CHEKTPA MJIa3MEHHbBIX BOJIH
MPUBJIEKACTCS TAKKe [/ MHTEPIIpeTalliK APYyruX criekTpabHbix komrnonent P [15, 34.

3AKJIIOYEHHE

B npuBeneHHoll paboTe B KBAa3WJIMHEHHOM MPUOJIMKEHHM MPOAHAJIU3UPOBAHO YCKOPEHHE 3JEKTPOHOB
MJ1a3MEHHBIMH BOJIHAMU B MPUJIOKEHHUH K SKCTepUMEHTaM 1Mo MOAU(UKALUKU KOHOCHEPb MOLIHBIM Pato-
usJjydenieM. PaccMoTpeHo Ba cJjydasi: KOrja 4acToTa MOLUHbBIX PaJMOBOJIH w JlajiekKa OT FrapMOHHK 3JieK-
TPOHHOH LIMKJIOTPOHHOH UACTOTHI Wee (pasfes 1) 1 Korja yactota BO3JeHCTBUS OJIM3KA K KPATHOMY LIUKJIO-
TPOHHOMY PE30HAHCY, W =~ NWee (Pasaesbl 2—4).

B nepBoM cJjiyyae ycKopeHHe [POUCXOUT 3a CUET UePEHKOBCKOTI0 B3aUMOICHCTBHS MJ1a3MEHHBIX BOJIH C
HaJTeMJIOBBIMU 3JIEKTPOHAMHU (YCJIOBHE pe3oHaHca w = Eﬁ), a Mar{HUTHOE 110Jie KOHPOJIMPYET HarpaBJjeHne
pasJieTa yCKOpPEeHHbIX YacTULL U3 00J1acTH TypOyJIeHTHOCTH. XapaKTepHasi SHEepPrsi yCKOPEHHbIX 3J1eKTPOHOB
OKa3bIBAETCS CyLIECTBEHHO GOJIbllIe MTOTEHIHAala HOHU3ALIMH OCHOBHBIX HEHTPaJIbHBIX KOMIOHEHT HOHOC(hep-
HOH MJ1a3Mbl. YCKOpeHHe BTOPHUHbBIX 3JIEKTPOHOB, BO3HUKILIHUX B pe3yJibTaTe J0MOJHUTENbHON HOHU3ALMH, U
BO3BPAT JIEKTPOHOB B YCKOPSIIOLIMK CJIOH 3a CUET YNPYrHX CTOJKHOBEHHH C TS2KeJbIMH YaCTHLAMHU 33 €ro
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npeesaMy TPUBOIAT MPU MPEBBILLIEHUH TOPOra M0 MHTEHCHBHOCTH MMJ1a3MEHHbIX BOJIH U (HJIH) MO pa3me-
py yckopsitouiero ciost (¢M. (21)) k 1aBuHO0Gpa3HOMY HapacTaHUIO KOHIIEHTPALMH YCKOPEHHBIX 3JIEKTPOHOB.
Ouenku, npuBesieHHbIe B pasfese |, MoKasblBaloT, YTo /151 yBEPEHHOH peasu3ali pacCMOTPEHHOH HeyCTOl-
YMBOCTH B HOHOC(EPHBIX IKCIIEPUMEHTaX He0OX0MMO KaK yBeanuenre moiinoctd BH, tak u, B nepByto oue-
pesib, yBeJHUEHHE BEPTHKAJBHOIO pagmepa YCKOPSIolero ¢jiosi. Takasi CUTyallsi MOXKET UMETb MECTO MpH
npubJamkenud yactotbl BH K kputnueckoii uactore F'-c/1051 WK MpH UCMOJMb30BAHWM HarpeBa HOHOCHEPbI
Ha pasHeCeHHbIX YaCTOTaX U, CJeI0BATENbHO, BbICOTAX.

Bo BTopom ciyuae, Npu w & nNwee, YCKOPEHHE TPOUCXOAUT B OCHOBHOM MOMEPEK MAarHUTHOTO MOJs
3a CUeT B3aUMOJEHCTBHUS MJa3MEHHBIX BOJIH C 3/J€KTPOHAMH HA KPATHOM LIMKJIOTPOHHOM pe30HaHce, KOrjia
W — Nwee = k,v,. B peayabrate yckopenus popmupyercs: GyHKIUS pacrpeaesaenusi ObICTPbIX 3JEKTPOHOB
C CYLIECTBEHHOH romnepeuHoi annzotpomnueid. Ee penakcaims 3a cueT CTOJNKHOBEHUH C 3apsyKEHHbIMU Ua-
CTHLIAMHU 3a Mpe/ielaMU YCKOPSIIOLLETO CJI0sI TPUBOJUT K TMOSIBJEHUIO MAKCHMYMa 10 MOMepPeyHbIM CKOPOCTSM
Ha XBoCTe PyHKLMH pacrpesieseHus, a LMKJIOTPOHHAsI HEYCTOHUUBOCTb TAKOH HEPABHOBECHOMN (DYHKIIMH pac-
npesiesieHusi MOXKeT MPUBOJIUThL K reHepalldy Mia3MeHHbIX BOJIH C YaCTOTaMH, MpeBbillatoumMi yactoty BH
wp. C cyllecTBOBaHMEM TaKUX MJIa3MEHHbIX BOJIH MO2KeT ObITh cBs3aHa reHepauust BUM-kommnoneHTs uc-
KYCCTBEHHOTO PaIOU3/TydeH s HOHOCHEPDI.

Astop Gsarogaput 3a oocy:xiaenust [1. A. becnasioa, T. b. Jleiizepa u b. Tune. Pa6ota BbinosiHeHa npu
noep:kke rpanta PODU Ne. 97—02—16397 u rpanra MHTAC-PO DU Ne. 95—0434.
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HayuHo-uccaenoBarebcKui [TocTynuaa B penakuuio
pagrohU3HUECKHH UHCTUTYT, 9 mapra 1999r.
r. H. Hosropon, Poccus

ON KINETIC EFFECTS IN THE IONOSPHERIC F-REGION MODIFIED BY POWERFUL RADIO WAVES

S. M. Grach

We consider effects related to the electron acceleration by high-frequency plasma turbulence in the iono-
spheric F-region modified by powerful radio waves. A threshold of the avalanche growth of the number of
accelerated particles due to additional ionization was determined for pump-wave frequencies far from the
multiple cyclotron resonance. The steady-state density of the accelerated electrons was found for the above
pump-frequency values taking into account both turbulent trapping in the accelerating layer due to scat-
tering of plasma waves and returning of electrons to this layer due to collisions. If the pump wave frequency
is close to the multiple cyclotron resonance, fast electron distribution with significant transverse anisotropy
is formed. Relaxation of this distribution outside the accelerating layer due to collisions with charged parti-
cles leads to the appearance of a maximum over transverse velocities in the tail of the distribution function.
We propose a generation mechanism for the broad upshiited maximum feature in the spectrum of stim-
ulated electromagnetic emission, which is related to the cyclotron instability of the accelerated electrons.
The instability occurs in the double-resonance region in which the pump frequency is close to both the
upper-hybrid and multiple-cyclotron frequency.
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SPATIO-TEMPORAL DEVELOPMENT OF FILAMENTS
DUE TO THE THERMAL SELF-FOCUSING INSTABILITY
NEAR THE CRITICAL SURFACE IN IONOSPHERIC PLASMAS

N.A.Gondarenko', P.N. Guzdar', G. M. Milikh?, A. S. Sharma?, K. Papadopoulos?,
and S. L. Ossakow?

A fully nonlinear spatio-temporal development of the thermal seli-focusing instability of high-power radio waves
in the ionosphere, near the critical surface, is the subject of the present study. These simulations improve on our
earlier work by including an evolution equation for the density instead of using the assumption of constant pressure
to determine the perturbed density connected with the known temperature perturbation. Using our two-dimensional
nonlinear code we have investigated the time scale and associated velocity for the development of field-aligned
irregularities as they spread from the critical surface both in the underdense as well as the overdense regions. The
scaling of this velocity as a function of the heater electromagnetic wave radiated power (ERP) has been determined.
The characteristic size of the self-focused filament as a function of ERP has also been studied. Finally, the spectrum
of the density and temperature fluctuations as well as modifications in the equilibrium values of these parameters for
different values of ERP is presented.

INTRODUCTION

The ionospheric modification experiments using radio frequence (RF) heater facilities at Arecibo, Plat-
teville, Alaska, the “Sura"facility in Russia, and the facility of Tromso, Norway, provide a rich variety of
results related to the spatial and temporal structures in the ionospheric medium, the scattered electro-
magnetic signals, and electron energization [1—8]. These experiments have shown that increases in high
frequence (HF) power results in the creation of irregularities some of which can be attributed to the thermal
self-focusing instability [1, 9—14]. Observations made with ionosondes [15], scintillation studies [16—19],
radar scattering [20, 21], in-situ satellite measurements [22], optical emissions [23], dynasonde HF radar
[24], and in-situ rocket measurements [25] have revealed the excitation of irregularities in the medium dur-
ing the RF heating experiments, which have been attributed to the self-focusing instability (SFI). There
are other nonlinear processes that can occur in the vicinity of the critical surface, namely the oscillating
two-stream instability or the modulational instability, which leads to strong Langmuir turbulence [26] and
the parametric decay instability [27, 28] both driven by the ponderomotive force. These processes generate
short scale length (less than or of the order of meters) fluctuations, which occur in the unconditioned iono-
spheric plasma in the very early phase (less than tens of milliseconds). Our focus is on processes that occur
on the longer heating timescales (from 100 ms to few seconds) and generate irregularity scales of tens of
meters to kilometers.

Bernhardt and Duncan [13] have carried out two-dimensional (2D ) numerical simulations of the self-
focusing instability in the underdense plasma including a detailed inhomogeneous model of the ionosphere
as well as the magnetic field of the Earth. They included an initial sinusoidal perturbation of the density in
the case of underdense plasma when the pump wave was represented by a plane wave. This density pertur-
bation leads to the linear growth of the SFI at the same wavelength. Their results showed that the initial
pattern evolved into a distorted pattern (due to nonlinear effects) with smaller-scale sizes. The fundamental
limitation of this study is that they focus on the underdense plasma, where there is no clear observational ev-
idence of structuring. Few of the theoretical studies have extrapolated the results to the critical density and
overdense region, where there is a preponderance of evidence for a broad spectrum of scale sizes, from kilo-
meters to tens of meters. Cragin et al. [10], Gurevich [11], Das and Fejer [29] have developed theories for the
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linear stability of the thermal SFI in the vicinity of the critical surface and have found that it is an absolute
instability, unlike the underdense case. Gurevich et al. [30] have recently developed a nonlinear theory for a
single thermal filament. In their work they first excite upper-hybrid waves, with the high-powered heater,
in the region between the upper hybrid resonance and plasma resonance and study the nonlinear thermal
filamentation of the upper-hybrid wave. In this paper the focus is on studying the thermal self-focusing and
filamentation of the electromagnetic heater wave (without converting it into the upper hybrid mode) near
the critical surface. A two-dimensional code to study the nonlinear thermal self-focusing instability in the
vicinity of the critical surface of the ionosphere [31] was developed. In this investigation we had a set of non-
linear equations coupling the electromagnetic heater wave with the temperature equation for the electrons.
The density perturbations associated with this instability was evaluated by assuming the plasma pressure
to be constant and computing the perturbed density knowing the perturbed temperature. This study was
the first to address the full nonlinear time-development of the instability starting at the critical surface and
developing filamentary structures along the field-line. In the present work we have improved on the mod-
elling by introducing a separate equation for the density evolution and studied in detail characteristics of the
heater induced irregularities. Our results are also compared to some recent observations.

The paper is organized as follows. In section 1 the basic nonlinear system of equations for the thermal
filamentation in the region of the critical surface are introduced. The various numerical considerations which
play a role in determining our choice of the computational box are discussed in section 2. In this section we
also discuss issues related to boundary conditions. This is followed by a presentation of the results obtained
from the solution of these equations in section 3. We compare these results to some observations at the
“Sura” and Tromso heating facilities. Finally a brief discussion of our main results is summarized in section
4.

1. BASIC EQUATIONS

We consider the basic geometry for the wave propagation and the orientation of the magnetic field By
in the high latitude ionopshere. The wave propagates vertically upward along the magnetic field in the z
direction. The plasma density is assumed to increase as a function of z. The basic equations are[11]

292 wwpe(2c) n(z) — no(zc) _
[C v _w+Z'II)/e:FQe ( nO(Zc) )] EOi_O’ (1)
or 0 oT
E:&(X”E)+Q_L7 (2)
on 0 on 0 70T
o~ 0: (O132) o (P05 ) +amonn "

The first equation is the wave equation for the extraordinary (X) Ep+ mode or the ordinary (O) mode

Ey_ with the heater wave frequency w. Here wpe = y/4me?n/me is the electron plasma frequency, e —
the elementary charge, m, — the electron mass, ng and n — equilibrium and perturbed electron density,
respectively. Qe = eBy/mec is the electron cyclotron frequency, c is the velocity of light, ve = Ve + ey is the
sum of the electron-ion and electron-neutral collision frequencies. The surface z = z. is the critical surface
where the local plasma frequency wpe (2.) matches the frequency w. The second equation is the equation for
the electron temperature T', where x| is the parallel thermal conduction coefficient, @ is the time-averaged
ohmic heating by the wave defined as

B e?E3, ve
© 3me](w F Q)2 + 12’

Q (4)
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L is the sum of the losses due to Coulomb collisions, electron-neutral collisions excitation of fine-structure,
rotational excitation and vibrational excitations [32]. Equation (3) for the evolution of the density is the
major new addition to our earlier model [31]. Also, D and Dﬁ are the diffusion and the thermal diffusion,
respectively; ¢ is the ionization source and gnN is the loss due to recombination in the F-layer, where it
is determined by the conversion rate 3 of atomic O into molecular NO™, N is the number density for the
molecular nitrogen. If the parallel transport dominates the density evolution, the perturbed density evolves
to keep the pressure constant along the magnetic field lines.

We now introduce the following normalizations to derive a set of dimensionless equations. In the present
study we will consider a linear density profile in the z (vertical) direction, with a characteristic scale-length
L,. We normalize the spatially independent variables z and z to the Airy length, zg = (c2L, /w?)/3, time
ttoty = (2wzd/c?). We define T = Ty, + Ty, where T} is perturbed temperature related to the change in
electron temperature 7' from the background ion temperature T'y, . The perturbed temperature 7 /Ty, = 0/ cx.
Then we get that a new perturbedtemperature = o(T — T},)/Th, with a = w223 /c?. The density is nor-
malized to ng(z.) and the wave amplitude is redefined as the jitter velocity e Ey+ /mw, which is normalized
to 1/(6/a)cs. Here cg is the ion sound velocity computed with the electron temperature.

2. NUMERICAL PRELIMINARIES

We first choose a typical set of plasma parameters which are needed to evaluate the various dimension-
less parameters derived in section 1. We choose high-latitude F' region parameters. The incident wave is
assumed to have a frequency fo = 5 MHz. The magnetic field By = 0.5 G, and the electron temperature
T = 0.1 eV. For this particular choice of parameters the parameter & = 561. Since we are considering
propagation along the magnetic field, the only difference between the O mode and the X mode is the posi-
tion of the reflection point in z and a difference in the heating . The position of the reflection height z. is
obtained from the relationship w2 (zc) = w?(1 F Qo /w). Here F refers to the X mode and O mode, respec-
tively. In the F' region since the wave frequency is about five times larger than the gyro-frequency within
our present model there is no significant difference in heating characteristics between the O mode and X
mode, since the heater wave behaves as if the plasma is unmagnetized. Of course this is only true for the
case of propagation along the magnetic field. This is a limitation of the present work. In future work we
will address to propagation at a finite angle to the magnetic field and finite angle between the direction of
the density gradient and the magnetic field. The differences between O mode and X mode heating will be
more significant due to differences in their mode conversion properties [33]. The plasma is assumed to have
a linear density profile with the scale length L,, = 100 km. We will hold these parameters as constant for
the runs we discuss and will vary the intensity of the incident radiation.

We now discuss various issues related to our numerical code. The number of grid points in the z direc-
tion N, = 64, while the number of grid points in the z direction N, = 256. The next important aspect of
the simulations to discuss are the boundary conditions. At the lower boundary, z = 0, we specify E( and
at the top boundary, z = L., the wave amplitude is chosen to be zero. This is because beyond the critical
surface at the center of the simulation box, the wave is evanescent. For the temperature and the density, the
boundary conditions in z are that the derivative of each of these quantities with respect to z be zero. This is
because the parallel diffusion and thermal conduction transports the energy away from the region of heating
and is allowed to escape through the boundary. In reality the boundary condition should be the continuity of
the heat and particle fluxes along the field line. However, since both the transport coefficients are very large,
they try to establish constant temperature and perturbed density along the fieldline. The equilibrium density
is maintained by the source. Thus at the boundary points we set the perturbed density and the temperature
equal to that at the nearest point within the computation box. For the lowest order finite-difference scheme
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this is equivalent to parallel gradient being set equal to zero. In the z direction, transverse to the mag-
netic field, for all the three dependent variables we use periodic boundary conditions. The numerical scheme
used is a finite difference leap-frog scheme for evolving the density and temperature and a pseudo-spectral
relaxation scheme for the wave equation [31].

The choice of the size of the box in the two directions needs to be addressed in some detail. The char-
acteristic size in the x direction should be the basic size of the heating region, which is typically about
30 =+ 50 km. Because of the seli-focusing instability we anticipate the shortest scale lengths to be of the
order of 10 to 100 meters. This would require a very large number (at least 104) of grid points in this direc-
tion to resolve the longest as well as the shortest scale sizes in the problem. Thus due to this computational
constraint we choose the size of the computation box in the z direction to be of the order of the 1 km.
This will allow us to resolve the shortest scale lengths we expect to obtain in the nonlinear phase. For the
present-day intensities, even scale lengths of the order of a kilometer are linearly unstable. These short scale
lengths, though linearly stable, are generated by the nonlinear “collapse"due to the self-focusing instability.
In the recent work [19], electron density irregularitities in the F region, excited by the European Incoherent
Scatter (EISCAT) high-power facility at Tromso, Norway, and observed by scintillations of the 250 MHz
satellite signals, show that the spectra are in the range of kilometers to tens of meters. Since the power-
density used in our studies is in the range used at Tromso, the choice of the scale-lengths is relevant to
these observations.

In the z direction the shortest scale-size is the Airy length. For the parameters chosen, this is typically
about 180 m. For N, = 256, the box size in the z direction is 9 km. Finally, our initial conditions are
the following: the temperature is uniform in the box, the density has linear variation in z and the wave is
launched from the lower boundary. We introduce a 1.0% density perturbation with eight harmonics of the
basic periodic length in = and the same amplitude. This initial perturbation is localized in a small region in
z around the critical surface to seed the instability.

3. NUMERICAL RESULTS

The first results that we will discuss is for a heater wave intensity of 0.3 mW/m?2. In Fig. 1 we show
the normalized wave amplitude, normalized perturbed temperature and density contours at three different
instants of time. Three milliseconds aiter the launching of the wave, from z = 0 the heater wave gets
reflected at the critical surface at L./2. The wave amplitude is basically an Airy-like pattern (Fig. 1a).
The Airy swelling increases the amplitude at the critical surface. Besides that we observe that the longest
wavelength mode (in ) grows localized in z in the first Airy peak near the reflection height. In this very early
phase, the temperature, in the underdense plasma has increased by a fraction of a percent. However, at the
reflection height, the localized region of the wave intensity has led to localized heating of the plasma as seen
on the temperature contours of Fig. 1b. Another interesting feature that emerges from the comparison of
the localized hot spot for the wave and the temperature is that the extent of the temperature hot spot along
the z direction is larger than the Airy length, the spatial extent of the heater wave enhanced region. This
is due to the parallel heat transport along the field lines (in the z direction) which diffuses the heat. Since
the perturbed temperature is about 0.27%, the associated changes in the density are not apparent on the
density contours in Fig. 1¢. Both the normalized wave amplitude and normalized perturbed temperature are
large, because of the large value of the parameter «, in the normalization.

At a later time ¢ = 0.33 s, we observe an interesting phenomenon. As the single hot spot diffuses
both above and below the original reflection height, in the underdense region the wave gets redirected and
spawns secondary convective instability seeded by the irregularities spreading from the reflection height
(Fig. 1d—1f). In an earlier work [34], we had shown that pre-existing density irregularities can facilitate
the underdense convective instability. In our present study the seeding density irregularity arises naturally
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Fig. 1. Contours of the normalized wave amplitude (a, d, g) perturbed electron temperature (b, e, h) and density (c,
f, i) in the instants of the time 0.003, 0.33 and 5.83 s, respectively.
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from the critical surface. Furthermore the diffusion of the heat into the overdense plasma reduces the local
density in the overdense region thereby allowing the heater to propagate to heights beyond the original
critical surface. This is clearly seen in Fig. 1d, where the critical surface is about 1/2 km above that in
Fig. la.

At much later time, t = 5.83 s, the filaments have extended along the z direction and the transverse size
of the filament has now reached a steady state. The heater wave has penetrated into the overdense region
within the filaments (Fig. 1g) and since the magnitude of the heating within the filaments has increased the
local temperature to a maximum of about 18% (Fig. 1h), the associated density depletions in the filaments
is about a few percent as seen in the density plot (Fig. li) at the final time 5.83 s. We stop our simulations
at this time since the wave has penetrated all the way to the top of our simulation box. The wave still has
the characteristic Airy structure near the new constantly evolving reflection height, but appears to be more
diffuse in the underdense region. What is interesting to observe is that even within the filaments, the density
still has a weak gradient along the z direction in this quasi-stationary state.

As noted earlier, both the density and the tem-
perature perturbations originate at the critical surface,
and then diffuse both into the overdense as well as the
underdense plasma. Shown in Fig. 2 is the effective

Velocity, km/s
107

velocity of propagation of the temperature irregular- 100 . i
ity (solid squares) into the underdense and the pro- . .
pogation of the reflection height (solid circles) into the ) -
overdense plasma, respectively, as a function of the Lot

heater power-density. These velocities were computed .

by dividing the distance between the original critical
surface and the bottom and top boundaries respec-
tively by the time taken to reach the boundaries. Fig. 2 10° 10! 10° 10" P, mW/m?
shows that the velocity of propagation increases with

the radiated power both for upward as well as the down-

Fig. 2. Velocity of downward propagation of the
temperature irregularity (solid squares)

ward propagation. The downward propagation of the and upward propagation of the reflection
thermal irregularity is faster than the upward propa- height (solid circles) versus power den-
gation of the reflection height, but the difference di- sity P.

minishes as the power density of the heater increases.

This can be understood qualitatively as follows. In the underdense region, the overall heating of the plasma
by the radio wave as well as the lower density makes the parallel thermal conduction larger than that in the
overdense plasma. This facilitates the faster propogation of the irregularity into the underdense compared
to the overdense plasma. We have recently investigated the development of irregularities for 0.1 mW/m?. At
lower power-densities the time scale for getting to quasi-steady states is very long( more than a minute).
However, the spreading of the irregularity into the underdense occurs on a much shorter time scale. Based
on these preliminary studies, we have found the expansion velocity into the underdense plasma for the heater
power-density 0.1 mW/m? to be 2.5 km/s. Using backscatter radar, Bakhmet’eva et al. [35] measured the
velocity of the spreading of the heater induced irregularity into the underdense plasma along the fieldline’ to
be 2 km/s for the effective radiated power (ERP) of 70 MW. The estimated power-density for this ERP is
about 0.1 mW/m?2. This is in good agreement with our result.

In Fig. 3a and 3b we show the temperature fluctuation 67'(x, 2) = T'(x, 2z) — (T'(z, 2)) , and density
fluctuation on(z,2) = n(z,z) — (n(z, 2)), as a function of x, respectively, at z = L./2. The angular
brackets with subscript « denotes averaging over the x direction. The Fourier spectrum of the temperature
and the density fluctuation, transverse to the magnetic field at z = L, /2, is plotted as a function of the mode
number m in Fig. 3¢ and 3d, respectively. The mode number m is related to the wave number through the
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Fig. 3. Temperature (a) and density (b) fluctuations versus x, and the Fourier transform of the temperature (¢) and
density (d) fluctuations versus mode-number m at z = L, /2 at the instants of time ¢ =0.003, 0.88, 1.93,
4.66, and 5.83 s.

relationship k, = 2wm/L,, where L, is the size of the computation box in the x direction. In these figures,
the different curves correspond to time instants 0.003, 0.89, 1.93,4.66 and 5.83 s, respectively. Even though
the long wavelengths grow first in the early phase, the short wavelengths increase rapidly. Also, evident is
that the density lags behind the temperature and the spectra of the density and temperature are not identical.
The density gets depleted in the region where the plasma gets preferentially heated, however the evolution
of the m spectra shows marked differences. At late time the temperature is almost a steady state while the
density spectra is still evolving and the shorter wavelengths evolve as fast or faster than the long wavelength
modes.
We define the normalized average temperature and density fluctuations as

AT _ V(6T (2, 2)]%)x

and
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Fig. 4. Normalized average temperature fluctuation (squares) and normalized average density fluctuation (circles)
at z = 2L, /5 versus time.

In Fig. 4, we show the time evolution of the average normalized temperature fluctuation and average
normalized density fluctuation as a function of time. At very early time (¢ < 0.1 s) the amplitude of the
average temperature and density fluctuations grow very rapidly. This is followed by a slow rise over a period
of a few seconds to the saturated values. The temperature fluctuations are of the order of 5 =+ 10%, while the
density fluctuations are of the order of 1 + 2%.

In Fig. 5 we show the wave amplitude Fig. 5a, Fig. 5d, Fig. 5g, temperature Fig. 5b, Fig. e, Fig. 5h
and density Fig. 5¢, Fig. 5, Fig. 5i contours for power-densities P equal to 0.3 mW/m?, 4.12 mW/m? and
16.46 mW/m?, respectively. Each of these simulations was run till the wave reaches the top boundary. It
took about six seconds for wave to reach the top for P = 0.3 mW/m?, one second for P = 4.12 mW/m?
and half a second for P = 16.46 mW/m?. The number of filaments increases as the power density increases,
while their size decreases. Also, since the size of our computation box is kept the same for all three cases,
the average distance between the filaments also decreases with the increase in power.

One of the important questions to address is the scaling of the transverse characteristic scalelength with
the heater power. We define the correlation function C(z, z) as

Ly

Clz,2) = A 6T (x + ', 2)0T (x, 2)dx’. (7)

The correlation length L. is the distance in « for which the correlation function has decreased to 1/e of
its peak value. In Fig. 6 we show the change in the correlation length, at z = 2L, /5, for the temperature as
a function of power. As the power is increased the correlation length decreases as expected. In fact we have
found that for very high power densities (beyond the range plotted) the correlation length saturates at about
40 m. This is because the diffraction effect associated with the radio wave prevents further collapse. As
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discussed in our earlier work [31], the smallest scale sizes that one can expect is of the order of the electron
skin-depth (where the plasma frequency wy is evaluated at the matching height)

Ar=— ]2 (8)
wpo V 0N
The density perturbation dn is determined by the
temperature perturbation which is controlled by the = Le,m

parallel thermal conduction loss and the collisional loss 90 §
to the background ions. For the extreme case of com- i ;
plete depletion of the density in the filament the short- 80
est transverse scale-length is electron skin-depth. 70k
60
50F ?
10" 10° 10 10

P, mW/m?

Fig. 6. Transverse correlation length L, ver-

4. DISCUSSION sus power-density P.

We have investigated the full nonlinear 2D development of the thermal self-focusing instability in the
high-latitude F region ionosphere near the critical surface. The present work is an improved modelling of
the density evolution compared to our earlier work [31] as well as more detailed quantification of the spatio-
temporal development of the heater induced irregularities. We find that an absolute instability develops
at this surface. The local heating in the vicinity of the critical surface leads to density depletion, which
then spreads along the field lines. The thermal diffusion process allows for the heat to be transported into
the overdense plasma. The reduction in the local density there leads to propagation of the waves and the
field-aligned irregularity to extend into the overdense region. As the instability develops, the structures
collapse in the direction transverse to the direction of the magnetic field. We have investigated the nature
of the spectrum, levels of average density and temperature fluctuations, correlation length of temperature
fluctuations as a function of the power-density of the heater. The smallest scale-lengths of the irregularities
obtained is 40 m. The associated average amplitude of the temperature irregularities is 5 + 10%, and that
for the density irregularities is typically 1 + 2%. In the recent work by Basu et al. [19] electron density
irregularitities in the F' region, excited by the European Incoherent Scatter (EISCAT) high-power facility
and observed by scintillations of the 250 MHz satellite signals, show that the spectra are in the range of
kilometers to tens of meters. The spreading of the irregularity along the field line into the underdense plasma
is consistent with recent observations by Bakhmet’eva et al. [35]. Since the present study only allows the
wave to propagate along the magnetic field, there is very little difference between the X mode and the O
mode especially since the electron gyro-frequency is much less than the wave frequency (2./w = 0.22).
In future work we will incorporate more general geometry for the wave propagation, with the direction of
propagation being at a finite angle to the magnetic field.

This work was supported by NSF under the grant Ne. ATM—9713719 and by the ONR.
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UCKYCCTBEHHAS 1MOJIOCTb B HOHOC®PEPE,
WHAYUHUPOBAHHASA U3JYYEHUEM CTEHJA “CYPA”

I'. H. boiiko!, C. M. [pau®, E. H. Cepeees', I'. [1. Kompakos', H. A. Mumsxos?,
K. Iposc?

24 okrsi6pst 1997 r. B aKCriepuMeHTax 1o BO3/eiCTBHIO Ha HoHochepy MolHbiM KB pannousyuennem ¢ ucnosib-
30BaHHEM TPOCTPAHCTBEHHO PA3HECEHHOro HarpeBa B nepHoj ¢ 16 yacos 1o 19 yacos 30 MHHYT MECTHOTO BpeMeHH
JBaXIbl ObI0 3aUKCHPOBAHO CHHXPOHHOE ¢ paBGOTOH HArPEBHBIX MEPeIaTUMKOB 3HAUUTEIbHOE (Ha JECSTKH MPOLEH-
TOB) yMeHbIIIEHHE 3JIEKTPOHHOI KOHILIEHTPALMK B cjioe F' HoHOCdepbI, TIPH 9TOM KPUTHUECKAST YACTOTa CJIOST YMEHb-
wanack Ha 10+-20 %. [TosryuenHblil pe3y/bTaT yKasbiBaeT Ha BO3MOKHOCTb HCKYCCTBEHHOM reHepaliii HHTeHCHBHBIX
KPyMHOMACIITaGHBIX HEOJAHOPOJHOCTEH KOHLEHTPALMH HOHOCHEPHOH MJIa3Mbl MTPH UCTIOJIb30BAHHH CXeM MPOCTPaH-
CTBEHHO Pa3HeCEeHHOro Harpesa.

BBEJEHHWE

Harpes nonocdepb! MolHo# paaroBo/HON HaKaukd O-MoJisipu3aliny ¢ 4acToTol fo HHXKE KPUTHUECKOH
yactotbl Fy-cios fo g, TPUBOIMT, Kak NpaBuio, K Mejkomaciurabomy (I S ¢/ fo) v KpynHomaciitTaGHOMyY
(I ~ 1+ 10xm) paccoenuio naasmsl [ 1, 2, 3], anomabHOMY oc/1a6/1€HHIO BOJIHBI HAKAYKH U TPOOHBIX BOJIH
¢ O/IM3KUMH YacToTamu [4, 5, 6], reHepaln HCKYCCTBEHHOTO pajiMouaJyuenns: vonocgepsi [7, 8,9, 10]. 3ua-
YHTENIbHbIE H3MEHEHHs] CPEIHEH KOHLIEHTPaLl HoHOChepHOi nasmbl (0Kkos10 50 % ) Ha MaciuTabax nopsaka
pasmMepoB MarpaMMbl HarpaBJeHHOCTH HArPEBHOIO CTeHa HA0JI01aUCh, HACKOIbKO HaM H3BECTHO, JIMLIb
B Apecu6o (CIIA) B HouHOE BpeMs PH 10CTAaTOUHO HU3KUX KPUTHUECKUX uactoTax ( fo g, ~ 3,5 + 4 MIi) u
JIMarHOCTHPOBAJIMCH C MOMOLIbIO pajiapa HekorepeHTHoro paccesinus [11, 12, 13].

B okrsi6pe 1997 1. na crenne “Cypa"B sKcrnepumeHTe 1o Bo3AeHCTBHIO Ha F'-c/0k HoHOC(Eeph! U3Jyue-
HueMm MouiHbiXx KB panronepenatunkos, paGoTaBIIUX ¢ paclleneHHolN [uarpaMMoil HanpaB/aeHHOCTH, HAMH
6bl10 00HAPYKEHO 3HAUUTEbHOE, HA JIECATKH MPOLIEHTOB, yMEeHblIEHHE 3JIeKTPOHHOH KOHIIEHTPALUi HOHO-
chepHOIi MJIa3Mbl HaJl CTEHAOM. XapaKTepHbIH rOPH30HTAJLHBIA MacliTab 06J1aCTH MOHUYKEHHOH 3J1eKTPOH-
HOH KOHLEHTPALMK OIPEAEICs pasMepoM BO3MYLLEHHOH o6saacti noHocdepbl. ONUCaHUIO MOJTYUYEeHHBIX
pe3yJIbTaTOB U MOCBSILEHA HACTOSIILAS CTAThSI.

1. CXEMA 3KCITEPUMEHTA

24 okrsi6psa 1997 r. na narpesnom ctenne “Cypa", HauuHasi ¢ 14:32 MOCKOBCKOTO BpeMeHH, B TeUueHHe
LLIECTH YacoB ObLJIO MPOBEIEHO UEThIPe LIMKJIA POCTPAHCTBEHHO pa3HeCceHHOro HarpeBa HoHocdepsl. [lera-
JI CXEMbI [TPOCTPAHCTBEHHO PA3HECEHHOTO HArpeBa MpejcTaB/eHbl Ha puc. 1. BaaumHoe pacrosioxkenue 1o
BbICOTE BO3MYIIIEHHbIX 06/1acTeil HoHOCepbl Ha pUC. | COOTBETCTBYET BTOPOMY U TPETbEMY LIMKJIAM BO3/EM -
cTBUsi. HacToTbl H3/yueHHsl, MOLIIHOCTH CTEH/Ia U BPEMEHHON PEXKUM pabGOThl HATPEBHbIX MePeIaTUHKOB /LISt
BCEX UeThbIpeX LIMKJIOB MpuBeaeHbl B Ta6J. 1. Kpome Toro, BpemeHHO# pexxkuM paGoThl MepeaTuukoB BHYTPH
LIMKJIOB CXeMAaTHUECKH TIPeJCTaBJeH Ha puc. 2. Bo BpeMmsi sKcriepyMeHTa JiBa MOILHBIX MepefaTuika Obliu
MOJIK/IIOUEHbI K CEKIIUSIM AHTEHHOMN pelleTKH ¢ AMarpaMMoi HarnpaBjeHHOCTH, pPaclllen/ieHHO! Ha JiBa Jyua,
OTKJIOHEHHbBIX OT BEPTHKAJIU B TJIOCKOCTH
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Ta6nuua 1.
[TapameTpbl uanyuenus nepeaatunmkoB HarpeBHoro ctenna “Cypa"s skcnepumente 24 okrsiops 1997 .
Howmep Bpewmsi I, Il nepenarunku 1 nepenatunx
LHKJIa LKA, Yacrora Py, Pexum Yacrota P, Pexum
(MCK) Klit MBr | (pabora/nayaa, MuH.) Klit MBrt (pa6ota/naysa, Mun. )

I (14:32-15:34) 7815 20 3/3 5750 10—1,25 1/2

1l (15:41-16:44) 4785 16 3/3 5750 20—0,63 1/2

111 (17:25-18:16) 4785 16 3/3 5750 0,63—20 1/2

vV (18:59-19:38) 4785 16 3/3 4785 16 1/2

“BocToK-3anan"na £8° (“60KoBble " IepeIaTuMKH1 ),
a TPeTUH NepelaTunk — K AHTEHHOH CEeKLHH ¢
OJIHOJIy4€BOH IMarpaMMoi, HalpaBJeHHO! B 3e-
HUT (“UeHTpasbHBIA "iepeaTurk). B Hanpasie-
HUH “BOCTOK-3arnaj IMpHHa MarpaMMbl HanpaB-
JIEHHOCTH OOKOBbIX JIyueld coCcTaBJsaa npubm-
3UTEJIbHO 7° B MepBOM 1IHKJIe U 0KoJio 12° B no-
CJIeYIOLIMX, IIHPHHA AMarpaMMbl LEHTPaAIbHO-
ro Jjiyua — npubsausuresbHo 10° B nepBbIX Tpex
MKJIax U okoJsio 12° B nocyennem. [lpu stom,
Harpumep, BO BpeMsl TPETbero 1uK/aa OOKOBble
nepelaTyiKK CO3/1aBaJjii Ha BeicoTe 225 KM JiBe Bocrox | "Cypa" Saray
BO3MylleHHble 00/acTH C TOPU3OHTAJbHBIM

pa3mMepoM OKoJIO 47 KM U PACCTOSHHEM MEXKAY  Puc. 1. Cx¢
eHTpaMu obJsacteit npubau3uTesnbHo 63 km. OT- HoF
MEeTHM, UTO BIepBble BO3IEHCTBHE HAa HOHOC(Dep-

HYIO TJIa3My C HCTOJIb30BAHUEM paclllenieHHOH

JIHarpaMmbl HarpaB/JeHHOCTH Obl-

JIO OCYLLECTBJIEHO B 9KcnepumenTe [ 14] ¢ uesbio I Il I+ ’;‘ ’7 eee
CO3/1aHHUS UCKYCCTBEHHOH (DOKYCHPYIOLIIEH CUCTE-
Mbl B E-cJj10e nonocdepbl. Bo Bpems k0B U3-

JIyueHHst 1Ba GOKOBBIX I1€Pe1aTUHKa BBIXOAHIH B Puc. 2. Cxema BpeMeHHOro pexkuMa paboThl HarpeBHbIX Mepe-
JIATYNKOB B dKcrnepumente 24 okrsiops 1997 r. (t —

BpeMsi [ocJie HauaJia UK/ ).

I I

0 3 6 9 12 ¢ um.

3hup cuHbaszHo, ¢ MOJHOH MOIIHOCTbIO Py, B pe-
»KuMe 3 MuUH. — pabora, 3 MuH. — mnay3sa. [Ipu
9TOM 3(heKTHBHASI MOILIHOCTb U3JyUeHHs B KaxKJI0M HOKOBOM Jiyue cocTaBasiaa 2Py, rie Py — MakcumaJb-
Hast 3(hheKTHBHAS MOLIHOCTb U3JyUeHHs] OJIHOTO NepeaaTurka crena “Cypa"npu BepTHKaabHON AHarpaMmme
HanpaBJeHHOCTH. TpeTuil, 1IeHTPa/bHbINA NepefaTUMK BKII0UAJCs HA OJTHY MHHYTY C MUHYTHOH 3aJIepyKKOH ¢
NepuoJoM 3 MHH., OJ0TPeBast HOHOCHepy B cepearHe BpeMeHHbIX MHTEPBAJIOB M3JyUeHHUsT U Nay3bl 6OKO-
BbIX MepefaTuuKoB. MOIIHOCTb LIEHTPaNbHOTO MepeiaTuhKa B MEPBbIX LIMKJ/IaX HarpeBa U3MeHs1ach KaxKible
612 mun. B nepBom wuk/e Mbl BapbupoBau ee or P = Py/8 B nepBbiX ceaHcax BosjielcTBusi 10 Py /2
B cepeJiiHe 1IMKJa, yMeHbLIUB 10 Py/16 B nocjennux ceancax. Bropoil MK/ Mbl Haua/id ¢ MaKCUMaJbHOM
MOLIHOCTH, YMeHbllIasi ee BIBOE OT CeaHca K CeaHcy, U K KOHILY LIMKJa J10CTUIIN 3Hauenust Py/32. C cepenn-
Hbl TPEeThero LMKJ/a Harpesa (¢ 17:50) 10 KoHLa SKCrepUMeHTa MOILIHOCTD LIeHTPaJIbHOTO NepeiaTinKa Oblia
3ahMKCUpOBaHa Ha 3HaueHuu Fy.

Jlast iarHocTHKKM MoHocdepbl ¢ Hauasa U 10 OKOHYaHHUS SKCIEPUMEHTa MCMOJb30BaNUCh TaHHbIE UM-
nyabcHoro uoHozoHaa “BA3UC". Pesysbrathl 06paGoTKM HOHOTpAMM MpeJCTaBjeHbl Ha pHc. 3, 4.
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1 caeayloulero aHeid. [opu3oHTaIbHON JIMHKHEH MTOKa3aHa 4acToTa U3JMydeHHsl TPEThero, UEHTPaNbLHOTO Mnepe-
JlaTuMKa BO BTOPOM M TPETbEM LIMKJ/aX Harpesa.
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Puc. 4. ViameHenust 3/IeKTPOHHOH KOHLEHTPALMK HOHOCDepbI B 9KcniepuMenTe 24 oktsibpst 1997 r. Buusy pucyHka mno-
KaszaHbl MKJILI paboThl cTenjia “Cypa”.

C 16:36 15t aparHocTHKY Gblyia 3aJ1eHCTBOBaHA yCTAHOBKA MHOTOUACTOTHOTO JIOMJIEPOBCKOTO 30HIUPOBAHHUS
roHocdepbl ¢ UCMOAb30BAHHEM CEMHU MPOOHBIX BOJIH HA (PUKCHPOBAHHBIX YacToTax. PedysnbraTbl 06paboTKH
JIOTVIEPOBCKUX U3MepeHUH TpeacTaB/ienbl Ha puc. 5. C Lesblo HCCe10BaHUs HEeJIMHEHHbBIX MPOILeCCOB, Bbl-
3bIBa€MbIX HATPEBOM, OCYLIECTBJSAIACH TAKKE PETUCTPALMS AMHAMUUECKUX U CTIEKTPAJIbHBIX XapaKTePUCTHK
UCKYCCTBEHHOTO pajinonssyuenusi HoHocdepsl (MPH). Kpome Toro, Bo Bpemsi 3KcriepuMeHTa OCyLIeCTBJIs -
Joch HakjaonHoe JITIM somanpoBanue Ha Tpacce Motkap-Oaa — H. Hosropos ¢ 6a3oii 0kos10 247 KM ¢ ce-
peanHOM Tpacchl MpubAU3uTesbHO Haf cTenaom “Cypa- [15].
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2. JAHHBIE HOHO30HJA

Ha pwuc.3 npexncraBieHa 3aBHCMMOCTb KPHUTHUECKOH 4acTOThl Fh-c/osi OT BpeMeHH CYTOK JJisi
24 okta0ps U, 171 cpaBHenus, 15 23 1 25 okta6ps. [IpsimoyronbHukamu ¢ Haanuesmu 1, 2, 3 v 4 B HKHEH
YaCTH PUCYHKA OTMEUEHbI LIMKJIbl pAOOTHI MOILHbIX T€PeIaTUMKOB.

Buano, uTo B TeueHue nepBoro ¥ BTOPOro LIMKJOB BO3AEHCTBHUS, Nay3a MExKy KOTOPbIMU COCTaBJsa 7
MHHYT, HabJ110/1a710Cb MOHOTOHHOE yMeHblleHne fop, BIIOTb 10 3Hauenus 4,9 MIi1, kotopoe MoxHO Obl-
J10 Obl CBSI3aTh C €CTECTBEHHBIM yMeHblIEHHEM KPUTHUECKOH 4acToThl Fao-ciosi. OnHako nocsie oKOHUaHHS
BTOPOTro LMKJA HarpeBa B TeueHue 40-MUHYTHOH naysbl fop, yBeauuuaach 6osee uem Ha 1 MI1L, nocTurnys
3nauenusi 6,1 MIit. Tperuit HarpeBHbI LMK/ Obl MPOBEEH MO TOH K€ CXeMe MPOCTPAHCTBEHHO pa3HeceH-
HOT'O HarpeBa, uTo U BTOPOH, HO MOLIHOCTb LEHTPAJIBHOIO MepeaaTuika Oblia yBeauueHa 10 MaKCHMaabHOro
3HAUEHHMSI C CepeIMHbl HarpeBHOro LukJ/a. [1pu 3ToM for, BHOBb yMEHbIIN/IACH K KOHLLY LIMKJA HAarpeBa mpHu-
6a3uTesbHO 10 5,35 MITL. Uepes 3+5 MuH. noc/ie OKOHYaHHS LIMKJ1a MAKCHMaJ/IbHAst KOHLEHTPALMS M171a3Mbl
B cJlo€ HauaJsa ObICTPO HapacTaTb W KPUTHUECKAs UacTOTa BOCCTAHOBMJACHL 10 YpoBHS fop, =~ 5,8 MILL
B yeTBepTOM HarpeBHOM LIMKJIE BCE TPH MepefaTukKa cTeHaa paboTasiu Ha onHoH yacTtote fy = 4785 kIl
TIPU 5TOM CYLLECTBEHHbIX H3MeHeHUH fop, He HabJonan0ch. 3 naHHbIX MFOHO30H1A BUHO, UTO K KOHLLY BTO-
pOro W TPETbEro LMKJOB HArpeBa KpPUTHUECKAsh YaCTOTa OMycKasach CYLIECTBEHHO HUXKe paGouelt 4acTOTh
LEHTPaJIbHOTO TlepeaaTuhka. DTOT (paKT MOATBEPKAACTCS TAKKE pedysbTaTaMu n3aMmepenuil crnekrpos MPU:
untencuBHoctb MPU B cooTBeTCTBY!IO1IIME BpeMeHHbIe MHTEPBAJIbI Maj1aJa HUzKe YPOBHS LLIyMOB paguo3gu-
pa, uTo 0ObIYHO HAOJIOAETCS, KOT/Ia YaCTOTa BO3AEHCTBHS MPEBOCXOIUT KPUTHUECKYIO YacToTy Fh-ciios.
[To nanubiM namepenuit UPH, Bo30y:k1eHHOTO LIeHTPaJILHBIM MepeaTuUHKOM (KOHKPETHO — [0 NPOMnaaHuIo
komnonentbl “downshifted maximum"s cnekrpe MPH [16]), yranock Tak:kKe ¢ TOUHOCTBIO 10 HECKOJIBbKHX
CEeKyH/L(BpeMsi perucTpaluy OJHOro CrieKTpa cocTan/siio 4,6 cekyHbl ) yctanoButhb Bpems (16:38:08), korna
KpUTHUEeCKasi uacToTta for, BO BpeMsl BTOPOro LMKJ/a HarpeBa OIMyCTHJIAaCh HUXKe 3HAUeHHs TPUOJIH3HUTEIBHO
5,58 MI11, cooTBeTCTBYIOIIErO TJIAa3MEHHOH YacToTe Ha YPOBHE BepPXHEro ruOpUAHOTO pe3oHaHca BOJHbBI C
yactoTod 5,75 MII.

AHajiornuHble U3MeHeHHsl (CylLIeCTBEHHOE yMeHblleHHe MJIa3MEeHHOI YacTOTbl) PETHCTPUPOBANMCH KaK
JIJIs1 IEPBOH, TaK U JIJIs1 BTOPOH BoJIHOBLIX Mof, KB kaHasa Ha KopoTkoil Tpacce HaksioHHoro JIUM 3ouaupo-
Banusi Mowkap-Oaa — H. Hosropos ¢ cepenunoii Tpacchl NpuGIM3HTeILHO Hajl crenoM “Cypa', uto yKa-
3bIBaeT Ha JI0CTATOUHO GOJIbILIYIO MPOTSKEHHOCTh 00J1aCTH BO3MylLeHHs (He MeHee 60 KM) B HarpaBJieHUH
BOCTOK—3amnajl.

Ha puc. 4 npencrasien BpeMeHHOH X0/ 3J€KTPOHHON KOHUEHTpauuu N Ha pa3jiuyHbIX BbicOTax h BO
BpeMsi IPOBeJIeHHsT U3MePEHHH, MOJyUeHHbIH B pedyJbTaTe 00paboTKH HOHOIPAMM BEPTHKAJIbHOTO 30HAUPO-
BaHHUS1, KOTOPble PErHCTPUPOBAIUCH Kaxable 15 MuH. [Is 06paboTKM MCMOJb30BAJCS MAKeT CTaHAAPTHBIX
nporpamm Bblurcsienust npoguseir N (h) [17]. KoutypHble JIMHUM HA PUCYHKE MOKA3bIBAIOT YPOBHU PaBHOM
KOHIIEHTPALIMH, JB€ BblleJIeHHbIE IMHUK COOTBETCTBYIOT uactotam 5750 ki u 4785 ki1 Bunno, uto B KoHie
BTOPOTO W TPEThEro LMKJIOB HarpeBa HAOJIOJAETCs 3aMETHBIH MOAbEM HOHOC(HEPHOTO CJIOS, UTO MPUBOJUT
K YMEHbLIEHHIO KOHUEHTPALMK TJIa3Mbl Ha (PUKCHPOBAHHBIX BbICOTAX. TaK K KOHIly 3THX LMKJIOB KOHIIEH-
Tpauusl TJIa3Mbl Ha HauaJbHbIX BbicoTax HarpeBa (okosio 200 km mjist BToporo u 220--240 KM 1151 TpeTbero
LIMKJIOB ) yMeHbllIaJach NPUOJU3UTENbHO BABOE. B TeueHne BToporo LuK/a HarpeBa MakCUMyM KOHLLEHTPaLUK
F5-cnost pacrioJiarasicst Ha BelcoTe npuo/nsuTesbHo 220 KM, IPU 5TOM CHJIBHO yMeHbllanach for,. Bo Bpems
TPEThEro LMKJa HAPsIy C yMeHbllI€HHEM KPUTHUECKOH YaCTOThl HMEJT MECTO 3HAUNTE IbHbIH (TPUOJU3UTENBHO
Ha 50 KM) O'beM BBICOTbI MAKCHMYMa CJ1051. Takxke XOpollo BUHO, UTO BO3MYLLEHHE YPOBHEH paBHOH KOH-
ueHtpauuu 3asucumoctd N (h) “pacnpoctpansiercs”cBepXy BHU3, J0CTHrasi o0JacTell HoHOChepbl ¢ OoJiee
HU3KOH KOHLIeHTpalrel B GoJiee Mo3aHee BpeMsi, IpUueM BO3MylleHHe 3aHUMAET MPAKTHUECKH BCIO TOJILLY
F-cnost noHocdepsbi.

Taxkum o6pasom, U3 aHa/M3a AaHHBIX HOHO30H/IA CJIEMYET, UTO K KOHILY BTOPOTO U TPETHEro LUKJ0B BO3-
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neiictBus Hax cTenaoM “Cypa"obpa3oBbiBaiach MoOJ0CTb — 00JACTb C CYLIECTBEHHO MOHMKEHHOH (Ha fe-
CSITKH TIPOLIEHTOB ) KOHIEHTpallMell HoHOC(epHOH Maa3Mbl. XapaKTepHoe BpeMsi pesiakCalk MoJOCTH MocJe
OKOHYAHM$ LIMKJIOB HarpeBa COCTABJISIIO OKOJIO MoJlydaca.

JlanHble BepTHKAJIbHOTO 30HAMPOBAHUS HE MO3BOJISIOT OTBETUTh HA BOMPOC O CYLIECTBOBAHMH “10JM-
Hbl''B ipocusie N (h) Bhitlie for,, KoTopas HabJ01anach ¢ MOMOLIBIO pagapa HEKOrePEeHTHOrO PaccesiHus B
skcnepumenTax [13] npu momudukauuu nonocgepbl BOIN3N KPUTHUECKUX YacToT Fo-caosi. OaHako, aHajo-
ruuHo [ 13], pagBuBaioniasicsi mpu Harpese cusbHas AMPPY3HOCTb HOHOIPAMM BILIOTh 10 YacToT Ha 2-+-3 MI1
HIKe fop, YKasbiBaeT Ha 60JIbLIYI0 BEPOSITHOCTb CYLIECTBOBAHMS TakoH "no/iuHbl". [Tocsie okoHuaHus Kak
BTOPOTO, TaK M TPETbEro LMKJIOB HArpeBa BO BpeMsi May3bl BMECTE C POCTOM 3JEKTPOHHOH KOHILIEHTPALMH
HaOJIIO1AeTCs1 M [NOCTENIEHHOE YMEeHbLIEHHE BbICOT YPOBHEH PABHON KOHLIEHTPALUH.

3. PE3YJIbTATbI JOMNJEPOBCKUX U3MEPEHU

Ha puc. 5 npencrassienbl pedysibTaThl MePBUUHON 06paGOTKH JaHHBIX MHOTOUACTOTHOTO J0TMJIEPOBCKOTO
3onauposanus. [Togpo6Hoe onucanne ycTaHOBKM MHOrOYacTOTHOTO JIOMJIEPOBCKOTr0 30HANPOBAHHUS U METO-
JIMKK u3mepenuit npuseneto B [18, 19, 20]. 3nech oTMETHM JHlLIb, YTO OHA MO3BOJISIET U3MEPSTH AMIJIUTY-
JIbl U JIOTIJIEPOBCKHE CIABUIH YaCTOThl fp; AJI BOCbMH OTPaKEeHHBIX OT HOHOC(EPbI KOrepeHTHbIX MPOOHBIX
BoJi (I1B) c wacroramu f; (¢ = 1,2,...,8). [Ipn ananuse nanubix Besnuuna fp; onpenensaack no ®ypoe-
CIMEKTPy OTpaxkKeHHOoro curHaJa [ 1B kak pasHocTb MeXK 1y uacToToMH, Ha KoTopol oTpaxkeHHas [1B nmena mak-
CHUMaJIbHYIO CMIEKTPAJIbHYIO MOIIHOCTb, U yacToTol uanayuenus [1B f;. MIamepenus Bennuun fp Ha ceTke ua-
CTOT NMPOOGHBIX BOJIH TO3BOJISIIOT HCCJEA0BATh H3MEHEHHS MPOMUJIS 3JIEKTPOHHOH KOHLIEHTPALMH HOHOChepbI
MO/ BO3/IeHCTBUEM BOJIHBI HaKauKH. JIeHCTBUTEIbHO, IOTIEPOBCKHUI CIIBUT YaCTOThI fp; MPH BEPTHKAJIBHOM
najieHuu ¢-Tok MpoGHON BOJIHBI ONPeie/isieTCsi BhlpaXkeHueM (CcM., Hanpumep, [21])

ZRi
d ) 2f;

forlt) = folfint) = =54 =20 [ w(V (), £ dz b (1)

Ze

rJie n — MoKasaresib NPesoMJIeHNs TPOOHBIX BOJH, Ze — BbICOTA “BX0Ja"TPOOHBIX BOJH B HOHOCHEPY, ZR; —
BbICOTA OTPax<eHHsl ¢-TOW MPOGHON BOJIHBI, ¢ — CKOpOCThb cBeta. [Tockosibky dn/ON < 0, oTpuLaTe/bHbIe
3HaueHust fp cooTBeTCTBYIOT yMenbliuennio N (dN/dt < 0), a mosioxkuteibHble — yBesauuenuio (AN/dt >
0). [1pu mocTaTouHo MaJOM pa3HOCE YACTOT MPOGHDBIX BOJIH MOJTyUeHHbIe 3HaU€HHUsT fp; MOTYT MCI0JIb30BaTh-
Cs1 7151 BOCCTAHOBJIEHUSI MOJM(DUIIMPOBAHHOTO MPOHIIS JEKTPOHHON KOHLEHTpaluK B HoHochepe [18].

[Tpumep BpemMeHHOH 3BOJIIOLMH AOMJIEPOBCKOrO CreKTpa /sl MPOOHOH BOJHBI C YACTOTOH f4 MPUBENEH
Ha 1nepBo# nanesu puc. 5. Hike, Ha c/ie1ylolnx ceMu naHeasx puc. 5, puBeaeH BpeMeHHOH X0/ 10TJIepOB-
CKOTO CMellleHHsI 4YacTOT MPoOHbIX BOJH fp; (i = 1,2, ..., 7), 30HAMPOBABIIMX HOHOCHEPY HA PA3HBIX BbICO-
TaXx — OT OJIM3KHX K MAaKCUMyMy KOHLEHTpauuu cjosi F' (BTopasi cBepxy manenb, fi = 5450 kli1) no ero
OCHOBaHuUs1 (BTOpast cHU3y nanenb, fr = 3500 kli1). 3nauenust yacToT NPOOHBIX BOJIH MPUBEIEHBI HA COOT-
BETCTBYIOLIMX NaHesaX. Ha HuxKHell maHesu B OTHOCHTE/bHBIX €IMHULAX MPUBEIEHbI 1aHHbIE PErUCTpalui
OTPaKEHHOT0 CHTHaJa LEeHTPAIbHOTO NepeaaTurka (¢ yacTotoil coorsercTBeHHo 5750 kIi1 Bo Bpems TpeTbe-
ro u 4785 kl11 Bo Bpemst ueTBepTOro LMKAOB HarpeBa). [1eprosbl U3/ayueHns 1leHTpalbHOTO MepeaaTulka Ha
yactote 5750 kIt 1o 16:44, kak 1 Bpemst paboTbl GOKOBBIX MepeaaTurkoB Ha uactoTe 4785 kit B TpeThbem
LMKJIe HarpeBa, 0003HaueHbl HA MaHEeH NPSMOYTOJbHUKAMH.

Ha Bepxuefi nanesiu BUaHO pa3BuTHe aHoMaJsbHoro ocsadJenus [1B npu pabore Hakauku (BepTHKaIbHbIe
CBETJIbIE TOJIOCH] B CMIEKTPOrpaMMe, KOppeaupylolliie ¢ nepuoaaMi paboThl HArpeBHbIX MEPEIaTUMKOB) U €ro
pesiakcallusi (yBesueHle HHTEHCHBHOCTH CHTHaJIa B May3ax), a TakyKe cMellleHHe OCHOBHOW JIMHUK "MIHO-
BEHHbIX''CMEKTPOB B 06J1aCTh OTPULIATENbHBIX 3HAUEHHH 0TMJIEPOBCKOTO CABUTA YACTOThI B TE€UEHHE TPETHETO
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LMKJ1a BO3JEHCTBHUS, UTO CBUIETEIbCTBYET 00 yMEHbIIEHHH KOHIIEHTPALIMK NJ1a3Mbl Ha MyTH pacnpocTpaHe-
nus [1B.

Hauasnbubiit yuactok pucynka d (ot 16:36 1o 17:25) cooTBeTCTBYeT OKOHUaHHIO BTOPOTO LIMKJIA HAarpesa
¥ ray3e MexKy BTOPbIM M TpeTbUM LuKJIaMu. [Ipubausurensio o 16:56 yacrorer f; [1B npu i = 1,2,3,4
TPEBBILIAMN KPUTHUECKYIO YaCTOTY fo ,, KOTOPAsl CONJIACHO PUC. 3 M PUC. 4 CHU2KAJACh B 3TO BPeMsl J10 3HA-
uenns 4,9 MIi1. [1pu 3TOM OTCYTCTBOBAJIO OTpaXKeHHe OT HOHOC(hEPDI B BEPTUKAJbHOM HAIMPaBJIeHUH, H CHT-
naJs [1B He peructpupoBasics. B 3Tom nnTepBase BpeMeHH Ha naHessIX BUAHbI (PJAYKTyallMd A0MIEPOBCKOTO
C/IBUTra YaCTOThl B MEPUOJ HACTPOHKH COOTBETCTBYIOIIUX MPUEMHbIX KAHAJIO0B YyCTAHOBKH. DTO MOATBEPK/IA-
eTCsl 3aMEeTHBIM MaJIeHueM 3/1eCh CrIeKTPaJbHON MHTEHCHBHOCTH curHana ¢ fy = 5100 k11 (BepxHsisi nanesp ).
Jist Hu3kux yactot (i = 5,6, 7) B nepron 16:36 — 17:00 nabsionaiorest orpuuatesibiblie 3HaueHust fp;, 4To
COOTBETCTBYET YMEHbLIEHHIO 3JIEKTPOHHON KOHLUEHTPALMK Y OCHOBAHUS CJIOSI M TTOJTbEMY BbICOT OTpPaXKEeHHsI
npo6HbIX BoJiH. [Tpu 3TOM (haza MakcUMaJibHBIX OTPULIATENBbHBIX BeJIMUHH fp; okoJio | 11 (1, cienoBaTesb-
HO, MAKCUMaJIbHO OBICTPOrO yMEHbLIEHHSI 3JIeKTPOHHON KOHIIEHTPALIMK ) HECKOJIbKO 3ana3/ibiBaeT Ha GoJiee
HU3KHX 4aCTOTaX, UTO COOTBETCTBYET PACMPOCTPAHEHHIO BO3MYLIEHHS BHHUS.

[Tpu6musuresnsio ¢ 17:00 Bpemennoe nosenenue fp; aas ¢ = 1,2,3,4 cTaHOBUTCS YCTOHUMBBIM, UTO
CBMJIETE/ILCTBYET O MOSIBJICHUU peryJsipHblx oTpaxcenuit [1B u, cienoBatensto, 06 yBesnuenuu fo g, 10 3Ha-
ueHui, 66bKX f;. Bemuunbl fp; pe3ko Bo3dpactaior (1o 1 <+ 1,5 [11) 1 3aTem miaBHO yMeHbLIAIOTCS J10
HYJISI, UTO TaKXKe CBUIETENbCTBYET O BO3PACTAHMH KOHLUEHTPALMH MJIa3Mbl U peslakcalin 001aCTH MOHMKEH-
HOH 3JIEKTPOHHON KOoHUeHTpauuu. [losHoe BpemMsi BocCTaHOBJIEHHSI COCTOSIHUSI HOHOC(EPBI MoCJIe BTOPOTO
LMKJ1a BO3JIEHCTBHUS COCTABUIIO MTOUYTH 45 MUHYT.

C HauasioM TPeTbero LMKJA, KaK BUAHO U3 PUC. D, YACTOTHI JAOMJIEPOBCKUX CABUIOB fp; HauaJu MjaB-
HO (IYKTYHpOBATh C HAapacTalolMM OT 6 MUHYT 10 24 MHHYT NMEPUOIOM U C HapacTalollleld aMManTynoi (ot
0,1 + 0,4 I no 3 [i1 K OKOHUAHMIO LIMKJIA ), PUUEM CpeaHue 3HaueHus fp,; aas Bcex [1B okasbiBaloTes oTpu-
uaresbHbIMH. [1/1s1 BceX nmpoOHBIX BOJIH HAOJI0AeTCsl KaueCTBEHHO NMo100Hast KAPTHHA MOYTH CHHXPOHHOTO
M3MeHeHHMs1 10T1JIEPOBCKOT0 CMEILIeHUS YaCTOThl BO BPEMEHH, XOTsI /151 IPOOHBIX BOJIH C MEHBLIMMH YaCTOTAMH
MMeeTCsl HeKOTOpOe 3aras/iblBaHue U yMeHblleHHe aMILIUTY bl (payKTyalunil fp;(t). B KoHle TpeTbero 1nkia
narpesa st [1B ¢ makcumasnbubivMu yactotamu (¢ = 1,2, 3) fp; A0CTUraeT MakKCHMaJbHbIX OTPULIATENbHbIX
3HaueHuil — okoJsio —3 1. d1o Bpems (18:10— 18:16) cooTBeTCTBYET HaMGOJIbILIEMY MAJAEHHIO KPUTHYECKHX
YacTOT W MOBTOPHOMY MOSIBJIEHHUIO NM0J10CTH. C BBIK/IIOUEHHEM HAarPEBHBIX MEPEIATUMKOB 3a BpPeMsl MopsiaKa
30--35 MHHYT MOJIOCTb BHOBb 3aTAIHBAETCS, O YeM CBUAETENbCTBYET BO3pACTAHHE BEJMUHH JI0TIJIEPOBCKOTO
caBUra fp; 10 3HaueHui nopsiika +1 11 n ux nocsenyioiee ymeHblleHHE J10 HYJSI.

Bo Bpemsi ueTBepTOro LMKIIA BO3AEHCTBHS, KOTJIa BCe TPU HArPEeBHbIX MepeaTunKa paboTaty Ha 4acToTe
4785 ki1, 3a Bpemsi nopsiaka 15 MUHYT pa3BUBanCh GIYKTyalMu fp; ¢ XapakTepHbLIM MePUOJIOM MOopsiaKa
6 MUHYT, UTO COOTBETCTBYET MepUOLy paboThl GOKOBBIX HArPEBHBIX MepeaTINKOB, U aMIUIMTYI0H NOpsiaKa
0,2--0,5 [11. D11 hayKTyau oTMeUaloTCs pakTHUECKH ToJIbKO Ha yactotax [ 1B, npesbliiuatonyx HarpeBHyio
YacToTy, H UX aMIJIMTyJa OoKasbiBaeTcsi GoJibliiel s 66sbiuux yactoT [1B. Onnako napacranusi neprona
(hayKTYalui BeJMUUHBL fp, COMPOBOKAAIONIETOCS YBEJIHUEHUEM UX aMIIUTY/Ibl, B 9TOM LMKJE OTMEYeHO He
ObLII0.

4. ObCY)KAEHHUE PE3YJIbTATOB

[IpencraB/ieHnble 1aHHbIE TTO3BOJSIOT CIENATh BBIBOJ O TOM, UTO B SKCTIEPUMEHTE, TIPOBEIEHHOM B JIHEB-
Hble U BeuepHUe yackl 24 okTa6ps 1997 r. ¢ ucnosb3oBanueM cXeMbl MPOCTPAHCTBEHHO Pa3HECEHHOTO (110
BBLICOTE W TOPU30OHTAJIN ) HAarpeBa HoHocdepsl, Haf cTengoM “Cypa”o6pa3oBbiBajach Moa0CTh — 06JaCTb €
CYIIECTBEHHO MOHHWXKEHHOH KOHLIeHTpalluel noHocepHoil niasmbl. Kpuriueckas uactora Fo-cJios naja-
na na 10—20%, uTo COOTBETCTBYET YMEHbIIEHHIO KOHLIEHTpaLuK B MakcumyMme c1os Ha 20—40%. [TosocTtsb
pasBuBasiach 3a Bpems nopsiaka 40--45 MUHYT nocJ/ie Havyasa LMK/Ia BO3AEHCTBUS M 3aHHMaJIa 10 BepTHKA-
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JIM TIPAKTHUECKH BCIO TOJILLY Fh-Cylos OT MOAJI0XKKH 10 MakcuMyMa (oKoJsio 70 KM BO BpeMst BTOPOTO LIMK-
Jla Bo3aeHCTBUS U 0KoJio 160 KM Bo Bpemsi TpeTbero). O ropu3oHTasbHOM pasMepe MOJOCTH B HampasJie-
HUM “BOCTOK—3amnaj’ MOXHO CKa3aThb JIMIlIb, UTO OH 3aBeoMO npeBbiian 60 kM. 31ech c/eayeT 3aMeTHTb,
YTO FOPU30HTAJIbHbIE Pa3MepPbl BO3MYLLEHHOH 06J1aCTH HOHOC(EPBI IOKHBI ONPEEIAThCS CYMMapHOH 1K -
PUHOMN MarpaMmbl HarpaBJeHHOCTH aHTeHHOH chucTeMbl cTenaa “Cypa”, KoTopble B JaHHOM 3KCIEPUMEHTE
coctaJsiin npubanauteabio 90110 km. Bpemsi penakcaiinn nosocty nocJe sapepiueHust LUKAa BO3AEH-
cTBs coctapisiaio 3540 munyr. Panee nono6Hble KpynHomaciutabHble Bo3MylleHUust F'-cj10s1 noHocepsl
HaOJI0IA/IMCh JIMILL B HOUHOE BPeMsi Ha CTeHJe B Apecr00 MpH J0CTATOUHO HU3KOM YPOBHE KPHUTHUECKHX
yacrot[11, 12, 13].

B Hacrosiiee BpeMsi TPyHO onpeiesieHHO YKa3aTh MPUUMHBI BO3HUKHOBEHHUS CTOJIb 3HAYNTE/IbHBIX BO3-
MYILLEHHH MJIOTHOCTH HOHOCQEPHOH MJa3Mbl BO BpeMsi akcrepuMeHToB 24 okTsabps 1997 r. B uactHocTH,
HeJIb351 TIOJHOCTBIO UCKJIIOYNTh MPOCTOTO COBMAJIEHUs] peKUMa pabOThl HATPEBHBIX MePeIaTUMKOB ¢ XOA0M
€CTeCTBEHHbIX BO3MYLLeHHH HoHocdepbl. B To ke BpeMsi mpakTHUeCKH HeMeLJIeHHOe HauaJlo pesakcaluu
MOJIOCTH TMOCJ/€e BbIK/IIOUeHus ctenaa B 16:44 mck. u B 18:16 Mck., a TakKe IByKpaTHOe MOBTOpeHHE (-
(beKTa yKasbIBalOT HA €ro UCKYCCTBEHHOE MPoUcXoxkKaeHHe. BecbMa HEOOBIUHBIM B 9TOM SKCIIEPUMEHTE OblJl
M peKUM BO3JEHCTBHUS: BO BPEMSl BTOPOTO U TPETbEro LMKJIOB OOKOBbIE MepelaTunKi OCYLIECTBISAIN MaK-
CUMaJIbHbIA HarpeB B 06J1aCTsX, pa3HeCeHHbIX B HAMpaBJeHnH "BOCTOK-3anan nmpubausuteabHo Ha 60 KM,
a 1IeHTpaJIbHbIN MepeaTInK UMes YABOEHHYIO YacTOTy MOBTOPEHHS UMITYJIbCOB U CO3/aBaJjl BO3MYIIEHHYIO
o6s1acTh, pacnooxKenHyio Ha 1540 KuJI0MeTpoB Bbillie ¢ IBOHHON YaCTOTOH MOBTOPEHHUSI HMITYJIbCOB.

OTMeTHM B 3aKJ/I0U€HHE, YTO 3aPErHCTPUPOBAHHbBIE BO BPEMS TPEThEro LKA (IyKTyaluH I0MI1epOBCKO-
ro CJBMra 4acTOThbl C HAPACTAIOLIUMH MEPUOJOM U aMIJIMTYA0H (MPH STOM HauaJbHbIH MepHoJ (IyKTyalUi
BeJIMUUHBI fp Obll GJIM30K K MEPUOJY M3JyueHns1 OOKOBBIX MepelaTYNKOB ) OTKPLIBAIOT BOMPOC O BO3MOKHOM
pe30HaHCHOM BJIHSIHUY MIEPUOJMUECKOr0 HarpeBa Ha eCTeCTBEHHbIE BOJHOBbIE M3MEHEHH s 31eKTPOHHON KOH-
LeHTPalLMK B HOHOC(epe TUIA BHYTPEHHUX rpaBUTaliioHHbIX BoJiH (BI'B). BoamoxxHocTb Bo36y:kaenust BI'B
B F'-cji0e noHocdepsl ¢ momoliibio MouiHbix KB paanoBosn Tpebyer Kak aajibHEHIIMX SKCepUMEHTAIbHbIX
UCCJIeIOBAHUM, TaK U TEOPETHUECKOH MPOPAOOTKH.

Agropbl 6aaronapsit B. I1. ¥YpsinoBa 3a Jo6e3Hoe npeaocTaBieHne 1aHHbIX HakjaoHHOro JIUM 30H11-
poBanusi. Pa6ota Beinosinena npu ¢punancosoi nopuepkke POOU (rpantst 96—02—18499, 96—02—18659,
99—-02—17525,99—02—02—16479). dxcrepumeHT Obla oepKan TakKe Kontpakrom EOARD F61708—
96—W0322.
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ARTIFICIAL IONOSPHERIC CAVITY INDUCED BY THE SURA FACILITY EMISSION

G.N.Boiko, S. M. Grach, E. N. Sergeev, G. P. Komrakov, N. A. Mityakov, and K. Groves

On October 24, 1997 from 16:00 to 19:30 LT we have registered two events of a significant drop (by tens

per cent) of the electron density in the F'-region of the ionosphere during the experiments on the ionospher-

ic modification using spatially splitted heating. Hereat the critical frequency in the F-region decreased by
10—20% sinchronously with the operation of the heater transmitters. The obtained result points out a pos-
sibility of artificial generation of large-scale irregularities of electron density using spatially-splitted heating
techniques.
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YK 533.951, 537.868

HEYCTOWYUBOCTb JAPEU®OBbBIX MI'J1-BOJIH B BEPXHEH UOHOC®PEPE

E.H Macruxos

B marnuToaktuBHO 1/1a3Me, GJIM3KOH K HJ1eaJIbHOM, NPeLIoKeH MeXaHU3M IeHepaldi HU3KOYAaCTOTHBIX BO3MY-
1LIeHHH, KOoTopble B kK-TIPOCTPAaHCTBE MOTYT ObITh NPEICTABJEHbl B BHJE BPpalLAIOLMXCs BOJHOBbIX naketos (MI/I-
BOJIUKOB) M COJIEprKaT (UIyKTyallMH MJOTHOCTH TJ1a3Mbl, 9/J1€KTPUUECKOr0 U MarHuTHOro nosieil. [Tokasano, uto npu

HAJIMUHH MEJIKOMACIITAGHBIX HEOJHOPOAHOCTEH C IUCTIEPCHEN OTHOCHTEIbHBIX (JIYKTYallil KOHUEHTPALMH 4/ dn3,

M30TPOIHBIX B IJIOCKOCTH OPTOrOHAJBHON peryJsisipHOMy MarHHTHOMY MoJit0 Bo, M BBITSIHYTBIX B HanpasJeHud By,
CIEKTP KOTOPBIX COCPeI0ToUeH BOJH3H BOJHOBOTO Yhca ko1 , BO3MOXKHA HEYCTOHUMBOCTD, IPHBOJISILLAS K FeHepaLuu
CTPYKTYP C BOJHOBBIMH UHCIaMi k1 S ko1 \/20n2 U pasBUTHIO KPYMHOMACLITAGHOH THPOTPOIHOM TYPOYJIEHTHOCTH.

BBEJEHHWE

Kak naBectHo, nneasnbHasi niazmMa B MarHuTHOM M0JI€ MOXKET HAXOAUTLCS B COCTOSIHMN PABHOBECHS, €CJH
rpajiieHT ra30KMHETHUECKOTO IaBJIeHH sl ypAaBHOBELLIEH MJIOTHOCTbIO cuJ1 AMriepa, 06yc/I0BIeHHOM POTEeKal0-
1LIMM B 171a3Me ToKoM [ 1]. B cooTBeTCTBHM ¢ 5TUM yC/I0BHEM U151 H30TEPMUUECKOH MJ1a3Mbl JIOKAJIbHbBIH TPpan-
€HT JIEKTPOHHOH KOHUEHTPALMK J10/KEeH ObITh OPTOroHaJIeH BEKTOPY MJIOTHOCTH TOKA, MO3TOMY MOCJIeTHUH
HeNoCpeACTBEHHO He yUacTBYeT B Mepepacrpeie/ieHid KOHIeHTpaluy niaasmbl. O1HaKo cuia, AeicTByoas
Ha JIBUKYLIMECS] B MarHUTHOM T10Jie 3apsiKeHHbIe YaCTHIbI, CYLIeCTBEHHBIM 00PAa30M BJIUSIET HA TMHAMHKY
MCXOJIHOTO BO3MYIIEHHsI, B YACTHOCTH, OMPEIE/ISIET PEXKUM TorepeyHoil aMmoumnoisipHoi auddysuu. B npeii-
(hoBOM NMPUO/IHAKEHUH CUCTEMA ABYXKHUJIKOCTHBIX THAPOMHAMUUECKUX YPaBHEHHH, OMUCHIBAIOLINX IBUKEHHE
TMJ1a3Mbl, SIBJSIETCS 3aMKHYTOH, U MPU HAJMUUU PETYJSPHBIX TPAUEHTOB 3/J1€KTPOHHOH KOHLIEHTPALMH U TeM-
nepartypbl y TaKOH CHCTEMbI CYLLECTBYET pellieHre B BUe ApeidoBbiX BosH. HeycroitunBoctH, cBsisaHHble ¢
BO30YXK/IeHHEM JIPeiOBBIX BOJIH, TPUBOJST K aHOMaJIbHOU U dY3UH dyKTyallii niasmsl [2].

Ecai peryasipioe MaruutHoe mosie By 0XHOPOJHO, TO JUIS BBITOJHEHHS YCIOBHSI PABHOBECHS HEOOXO0-
JWIMO, 4TOGBI JIOKAJIbHbIH TPAIHEHT MIOTHOCTH TIA3MbI Gblal OpTOroHanen By, M03TOMy pH HCCIeI0BAHHU
JipeihoBbIX MPOLIECCOB A0CTATOUHO YACTO PACCMATPUBAIOT IBHKEHHUE MJ1a3Mbl TOJBKO MOMEPEK CHIOBBIX JIH-
HUH MarHUTHOTO noJs. B [3] mokasano, uto aBymMepHOe Ge3BUXpEBOE TeueHHe X0J0IHON HeabHOH M1a3Mbl
B MAarHuTHOM MoJie MOXKeT ObITh OMUCAaHO B paMKax KyOuueckoro ypasHenusi LLIpenunrepa, B KoTopom Ko3¢-
(bMLIMEHT MPU HEJIMHEHHOM UJleHe OTBeuaeT yCTOHUMBOMY THITY pellieHHs, a poJib nocTtosinHo [lnanka urpaer
MO/1yJIb MEXaHUUECKOr0 MOMEHTA BPAllAIOLIerocsi B MArHUTHOM MoJie HoHa £ = mipivi, TIE pi = vj/wpi U
wpi = eBy/mjc — rUpopajnyc U rHpouacToTa HOHA, €, m; U v; — COOTBETCTBEHHO 3apsijl, Macca 1 CKOPOCTb
MOHA, ¢ — CKOPOCTb CBeTa.

CuTtyauus MOKeT MPUHLMITHAIBHO H3MEHUTBCS, €CJIH PACCMAaTPUBATh BO3MYLIEHHUS, OTPAXKATENbHO HEHH-
BapUaHTHbIE OTHOCHUTEJLHO PEryJsipHOrO MarHUTHOTO MoJsi. B ciyuae, Koria KOHUEHTpaLUs N1a3Mbl HMeeT
rpajMenT B Hampassennn By, yeaosnhe paBHoBecHs Hapymaercsi. OQiHako MOXKHO CUHTATh, UTO TPH TOM
MJIOTHOCTh MPOTEKAIOILETO B MJ1a3Me TOKA MO-TPeKHEMY YI0BJETBOPSIET YCJIOBHIO PABHOBECHS U OJIMHAKOBA
B J1a00OpPATOPHOM U JIBUXKYILIEHCS BMECTe CO CPeJiol cucTeMax otcueta. B [1] pacemarpuBaercsi 3agaua o qud-
(hy3nn 6€CKOHEUHO MPOTSKEHHOTO MJIa3MEeHHOTO LIHYpa B OJHOPOJHOM MArHUTHOM T0Jie TIPH YCJIOBHH, UTO
€ro 0Ch HAKJIOHEHA OTHOCHTEILHO HanpaB/ehust By. B ciyuae ecin s1eKTpoHHAst KOMITOHEHTA M11a3Mbl HMe-
eT 60JIbLIMAHOBCKOE pacpe/iesieHHe, TO JeKTPOHbI 0Ka3bIBAIOTCS "BMOPOYKEHHBIMHU'B CHJIOBbIE JIMHUH Pery-
JISPHOTO MArHUTHOTO T0JI51, @ MJIOTHOCTh KBA3UCTATHUECKOTO IMAMATrHUTHOTO TOKA OMPEesseTCs IBHKEHHEM
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TOJIbKO HOHHOH KOMITOHEHThI. B 3T0l paboTe oTMeuaeTcs, YTO BO3MOXKHO YCKOPEHHE MMJ1a3Mbl JI0 CKOPOCTEN
nopsiika ApeidoBbIX, IPHBOSIIEE K CTAGHIH3ALIMH €€ PasJieTa B HAPaB/eHHH By, eCJii SHeprist nomnepey-
HOTO K OCH LLIHypa MAarHMTHOTO M0JIsl MPEBBILIAET MJIOTHOCTh KHHETHUECKOH SHEpruu Bpaienust HoHoB. [To-
CKOJIbKY cuJia JlopeHua, 1eficTByiol1as Ha ABUAKYLLIMECS B MATHUTHOM MOJ1e 3apsizKEeHHbIE YaCTHIbI, PAOOTY He
COBEpLIAET, TO OIMH U3 MEXaHU3MOB YCKOPEHHUS M1a3Mbl MOXKET ObITh CBSI3aH C reHepalineil HU3KOUaCTOTHBIX
HenoTeHLMaNbHbIX 3JEKTPUUECKUX roJiel. B napefipoBoM npubinzKeHHH TakKue MoJisi MOTYT reHepupoBaTh-
Csl 3a CUeT HapyLIEHHUs YCJIOBUS “BMOPOXKEHHOCTH "TIJIa3Mbl B MAarHUTHOE T10JIe, TIPY KOTOPOM 0Ka3bIBAIOTCS
BO3MOKHBIMH JIBU2KEHHS TIPOBOJISIILIEH Cpe/ibl, MPUBOASILINE K U3BMEHEHHIO OPUEHTALMH BO3MYLIEHHST OTHOCH-
TEJIbHO HaNpaBJeHUs PEryJIsipHOr0 MarHUTHOTO MOJIS.

3anauy o reHepally BpallaloUMXCs HEOHOPOAHOCTEH MJIOTHOCTH TJIa3Mbl U CBSI3aHHBIX C HUIMH KBa3H-
CTaTMYECKNUX MAarHUTHBIX M 3JEKTPUUECKHX TOJIeH MOKHO pacCMaTpUBaTh KaK 4acTb MPoOJeMbl MAarHUTHOTO
JIMHAMO, TIPUUEM B JaHHOM CJlyuae HapylleHHe OTPaXKaTesJbHOH CUMMETPUH BO3MYILILIEHHSI OTHOCHTEIbHO Ha-
npasennst By n anddepenimaibHoe BpaliieHie BO3MYILEHHS MOTYT IPHBECTH K TOMY, UTO 4aCTh IHEPTHH pe-
TyJISIPHOTO MarHUTHOTO M0J1s1 6yAeT TPaHCHOPMUPOBATHCS B KHHETHUECKYIO SHEPTHIO IBUAKEHHS TTPOBOJSLLIEH
JKUIKOCTH. Bornpocsl, cBsi3aHHbIE ¢ BO3MOXKHOCTbIO FreHepali THPOTPONHOH TypOYJIEHTHOCTH B THAPOIMHA-
muueckux 1 MI'J] Teuenusix, akTHBHO 06Cy2K1aI0TCS B HAacTosILee Bpems [4, 5.

Hacrosimas paGora siasietcst npoaoszKeHneM paGoThbl [6] v mocBsiliieHa UecyieIoBaHUIO yCJIOBHI reHepa-
LMY B MarHUTOAKTUBHOH MJiasme, GJIM3KOH K M/1easbHOH, BpalLAIOLIMXCs HU3KOUACTOTHBIX BOJHOBBIX CTPYK-
Typ (MI'[I-BO/IUKOB), comepKalluX BO3MYILIEHNS MJIOTHOCTH MMJ1a3Mbl, 3JIEKTPUUECKOTO U MAarHUTHOTO MO-
Jeil. B paborte nokazaHo, uTo MeJiKoMaclTabHble HEOHOPOAHOCTH 3J1€KTPOHHON KOHIIEHTPALIMH C 3aJaHHBIM
HavyasbHbIM MPOCTPAHCTBEHHBIM CIIEKTPOM MOTYT SIBJSITHCSI MCTOUHHKOM KpyMHOMAcCIITaGHON THPOTPOMHOK
TypOyJieHTHOCTH. MeXaHu3M reHepaluy TaKuX HeOIHOPOHOCTEN OMUCHIBAETCS B PAMKAX KyOMUECKOT0 ypaB-
nenus Llpenunnrepa, umeroiero Heyctorunsoe petienne. [ [puBoasiTCs OLleHKH NOpora HeYCTOHUHBOCTH MPH-
MEHHTEJIbHO K YCJIOBUSIM BepXHeH noHocdepbl NPH BO3OYKIEHUH B HEll MCKYCCTBEHHbBIX MeJIKOMACIITaOHbIX
HeoaHopoaHocted [7]. I1pennoxkennblit moaxoa K npo6seme ycKopeHHs Ma3Mbl 3@ CUeT BHYTPEHHETO Hemo-
TEHIHAJIbHOTO 3JIEKTPUUECKOTO MOJIs1 MOKET ObITh UCMOJb30BAH B PA3JIMUHBIX Fe0(PU3NUECKUX U aCTPOPU3H-
UECKHX MPUJIOKEHHUSIX.

1. JIPEA®OBAS MI'1-BOJIHA

PaccmoTpuM 6J1IM3KYI0 K HeasbHON AByXKOMITOHEHTHY!O 1J1a3MY, HaX0s1LLyl0Csl B CHJIbHOM OJIHOPOHOM
MarHUTHOM T10Jie, KOTOPasi OMUChIBAETCS CUCTEMOH JABYXKUAKOCTHBIX MTHAPOIMHAMHUYECKHUX ypaBHeHHH [ 1]

d\_/"a — [ﬁa X Eo] Ta VeiMe »
Mog—— = e+ eq— — —Vn — j — MaVanUa. (1)
dt C NO GQNO
3necb Ny — 0JHOpOHAs PeryJ/sipHasi KOHLUEHTPALMsI MJIa3Mbl, o — HHJEKC, 0003HAYAIOLIMH COPT YaCTHIL
(v = 1 — HOHBI, @ = € — 3JIEKTPOHBI), Uy H M, — CKOPOCTH M MacChl 4acTull copTa <, E — BekTop

=

HAMNPSKEHHOCTH 3JIEKTPUUECKOTr0 N0Jis1, By — BEKTOP HHIYKUMH PEryJISPHOr0 MAarHUTHOro noJs, 1T, — Tem-
nepaTypbl KaxxJ10H U3 KOMIIOHEHT [J1a3Mbl, BbIPAXKEHHbIE B SHEPreTHUECKUX eIMHULAX, j = eNy(0; — Ue) —
MJIOTHOCTb 3JIEKTPUUECKOIO TOKA, Von — YACTOThl COYILAPEHUI 3apsi2KeHHbIX UACTHLL COPTa ¢ ¢ HelTpaJa-
MU, Vgj — UACTOTA JIEKTPOH-UOHHbBIX COYIAPEHUH, €j = € U e, = —e — 3apsllibl COOTBETCTBEHHO HOHOB U
9JIEKTPOHOB. B [LaﬂbHeﬁLHeM [PEeArnoso2KHUM, UHTO Fra30KHHETHUECKOE 1aBJICHUE I1J1a3Mbl CYLLLECTBEHHO MEHbLIE
MArdiuTHOI'O JaBJI€CHUS I10JISA Eo,

B =4rNo(Te + T))/B} < 1,

¥ MEKJIy UaCTOTAMM COyJIapeHHil UACTHIL U UX THPOUYACTOTAMH W, = €B( /M BbINOJIHEHbI COOTHOLLIEHHS

(Vei + Ven)/wBe < Vin/wBi <1
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7
B ypaBhenusx (1) o6puHo npeHe6peraioT ciaraeMbiM med—te' TOrJa MPH BbINOJHEHUH COOTHOLUEHHSI

Lo/l > V (Vei + Ven) Vin/WBewBi, T1€ [ ml1 — macuralbl BO3MYILEHHs COOTBETCTBEHHO BJIOJIb U TONEPeK
MOCTOSTHHOrO MArHUTHOTO T10JIs1, MOTEHIMAIbHOE JEKTPHUECKOE T0Je OMPEAesSeTCst yCA0OBHEM GOJbIMa-
HOBCKOTO PABHOBECHST JIJIs1 3JIEKTPOHHOK KOMIOHEHTBI [1J1a3Mbl H PaBHO

7.
€N0

E=-Vp=— Vn, (2)
e Boamylenue n < Ny. CkaaapiBasi ypasHenus (1) u npene6perasi nHepiLueid MOHOB M MaJIbIMH CTOJIKHO-
BUTEJIbHBIMU CJIaraeMbIMH, [IPUXOANM K YPaBHEHHUIO, ONPEeNEe/sIoleMy COCTOsIHHE KBA3UCTATHYECKOTO paB-
HOBECHS BO3MYLLEHUSI 1J1a3Mbl:

—

1-
(Te+T)Vn = ~[j x By). (3)
[1pu BbIMOJIHEHMH yCJI0BUS (3) TpalMeHT Ta30KUHETHUECKOTO JaBJeHHsl B TVIOCKOCTH, OPTOrOHANbHON By,
ypaBHOBelleH MJI0THOCTbIO cusl Amnepa. CoryiacHo (3) B paBHOBECHOH H30TEPMHUECKOH T/1a3Me IpaueHT
JlaBJIeHHs1 I0J12KeH ObITh OPTOrOHAJIEH MATHUTHOMY T10JII0 U MJIOTHOCTH TOKA, T.€.

Vn L By, Vn L j. (4)

Takum oGpasom, nporekalolyi B M1a3Me paBHOBECHBIH IMaMAarHUTHBIA TOK B COOTBETCTBHH ¢ (3), (4) Ha-
npasJ/ieH OPTOroHaJbHO JIOKAJbHOMY TPAUEHTy MJIOTHOCTH Mia3Mbl. J{aHHbIN TOK BbI3bIBA€T (JIYKTyallHOH-
HOE MarHUTHOE ToJie, KOTopoe ocJabJsieT peryasipHoe MarHuTHOE MoJie B TeX 00J1acTsX, T/l KOHIIeHTpalus
MJ1a3Mbl BO3PACTAET, U YCHUJIUBAET €ro B 00/1aCTSAX NOHWKEHHON KoHLleHTpaurn. OTHOCHTe IbHbIE (DJIYKTyalHH
0 B MarHuTHOTrO MoJisl, CO3/1aBaeMble IMaMarHuTHbIM TOKOM MPH ycsoBuM 3 < 1, MaJibl U COCTaBJISIOT MPHU-
6J1M3UTENbHO — 30N, T1e dn — OTHOCHTE/bHbIE BO3MYLLEHHS 3JeKTPOHHON KOHLeHTpauuu. Eciu Bo3mylile-
HHe MIOTHOCTH MJIa3Mbl HMEET MPaMeHT B HanpaBieHnt By, To MepBoe 13 yeioBHil (4) Beeria oKasbiBaeTest
HapyLLIEHHbIM H MOJIHOE PABHOBECHE OTCYTCTBYET.

PaccmoTpum yc/ioBre KBa3HCTaTHUECKOTO PABHOBECHS B JIOKAJbHOH CHCTEME OTCUETa, CBSI3aHHOH C Ha-
npaBJeHueM BeKTOpa rpaaueHTa MJaoTHOCTH MJ1a3Mbl, TIPH YCJAOBHH, UTO MOCJAEIHUI HE COBMAIAET C HAaNpaB-
JIeHHeM HOpMaJTH K 110J110 By. ByieM xapakTepusoBath roJoxKeH e 51eMeHTa 1a3Mbl TPOCTPAHCTBEHHBIMA
nepeMeHHbIMH &, 77, ( CUCTEMbl OPTOrOHAJbHBIX KOOPJUHAT, HAMpaBJ/AeHHe OCell KOTOPOH 3a/1aH0 eIMHHUUHbI-
MU BEKTOPaMH (€, €y, €¢). [TycTb BO3MyILIeHHs! KOHLLEHTPALMH, 3JIEKTPHUECKOr0 H MAarHUTHOTO MoJefi HMEeIOT
BHJL TJIOCKO#H BOJIHBI, TAK YTO COOTBETCTBYIOLIME BEJIHUYHHBI NIPONOPUMOHA/bHBI exp{ikel + ikyn + ikeC}.
[Ipennosioxkum, 4To B 1aHHOH CHCTEME OTCUEeTa MOHHAsS KOMIIOHEHTA MJla3Mbl HemoBHKHa (U5, = 0), Torna
MJIOTHOCTb KBa3MCTATHUECKOTO IUAMATrHUTHOTO TOKA OMPeIessieTCs IBUKEHHEM TOJIbKO 3JIEKTPOHHOH KOM-
noHeHTbl. OnpeneanM s1eKTprUIecKoe rnoJie B mpub/mKeHun aByxakuakoctnorn ML [1]:

E -=—=[7. - x By (5)

Bripasum cKOpoCTb 3/1€KTPOHOB U3 ypaBHeHHs (3) ¢ yueToM Toro, uto v5 = 0, U MoACTaBUM ee B (H):

= Uiz % Bol - (Te+T) ng
E .= =4k ——" 6
Lk ceNy L e No (6)

Aaekrpuueckoe noJe (6) opToroHanbHo K By U B 06111eM cJydae He COBMAaeT ¢ HarnpaBJ/eHueM k, mosTomy
OHO MMeeT HeMOoTeHUHaJbHYI0 KOMITOHEHTY H, CJIeIoBaTe/bHO, I0J2KHO YI0BJIETBOPSITh yPABHEHHIO

E.H Msacrnukos 693



1999 Hsze. BY308 PAITHO®H3HKA Tom XLII Ne7

= et T (7)

JIerko oueHUTb, YTO BeJMUMHA BO3MYLLEHHs] MAarHUTHOIO 110JIs1, HE0OXOMMAsl /151 BbIMOJHEHHS] COOTHOLLE-
Hus (7), oueHb BeJIMKA M He MOKET ObITh IOCTUTHYTA 3a CUeT MPOTEKAIOUIero B MJja3Me AMaMarHMTHOTO TOKA.
C ipyroii CTOPOHbI, Mbl MOKEM MPE/NOJN0KHUTh, UTO PH HAPYLIEHHH CUMMETPHH BO3MYLLEHHS OTHOCHTEIbHO
HarnpasJieHHs! By TpeOyemMoe BO3MYLLeHHe MarHUTHOTO M0JIS MOXKET BO3HUKHYTb 32 CUET T0OBOPOTA JIOKAJbHOH
CUCTEMbl KOOPJIMHAT.

Paccmotpum 3agauy co chaenytoliiedl reometpuert. [TycTb BOJIHOBOH BEKTOpP COBMAJAET MO HAMIPABJIEHHUIO
C OJIHOI U3 OCEeH JIOKAJIbHOI CHCTEMBI OTCUETA Kk = k¢ée v cocraBaisier yroa ) < 1 ¢ HanpaB/aeHueM HOPMaJIH K

nomo Bp. Komnoweutsl k| = kesind u ki = kgcosf sBasifoTCsi NPOEKUMsIMH Kk Ha

HanpasJieHde By U opToroHasbHyto emy mjockocTb. [Tosie By Tak:ke UMeeT NpoeKLHH Ha OCH KOOpAHHAT

§ug

BongosinezBoﬂ, BOCZB()COSQZBOk—J_. (8)
ke ke
AaiekTpuueckoe rnoJie (6) HarmpaBJAeHO OPTOrOHAIBHO By vt imeer NOTeHUHaJbHY0 KoMIIOHeHTy EP = E| cos ),
COBINAJAIOLLYIO C HallpaBJeHUeM k, u BUXPEBYIO KOMNOHeHTy ¥ = F| sin ), HanpaBJjieHHYI0 OPTOrOHAJIbHO
k. C YUYETOM MPEACTABJICHHON Nre€OMETPUH BO3MYLLEHHH JaHHOE BpallleHHe MOXKHO pacCMaTpUBaTh KaK aHa-
JIOT NIPELECCHH OCeCUMMETPUYHOIO MeXaHUUeCKOro BoJiuKa. J{eficTBUTe/bHO, ypaBHEHHE 3JIeKTPOMArHUTHOH
UHAYKUMH (7), 3arMcaHHOe B JIOKAJIbHON cUCTeMe OTCUeTa, MMeeT BUJL ypaBHEHHUs BpallleHHsl TBEPIOro Tesa
MOJ ACHCTBHEM MOCTOSTHHOTO MOMEHTA CHUJIbl, B KOTOPOM POJIb MOMEHTA KOJIMUECTBA JIBUXKEHHS BBIMOJHAET
BHelIHee MarHUTHOE M0Jie, @ MOMEHTA BHELIHeH CHJIbl — HeroTeHIHa bHast KoMIoHeHTa noJist (6).
[Tpeanosioxkum, uTo KoMnonenTta Bog COBepLIAET BpalleHHe OTHOCHTEILHO OCH (, TOra C y4e€TOM reo-
METPHUH 3a7auM 3aruIlIem

OBo¢ _, L o=
67505677 = [wkgeg x By). (9)

CpaBnuBas (9) 1 (7), mosyuum cJjefytoliee BblpazkeHue /s MTHOBEHHOH 4acTOThl AU depeHasbHOro Bpa-
11IeHUS] BO3MYLLEHHS M1a3Mbl:

_dle+T) k‘g cos Hnﬁ

Wk, = ———= .
¢ GBO NO

(10)
Kak cienyer us (10), yactora wy, nponopuroHasbHa KBaapaty BOJHOBOTO YHC/Ia k:g 1 aMIUIHTYJIe OTHOCH-
TeJIbHBIX PJIYKTyalnil KoHLeHTpalmu ng / No 1 nipu § < 1 He 3aBUCHT oT yri1a 6.

Onuuiem BpallleHue BeKTopa k B tabopatopHoii cucteme otcueta. [lycth Hanpasienue By coBnaaaer ¢
OChI0 2z, @ OCM X W Yy JexXaT B OpToroHaspHOH K By muockoctu. Pacemorpum mnoBopoT Bektopa k
OTHOCHTEJIbHO By Ha MaJiblii yros dip, Ipy KOTOPOM €ro MpoeKLUst Ha 0Cb 2 GyIeT 0CTaBaTbCs MOCTOSHHOM:
ll

6~ L
1

= const.

Yuurbiast, uTo npu 6 < 1 Mbl MOXKEM CUHTATDH HANPABJIEHUS Wk, U Wk, COBMNAJAIOLIMMU C OCbIO 2, 3alHIIEM
ypaBHEHUS BPAILIEHUS JIJIS1 £~ U Yy-KOMIOHEHT BOJIHOBOTO BEKTOPA:

0k, c(Te+T3) 5
=——k’k
at GBO z y¢kza

Oky _ (T +T)
ot N GBO
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U NIPECTABUM BbIpaKeHHsl 1151 TIPUPALLEHUH BOJHOBbIX BEKTOPOB B BHJIE
dky = ik, dipg,, dk, = —iky diy, . (12)

[Toncrapasisi (12) B (11), npuXoanM K ypaBHEHUSIM

Za¢ky C(Te + Tl) Za¢kz C(Te + Tz)

_ ]{52 — ]{;2 . 1
ot eBy $¢kz ) ot By y¢ky ( 3)

I[aﬂee, MpearnoJs02kuB, 4TO BO3MYLIEHHUE [J1Ia3Mbl KBa3HH3O0TPOITHO B IJIOCKOCTH, OpTOI‘OHaJIbHOl/UI zZ, TaK 4TO

Yk, = Yk, = Pi, (14)

U cKajbiBast ypasHenus ( 13) mousieHHo, IPUXOANM K CJIeLylolleMy BLIPAyKeHUIO 17151 ApeiioBOil yacTOThI:
o Tt T

kL ot - 2630

2 _ 12 12 _
rie ki = ki + kyu by, = —ny, [No.
Corsiacho (15) mpocTpaHCcTBEHHO HEOAHOPOAHOE BO3MYLLEHHE MIOTHOCTH MJ1a3Mbl MOXKET OBbITh OMUCAHO
B BHJIE BOJIHOBOTO MaKeTa, 4acToTa M JIOKa/JbHOE BOJHOBOE UHCJIO0 KOTOPOTO YIOBJIETBOPSIIOT COOTHOLIEHH-

am [1] 5

MoxHo [10Ka3aTb, YTO B k—HpeﬂCTaBﬂeHl/ll/I BEKTOpa JIOKaJIbHOI'0O BOJIHOBOI'O YK CJla BO3MYLIEHHS El; MJIOTHO-

K, (15)

CTH IMaMarHUTHOTO TOKa JZE M CO3/1aBa€MOT0 UM MarHUTHOTO T0JIs1 E,; B /11060 MOMEHT BpeMeHH 06pasyioT
CHCTEMY B3aMMHO OPTOroHasbHbIX BekTopoB — MI'JI-Bosuok. Hanpas/ienue BeKTo- pa J;: 3aBUCUT OT 3HaKa
BO3MYLLEHHUSI MJIOTHOCTH MJ1a3Mbl. OTMETHM, uTO Ko3(hduureHT 1/2 B (15) sABJIsieTcst cieACTBUEM NPETTOJ0-
JKEHHUs 06 M30TPOIMHOCTH BO3MYIIEHHUS B MJI0CKOCTH, OpTOTrOHa/b-
noit By. Ecan cuntath, uto uactota ApeiidhoBOro ABHAKEHHs BO3MYLICHHS TIA3MbI CBSI3aHA CO CKOPOCTHIO

17]; COOTHOLLIEHHEM

B = 5 [k x 5, (17)

10 (17) siBJIsIeTCS aHAIOTOM M3BECTHOTO B THPOIMHAMUKE BEKTOPA BpallleHusi & = rot /2, B KOTOPOM KO3(-

¢upent 1/2 siBJasieTcsi CeACTBUEM BbITIOJHEHUS 3aKOHA COXPAHEHUsI MOMEHTA KOJIHUeCTBa JIBUKEHHUS (CM.,

nanpumep, [8]). Ilpu nosopore BekTOpa kB NpOCTpPaHCTBE €ro NpHUpalleHle HANpPaBJeHO OPTOrOHANLHO K
CaMOMy BEKTOPY K, H [I09TOMY BpallleHHe MPUBOHT K PACTILIBAHHIO BOJIHOBOTO MAKETa.

[Tosb3ysich aHaJiorkell ¢ KBAHTOBON MeXaHHKOH, MOXKHO BBeCTH PyHKLHIO 1) o exp{—iwt £ ik r]},

KOTOpAsi AIBJISIETCS pellieHHeM 0IHOPOAHOro ypasHenns Ilpemutrepa. Tora B k-NpeicTaBieHiH OMepaTop

MIHOBEHHOM YaCTOThI [MOBOpPOTAa ABJISAECTCSA JIeNCTBUTEJIbHBIM TOJIOXKUTEJbHBIM UHCJIOM

o c(Te +T3)
N 2630

3a11a1—11—10My 3HaY€HHIO w OTBEYalOT JiBa BOJIHOBbLIX YHUCJIa

k2. (18)

ki = %/2eBow/c(Te + T),

KOTOPbI€ Mbl MOXKEM MHTEPIPETHPOBATb KAK BOJIHOBbIE UHC/IA IBYX BUXPEH CKOPOCTH, HMEIOLLIMX pa3Hble Ha-
npaBJeHusl BpalleHus Mo OTHOLIEHHIO K HanpasJenuio noss By. B cootBercTBuM ¢ (7) HanpaBJ/eHue Bpa-
LLIeHHs] BO3MYLUEHHUs 3aBUCHUT OT 3Haka 6: npu € > 0 BoJiHa BpallaeTcsi B IPaBOBUHTOBOM 10 OTHOLLEHHIO K
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HaripaBJieHnIo noJst By Hanpassennu, a npu 6 < 0 — B JICBOBUTOBOM. 3aMETHM, UTO MOCKOJIBKY TIPH MIHO-
BEHHOM MOBOPOTE 3HAueHHue yria f ocTaeTcsi HEeM3MEHHbIM, TO HaMpaBJeHre BpallleH!sT 3aBUCHT TOJIbKO OT
HauaJIbHOrO HATpaBJieH s BekTopa k. [To/yuenHoe BbipaxkeHHe ast APpeiihoBOil 4aCTOThI SKBUBAJIEHTHO Ya-
cTOTe BOJIHbI ie-bpoiins, B koropom noctosinuyio [ 1nanka h Heo6XoauMo 3aMeHUTh Ha

(= (Te + Ti) /Jwp, = vrpim;.

3Hauenue £ coBnaaaer ¢ abCOMOTHON BeJIMUMHON MEXaHHUECKOIO MOMEHTA HOHA, BPALLIAIOLIErocst B MarHUT-
HoM nosie By. 3nech v = /(T + 1}) /m; — aHaJsior TenJoBoil CKOPOCTH, pi = vt /wp, — TMPOPaNYyC HOHA.
OTmeTnM, 4TO IaHHBIH pe3yJ/bTaT COBMAAAET C MOJIyUeHHbIM paHee B padote [3].

2. HEYCTOMUYUBOCTb APEH®OBbIX MI'J1-BOJIH

Bynem npenanosarats, uto hayKTyalui KOHUEHTPALMH MJ1a3Mbl SBJASIOTCS CJAyYalHbIM TOJIEM, H MOKa-
JKeM, UTO B 3TOM CJlyyae [py HaJHUYHH B [J1a3Me MeJIKOMACLITaOHbIX HEOAHOPOAHOCTEH BOSMOXKHA HEYCTOHUH -
BOCTb, IPUBO/ISILLLAS K HAPYLUEHHIO SKBUBAJIEHTHOCTH IPABOI0 U JIEBOT0 BPaLLleHUH U BO3HUKHOBEHHIO THPOTPOIT-
HOU TypOyJIeHTHOCTH. B COOTBETCTBHMH C OCHOBHBIMHU OTpEe/IeeHUSIMU TEOPUH CJIyUalHbIX MoJel [9] 3anuiiem
yCJIOBME HOPMHUPOBKH 1) -(yHKLHH B BUJE

(Wpvt) = [vz*0(k — k), (19)

rae 6(k — k') — 6-dynunst [lupaxa, |tz?(kL, k) — MJIOTHOCTH MPOCTPAHCTBEHHONO CHIEKTPA MOLIHOCTH
OTHOCHTEJIbHBIX (QJIYKTyalliil KOHLEHTPALMH M1a3Mbl. [1py 3TOM MHTErpaJs OT MOJIOKUTEJILHO OMPEIeIeHHOM
dynkumn |1z ? (kL k||) no Bcem BOJIHOBBIM UMC/IaM PAaBEH MCMIEPCHH OTHOCHTE/bHBIX (JIyKTyalii KOHLeH~
TpaLuHu:

(An?)

o0
2 —
[ 1P k) bk =
—0o0
Bocnosib3oBaBiinch CTaHAAPTHBIM OTIpe/leieHUeM, HalljleM CpejiHee 3HaUeHHe orlepaTopa BpallleHHs!

c(Te+T;

(o = ) = ST [0 O ) ks (21)

3ameTHM, uTO B OTJHUME OT CPEJIHEro ornepatopa BpalleHWsi CpejiHee 3HaueHHe NpeiHdoBOi uyacTo-
bl (15), ecTecTBEHHO, PABHO HYJIIO, TOCKOJILKY Mbl He HAKJIablBaJIi OrPaHHUeHHH Ha (D/IYKTyallid KOHLEH-
TPALMK ¥ CUUTAJIH, UTO UX CpeJiHee 3HaueHue paBHo HyJ 1o ({(n) = 0).

PaccMoTpuM IMHAMUKY BO3MYLLEHHH T1J1a3Mbl TIPH HAJIMUUK B Cpejie MeJKOMAacCITaGHbIX HEOJHOPOIHO-
CTell, CTIEKTP KOTOPBIX H30TPOTEH B MIOCKOCTH, OPTOrOHA/IBHOI By, 1 COCPEI0TOUeH BOIH3H BOMHOBOTO YHC-
Ja ko . [lpeacraBum criekTp BO3MyILIEHHsSI B BUJIE NPOU3BEEHUST (QYHKIIMI, 3aBUCSLLMX OT MPOJAOJBbHON H
NOMNepeYHoN KOOPAUHAT,

[Wl? = [P (k1) - (w2 (ky),

a NorepeuHylo KOMIIOHEHTY — B BHJIE
[1)? (k1) = ond 6(kL — koL).

B cooTBercTBHM ¢ (21) 1715 oniepaTopa cpeaHero BpallleH|st IMeeM CJlelylollee BbiparKeHne:
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(w) = c(Te + Th)

2630
rie énd = ond | - 5ng” — JMcrepcusi MeJKoMacTabHbIX hryKTyauui niasmel. M3 (22) mbl Mmoxxem ornpene-
JIUTb KBAJIPAT MOJLyJisl JIOKAJbHOTO BOJIHOBOTO UMCJIa

C(Te + T1) 2

2 52
ko omg = 2By K1,

(22)

Iii = k:gL 5ng
1 MPEJICTABUTh BO3MYILEHHE B BH/I€ BOJHOBOTO MaKeTa ¢ XapaKTepPHOH YrJIOBOK LIKPHHOK

K
Awowk—l: ont < 1
0L

B [IJIOCKOCTH, OPTOrOHaJbHOH By.
3anuiieM ypaBHeHHe BpalleHusl /151 BEKTOpaA K| B BHJE

ot

YpasHenus (23) 17151 KOMIIEKCHOTO BOJIHOBOTO BEKTOPA K | = Kz + iy U IPABOBMHTOBOIO 110 OTHOLLIEHHIO K

= [(w)é, x R1]. (23)

—

HarnpasJieHu10 By BpalleHusl 3aMU1LIyTCsl B BUJE

Z.a’ﬁ_ C(Te + Tl)
ot 2630
O6mbennnsia ypaBuenus (15) u (24), Mbl IPUXOAUM K HEJIMHEHHOMY JIHCTIEPCHOHHOMY ypaBHEHHIO, KO-

TOPOMY COOTBETCTBYeT KyOHueckoe ypaBHenue LlIpeaunrepa, onucbiBaiolemMy npocTpaHCTBEHHO-BPeMEHHOe
M3MeHeHHEe KOMIIEKCHOT0 BOJIHOBOTO BeKTOpa K | (T, ):

k3, omk k) =0. (24)

Z.aKJJ_ C(Te + T‘l)
ot 2630

c(Te +T3)

Ak =0, (25)

rie A, = 9%2/0x2 + 02/8y? — oneparop Jlanaca o nonepeunsiv K By koopamHatam. Bropoe caiarae-
Moe B (25) cOOTBETCTBYET KyOUUECKOH HEJIMHEHHOCTH, @ TPEThe CJlaraeMoe OMUCHIBAET MPOCTPAHCTBEHHYIO
aucnepcuio. Ec/ii 3HaKu 3THX cjlaraeMbIX COBMAAIOT, TO MO Kputepuio JlailTxumna ypaBHenue (25) umeer
HeycToHunBOe pelierre. [Ipu 3TOM HeyCTONUMBOCTL pa3BUBAETCs /s CTPYKTYP, BOJHOBbIE UHCJIA KOTOPbBIX
YJOBJIETBOPSIOT CJleytolieMy ycoBuio [1]:

Takum 06pa3om, NpH HaAJHUUMK MeJKOMAacIITaOHbIX (DJAYKTYalMi 3JeKTPOHHOH KOHIEHTPALMK HEYCTOHUM-
BoCTb jpeidoBbix MIJI-BosiH MOXKET NPUBOAUTL K BO30Y:KIEHHIO B MATHUTOAKTUBHOMN MJy1a3Me KpynHoMac-
LWITaOHbIX BPALLAIOLIMXCS HEOJAHOPOAHOCTEH MJIOTHOCTH NJ1a3Mbl. [10CKoJIbKY HEYCTOHUMBOMY pelleHHI0 CO-
OTBETCTBYET TOJIbKO IPABOBUHTOBOE BpalleHHE, TO MOXKHO 02KUAATh MeHepaLMio BOJHOBBIX CTPYKTYp, HMEIO-
LIMX NPEeUMMYLIeCTBEHHOE HallpaBJieHue BpalleHus. B sjabopaTtopHoii cucTemMe oTcueTa rHApPOAHHaAMHUECKYO
CKOPOCTb BO3MYLLIEHHSI J1a3Mbl ¥ €CTECTBEHHO CBSI3aTh CO CKOPOCTbIO HoJiee TsKeJIbIX HOHOB, KOTOpPblE B
OPTOrOHabHON By MI0CKOCTH JBUAKYTCS OTHOCHTE/BHO HEMOABHAKHBIX 31eKTPOHOB. [T0CKOIBKY 3/1EKTPOH-
Hasi KOMIIOHEHTA SIBJISIeTCS “BMOPO2KEHHOU''B PETy/IsipHOE MarHUTHOE T0Jie, TO ABHAKYLIASICS HOHHAS KOMITO-
HeHTa orpejessieT MJI0THOCTb KBA3UCTAaTHUECKOro IMaMarHUTHOro ToKa. B ciyuae npaBoBHHTOBOIO M0 OT-
HOLLIEHHIO K HalpaBJeHHIO By BpallleHHsl CO3/1aBaeMO€e HOHHONW KOMITOHEHTON MarHUTHOE 110J1€ UMEET TO 2Ke
HarnpaBJ/eHHe, YT0 U Peryasproe noje By, M09TOMy CyMMapHOE MarHHTHOE ToJie B 06/IACTH BO3MYLLCHHSI
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JIOJDKHO yCHMBaThes. Takum 06pasom, Bpaliaiolieecsi BO3MylleHHe MJOTHOCTH M1a3Mbl B 1peH(OBOM Mpu-
OJIPKEHNU SIBJISIETCS] TeHepaTopoM (JIyKTYallHOHHOTO MAarHWTHOTO T0JIs1, TPUUEM MOCKOJIbKY TJla3Ma sIBJIsi-
eTCsl AMaMarHuTHON Cpeoi, TO HApaCTAIOUIMMH SIBJISIIOTCS TOJLKO OTPULIATE/bHbIE BO3MYLIEHHS MIOTHOCTH
n < 0.

[IpensoxenHblii B paboTe MexaH13M reHepaliui Bpalaloumxcs HeoAHOPOAHOCTEH M171a3Mbl, 0-BUIUMOMY,
MOKeT peasii30BaThCsl B YCJIOBUSIX BepxHed MOHOC(hEpPbl B SKCIEPUMEHTAX MO reHepaldy HCKYCCTBEHHOM
nonocdepnoit TypoyaentHoct (MM T) mMoliHbIM KOPOTKOBOMHOBBIM pajMoU3JyueHHeM. DKCIePUMEHTHI MO
nceaenopanuio napamerpoB MU T nokasbiBaiot, uTo npu Bo3ieHCTBUU HA MJIa3My MOLIHBIM BEPTHKAJbHBIM
My4YKOM PaaHOBOJIH OOBIKHOBEHHOH MOJIIPU3ALIUK NIPH YCJIOBHU €ro TMOJHOTO BHYTPEHHErO OTPaXKeHHsl re-
HepUPYIOTCS HCKYCCTBEHHbIE HEOAHOPOHOCTH ¢ MacluTabaMu B OPTOrOHAIbHON FreOMarHUTHOMY TOJIIO MJI0C-
KOCTH OT €JIHHHUIL METPOB 10 JeCATKOB KuaoMeTpoB [7]. [leponauasnbHo, 3a XxapakTepHble BpeMeHa Nopsiji-
Ka HECKOJIbKHX CEKyH/I, BOSHHKAIOT HEOAHOPOIHOCTH C TOMEPEUHbIMH OTHOCHTENbHO By Maciutabamu [ ~

1+ 3 M 1 OTHOCHUTEJLHBIMH BO3MYLLIEHUAMH KOHLEHTPALIUH \/% < 3-1073 <+ 1072, JlanHble HEOAHOPOI-
HOCTH MPHUBOAST K HHTEHCHBHOMY paKypcHOMY paccesiHdio paauoBoJH B KB n YKB nuanasonax, a Takxke
K MOTJIOLEHHIO MPOOHBIX PaHOBOJNH 0OBIKHOBEHHOH MOJIIPU3ALIMK HAa YaCTOTaX MOPSIIKA YaCTOThl HArpeBa.
Cunraercsi, uTo Bo30y:k/eHHe TaHHbIX HEOIHOPOAHOCTEH CBSA3aHO C PA3BUTHEM TEIMJIOBOH NapaMeTpUUeCcKOH
(nu pedonancHoil) Heyctouusoctedt [10, 11]. Hanee, ¢ BpemeHaMu nopsiika AeCTKOB CEKyHI, B MJasMme
MOTYT Pa3BUBATHCS HEOJAHOPOJHOCTH KMJIOMETPOBBIX MAaCIITab0B, KOTOPbIE, B YaCTHOCTH, BbI3bIBAIOT Meplia-
uusi curnazoB MC3. [lo cux mop MexaHu3M reHepauyu JaHHbIX HEOJHOPOAHOCTEH CBS3bIBAIM C PA3BUTHEM
caMoOKyCHPOBOUYHON HEYCTOHUHBOCTH MOILIHBIX pajinoBoJiH [ 12]. Bocnosb3oBaBuIMch KpUTEpHEM HEYCTOM -
unBoCTH (26) ipu dng ~ 3- 1073 u lg. = 2m/koL ~ 3 M, Mbl BUJHM, UTO HEYCTOHUHBBLIMH MOTYT OKa3aThCsl
HEOJIHOPOIHOCTH ¢ rornepeunbiMu Macturabamu | ~ 500--800 M. OTMETHM, UTO UIMEHHO Ha STHX MacluTabax
HabJII0JIaeTCsl MAKCHMYM B CIIEKTPE HCKYCCTBEHHBIX HOHOC(EPHBIX HEOJHOPOJHOCTEH [7].
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Huxxeropoackuii [Toctynuna B penakuuio
HayuHO-MCCJIEI0BATENLCKUH 1 oxTs16psi 1998 1.
paauodu3nUeCcKUil HHCTUTYT,

r. H. Hosropon, Poccus

INSTABILITY OF DRIFT MHD WAVES IN THE UPPER IONOSPHERE

E.N. Myasnikov

We propose a mechanism for generation of low-frequency perturbations in magnetoactive, almost ideal
plasma. The perturbations comprising both plasma density and electromagnetic field fluctuations can be
presented in the form of rotating wave packets (MHD rotators) in k-space. It is shown that an instability

leading to the formation of structures with the wave numbers k| < ko1 1/20ng and the development of
large-scale gyrotropic turbulence may occur if small-scale irregularities with the dispersion of the relative

density fluctuations y/dn3 and the spectrum located near the wave vector k¢, exist in the plasma. These

irregularities should be isotropic in the plane perpendicular to the regular magnetic field By and stretched
along By.
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YK 533.951, 537.868

HEJIOKAJIbHOE HEJIMHEMHOE BSAMMOILEﬁCTI;HE BbICOKOYACTOTHbIX
BOJIH C HOHOC®EPOH

B. A. Epemenko, 0. H. Yeprawiun

Pa6ota nocssiileHa uceseI0BaHUIO MOBEIEHHST BBICOKOUACTOTHOIO BOJIHOBOTO My4Ka B OKPECTHOCTH MaKCHMyMa
cyos1 F» nonocepsl ¢ yuetom audhy3un 3/1eKTpoHoB. [laHa noctaHoBKa 3a1a4H U [IPEJICTABJIEHO YHCJEHHOE pellieHHe
B (DU3HUECKH Pa3yMHOM MPHOJIKEHHH.

B HacTosiuleil paboTe paccMaTpuBaeTcst pelleHre HeJIJHHeHHOro ypaBHeHHUs [e/ibMroJibLia, CocpeloToYeH-
HOE B OKPECTHOCTH KPUBOH, HMEIOLLEH CMbICJ JyueBoi TpaeKTopun. CTaThsl sIBJISETCS €CTeCTBEHHBIM MPO-
JIOJDKEHUEM UCCJIeI0BaHUM, OMyOJIMKOBaHHBIX B [ 1].

B otsiune ot ivHelHON 3a/1auu M paKIMK B HeJIMHEHHOH 3ajaue JlyueBasi TPAEKTOPHS OKa3bIBAETCs 3a-
BHUCSILIIEN OT caMOoTO pellieHHs [2], MPH 3TOM HaXO0XKJIeHHe JIyueBOH TPAEKTOPHH SIBJISIETCS OT/e/bHOM 3a1auek.
B okpecTHOCTH BbIOPAHHON TPaeKTOPHH BBOAMTCS CHCTEMA TakK Ha3blBaeMblX KBA3UJyueBbIX KOOPAHHAT & U
7, rie & — IJIMHA IyTH TPaeKTOPUHM, 1) — PACCTOsIHUE 110 HOPMaJIM K iyre. Y paBHeHHe [esibMrosibLia B cucTeMe
KBA3WJIyueBbIX KOOPAUHAT OyJeT HMeTb BUJL *

0 ,10u

o 2o
o 5ac) * oy

(ﬂa—n)Jrﬂkzeu:O (1)

rne B = 1+n/p, p— paaudyc KpUBU3HbI Jiyua, k — BOJIHOBOE UMCJIO B BAKYYMe, IH3JIeKTPUUECKasi IPOHHULA-
€MOCTb € = €}, + €, COCTOMT U3 PETYJIPHOM COCTABJSAIOLLEH €, HE 3aBUCSALLEH OT BOJHOBOIO M0JIs1, U HEPEry-
JIIPHOW COCTABJIAOLLEH €y, CBA3AHHOK C BO3MYLLIEHHEM IU3JIEKTPUUECKOH MPOHUIIAEMOCTH BCJIEICTBHE HEJTH-
HEeHHOCTH 3a7auM, aMIJIUTY1a BOJIHOBOI'O MOJIs1 U MLLETCSl B BUJle COCPELOTOYEHHOIO pelleH s B OKPECTHOCTH
Jyua. 1yisi HeJIMHEeHHOro BO3MYLIEHHS €, AM3JEKTPUUECKOH MPOHHLLAEMOCTH BbIITUChIBAETCS 0ObIKHOBEHHOE
qddepeniinanbHoe ypaBHeHre M @y3HoOro TUIA, CipaBeJIMBoe B MaJioi (1o NepeMeHHOH 77) OKPECTHOCTH
Jyua:
0%y
on?

3necb H — maciutab TensoBoi Auddy3nn 3JeKTPoHOB, o — Ko3PPULHeHT HesruHerHocTH. OTMeTHM, U4TO
npu H=0 esuumna &, = aul?.
Peuienue ypaBuenus [enbmrodibia (1), Kak 06bIUHO, HIIETCS B BUIE

H

—en +alul* =0. (2)

u = vexp(ik¥),

rne ¥ = /Meodﬁ. 31ech v — MeJJIEHHO MEeHSIIoIIAsiCsl KOMIJIeKCHO3HauHast (hyHKIMs, OMUChIBAOIIAs CO-

CpeloTOUEHHOE pellieHHe, €, — 3HaYeHHe PeryJ/IsipHON YacTH € Ha JIyueBOH TPAeKTOPHH.
Tak KaK Mbl paccMaTpuBaeM TOJIbKO COCPEIOTOUEHHbIE pellieHHsl, UMeloulde B 06J1acTH onpeae/ieHust
MakcHuMasbHoe 3HaueHue A,, y1o0HO BBECTH HOPMUPOBKY pellieHH sl Ha 3Ty BeJIMUMHY U OJIHOBPEMEHHO BBECTH

*B HeosHOPOIHOM cpejie ¢ HeGOJIbIIOH HEJHHEHHOCTBIO COCPEIOTOUEHHOE PellieHHe PACTPOCTPAHSIETCsI BJI0JIb HEJIMHEHHO BO3-
MYLLIEHHOH TPAaeKTOPHH, He PACIIbIBASICH MPH CKOJIb YTOJHO CHJIBHO PACXOASIIMXCS FeOMETPOONTHYECKHX JyuaX. DTO MPUBOJUT K
shdeKTaM pPe3Ko OTIIMUHBIM OT Tpoliecca pacrpocTpaHeH!st BOJHOBBIX M0J1el B JIMHEHHbIX 3a1auax. [1ogpo6Hbli aHaau3 Takux pe-
LIEHUH B JAHHOH CTaTbe He POBOIUTCS.
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napametp p = /A2, KOTOpbI XapaKTepU3yeT CTeleHb HeJIMHEHOCTH 3a/1aur. Toraa npu BBeIeHUH HOBbIX
Ge3pasMepHLIX KOOPAMHAT § = kun U o = ku?& uexoaunie ypapHenus (1) v (2) B IJIaBHOM NPHOJTHKEHHH B
OKPECTHOCTH MaKCHMyMa 3/1eKTPOHHOI KOHLIeHTPALIMH (TJIe T10JI02KHM €,=1) U ¢ yueToM MaJlocTH napamerpa
(L TIPUMYT BHJL

o’V oV —o, d%E, 5
a—yz+218—x+6n‘/=0, H(x)d—g/z_sn+|v|:07 (3)
rne H = kuH, &, = 6—2, V= AL' 1 — MHUMas eirHuua. B 3ToM cayuae siyueBasi TpaeKTOpHS MpejcTaBJsieT
Hw o

coboil npsimyto JinHu10. [1pn 3TOM ypaBHeHue [esbMroJiblia nepexoanT B ypaBHenue penunrepa, a ypas-
HeHue nuddysun coxpansier cBoi Bul. [losyuennasi cucrema ypaBHeHu (3) no3BoJsieT omMcatb pacnpo-
CTpaHeHHe COCPeI0TOYEHHbIX BOJIH B OJIHOPOJHOMN cpejie ¢ y4eTOM KOHEUHOH TeNJI0NPOBOJHOCTH 3J€KTPOHOB
MyTeM BOCCTAHOBJIEHHsI OJIHOHANIPABJIEHHOTO pellieHnsi V' B 3aiaHHoil o6sactd D(x,y) cTalkoHapHOro pe-
1IEHUSI CUCTEMBI (3).

JIoist 3ajlaHHOl CUCTeMbI ypaBHEHHE HaMK OblJ1a pacCMOTpeHa npoctas gusudeckas 3ajaaua. [Ipeanosno-
JKHM, UTO 3aKOH U3MeHeHHUs1 MaciuTada TenJaonpoBOAHOCTH BOJb TPACCHI & UMEET B

Hz)= 0 1+ cos[n(2z/L —1)]
max 2 9

rie L = kuL, L — maciuta6 namenenust Kosdduuuenta nonepeunoi audbyauu H B1oJb HAapaB/eHus pac-
NpoCTpaHeHusl, U3 KOTOPOTro BUHO, UTO B HayaJie TPACChl HETMHEHHOCTb HMeET JIOKAJIbHbIH XapakTep, 3aTeM
JIOCTHraeT Makcumyma npu « = L /2, a nanee, npu v = L, H cHoa o6paiaercs B Hosib. [1pu 2 = 0 B Kaue-
CTBE HAUaJILHOTO YCJ0BUS /151 HesHelHoro ypaBHenus [Ipennnrepa BeiGpan o6bIUHBIN couToH. [lis unc-
JIEHHOTO pelleHust CUCTeMbl ypaBHeHHH (3) yno6HO BbIOpaTh LIar HHTErPUPOBAHUS MHOTO MEHbLlI€ €JIHHHULLBI.
BBojs crietasibHoe rpaHUYHOE YCI0BHE, TIO3BOJSIONLEE UCKIIOUNTh OTPaXKeHHe OT BepXHeH U HUKHEH rpa-
HuiL o6aacti D (nipu n = 1), U yuuTbiBast chopMyIMpoOBaHHbIE Bbllle HaYabHbIE YCAOBUS, Mbl [10OJydaeM
KOPPEKTHO MOCTaBJAEHHYIO CMelllaHHyto 3aiauy. Hamu npoBeeHo ynceHHoe 10Ka3aTebCTBO YCTOHUMBOCTH
KOHEUHOPA3HOCTHOM 3a71aUu U €€ CXOJMMOCTH K 1 depeHnanbHom.

Ara 3ajaua peluanach HaMH NPH Pa3JHUHbIX COOTHOLIEHUAX MKy napamerpaMu Hyax u L. O603Ha-
yasi OTHOLLIEHHsI STHX NMapaMeTpoB BeJHUMHON B = Hyay /L, MOXKHO HHTEPIIPETHPOBATL PE3YJbTaThl HALLMX
UCCJIeI0BAHUMN CJIElyIOLIUM 00pa30oM.

[1pu Besinunne B < 1 NPOUCXOUT NJIaBHOE H3MEHEHHE COCPEOTOUEHHOTO PellleH s BIOJb HAaMlpaBJeHUs
pacrnpocTpaHeHus ¢ yBeJMUeHHEeM XapaKTepPHOH ILIMPHHbBI 3TOTO pelleHts 10 CePeIMHbl TPACCHI U C MJaBHBIM
yMeHbllIeHHEeM 3TOH LIHPUHBI HA BTOPOH MOJIOBMHE TPACCHI, IJIE B KOHIIE Mbl TT0JIyyaeM pellieHHe, CoBNajato-
llee C UCXOHbIM, T.e. coJuToH. HopmupoBanHas ammintyna V,(y) npu pasjivMuHbIX 3HAUEHUSIX & TOKa3aHa
na puc. . Ilpu B nopsinka u 6oJblile eIMHULbI PellieHHe B KOHLE TPACChl HE COBMAAAET C HAauaJbHbIM, UTO
FOBOPHUT O HAPYLLIEHUH aniuabaTHUHOCTH TMpollecca pacnpoctpanenus. Takum o6pasom, 1uddy3ust MPUBOAUT
K SIBJIEHUIO CYLECTBEHHOTO paCIIMPEHHs COCPEIOTOUEHHBIX pellieHHi B HeJJOKAbHBIX HeJIMHEHHBIX CpPeax.

3amerum, uto ncxoaHyio 3agauy (1), (2) ¢ yuerom auddysnu npu UKCUPOBAHHOM Z (CJe10BATENBHO U
npu GUKCHpoBaHHOM H ) MOXKHO CBECTH K HEJIMHEHHOMY OJIHOMEPHOMY HHTETpO-1H(hepeHIHalLHOMY ypaB-
HeHuto XapTpu

d?v Too o

rl Vv » VE(t)G(y —t)dt = pV, (4)
rae gynkuus G ((ynaamenTanbHoe pelienue ) ya0BAeTBopsieT ypaBHeHuio (3), B KotopoM BMecTo |V|2 cTout
§-dynkums upaka, p = aA? [g—i] : —&pl, g—i — yacTHasi pou3BoJiHas a3k, B3ATasi IPU NPOU3BOJIb-

HoM (hukcupoBanHoM x. Torna B mpuOIMKEHUH MaJOCTH LIMPUHBI COCPEIOTOUEHHOTO PellieHHsT 10 CpaBHe-

B. A. Epemenxo, 10. H. Yeprxauwiun 701
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Vi(y)

50 -40 S0y

Puc. 1. HopmupoBaHHoe Ha MakcHUMasibHOe 3HAUeHHe paciipeesieHie aMILIUTy/Ibl yuka V(y) nomnepek
JIyueBOU TPAEKTOPUH MPH PA3JIHUHBIX 3HAUECHHSIX KOOPAUHATHL T IpU Hpmax = 40. Kpupas (a): x =
Ouz = L, kpuBasd (6):x = 0,1 Luxz = 09L, kpuBas (B): x = 0,2L u z = 0,8 L, xpuBas (r):
x=06Lux=0,7L, kpuBasi (n):x =04 Lux=0,6L, xpubas (e): x = 0,5 L.

HHUIO C XapaKTepHbIM MacluTaboM H3MEeHEHHs! peryJisipHOi 4acTH AW3JeKTPUUECKON POHHIIAEMOCTH P — UM-
CJI0Bast KOHCTAHTA.

HaxoxkneHue peleHusi ypaBHeHust XapTpu B HallleH TOCTAHOBKE CBOJAUTCS K [IOMCKY IVIaBHOTO COOCTBEH-
HOT0 3HAUEHHSs U COOTBETCTBYIOLIEH cO6CTBEHHON yHKIMU. [TpH 3TOM riaBHOe cO6CTBEHHOE 3HAUEHHE OTIpe-

aesisieT pa3oBylo CKOPOCTb COCPEAOTOUEHHOTO PellIeHHUs W 3amerum, u4TO Mpu Macuitabe TEmIoNpPOBOJI-
i

HOCTH, CTPEMSILLIEMCS] K HYJII0, COCPEIOTOUYEHHbIe PelleHHs EPEXOST B KJAACCHUECKUH COJMTOH, IPH 3TOM
napamerp p crpemMurcsi K 1/2.

[Ipouenypy peliieHust ypaBHeHHs1 XapTpH B 3alaHHON [TOCTaHOBKeE y10OHO CBECTH K cJjeytoulemMy. B kaue-
CTBE HaYaJbHOTO 3HAUEHUS (PYHKLIMH 110l MFHTETPaJoM BbIOGHPAETCS COJTUTOH, A 3aT€M MEXK/Ly STHM COJUTOHOM
1 hyHKiped [puHa 6bicTpbiM NpeoGpasoBaHieM Pyphe HAXOJUTCS CBEPTKA

+o0o
6w = [ OG-t

3arem U3 ypaBHeHust XapTpH HAXOAUTCS COOCTBEHHOE 3HAUeHHe U cobCTBeHHAsl PyHKLMS JHHEHHOH 3a1a-
un. He ocranapnuBasich mogpo6GHO HA HAXOXKJIEHHU COOCTBEHHOTO 3HAUEHHSI U COOCTBEHHOH (PYHKIIMH, 3a-
METHUM, UTO ONPEIE/SIOUHUM ITOT aJrOPUTM (PAKTOPOM SBJSETCS allpUOPHU M3BECTHbIE CBOMCTBA MOBEIEHHS
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MPOMEKYTOUHOH COCPEIOTOUEHHOH (DYHKILIMK Ha 3aJaHHOM HUHTepBaJe. Jlasnee, utepupys no meHsiouiemycs
napameTpy p v ucnousibdysi Mmetol Pynre—Kyrra, nosyuaem petuenue tenepb yxke HesiMHeHHON 3anaun. [1pu
3TOM HailleHHO€e pelleHHe KOHEeUHO-PA3HOCTHOH 3a/1aud CXOJMUTCS K PeLIeHHI0 ¥ UCXOIHOTO HeJIMHeHHOro
uHTerpo-mddepenimanbHoro ypaBienus (4). 3ameTum, uTo TakMe pelleHUsi MOXKHO HCTOJb30BaTh B Kaue-
CTBE HauaJlbHbIX IAHHBIX B pACCMOTPEHHOH Bbillle 3a/1aue.

Cepust UUCIEHHBIX 9KCIIEPUMEHTOB MPH PA3/IMUHBIX 3HAUEHUSAX MacluTaba TenaonpoBOAHOCTH O3BOJIS -
€T CJIeJIaTh BBIBOJL O CYLLECTBOBAHUM COCPEAOTOUEHHBIX pelleHHd HaMHOro 6oJiee LUMPOKUX, YeM OObIUHbIN
COJIMTOH, MPH JI0ObIX 3HaUeHusIX H .

B 3akJ/iouenue cKkaxkemM HECKOJIbKO CJIOB O UUCJIEHHOM pelleHHH CUCTeMbl YpaBHEHHH (3), 4151 KOTOPOH
Obly1a MocTaBJeHa CMellaHHasl 3aja4ya ¢ HayajlbHbIMH M TPAHHUHBIMH YCJIOBUSIMH OIMCAHHOTO BhILIE THIMA.
3anaua pelanach METOJOM J€KOMIO3HULIMH, OTMCAHHOM B [3], UTO MO3BOJIMJIO pelliaTh 3aj1auy, MUHYs UTe-
pPaUMOHHBIN MPOLECC, TUTTHUHBIH JIJI5 pelleHUs] HeJIMHEeHHbIX 3a1a4. Bosiee moipoOHOe U3JI0KEHUS CYILIIHOCTH
MeTo/1a IeKOMII03WLMH B HeJIMHEHHbIX 3a7auax cJe/lyeT IPUBECTH B IPYrol cTathe.
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NONLOCAL NONLINEAR INTERACTION OF HF WAVES WITH THE IONOSPHERE

V.A. Eremenko and Yu. N. Cherkashin

We analyze behaviour of HF wave beam near the peak of the F; layer of the ionosphere taking into
account the electron diffusion. The formulation of the problem is presented and its numerical solution is
obtained in the physically reasonable approximation.
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YK 533.9

O CHWKEHHWH MOPOTA HEJIMHEMHOIO B3AUMOJENCTBUS BOJIH
B INJIASME C NIEPUOAUYECKUMHU HEOAHOPOJHOCTAMHU

B.l. Jlanun

[TokasaHo, uTo abGcoJoTHAst HEyCTOHUHBOCTb CHCTEMbI BOJIH, COOTBETCTBYIOLLEH IBOHHOMY BbIHYKIE€HHOMY pac-
cesinnio ManzesnbuitaMa—bpuniosna, BO3HUKaeT PH MeHbllIel aMIIMTY/le Najalolliell BOJIHbI, €CJ/IU B MJ1a3Me HMe-
10TCS1 TePHOINYECKHE HEOHOPOIHOCTH. Y MeHbLIeHHe Nopora HeyCTOHUMBOCTH CBSI3aHO C BO3PACTaHUEM aMIJIMTY /bl
BOJIH B IePHO/IMUECKH HEOJHOPOHON cpejie IPH BO3HMKHOBEHUH OP3ITOBCKOr0O pe3oHatopa.

1. MI3BeCTHO, UTO MpH HAJMUYHK B MJ1a3Me CHJIbHOH NMEePUOJUUECKOH CTPYKTYpbl, KOTra oNnTHUecKas ToJ-
LIMHA [IePHOIMUECKON CTPYKTYPbl MHOIO O0JIblLIE €IMHHLIbI, BO3MOXKHbI HEOObIUHbIE PEAKHMbl PACCESIHHUS BOJIH
Ha c1a0blX Xa0THUECKHUX HeOAHOPOAHOCTAX [1, 2]. DTH ocobeHHOCTH paccesiHusi HauboJ1ee IPKO MPOsIBISIOT-
Csl PU BO3HMKHOBEHUH B cpejie OP3ITOBCKOrO pe3oHaTopa, Korjga MHOMOKpaTHOe paccesiHue Ha Mepuojd-
UeCKOM pelleTKe MPUBOAUT K BO3HUKHOBEHHUIO HHTEHCHBHBIX BOJIHOBBIX 110J1€H BHYTPH CJlosl Iy1a3mbl. EcTe-
CTBEHHO MPEOJ0KUTb, YUTO B 3TUX YCJOBUSIX U HeJIMHEHHOe B3aUMOAECHCTBHE BOJIH MOXKET OCYLIECTBJISATHCS
NPH MEHbLUMX aMIVIMTYIaX Najatolledl Ha 11/Ja3My BOJIHBI.

B naHHoM coo0llleHHH paccMaTpUBAETCsl BJMSIHUE [EPUOAMUECKON HEOJAHOPOAHOCTH Ha MOPOT BO3HHK-
HOBEHHS$I JIBOWHOTO BbIHYKJIeHHOTO paccesHusi Manjenbiitama—bpuiiosna (JIBPMDB) [3]. Kak usBectHo,
3TO B3aUMOJIEHCTBUE IPOUCXOJUT MEK/1y HAKJIOHHO [aJatoLlel U OTPaKeHHOH 3J1eKTPOMarHUTHbIMH BOJIHAMH
1 BOJIHAMH, BO3HUKAIOLMMHU [1PH MX paccesiHiH Ha MOHHO-3BYKOBOH BOJIHE, pacnpocTpaHsitollelics napas-
JIeJIbHO TPaHULE CJI0SI U30TPOTMHOM MJIa3Mbl ¢ OTparkatolllel JajnbHel rpaHulieil. Takas cuctema U3 ueTbipex
3JIEKTPOMATHUTHBIX ¥ OJTHOM 3BYKOBOH BOJIHBI SIBJISIETCS aOCOMIOTHO HEYCTOHUMBOK, B pe3yJibTaTe uero Heo6-
XO/IMMasi 3BYKOBasl BOJIHA BOSHUKHET CIIOHTaHHO. [IprcyTcTBHE B MJ1a3Me MJI0CKON epUOHUECKOH CTPYKTY-
pbl, MapaJieJbHON CJI010, He HAPYILIUT 3aMKHYTOCTb cucTeMbl BoJH JIBPMDB, HO MoXKeT U3MeHUTh yCI0BUS
BO3HMKHOBEHHS HEyCTOHUHUBOCTH.

2. Ipennosioxkum, 4To HA rpaHuily z = — L OJHOPOAHOrO CJIOSI K3OTPOITHOM IJIa3Mbl, PACTIOJI0KEHHOTO B
obsacth —L < z < 0, B IVIOCKOCTH X2z MaJ1aeT MJI0CKasi BOJHA, 3/J€KTPHUECKOe [10Jie B KOTOPOil HarpaBJeHo
B10J1b ock Oy 1 paBHo &,. CylllecTBOBaHHe B M/1a3Me MePHOANYECKHX HeOHOPOJHOCTE! MaJIOH aMIIUTY/1bl
COOTBETCTBYET HAJMUUHNIO 100ABKH K IH3JEKTPHUECKON TPOHUIIAEMOCTH Mopsiika m cos(2k,z), e m < 1, a
k,, onpe/ieisieT MPOCTPAHCTBEHHBIE EPUOJL CTPYKTYpPhI. Eciti, Kpome TOro, yuecTb KBa3HCTATHUECKOE BO3MY -
LLIeHHE JIMJIEKTPUUECKON NPOHULIAEMOCTH M1a3Mbl A& (z, t) MOHHO-3BYKOBOH BOJIHOM, KOMIIIEKCHAST AMITJIH-
tyna E (€, = Eexp(—iwt)/2 + K.c.) BOJHOBOTO 3JIeKTPHUECKOT0 110J15 Oy/IeT OMpeeaThCs ypaBHeHHeM

0? 0? Ae

—— 4+ — | E+k(1—-2mcos(2kpz) + — | E =0 (1

0z 0z2 ( n) €0 ’ )
e k = w/c , w — uacTora najamollell BOJHbl, ¢ — CKOPOCTb CBeTa, £y — JH3JEKTpUUECKast
MPOHULAEMOCTb HEBO3MYLLUEHHOH Mua3mbl. Boamylienne Ae nusjeKTpuueckod MPOHMLIAEMOCTH BbI3Ba-
HO M3MeHeHHeM SN KOHLEHTPALWK MJ1a3Mbl B MOHHO-3ByKOBOH BosiHe: Ae = —(wp/w)? x dN/Ny,
rie Ny — HeBo3MyllleHHast KoHueHTpauus, |[dN| < Ny. AMmiuTyna 3ByKOBOH BOJIHbBI, BO3HHKAIO-

1ed MOJ BJUSIHUEM 3JIEKTPOMATHUTHOTO T0JISi U3-3a CTPUKLMOHHON HEJIMHEHHOCTH, OINpelesisieTcst ypaB-
HeHueM [4]

0?2 0
— + 2% — Vs2v2

SN 0?2 02 9
ot? ot Ny el

N, ~ Mozt oz ) El (2)
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rne n = e*/(4mMw?) = V2/E?, Vi— CcKOpOCTb MOHHOrO-3ByKa, m M M — Macchl COOTBET-
CTBEHHO 3JIEKTPOHA M MOHA, e — 3apsijl JEKTPOHA, ys — JEKPEMEHT 3aTyXaHHsl HOHHO-3BYKOBBIX BOJIH,
E, — “naasmentoe noJie”. [Togo6Hble ypaBHeHHsl, KaK U MocJe/yloline coo0paxKeHns 0CTaloTCs crpaBe/l-

JIMBBIMHU U B CJlyuae MJaBHO HEOJHOPOAHOH Cpellbl.

JlJ1s1 IpoCTOThl 3/1eCh PaCCMOTPUM MOJIEJIbHYIO 3a/1a4y O pacCesiHUM BOJIHBI HA OJTHOPOJIHOM B CpeiHeM
CJ10€ [J1a3Mbl, [IPH 3TOM NpeHeOpeKeM OTparKeHHEeM U ITpeJIoMJIeHHeM BOJIHbI Ha NepeiHel rpaHuLe ¢J1os1 (2 =
—L), a oTpaxkenue oT AajibHell rpaHulpl ¢10s (2 = 0) OyleM CUUTaTh MOJHBIM (KO3(PPUUHEHT OTparKeHUs
7 = exp(i¢)). [lanaiouias BojHa UMeeT PH BXOJIe B CJI0H aMIuuTy1y Ao 1 pacrnpocTpaHsieTest Moj yraom 0
kK ocu Oz.

Ha HauanbHO# cTaiMK HEYCTOMUMBOCTH, KOT/Ia aMIJIUTY/1a 3BYKOBOK BOJIHBI, BO3HUKAIOLIEH B pe3yJbTaTe
B3aUMOJICHCTBHSI, MaJla, pelleHHe MOXKHO HCKAThb B BUJIE

E = Ey+ Ex, |E1| < | Eol,

rie Ep — 3JeKTpuyeckoe roJie B OTCYTCTBHE HEJMHEHHOTO B3aUMOJEHCTBHS, (hOPMUPYEMOe B pesyJibTaTe
MHOIOKPATHOIO paccesiHusl Nnajatollell BoJHbl B IePHOIMYECKH HEOHOPOIHOM cJoe. [1pu 31oM oOpaTHbIM
BO3JIeHCcTBUEM 10J151 1, BO3HUKAIOLIMM U3-3a paccesiHus 1oJsi Eg Ha 3ByKOBOH BOJIHE, Ha UCXOHOE noJie Eg
MOXKHO npeHebpeub. [Toacrapssis Tenepb ykasaHHbli BUJL pelerns B (1) 1 (2), noJiyuuM ypaBHeHHsI

0? 0? 9
@ @ + k (1 —2m COS(anZ)) EO = 0, (3)
92 9* wi SN
@ @ + k (1 —2m COS(anZ)) El = C—2FO 0-
B cooTBercTBUY C BbllLIeCKa3aHHbIM pelienre Eg npeictaBuM B BUE
Ey = [A(z) exp (ikz cos 0) + B(z) exp (—ikz cos 0)] exp (ikx sin @), (4)

rie A(z) u B(z) — KOMIIeKCHbIE aMILJIMTY/Ibl NAJAloLIeR U pacCestHHOM Ha pelleTKe BoJH. Kak BUaIHO U3
(3), HanGoJibllIee BAUSIHME HA pPaccesiHie MeprHoMUecKast CTPYKTypa OKasbiBaeT MPH BBINOJIHEHHH YCJAOBUS
1epBoro GPIrroBCKOro pe3oHaHca

kcosf = ky, (5)

KOTOpoe OyJIeT NPeAnoaraTbCs BblOJHEHbIM.
B npucyTCTBMH MOHHO-3BYKOBOH BOJIHbI BU/A

N 1

— = —vexp (—iQ + iksz) + K.C. (6)
Ny 2

C Me/IJIEHHO MeHSIIOLIeHCst aMIVINTY10H 1/, 4aCTOTOM {2 M BOJIHOBBIM BEKTOPOM kg, BOJIHBI C aMIIMTYy1aMu A(z)
1 B(z) MoryT Bo30y»K/1aTb paccesiHHble BOJIHbI C HAMIPABJIEHHEM pacrpocTpaHeHust BoJb ock Ox, 06paTHBIM
110 OTHOLIEHHIO K HAMPABJIEHHIO PACTIPOCTPAHEHHS MaJalolel BOJHBI:

E1 = [a(z) exp (ik'z cos ) + b(z) exp (—ik'z cos 0 + iAwt)] e(—ik'z sin ). (7)

B uacrHoctH, ecain kg ~ 2ksinf, o k¥’ ~ k, a ciBur yactothl Aw paccesiHHON Ha 3ByKe BOJIHBI OyJIeT MaJl,
nocKoJbKy 2 ~ 2kV;sin § < w.

Hanee nerictByem anajoruuyto patore [3], noacrasass coorHowenus (4)—(7) B ypaBuenus (2), (3) u
OCTaBJIsAs B PABbIX UACTSX TOJbKO pe30HAHCHBIE caraemble. 3aTeM, Mpou3Bois npeodpazopanue Jlannaca
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[e.e]
T0JIy4eHHOI CHCTEMBI ypaBHeHHH 1o BpeMeH (v — [ exp(—st)v(t)dt) u B IBHOM BUJIE BbiparKasi aMILTUTY Ly
0

3BYKOBOH BOJIHbI Uepe3 aMIJIUTY/Ibl 3J€KTPOMAarHUTHbIX BOJIH, [10JIyUUM YPAaBHEHHS

A" = —iyBexp (—i2Ak - z), B’ =iyAexp (i2Ak-z), (8)
a' = —ivbexp (—i2Ak - z) + T(|A|%a + AB*b), b = ivaexp (i2Ak-z) — T(|B|*b+ A*Ba), (9)

raey=km/(2cos0), P =cow?/[2¢?k cos 0 (s* +iAQ +5)| Ep|?], Ak =k cos 0 — ky, AQ=Aw — 2kV;sin 0.
Heo6x0auMo MOSICHUTD TaKKe, UTO YpaBHEHHUS MOJIYyUeHbl B ITPEITON0KEHUH MAJIOH aMIIJIUTY/Ibl IEPHOHUE-
CKOil MOyJIsiLK 1, < c0s2 @ U 10CTaTOUHO GOJILLIOTO HHKPEMeHTa HOHHOTO 3BYKa, /151 TOrO UTOGbI MOMKHO
ObII0 peHedpeun caaraeMbiM nopsiaka 02v /922 (310 o6eyxnanoch B padote [3]), HO MaJIOro Mo CpaBHEHHUIO
C 4aCTOTOl HOHHOTO 3BYyKa (s < 2k sin V).

[pannunble ycnoBusi s ypaBHenuit (8), (9) caenyioT U3 HEMPEPbIBHOCTH MOJS U €ro MPOU3BOAHBIX H
MMEIOT BUJL

A(~L) = Ao, B(0) = A(0) exp(ie),
a(~L) =0, b(0) = a(0) exp(ie). (10)

npuueM ycjoBue a(—L) = 0 COOTBETCTBYET OTCYTCTBHIO I10JIsl, BOBHUKAIOLIETO B pe3yJibTaTe B3aUMOJIel-
CTBHSI, HA BXOJIE B CJIOH.

Taknum 06pa3om, ycji0BHe CYILIECTBOBAHUS HETPUBUAJBLHOTO PeLlIeHHsT TOJIyueHHOU cucTeMbl pu Re(s) =
0 onpeaesuT MOpor BO3HHKHOBEHHSI HEYCTOMUUBOCTH U CJIBUT 4acTOThl AS) COOTBETCTBYIOLIENH MOJIbI.

3. [1pu BbinoJiHEHHH YCJI0BHS (D) CUCTeMa HECKOJIBKO YITPOLIAETCsl, a €CJIU [IPH ITOM ellle U ¢ = 7/2, TO
aMILIUTY/IbI 10J1el A U B 9KCNOHEHUMAJbHO PACTYT U B IJIyOHHE CJIOS IJ1a3Mbl UMEIOT BUJL

A(z) = Agexply(z+ L)), B(2) = iexply(z+ L)]. (11)

31ech Mbl OTPaHUUMMCS HCCJIEI0BAHHEM UMEHHO 3TOTO YAaCTHOTO CJydasi, B KOTOPOM BJIUSIHUE MEPHOAHYE-
CKOM cTpyKTyphl Ha Besinuuny nopora JIBPMB nposisasiercst nan6odee sipko. Ypasuenusi (9) B 3ToM ciydae
MPUHUMAIOT BUL

a = —ivb+T|Ag|*exp (27(z+ L))(a —ib), b =iya—T|Ag|*exp (2y(z+ L))(b+ ia). (12)

Cucrema (12) npocto uHTErpupyeTcs, MOCKONbKY U3 Hee MOXKHO MOJyYHTb 3aMKHYTOE ypaBHEHHE TePBOro
nopsiziKa /1t KomOGuHauuu a(z) — ib(z):

(a —ib) = vy(a — ib).
YesoBHe cyliecTBOBaHHS HETPUBHAJBHBIX pellieHui a(z) 1 b(z) ecTb

exp(—T7)

LT|Aof* =7 sh(r)

T =2vL, (13)
rjle 7 — ONTHYeCKas TOJIIMHA EePUOIMUECKOH CTPYKTYPbl — BXOJMT TOJIbKO B [PaBYIO YaCTh paBeHCTBa. B
npeaeabHOM CJlyuae OTCYTCTBUSI IEPUOAMUECKON CTPYKTYpbl 7 — 0, paBasi uacTh paBeHCTBa obpallaercs
B 1, a BbIpazkeHue (13) nepexoauT B COOTBETCTBYIOLLYIO (hopMyJ1y paboThl [3], onpenesiollyio NoporoByio
MHTEHCHBHOCTD Majaiolleii BOMHbI [Agnop(y = 0)|%. TTpi 5TOM MHHHMAJIbHBI NOPOT HEJTHHEHHOTO B3aUMO-
neictBusi cootBercTBYeT Mojie ¢ AQ2 = 0. [TosToMy B 06111eM cJrydae MOKHO 3aMHCaTh

2 M2 exp(—T)
|A0nop| —|A0nop('7—0)| T Sh(T) . (14)
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B ciyuae cunbHO# mepuoanuecKoit CTpyKTypbl (7 >> 1) noporoBasi HHTEHCUBHOCTb HEJIMHEHHOTO B3aHMO-
JIEACTBHS OUEHb CHJIbHO YMeHbLIaeTcsl. YMeHblIeHHe TOPOroBOH MHTEHCUBHOCTH MPOMCXOJHUT, BO-IEPBbIX,
BCJIEJICTBHE yBeJIMueHus noJieil A U B npsiMOi U OTPaXKeHHOH BOJIH B CJIO€ M0 CPaBHEHHUIO C aMIJIUTYJI0H na-
JAI011IeH BOJIHBI, POMOPLHOHAILHON MHOKUTEIO exp(—T ). Bo-BTopbIX, MHOKHTEIL sh 1 (7) cootBeTcTBYeT
3(heKTy HAKOMJEHUS B pe30HATOPe SHEPTUM PacCesHHbIX noJed a 1 b. Hakonell, MHOXKHUTe/Ib T COOTBET-
CTBYET YMeHbIlIeHUIO 3PP eKTUBHON 06J1aCTH B3aUMOeHCTBHS (M0JIs1 ¢ GOJILIIOH aMTIJIUTYI0H ) C POCTOM OI-
THUECKOH TOJILIMHbBI PELIETKH, YTO MPUBOIUT K HEKOTOPOMY YMEHbILIEHHIO BAUSHUS MEPBbIX IBYX 3P PEKTOB.
Onnako B c/iyyae CHJIBHOH pelleTKH nepsbie 1Ba sdekra npeobaanaior.

Takum 06pa3om, MO2KHO CKa3aTb, UYTO HeJIHHEHHOE OTpaxKEeHHE B IPUCYTCTBUH 1ePHOIMUYECKON CTPYKTYPbI
MO2KET BO3HHKHYTb [PH CYLLECTBEHHO MeHbllIeH aMIJIUTYle Nalatollel BOJHbI.

B 3aksitoueHre 3aMeTHUM, YTO KBa3UCTaTHUECKOe MPUOJHAKEHHE /1/151 3JIEKTPOMArHUTHBIX BOJIH, HCIOJIb30-
BAaHHOE MPH UCCJIeI0BAHUH, CIIPABEIMBO NPH YCJIOBUU

QtyCT < 1a

rfe tyer — BPEMs yCTAHOBJICHHSA CTALMOHAPHOTO 3/1@KTPOMArHUTHOrO NoJist. B c/iyyae 6psrrosckoro pesona-
TOpPa 3TO BPeMsl SKCMOHEHIIMANIbHO BO3PACTAET C ONTHYECKOH TOJMILMHON T [D]:

t :-;L— (7)
exp(T).
YT mw

[TosTOMy HCHOJIb30BaHHOE [TPUOJIHKEHHE OTPAHHUMBACT MAKCHMAJIbHYIO ONTHUYECKYIO TOJILIMHY MepHoinye-

CKOl CTPYKTYpPbl COOTHOLLEHHEM
c m

Visinf’
OnHAKO B peasibHbIX YCJIOBUAX (COOTBETCTBYIOLIMX, HAITPUMED, HOHOCHEPHOH MJ1a3Me ) 3TO OrpaHHUEHHE He

OUeHb CYILIECTBEHHO U, CJIEIOBATE/LHO, YMEHbLIEHHE TOPOra MOXKET ObITh 3HAUUTEJIbHBIM.
JlanHble ucesenoBanus nojaep:katbl rpautom 97—0—8.2—77 Muno6pasoBanusi Poccuu.

exp(T) <
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LOWERING OF THE THRESHOLD OF NONLINEAR WAVE INTERACTION IN PLASMA WITH PERIODIC
INHOMOGENEITIES

V.G. Lapin

We show that an absolute instability corresponding to the induced double Mandelshtam—Brillouene
scattering develops at smaller amplitude of the incident wave if periodic inhomogeneities exist in the plasma.
The lowering of the instability threshold is related to the increase of the wave amplitudes in the Bragg
resonator that is formed in the medium with periodic inhomogeneities.
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