XapbKOBCKMII HALIMOHAIbHBIN YHUBEPCUTET PaarO3JIeKTPOHUKHU

AKaneMus HayK MPUKJIaaHON paaruo3JeKTPOHUKI

ITPUKJIAJTHAA PAJIMODJIEKTPOHUKA

HayyHo-TexHnyecKuii ;KypHaJ

Thaenwuii pedakmop
bonpapenko M. O@.

3am. 2aasHozo pedakxmopa
HoxoB A.A.
Yypromos I'. .

Peoaxuuonnwtii cosem

I'y3b B.A., 1oBoHs1 A.H., EropoB A.M., Kanyrun B.B.,
KosryHenko A.I1., KpaBuenko B.M., Hazapenko W.I1. (Poccus), Hexmonos .M.,
IIpecusik U.C., Cumonos K.I'. (Poccust), Cumankos B.C. (Poccust), Ciunuenko H. .,
Yaonmapos HI.M. (Poccus), AxoBernko B.M., fApomenko B.C. (Poccust)

Peoaxuuonnasn xoaseeus

Aobpamosuu 10.U. (CIIA), bonsHckuii E.B., bopucos A.B., byl B.A., beix A. .,
I'omo3zo0B B.W., XKyiikos B.41., 3apuukunii B.1., Kunenckuii A.B., Kyabna K. (IToabia),
Jlexosuuxkuii .M., IutBuHos B.B., JIykun K.A., Mauexun FO.I1.,
Moxzenbckuii M. (Ionbia), Hepyx O.T., [Tonsikos I'.A., Pounr I'. (Fepmanust),
Cenpies FO.H., CepkoB A.A., Cyxapesckuii O.U., Yypromos I'. 1.,
Mudpun A.C., lllkBapko I0.B. (Mekcuka)

AJnpec pe1aKiuu:

Penaxius xxypHana «IIpukiagHast paaino3JeKTpPOHUKA»
XapbKOBCKMI HAIIMOHAJIbHBIN YHUBEPCUTET PATUO3JIEKTPOHUKI
npocn. Jlenuna, 14, 61166, XapbkoB, YKpanHa

Ten.: + 38 (057) 702 10 57

®daxkc: + 38 (057) 70210 13

E-mail: are@kture.kharkov.ua

http://www.anpre.org.ua

© XapbKOBCKMIT HAlIMOHAIBHBINA YHUBEPCUTET Paaro3JIeKTpOHUKH, 2012



COJEPXAHUE

AKATEMUUN HAYK TTPUKIATHOU PAJTMODIIEKTPOHUKM — 20 JIET ..o 461
OT PEIHAKIIMIH ..ottt et et et ettt et et et ettt st saeeean e e e e ens 462

Karas’ V.1, Golota V.1., Yegorov A.M., Potapenko I.F., Zagorodny A.G. Microwave radiation
with stochastically jumping phase: generation and application for low pressure discharge initiation........................ 463

Munaes H.M., Pyxaoze A.A., Kysvmun I'.11., Konosanos B.H. BY mpo0oii raza moBepXHOCTHOI BOJTHO
pu 6€33JIeKTPOTHOM BO30OYKICHUH TIa3MEHHOTO KaHAIA TUTA3MEHHOM AHTEHHDBI .....ccuvvveeeeivieeeeeireeeeeiveeeeeeanness 476

Goncharov A.A., Gushenets V.1., Dobrovolskiy A.N., Litovko 1.V., Oks E.M., Bugaev A.S. Novel generation
of plasmaoptical devices: fundamental results and apPliCAtIONS ............oiiiiiieiiiiiiiiiii e 482

Kypkun C.A., Xpamos A.E., Koponosckuii A.A., Ceavckuii A.O., @poaoe H.C., Makapoeé B.B. YcioBust
(dopMUpoOBaHMS BUPTYaTbHOTO KATOAA B PEISITUBUCTCKOM IEKTPOHHOM TOTOKE ...eeeeerrreeeriireeesiireeesnanireeesnenees 489

Lukin K.A. Vacuum microwave integrated circuits as a tool for protection of radar and communication
receivers against high power EMI and ionizing radiation ...............c.oeeiiiiiiiiiiiiiiiiiie e 498

byy B.A., Eeopos A.M., Yypromoe I'. U. T1oBblllIeHNE TUIOTHOCTU U3TYYE€HUSI MIPU MOBBIILIEHUU YaCTOThI
¥ IPU (POKYCUPOBKE B HEOTHOPOMHBIX CPEIIAX ....eeeeeeeeeeeeieeeeeeeeeeeeeeeeetessesssessssnssasnsnannannnnasaeasaeaaaaaaaaaaaaaaaaaasessseeeeees 501

Khoruzhiy V.M. Optimization of characteristics of coaxial gyro-BWO through profiling
SUIAING MAZNETIC FICIA ....oeiieiiiiieiee et e ettt e e e e e e e ettt bbb e e e e e e eeeeeaasaaaeeeaeeeesestasssaaaaaaeeeaanns 515

Iudenxo I0.B., [lauépa U.B., Tamapuyk /[./]. MHOTOCIOHBIE MOKPHITUS HA OCHOBE KOMITO3UTHBIX
MaTEPUAIIOB JUISL 3AILUTHI OT SJIEKTPOMATHUTHOTO UBJTYUCHMST ..ceeeveeivrenntrnnniinetieniiiiaaeaaaaeeaaeeeaaeaeaaaaaaaaaaaaaaeeeeeeees 519

Ilonomapesa A.A. OnTumusanust GOKyCUPYIOLINX CBOMCTB 30HA0BBIX CUCTeM (hOPMUPOBAHUSI MIOHHBIX
MYYKOB MYJIbTUTIETAMU MaTHUTHBIX KBAIPYITOJbHBIX JIMH3 CO CBOOOTHBIMU MAPAMETPAMM.....oeeeeeeeeiivrrreeeeaeeannns 522

XKoposa A.H., Myaenxo U.A., Xomxun A.JI. PellleHne KWNHETUYECKOTo ypaBHeHUs boibiMaHa
IIJIS1 TOJTHOCTBIO MIOHM30BAHHOM MATHUTOAKTUBHOM TUTABMBI ....vvveeeeiuviieeeetieeeesssnseeesaeseeeeessseeesssseeessssseeessnnsseeenns 527

MAMATHU A.TL. KOBTYHEHKO (193772012)..cciiiiiiiiiieiieieee ettt 540

460 MpuknagHas pagnoanekTpoHuka, 2012, Tom 11, Ne 4



AKAJTEMUMM HAYK ITPUKJIATHOM
PAIODJIEKTPOHUKHA — 20 JIET

B 2012 rony AkageMuu Hayk MpUKJIaIHON pa-
aunoanekTpoHuku (AH IMTPD) ucnoanunocsk 20 neT.

AH ITP3 ocHoBaHa B mae 1992 rona Beaymumu
YU4EHBIMU OOOPOHHBIX OTpacell MPOMBILLICHHOCTH
1 By30B YKkpanHbl, Poccuiickoit ®enepanun u Pe-
cnyonuku benmapych. MHMIIMKMpOBaIM €€ CO3MaHue
ydyeHble BoeHHOIT MHXXEHEPHOI paanuoTeXHUYECKOMN
akagemun (BMPTA) um. Mapiuana CoBeTcKoro
Coroza JI. A. ToBoposa. Coznanue AH TTPD 6bu10
nojiepKaHo XapbKOBCKO 00JacTHOM rocyaap-
CTBEHHOI amMMHMCTpalueid, MUHUCTEpPCTBOM Ma-
mmHoctpoenus BIIK u konBepcuu Ykpaunsl, Ha-
LIMOHAJIbHBIM KOCMUYECKHUM areHCTBOM YKpauHBI,
CoBeToM HallMOHaJbHOU Ge3omacHocTy npu [Ipe-
3uaeHTe YKpauHbl, CeKluei MpuKIaaHbIX TPooaemM
npu Ilpesuguyme HAHY, XapbKOBCKMM Hay4YHO-
MPOMBIIIJICHHBIM coto30M. [lo cBoeMy opumuye-
CKOMY cTaTycy AKameMMsl SIBJSIETCS MEXKIyHapo.-
HOM 00IIIECTBEHHOM HayYHOI OpraHu3alueii.

I'maBHO# 1enbl0 AKameMUU SIBISIETCSI KOHCO-
JUJALUMS U palMOHAIbHOE MCIOJb30BaHUE MHTENI-
JIEKTYaJIbHOTO ¥ IMTPOU3BOJCTBEHHOIO MOTEHIIMAIOB
pa3HbIX CTpaH i MOBbIIeHUS 2(hGEKTUBHOCTH
Hay4YHO-MCCIEeI0BATEIbCKON  IeITebHOCTH  MpPU
KOMILUIEKCHOM pEIIeHUU MPUOPUTETHBIX HAydHO-
TEXHUYECKUX 3aJay, B MEPBYIO ouepedb, B chepe
BBICOKHX TE€XHOJIOTMH, a TAaKXKe pa3BUTHE MpOrpec-
CHUBHBIX (hOPM OpraHu3alMKM HAyKU W YKperuieHus
HAYYHBIX CBI3€H.

AkanemMusi COTpyAHUYAET C TOCyIapCTBEHHBI-
MU U OOILLIECTBEHHBIMU HAYYHBIMU OpraHU3aLMUSIMU
YKpauHbl ¥ IpYTUX TOCYAAPCTB KAK PaBHOIIPABHBII
YIeH HallMOHAJIbHBIX U MEXIYHAPOIHBIX COIO30B U
OpraHu3yeT OOMEH HayYHO-TeXHHUYeCcKoi HHdOp-
Mauuei 1 MHGOpMaLMOHHBIMU OAaHKaMU OTKPBITUI
U M300peTeHUi. AKaaeMMsl TTPUHUMAET aKTHBHOE
yyacTve B peajv3aldu Kak HalMOHAJbHBIX, TaK U
OTpacieBbIX HAYYHO-TEXHUYECKUX TMPOrpamMmm, B
OpraHu3alryu MEXIyHApOIHbIX (DOPYMOB U KOHbe-
PEHLIMA.

Akanemusi HAaCUMTBIBA€T B CBOMX psimax OoJjiee
20 moyeTHBIX akageMUKoB 1 6osiee 300 1eficTBUTEb-
HBIX YWIEHOB 1 WIeH-KOppecnoHAeHTOB. B e€ cocra-
BE MHOT'O aBTOPUTETHBIX YUEHbIX, SIBJISIOLIMXCS OeH-
CTBUTEJbHBIMU WICHAMU HALIMOHATbHbBIX aKaaeMUit
Ykpannbl 1 Poccuiickoit denepanym.

B Akamemuu 3aperucTpupoBaHbl B KauyecTBe
KOJUIEKTUBHBIX 4jeHOB Oosee 30 opraHuzauuii
u3 YkpanHbl u 0Oojee 20 opraHuzauuii u3 Poc-
cuiickoit @epepanmn u Pecniyonuku benmapych,
BKJIIOYasi aKaJeMMYeCKMe M OTpacjeBble HayyHO-
HCCIIe0BATEIbCKUE UHCTUTYTHI, BBICIIME y4EOHbIE
3aBEACHUS W MPEANPUITUS TOCYAApPCTBEHHOM U
yacTHOM (hOpM COOCTBEHHOCTH.

Pedaxyuonnas koaneeus

MpuknagHas pagmnoanekTpoHuka, 2012, Tom 11, Ne 4

ACADEMY OF SCIENCES OF APPLIED
RADIO ELECTRONICS — 20 YEARS

In 2012 the Academy of Sciences of Applied Ra-
dio Electronics (AS ARE) celebrated the 20-th anni-
versary of its foundation.

The AS ARE was founded in May, 1992 by the
scientists of the defense-oriented branches of indus-
try and higher educational establishments of Ukraine,
Russian Federation and Republic of Belarus. The
scientists from the Military Radio Engineering Acad-
emy named after Marshal of the Soviet Union L.A.
Govorov initiated its founding. The creation of the
AS ARE has been supported by Kharkov Region State
Administration, the Ministry of Mechanical Engi-
neering of the Military Industrial Complex and Con-
version of Ukraine, the National Space Agency of
Ukraine, the Council of National Security attached
to the President of Ukraine, the Section of Applied
Problems at the Presidium of NANU, the Kharkov
Scientific and Industrial Union. According to its legal
status the Academy is an International Public Scien-
tific Organization.

The prime objective of the Academy is consoli-
dation and rational use of the intelligent and produc-
tion potential of scientists from different countries for
increasing the efficiency of scientific-research activ-
ity in the complex solution of priority scientific and
technical problems, in the first place in the field of
high technologies as well as development of progres-
sive forms of science organization and strengthening
of scientific contacts.

The Academy collaborates with the state and
public scientific organizations of Ukraine and other
states as an equal rights member of national and inter-
national unions and organizes exchange of scientific
information and information banks of discoveries and
inventions. The Academy actively participates both in
national and branch research programs, in organiza-
tion of international forums and conferences.

In its ranks the Academy numbers more 20 hon-
orary academicians and more than 300 members and
corresponding members. Many authoritative scien-
tists — members of the national academies of Ukraine
and Russian Federation — make part of the Academy
of Sciences of Applied Radio Electronics.

Over 30 organizations from Ukraine and more
than 20 organizations from Russian Federation and
Republic of Belarus including academic and applied-
research institutes, higher educational establishments
and state and private enterprises have been registered
in the Academy as its collective members.

FEditorial board
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OT PEJAKITUU

1 Hos10ps1 2012 T. OBLIA TPOBEICHA HayYHas cec-
cust AKafieMUH HayK TTPUKJIAIHON paqro3JIeKTPOHT -
ku (AH TTPD) Ha TeMy: «DJIeKTpOHUKA U JIEKTPO-
OUHAMUKA OOJBIINX MOIIHOCTEI», MOCBSIIEHHAs
oowneitHot gate — 20-J1eTUI0 OCHOBaHUS AKaje-
MUU.

B nanHoM BbitycKe xkypHana «[IpuknanHas pa-
JTUOSJIEKTPOHNKA» MBI TTyOJIIMKyeM 6 pacuIinpeHHBIX
Bepcuii 10 HaydHO-TeXHMYECKHUX JTOKJIAI0B, paHee
MpeACTaBICHHBIX Ha ceccu. OCHOBHAS 1I€Jb STUX
MyOIMKaLMK 3aKJIF0YaeTcsl B TOM, YTOOBI IIPUBJIEYb
BHHUMaHKUE HAYYHOT'O COOOLIECTBA K OCOOEHHOCTSAM
momHOM CBY 3yIeKTpOHMKM M 3JIEKTPOIMHAMM-
ku. Takke OOHMM M3 BaXHBIX pe3yIbTaTOB TaKoOM
nyOIMKallMM MOXKET CTaTh B OymylleM TecHas KOO-
Teparus MeXIy CIelaIucTaMUd pa3HbIX objacTeit
3HAHUS I PEIICHUS CIOXKHBIX HAYYHBIX 1 HAyYHO-
TEXHUYECKUX MpobseM B 00JacTUM HeJIUHEHHON
3JIEKTPOAUHAMUKH U SJIEKTPOHUKH.

IIpoBemeHHAss W XOpOIIO OpTaHW3OBaHHAs B
KOpPOTKHME CpPOKHU To mHunuaruse npod. M. Yy-
ploMoBa Hay4yHasl ceccusi AKameMUu ToKasajia, 4To
00/1aCTh HEJIMHEMHOU 2JEKTPOHUKU U DJIEKTPOIM-
HaMUKM TMPOAOJKAET aKTUBHO pa3BuBatbes. [1pu-
MmeHeHrne CBY sHeprum oTKphIBaeT IIUPOKME TIEp-
CIIEKTUBBI IS JABHEUIIIET0 Pa3BUTHS PA3ITMUIHBIX
OoTpacjieil HayKy U TEXHUKU.

s pegakumu XXypHajia ObLIo Obl MOJIE3HBIM U
LICHHBIM 3HaTh MHEHUE YMUTaTeIeil 0 BbIOOpE Oymy-
LIMX CIIELMATbHBIX TEM JJIs1 MX ITOCJIENYIOLIEro OCBe-
LLIEHUsI B XXypHaJe.

M.®D. Bonoapenko,
21a6Hblil pedaKmop
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EDITORIAL

The scientific session of the Academy of Scienc-
es of Applied Radio Electronics (AS ARE) entitled
«High Power Electronics and Electrodynamics» was
held on November 1, 2012. This session was dedicat-
ed to the 20th year anniversary of the foundation of
the Academy.

In this issue of the Journal of Applied Radio
Electronics (JARE) we publish 6 extended versions
out of 10 scientific and technical papers presented at
the session. The prime objective of this publication is
to draw the attention of scientific community to the
features of high power microwave electronics and
electrodynamics. Besides, an important result of this
publication may be close cooperation in the future
between experts of different fields of knowledge for
solving scientific and technical problems in the field
of nonlinear electrodynamics and electronics.

The scientific session of AS ARE held and well
organized within a short time on the initiative of Prof.
G. Churyumov has shown that the field of nonlinear
electronics and electrodynamics continues develop-
ing. The application of microwave energy opens good
prospects for further development of various branches
of science and technology.

It would be useful and valuable for the editorial
staff to know our readers’ views concerning the choice
of future special themes for their subsequent publish-
ing in JARE.

M_F. Bondarenko,
FEditor-in-Chief
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UDC 533.9

MICROWAVE RADIATION WITH STOCHASTICALLY JUMPING PHASE:
GENERATION AND APPLICATION FOR LOW PRESSURE DISCHARGE
INITIATION

V.1 KARAS’, V.I. GOLOTA, A.M. YEGOROV, I.F. POTAPENKO, A.G. ZAGORODNY

The results of theoretical and experimental investigations on generating stochastic oscillations in the deci-
meter wavelength band, due to the collective interactions of an electron beam with plasma, are reported. The
possibility of creating a beam-plasma generator of stochastic oscillations operating in a quasi-cw regime is
demonstrated. The research methods are described and the principal characteristics of the generated oscil-
lations are studied. The plasma discharge, initiated by microwave radiation with a stochastically jumping
phase (MWRSIJP) in a coaxial waveguide at the optimal mode of the beam-plasma generator is studied.
The presented results continue the line of the previous research. In this paper the conditions of a microwave
discharge ignition, its stable maintenance in air due to the MWRSIJP, and the pressure range at which the
required power is minimal are found. Besides, optical characteristics of the discharge plasma in a wide range
of air pressure are experimentally examined. Numerical simulation of the spectral power density along the
beam with a known absorption coefficient for different gas mixtures is carried out. In general the research
aims to develop a new type of optical radiation sources.

Keywords: microwave radiation, stochastic oscillations, jumping phase, generation, low pressure, discharge
ignition, electron beam, plasma, collective interaction, coaxial waveguide, beam-plasma generator, optical

characteristics.

1. INTRODUCTION

Extensive research has been devoted to the theo-
retical and experimental investigation of the interac-
tion of charged particle beams with plasma.

This interest is due to the fact that the beam-plas-
ma instability, predicted by A.I. Akhiezer and Ya.B.
Fainberg [1-3], is one of the prevalent instabilities. It
results from a resonance interaction of charged parti-
cles with the waves excited in plasma. This interaction
may be used for such important applications as high-
power beam-plasma generators (BPG); high-current
plasma accelerators of electrons, protons, and mul-
ticharged ions; plasma heating to high temperatures,
etc. [4, 5].

The main advantage of plasma-beam generators
is their ability to excite unprecedented-power oscilla-
tions: as the electron beam propagates in plasma, its
own electric and magnetic fields are compensated;
as a result, the achievable electron beam power and,
consequently, the achievable power of excited plas-
ma oscillations, are substantially higher as compared
to devices in which the electron beam propagates in
vacuum.

Owing to the excitation of bulk waves (rather than
the surface ones, as in vacuum microwave generators)
the efficiency of interaction between the electron
beams and the excited plasma waves is substantially
enhanced. In addition, these waves may be excited in
larger volumes.

The frequency of excited oscillations is mainly
determined by plasma density, and does not depend
on geometrical dimensions; thus, one can excite the
waves in volumes with linear dimensions much larger
than the wavelength.

The wavelength of generated oscillations can be
varied over a wide range by changing the plasma den-
sity.

MpuknagHas pagmoanekTpoHuka, 2012, Tom 11, Ne 4

When an unmodulated high-power electron
beam interacts with plasma, the reverse action of
excited waves on the beam causes a beam electron
velocity distribution spread. Simultaneously, the ex-
cited-wave frequency and phase velocity spectra are
broadened. As a result of a nonlinear interaction, the
waves become stochastic.

However, some applications require generators
and amplifiers of regular oscillations. This poses the
problem of control: one should be able to either sta-
bilize and suppress the unwanted instabilities, or to
excite the useful intense oscillations with predeter-
mined frequency and phase velocity spectra, as well
as, a present stochasticity degree. The results of our
previous studies on controlling the characteristics of
BPG-generated oscillations were published in [6, 7].

High-frequency (HF) heating is very important
field in connection with fundamental questions of
plasma physics and applications. This area of phys-
ics is intensively investigated as theoretically and ex-
perimentally (for example, see [8-17] and references
therein). The issues widely discussed in literature are
connected with additional plasma heating in toka-
maks [8-11], the nature of accelerated particles in
space plasmas [12, 13], gas discharge physics [14, 15].
Among the problems that attract attention of scien-
tific community is development of sources with solar
spectrum. This is utmost important problem from the
point of fundamental, as well as practical application,
and in this direction interesting achievements is ob-
tained (see, for example [16, 17]). It is worth men-
tioning that one of the difficulties associated with ad-
ditional plasma heating in tokamaks is a well-known
dependence of the Rutherford cross-section on
velocity. As a consequence, the probability of colli-
sions decreases with plasma temperature rising, thus
creating obstacles for further plasma heating. Another
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important challenge in interaction of HF radiation
with plasma is a barrier of the radiation penetration
into the overdense plasma. To our knowledge, the
most part of investigations in this direction are made
with help of HF generators of electromagnetic radia-
tion with regular phase. Thus the new opportunities
that microwave radiation with jumping phase pro-
vides in this area would be very important.

In this paper, we describe also the results of the
theoretical and experimental investigation of the
plasma interaction with microwave radiation with
jumping phase that obtained with help of the unique
beam-plasma generator (BPG) made in KIPT [18].
This study continues research on behaviour of plasma
discharge subjected to microwave radiation with sto-
chastically jumping phase (MWRSJP) which started
in [19-21]. The paper is organized as follows. The first
section contains introduction and brief review of pre-
vious research. In Section 2, it is considered the in-
teraction of a tubular electron beam with the plasma
of a so-called helix-plasma waveguide (HPW) being
a plasma waveguide placed into a helix slow-wave
structure. In order to clarify the relative contribu-
tions of plasma and helix to oscillation excitation and
power output, we investigated the influence of the he-
lix on the plasma waveguide dispersion properties. In
Section 3, it is presented an experimental device lay-
out that was used to study the generation conditions
for quasi-cw stochastic oscillations in the decimeter
wavelength band. This apparatus consisted of elec-
tron-optical and electrodynamic units, a collector,
and a solenoid. In Section 4, in the BPG experimen-
tal studies it was measured the electron beam current
and energy, working gas pressure, plasma density,
power and frequency spectrum of generated micro-
wave oscillations, and the microwave oscillation pulse
envelopes. To determine the stochasticity degree of
the generated oscillations it was used the realization
method followed by Fourier-analysis of oscillations.
There are computed the autocorrelation functions,
the correlation times, and the integral and differential
amplitude distributions. In Section 3, It is considered
a comparizon the theoretical results with the experi-
mental data on the collective interaction between the
electron beam and the helix-plasma waveguide waves,
it is, above all, determined the beam parameters and
the plasma density. In section 6, there are considered
the experimental parameters of MWRSJP obtained
from the BPG. The scheme of measurement of vari-
ous parameters is given and experimental studies of
optical radiation from the plasma discharge initiated
by MWRSIJP are presented. Concluding remarks fol-
low at the end.

It was shown in [21—23], both theoretically and
experimentally, that the phenomenon of anomalous
penetration of microwave radiation into plasma,
conditions for gas breakdown and maintenance of a
microwave gas discharge, and collisionless electron
heating in a microwave field are related to jumps of
the phase of microwave radiation. In this case, in
spite of the absence of pair collisions or synchronism
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between plasma particles and the propagating electro-
magnetic field, stochastic microwave fields exchange
their energy with charged particles. In such fields,
random phase jumps of microwave oscillations play
the role of collisions and the average energy acquired
by a particle over the field period is proportional to
the frequency of phase jumps.

Gas breakdown and maintenance of a discharge
in a rarefied gas by a pulsed MWRSJP were studied
theoretically and experimentally in [22-26], as well
as propagation of this radiation within the plasma
produced in such a way. The conditions for ignition
and maintenance of a microwave discharge in air by
MWRSIJP were found. The pressure range in which
the power required for discharge ignition and its
maintenance has its minimum was determined [24-
26]. It was shown that, in the interval of pressures
that have a level less than optimal (about 50 Pa for
argon), the minimum of MWRSJP breakdown power
depends weakly on the working gas pressure owing to
several reasons. These reasons are efficient collision-
less electron heating, weakening of diffusion and, fi-
nally, decrease of elastic and inelastic collisional loss-
es. This allows one to extend the domain of discharge
existence toward lower pressures. The intensity of
collisionless electron heating increases with increas-
ing rate of phase jumps in MWRSIJP. There is an op-
timal phase jump rate at which the rate of gas ioniza-
tion and, accordingly, the growth rate of the electron
and ion densities reach their maximum. The optimal
phase jump rate is equal to the ionization frequency at
electron energies close to the ionization energy of the
working gas.

In the present work, the effect of high power
pulsed decimeter MWRSJP action on a plasma, pro-
duced in a coaxial waveguide filled with a rarefied
gas, is investigated with use of the above mentioned
BPG [18], which was upgraded for the given experi-
mental conditions. The goal of this work is to study
the special features of low pressure discharge initiated
by MWRSIJP und also optical radiation spectra. For
interpretation of the experimental results on the ig-
nition and maintenance of a microwave discharge in
air obtained with MWRSJP BPG, a numerical code
has been developed. This code allows simulating the
process of gas ionization by electrons heated in the
MWRSIJP field and studying the behaviour of plasma
particles in such a field.

2. BASIC THEORY

In general, the BPG electron beam-plasma in-
teraction zone consists of a waveguide structure (a
waveguide or some slow-wave system) combined with
a plasma waveguide. In this article it is considered the
interaction of a tubular electron beam with the plas-
ma of a so-called helix-plasma waveguide (HPW) be-
ing a plasma waveguide placed into a helix slow-wave
structure. In order to clarify the relative contributions
of plasma and helix to oscillation excitation and pow-
er output, we investigated the influence of the helix
on the plasma waveguide dispersion properties.

MpuknagHas pagmnoanekTpoHuka, 2012, Tom 11, Ne 4
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The most interesting case occurs when there is
such a high plasma density that some bulk waves in
the plasma-occupied domain exhibit a slowing-down
weakly dependent on the parameters of the helix. As-
sume now the simplest tubular model of plasma den-
sity radial distribution, which is representative of a
wide class of density profiles and, at the same time,
relatively simple to treat analytically.

To simplify the calculations replace the helix with
an impedance cylinder of radius d. Consider the bulk
waves of the tube-shaped 0<a<r<b<d plasma coaxial
with the impedance (outer) cylinder. One gets the fol-
lowing dispersion equation for these waves:

kiaJ,(k a)+ AJy(k a)
k, bJ, (k. b)+ AJ,(k b)
_ k,aN,(k a)+AN,(k a)
k bN,(k b)+ A,N,(k b)
with the notation

_xal(xa)

. B bll(Kb)—Rki(Kb)
" Iy(xa) T

Iy (xb) - Rky(xb)’

JO(Kd)-Il(Kd)’iOZO
R= K

Ky (k) e () 2 7,
K

where Zj is the cylinder impedance, «*= kg —k?,
k, =nk.

With Zo — 0, b — d, and a — 0 relation (1) tends
to the dispersion equation for a plasma cylinder with
conducting liner. If the outer and inner tube radii a
and b, respectively, are finite, this equation describes
the dispersion of the annular plasma bulk waves inside
the conducting liner. Denote the helix and plasma
waveguide wave slowing-down factors by N, and N,
respectively. If N, >> N, the helix contribution to the
plasma waveguide dispersion characteristics, is insig-
nificant.

The phase velocity in the system is shown to de-
crease with the decrease of helix pitch, and to increase
with the increase of plasma density.

The tubular waveguide dispersion equation (1)
makes it possible to find the threshold plasma density,
at which there exists a slow wave with phase velocity
vofor a given frequency o [8, 9]. In the limit of small
vo, when xa >> 1, this equation is substantially simpli-
fied and becomes:

n 2 ‘”i

tan[kn(b-a)]=——, where n° =—--1. 2)
l+n

2
Wy

It follows from this equation that for a relatively
small plasma tube thickness, when wo(b — a)/vo < <1,
the first eigenvalue of the transverse wavenumber
A= xn(b — a) lies within the 0< A; <w/2 range. The
corresponding plasma refractive index ny = Aivo/wo
(b — a) increases with plasma thickness decrease. The
critical plasma density is defined in this case by the
formula [27, 28]:

2.2
A Vh } 3)

1o lem?]=10%] 24— 1Y
perlm”] {fO 47> (b-a)’
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Here f) is the operating frequency in Hz; a and b
are radii in cm; the vy velocity is in cm/s.

In case of low beam currents, one can neglect
any space-charge wave field-distribution change due
to the beam. Then the total increment of oscillation
build-up in the system is proportional to the beam
current. This makes it possible to calculate the thresh-
old beam current corresponding to the beginning of
system self-excitation under the condition that this
increment (with account of radiation losses) is equal
to zero:

2
Jth _ eBO-fmeb , (4)
1, LOu
where Bo = vo/c, rnis the electron classical radius; L, Q
and o, represent the system length, the quality factor,
and the beam cross section area, respectively.

The increase of beam current brings about a tran-
sition from the discrete spectrum of excited oscilla-
tions to a continuous one. This takes place at the criti-
cal current:

1
In coty+1
coty —1

Jo,=J, 1+

cr

(&)

The relation o = kv not only defines the frequen-
cy spectra of excited oscillations, but also allows one
to point out possible spectrum broadening mecha-
nisms.

One of these mechanisms involves the increase of
beam particle velocity spread due to the beam inter-
action with a wave pertaining to the slow-wave struc-
ture.

Ifthe slow-wave system can support the propaga-
tion of waves with v, = vo £ Av phase velocities, then
the beam accelerated and decelerated particles will
also radiate, but now they will radiate at frequencies

o = kof(w)(vVo = AV).

The resulting spectrum broadening can be found
from the equation w = kjv:
kouAv 0

0)0, v

Ao = =7
? T ok

1-v,,. /v,
kou((l)o) = (DO /Vo.

For the excited oscillations to be stochastic, the

fre-quency interval between the adjacent harmonics

must be small in comparison with the bandwidth of
each excited harmonic.

(6)

3. EXPERIMENTAL LABORATORY DEVICE

Figure 1 presents an experimental device layout
we used to study the generation conditions for quasi-
cw stochastic oscillations in the decimeter wavelength
band. This apparatus consisted of electron-optical and
electrodynamic units, a collector, and a solenoid. In
addition, there were working gas leak-in and pump-
out systems. A working gas pressure gradient transit
tube and an open resonator to measure the plasma
electron density were placed between the electron-
optical and electrodynamic units.
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We employed a longitudinal magnetic field from
0.12t0 0.16 T to transport the beam. The beam-plas-
ma interaction zone was inside the electrodynamic
slow-wave system. The gas pressure in the interaction
zone was about 10 —10-Torr, and from 10-¢ — 5x10-7
Torr in the electron gun region. In order to study the
generation of high-power microwave oscillations in
the decimeter wavelength band, we developed an ex-
perimental quasi-cw 100 kW power laboratory device
with a pulse length of 200 ps, (see diagram Fig. 1). In
the upper part of this figure one sees the sectioned so-
lenoid longitudinal magnetic field distribution.

The experimental laboratory setup consisted of
an electron gun (1), a slow-wave structure (9) inside
the shield (7), an electron collector (15) with a sin-
gle Lang- muir probe (13), microwave feeders (5) and
(10), and a solenoid (8). The system to maintain and
control the working gas pressure consisted of the vac-
uum lines (3) and (14), a pressure gradient tube (4),
the working gas leek-in valves (6) and (11), and the
pressure control gauges (2) and (12).

The electron gun cathode was fed with negative
high-voltage (up to 20 kV) 200 ps pulses with a rep-
etition rate from 1 to 10 s°!; the electron anode gun
was grounded. The electron beam passed through the
pressure gradient tube and the slow-wave structure.
After that it was dumped to a collector. The slow-wave
system was placed inside a metal screen, which simul-
taneously played the role of the apparatus housing.
The plasma was created in the slow-wave structure.

In this experimental laboratory apparatus we used
a magnetron-type electron gun [10]. It was initiated
via impact ionization of gas molecules by beam elec-
trons. After that, a beam-plasma discharge (BPD) oc-
curred, which produced a 3.0 cm o.d. and 2.2 cm i.d.
tubular electron beam with an accelerating voltage of
20 kV and a current of 12 A.

Hy, kOe
1.7

1.1

A double modified helix [11] was chosen as a
slow-wave structure. Its slowing-down coefficient,
coupling impedance, and characteristic wave im-
pedance are larger compared to the usual single helix
structure. The helix slow-wave structure was designed
for a beam synchronous velocity of 6.5x10° cm/s,
which corresponds to a 13.2 keV beam electron en-
ergy. The helix geometrical parameters were as fol-
lows: 4.0 cm o.d., 3.6 cm i.d., 2.4 cm pitch, 0.6 cm
ring width, 11 jumper half-angle, 46.0 cm length, and
6.6 cm shielding screen diameter.

The cold measurements of the dispersion charac-
teristics showed that this modified double helix struc-
ture had a normal positive dispersion in the frequency
range from 0.5 to 1.66 GHz. To obtain the required
slowing- down coefficient value we varied both the
jumper angle and the helix pitch at a fixed electron
beam diameter. The slowing-down coefficient n=c/vo
is enhanced with increasing jumper angle and helix
pitch.

4. EXPERIMENTAL RESULTS.
MEASUREMENT OF BEAM, PLASMA, AND
MICROWAVE OSCILLATION PARAMETERS

In the BPG experimental studies we measured
the electron beam current and energy, working gas
pressure, plasma density, power and frequency spec-
trum of generated microwave oscillations, and the
microwave oscillation pulse envelopes.

To determine the stochasticity degree of the gen-
erated oscillations we used the realization method
followed by Fourier-analysis of oscillations. We com-
puted the autocorrelation functions, the correlation
times, and the integral and differential amplitude dis-
tributions. The phase-frequency analysis of oscilla-
tions [12-14] provided data on their frequency, phase,
and amplitude.

T = 200 ps | ®

Fig. 1. Experimental device layout and magnetic field distribution: (1) electron gun; (2) and (12) control pickups;
(3) and (14) vacuum lines; (4) working gas pressure gradient tube; (5) and (10) high-frequency feeders;
(6) and (11) working gas admission valves; (7) shielding screen; (8) solenoid; (9) slow-wave structure;
(13) single Langmuir probe; (15) electron collector
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A 19 keV energy, 9 A current, and 200 ps pulse
duration electron beam passed through the gas pres-
sure gradient tube and open resonator, entered the in-
teraction region, and was dumped at the collector.

In this experiment we investigated the excited
oscillation power at the entrance and exit of the slow-
wave structure as a function of beam energy, working
gas pressure, plasma density gradient along the beam,
and magnetic field strength.

The microwave oscillation power at the entrance
and exit of the slow-wave structure exhibited a reso-
nance dependence on the beam electron energy. The
maximum power was obtained at a beam electron en-
ergy of 18 — 19 keV, although the calculated value for
the helix-plasma waveguide was 16 keV. As noted in
Section 2, this discrepancy is due to the phase velocity
in the helix-plasma waveguide being higher than in a
plasma-free helical slow-wave structure.

Figure 2 presents the excited oscillation pow-
er, dis-sipated in the loads, versus the interaction
zone working gas pressure for 19 keV, 9A beam at a
fixed 0.15 T magnetic field. The maximum power at
the slow-wave structure entrance (26 kW) and exit
(40 kW) occurred at a (2 — 4)x10-> Torr pressure. The
maximum summary power of 66 kW was attained at a
beam power of 171 kW; thus, the electron efficiency
was equal to 38%.
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Fig. 2. Pulse power vs. working gas pressure

In order to increase the excited oscillation out-
put power we introduced a rejection band-pass filter
between the generator entrance and the matched load
(5). The power generated at the system entrance and
exit as a function of working gas pressure is shown in
Fig. 3.

It is seen that the power absorbed in load (5) was
low and independent of the gas pressure in the system.
At the same time, the power dissipated in the output
load (9) increased with pressure and reached 70 kW at
104 Torr. The beam energy, beam current, and mag-
netic field were 19 keV, 9.5 A, and 0.2 T, respectively.
The electron efficiency remained the same (38%).

We recorded the frequency spectrum of gener-
ated oscillations with a wavemeter (12), integrater
(14), and recorder (15). The oscillation spectrum
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bandwidth at the 0.1 level was 100-150 MHz in the
decimeter wavelength band.
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Fig. 3. Pulse power vs. working gas pressure

In addition, the realization of excited oscillations
was recorded with a fast oscilloscope (2) to determine
its autocorrelation function, frequency spectrum, and
phase time-dependence by means of correlation anal-
ysis techniques.

The most interesting of the tubular electron-beam
BPG operating modes is the one with the microwave
pulse length equal to that of the beam current pulse.
It was obtained at 15 keV beam electron energy, 13 A
beam current, 6x10'° ¢cm>3 plasma density (6x10-
Torr working gas pressure), and 0.11 T longitudinal
magnetic field in the interaction zone. The micro-
wave power in BPG feeders amounted to 80 kW; the
electron efficiency was 40%.

We carried out a microwave oscillation analysis
in this mode of BPG operation. Figures 4-6 present
the oscillograms of a high-frequency signals (Figure
4), the total phase of oscillations (Figure 5), its com-
puter calculated autocorrelation function (Figure 6
top), and the microwave oscillation power spectrum
(Figure 6 bottom).The correlation time and spec-
trum bandwidth are correlated by the expression
TAf=1; thus, short correlation times correspond to
wide frequency spectra and vice versa. In our case
Teorr = 2.5 1.

Fig. 4. Oscillograms of a high-frequency signals

467



HIGH POWER ELECTRONICS AND ELECTRODYNAMICS

It is well known that the shorter the correlation
time (and the wider the frequency spectrum of excited
oscil-lations), the higher their degree of stochasticity.
Thus, in our case, one should expect the generated
oscillations to be highly stochastic.

8(v)
4 37w}
i 2
3n 367
| 1
271 35wt
T 34w -
5

—r i B 1 1
157130 13.6 142 148
T, ns

0.3 0.9
Fig. 5. Total phase of oscillations vs. time:
(1) 1.2 GHz frequency regular signal; (2) oscillations

excited in a plasma-beam generator at plasma density
n,=6x1010 cm-3
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Fig. 6. Autocorrelation function, power spectrum
of oscillation realizations versus time

Thus, there is an important conclusion to be
stressed: our decimeter-wavelength microwave BPG
makes it possible to control the generated oscillation
stochasticity and spectrum width by varying the
plasma parameters and, primarily, its density.

5. COMPARISON OF THEORY WITH
EXPERIMENTAL RESULTS

In order to compare the theoretical results with
the experimental data on the collective interaction
between the electron beam and the helix-plasma
waveguide waves, it is necessary, above all, to deter-
mine the beam parameters and the plasma density. In
our case, the tubular beam density n, was 10° cm3; the
experimentally measured plasma density was in the
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range of (2 — 8)x10'° cm3. Due to the wy/w, = 1/20
condition, valid in our experiment, the electrons
could not significantly perturb the wave field pattern
notwithstanding their strong coupling to the slow-
wave system. Consequently, when calculating the ex-
cited oscillation spectra, one could neglect electron
beam effects within the zero approximation.

The oscillation excitation current threshold is
given by formula (4). In our system J;,= 3 A for a cal-
culated quality factor Q =45, fy = 1.3x10° Hz working
frequency, and a beam Langmuir frequency depres-
sion coefficient p = 0.05.

At sufficiently high plasma densities #, > n,.- bulk
waves appear in this system. The beam Langmuir fre-
quency depression coefficient for these waves is sig-
nificantly higher, resulting in a corresponding thresh-
old current decrease.

For this case, one could find from formula (4)
the critical density of 6 — 8x10° cm for a tube-shaped
plasma with (b — a) = 1 cm wall thickness, this “tube”
being coaxial with the electron beam.

The increase of gas pressure in the system or, with
the same effect, the increase of plasma density and in-
crease of beam current lead to the excitation of a wide
spectrum of bulk waves. The current, corresponding
to the wave spectrum broadening, was determined
from formula (4) and found to be equal to J..=7 A, in
fair agreement with the experimental value J...= 9 A.

6. EXPERIMENTAL STUDIES MWRSJP
AND OPTICAL RADIATION

6.1. MWRSJP parameters obtained from the BPG,
and the scheme of measurement of various parameters

We study MWRSJP parameters and optical ra-
diation characteristics from the plasma discharge
of induced by MWRSJP in a gas (air for the present
case), taken at low pressure. To conduct experiments,
a coaxial waveguide with axial vacuum pumping is
connected to the BPG. Coaxial waveguide filled with
gas with impedance of about 75 ohms and a length of
1000 mm is made of brass pipes with inner diameter of
45 mm and external diameter of 50 mm (see figure 7).
The central conductor is a brass rod diameter of
12 mm. At the ends of the coaxial waveguide, tapered
flanges provide the joining of coaxial transitions. Inthe
middle of the coaxial waveguide a tube is installed to
pump gas or gas mixtures, which also mounted a ther-
mocouple tube to monitor the pressure of the gas. Ad-
mission process of gases or gas mixtures is carried out
with sufficient precision using the second inlet valve
through diametrically located holes 2 mm in diameter
that are situated at both ends of the coaxial waveguide.
Tubes for the introduction of diagnostic probes are lo-
cated along the length of the coaxial waveguide. The
first tube is located at 60 mm from the input micro-
wave power of stochastic electromagnetic waves; the
second one is placed at a distance of 260 mm and a
third — at 840 mm. During the working process, such
arrangement of instruments allows us to have control-
led diagnostic probes of a spatial distribution, as well
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as to monitor parameters of the microwave discharge
along throughout the waveguide length. This provides
more detailed information about processes that take
place inside the waveguide. To ensure the required
conditions for the gas pressure, a coaxial waveguide
is connected with conical coaxial 75-ohm transitions
length 160 mm flange with Teflon washers 45 mm
in diameter and 10 mm thick. The desired electrical
contact between the flanges of the coaxial waveguide
and flanges of the conical coaxial transition provide a
lead strip 3 mm thick.

Fig. 7. The general view of the experimental device
with the coaxial waveguide

The block diagram shown in figure 8 schemati-
cally represents measurements of the main parame-
ters of the BPG and of the plasma, which is produced
in the coaxial waveguide.
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Fig. 8. Block diagram of measurement of BPG
and plasma principal parameters

Stochastic microwave oscillations generated by
the BPG (1) were supplied from the output of the slow-
wave structure through a broadband directional cou-
pler (2) and 75-Q conical coaxial junction (3) to the
input of the coaxial waveguide (4) and then, through
a conical coaxial junction (5) and coupler (6), were
fed to an IBM-2 high power gauge (7). For operating
in the regime of narrow-band signal generation the
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input of the BPG slow-wave structure was attached
to a shorting plug (8). The oscilloscopes (11, 12)
and the submodulator (9) and modulator (10) of the
high voltage supplied to the cathode of the BPG elec-
tron gun were triggered synchronously by using a tim-
ing unit (13). A time-delay circuit (14) was used to
vary the instant of triggering the oscilloscopes with re-
spect to the beginning of the high voltage pulse. This
allowed us to observe the shape of the generated signal
at different instants after the beginning of the electron
beam pulse. A detector head (15) and D2-13 variable
resistive—capacitive attenuator (16) connected to the
secondary line of the coupler (2) were used to meas-
ure the envelope of microwave oscillations and the
waveforms of the electron beam pulse. The temporal
realizations and spectral characteristics of MWRSJP
at the input and output of the coaxial waveguide were
studied using an HP Agilent Infinium four-channel
broadband (2.25 GHz) oscilloscope (12). A PEM-29
photomultip-lier (17) powered from a VSV-2 high-
voltage stabilized rectifier (18) was used to measure
the integral intensity of optical radiation from the
plasma. An ISP-51 three-prism glass spectrograph
(19) and PEM-106 photomultiplier (20) were used
for optical spectroscopy of the discharge in the co-
axial waveguide.

Ignition of the discharge does not affect the pen-
etration into dense plasma of MWRSIJP what is evi-
denced by nearly constant amplitude at the entrance
to the waveguide (curves 1 in figure 9). Because of
expenditures of radiation energy on air ionization
for the discharge maintenance the MWRSJP ampli-
tude at the output of the coaxial waveguide (curves 2
in figure 9) is essential diminished. It is also impor-
tant that the MWRSJP local spectrum on the output
waveguide significantly changed (curves 2 in figure 9),
a peak associated with the main spectral component
of MWRSJP is absent. It should be noted that in
the pressure range from P =30 Pato P=2 Paata
MWRSIJP power that conforming to the optimal op-
erating mode of BPG a similar situation is observed.
The optimal operating mode of BPG corresponds
to the following parameters: magnetic induction in
the interaction range of the beam with slow-wave
structure in BPG is B=0.096 T, a high voltage is
U,, =13.2kV,thecurrentelectrongunis / b = 3-5A,
high-voltage pulse is 160 us.

Comparison of the results presented in figures 9a
and 9b shows that, as the spectrum of the microwave
signal used to initiate and maintain a steady-state dis-
charge is narrowed, the amplitude of the MWRSJP
electric field can be decreased by nearly a factor of 2.
However, in order for the pressure range in which
breakdown occurs and a steady-state discharge exists
to be sufficiently broad, it is necessary that the phase
jump frequency be sufficiently high (as will be seen
below, it should be about one-third of the microwave
frequency). Let us now analyze the measured char-
acteristics of MWRSIJP at the input and output of the
coaxial waveguide in the optimal BPG mode. The
oscillograms shown in figures 3,4 were processed by
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a

b

Fig. 9. Waveforms of MWRSJP at the (1) input and (2) output of the coaxial waveguide, respectively,
and local microwave spectra on a logarithmic scale (10 dB/div) at the (1°) input and (2’) output
of the coaxial waveguide, respectively. The gas pressure in the waveguide is P= (a) 2.0 and (b) 30 Pa, respectively.
The time scale is 5 ns/div, and the voltage scale is 100 (V cm™')/div

the method of correlation analysis, and the frequency
spectra, the time dependence of the phase of micro-
wave oscillations, and self-correlation functions were
determined. Figure 4 shows the measured parameters
of MWRSIJP recorded at 100 ps after the beginning of
the electron beam pulse in the optimal BPG mode for
two air pressures corresponding to the pressure range
in which discharge in air is ignited and operates sta-
bly.

It can be seen that gas breakdown takes place
only after the electric field amplitude of MWRSJP
reaches a certain critical value, which depends on the
gas pressure. The instant of discharge ignition can be
easily determined from the abrupt decrease in the am-
plitude of the microwave signal at the output of the
coaxial waveguide to almost zero. It can also be seen
that the electric field amplitude required to maintain
a steady-state discharge is one order of magnitude
lower than that required for breakdown.

From figure 9 it can be seen that, MWRSJP am-
plitude at the waveguide outlet is reduced substantially
(more than an order of magnitude) due to the devel-
opment of the discharge; the discharge ignition and
maintenance lead at the waveguide outlet to a strong
damping of the spectral components, which are cor-
responded to the maximum range of input signal into
the waveguide.

Let us now consider the conditions for break-
down in air by microwave radiation from the BPG
described in [13]. In optimal regime at narrowband
signal of this generator the working frequency is
500 MHz, the mean rate of the phase jumps being
v, = 2x108 'L, It is important to keep in mind that,
when the electron energy increases from zero to the
ionization energy lair, the cross section for elastic col-
lisions of electrons with air atoms and molecules varies
greatly (by a factor of about 30), being at its maximum
several times larger than the ionization cross section
corresponding to electron energies of 15...20 eV. This
makes it possible to initiate discharges in air by micro-
waves with a stochastically jumping phase at pressures
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as low as 4 Pa. In this case, the mean rate of phase
jumps is equal to the maximum inelastic collision fre-
quency, which corresponds to electron energies close
to the ionization energy. Operation under such con-
ditions is advantageous in that, first, no energy is lost
in elastic collisions, and, second, due to the jumps in
the phase, the electron diffusion remains insignificant
and the electromagnetic energy is efficiently trans-
ferred to electrons.

To determine the dependence of the threshold
power, required for ignition of the discharge in a co-
axial waveguide, on the pressure of working gas, BPG
has worked in the mode of generating the maximum
output power level of narrow-band signal in which the
generation of microwave radiation with a maximum
frequency of phase jumps occurs. In this case part of
the power with the help of a broadband directional
coupler with variable coupling (see figure 10) was
supplied to analyezed gas-filled coaxial waveguide.

Fig. 10. The general view of the coupler (6) internal
structure

The rest of the power assigned to the matched
load. Such a method of regulating the power delivered
to the coaxial waveguide for ignition of the discharge
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allows conserving the permanent parameters of mi-
crowave radiation. In particular, this concerns the
mean rate of the phase jumps and the energy spec-
trum density of MWRSIJP, because in this situation
BPG works in the same mode.

The optimal operating mode of BPG corre-
sponds to the following parameters: magnetic induc-
tion in the interaction range of the beam with slow-
wave structure in BPG is B=0.096 T, a high voltage is
U, =13.2kV, the current electron gunis / by = SA,
a high-voltage pulse is 160 us, MWRSJP peaf( power
is W = 36 kW, the pulse repetition frequency is 5 Hz.
In figure 5 the general view of the coupler (6) internal
structure is shown.

While conducting experiments, to determine the
dependence of the threshold power on the gas pressure,
the left center coax transition coupler was connected to
BPG, the lower left coax transition joined the coaxial
waveguide, the right central and the lower coaxial tran-
sitions were connected to the load. By changing the
bond between the central and the lower shoulders of
the coupler through the use of different linked curved
shoulders, we adjusted the peak power coming into the
coaxial waveguide from 6 kW to 28 kW.

Fig. 11 shows the dependence of peak power re-
quired for the discharge ignition in the air that filled
coaxial waveguide on its pressure.

From figure 11 (curves 1, 2) it can be seen that,
the peak power levels from 6 kW to 28 kW MWRSJP
discharge is ignited stably at a pressure of gas (air)
ranging from 1.5 Pa to 3990 Pa. This result clearly
demonstrates the advantages of the discharge, sup-
ported by microwave with stochastic jumps in the
phase compared with the microwave discharge in the
fields of regular waves.
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Fig. 11. Dependences for breakdown power of a microwave
signals with a stochastically jumping phase versus
a pressure for air in the optimal BPG mode
(curves 1 —m, 2 — *), in the non-optimal BPG mode:
for air (curve 3 — o), argon (curve 4 — A),
helium (curve 5 — ¥), respectively, at narrowband signal

Thus we have the opportunity to create a dis-
charge at a pressure of almost two orders of magni-
tude lower than the pressure that is necessary for the
fulfillment of the condition of minimum capacity of
the discharge ignition by regular microwave radiation.
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Namely, (see [29]) for v, ~® (where v, is the fre-
quency of binary collisions, as well o is the frequency
of microwave radiation), effectiveness of such a dis-
charge is much higher because of the small contribu-
tion of energy loss on unnecessary elastic and inelastic
collisions when working at low pressures. For com-
parison, dependence of microwave radiation power
required for the discharge ignition in air (curve 3),
argon (curve 4) and helium (curve 5), which are filled
the coaxial waveguide, on its pressure, obtained while
working in the non-optimal BPG mode is given. It is
seen that the pressure range in which it is possible the
ignition of the discharge is much narrower than un-
der the optimal BPG mode functioning. This is due
to a significant difference in mean rates of the phase
jumps in these modes of BPG.

Using the delay device (14), the time for start of
the oscilloscope can be modified within the length of
high-voltage pulse. This circumstance allows us to
observe the shape of the generated signal at a differ-
ent time moments starting from the very begin of the
electron beam current pulse. Features MWRSJP at
the inlet and outlet of the coaxial waveguide are stud-
ied using the four-channel broadband (2.25 GHz) os-
cilloscope (12) HP Agilent Infinium Oscilloscope.

In the next part we present the results of experi-
mental studies of optical characteristics of plasma dis-
charge. Preliminary results of an optical characteristic
studies presented in [30].

6.2. Experimental studies of optical radiation from
the plasma discharge initiated by MWRSJP

Optical characteristics of plasma discharge ini-
tiated by MWRSIJP in coaxial waveguide are exam-
ined in the conditions of BPG operation in the op-
timal mode in air for a wide pressure range, in which
the discharge is ignited and maintained stably. For
experimental studies of the integral intensity of the
plasma radiation in the visible spectrum, used photo-
electron multiplier (17) of type PEM-29 is attached
to a high-stabilized rectifier (18) VSV-2. For spec-
troscopic studies of the discharge in the visible spec-
trum a three-prism glass spectrograph (19) ISP-51 is
used. With help of the lens, the radiation from the dis-
charge is focused onto the entrance slit (slit width is
0.01 mm) of the spectrograph. By the output gap with
width of 0.015 mm the spectrograph is attached to the
photoelectron multiplier (20) of type PEM-106. The
spectral sensitivity in the wavelength range from 360
nm to 700 nm of the photomultiplier PEM-106 used
in experimental studies is shown in figure 12.

From figure 12 it can be seen, that the photomul-
tiplier PEM-106 has high sensitivity in the wavelength
range from 350 nm to 550 nm. Within zone from 550
nm to 1000 nm the sensitivity is less that will lead to
distortion of the discharge optical spectra which are
observed on oscilloscope (11). This fact should be tak-
en into account when the wave forms of the emission
spectra are analyzed. The signal from the photomul-
tiplier PEM-106 was fed to the digital (2 GB/s) oscil-
loscope (11) Le Croy Wave Jet 324 with a frequency
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band of 200 MHz. The ISP-51 spectrograph was cali-
brated using the spectral lines of a PRK-2M mercury
lamp (21) and the Balmer hydrogen lines emitted by a
Geissler tube (22). The mercury lamp and the Geissler
tube were powered from an OU-1 lighting unit (23).

S, %
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40

20

400 450 500 550 600 650 700
A, M
Fig.12. The dependence of spectral sensitivity of the
photomultiplier PEM-106 versus the wavelength

The MWRSIJP power was input via the conical
coaxial junction in the waveguide pumped out to a
pressure of 1.33 Pa. In certain ranges of the gas pres-
sure, gas composition, and microwave power, a dis-
charge was ignited in the coaxial waveguide. Figure 13
shows the emission spectrum of the mercury lamp of
type PRK-2M.
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Fig. 13. The emission spectrum of mercury lamp
type PRK-2M

Remark, that in figure 13 and in the consequent
figures 14-19, which presents radiation spectra from
the low-pressure discharge, the real dependence of
the spectral sensitivity of the photomultiplier is taken
into account, and for the simplicity of comparison the
same arbitrary units are used.

Figure 14 shows the photo of glow discharge
at a pressure of working gas (air) of 13.3 Pa in the
waveguide made through a curved quartz optical win-
dow. For the necessary observations, apertures were
drilled with a diameter 2.5 mm on the lateral surface
of the coaxial waveguide in the area of the windows.
On the one hand, these apertures provide properly
output of the light radiation from a coaxial waveguide
and, on the other hand, they prevent output of the
microwave radiation from the discharge region.

From figure 14 one cansee, that the glow discharge
intensity significantly decreases with distance from
the MWRSIJP input to the waveguide (for example,
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compare (a) and (b)). Figure 14 shows photographs of
the discharge glow in the coaxial waveguide at a work-
ing gas (air) pressure of 13.3 Pa. It can be seen from
figure 14 that the discharge glow is inhomogeneous
over the cross section and has a filamentary structure.
This is because 2.5-mm-diameter holes were made
in the side wall of the coaxial waveguide near the
diagnostic windows. These holes, on the one hand,
provide output of optical radiation from the coaxial
waveguide and, on the other hand, prevent escape of
microwave radiation from the discharge region. It is
seen that the discharge radiation intensity decreases
along the waveguide. It should be noted that the dis-
charge color depends on the working gas pressure and
the microwave power input in the waveguide.

a b

Fig. 14. Photographs of the discharge glow in the coaxial
waveguide, taken at the distances of (@) 60 and (b) 600 mm
from the microwave power input in the waveguide

In Fig. 15-17 the dependence of optical radiation
from the discharge on air pressure is compared at the
conditions when a stable combustion of the gas dis-
charge is held at the MWRSJP power that correspond
the optimal BPG mode.

1,8
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Fig. 15. The emission spectra of discharges
in air at a pressure P = 28 Pa.
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Fig. 16. The emission spectra of discharges
in air at a pressure P = 4.8 Pa
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Fig. 17. The emission spectra of discharges
inairat P=4 Pa

Figs. 15-17 show that the spectrum of opti-
cal radiation from the discharge depends strongly
on the pressure of the working gas (air) in a coaxial
waveguide. In particular, within the lower range of air
pressure, the optical radiation from the discharge is
pronouncedly enriched with shorter wavelengths. In
this way, if value of pressure is £ = 28 Pa then spec-
trum is depleted at the wavelengths shorter than 550
nm, i.e. red radiation prevails, see figure 15. At the
same time, when the pressure is reduced nearly an
order of magnitude, see figures 16, 17 a spectrum be-
comes significantly enriched with short wavelengths,
i.e. blue light prevails. Further figures 18 and 19 rep-
resent the experimental studies of the temporal char-
acteristics of optical radiation for two specific wave-
lengths within the duration of the single high-voltage
pulse (160 us).

One can observe that the optical emission starts
with a delay relatively to the beginning of current
pulse (current pulse is marked on figures 18, 19 by ver-
tical risk). However, duration of the optical emission
exceeds the duration of the high voltage pulse.

Thus, relying on the quantitative indicators of
the electric field intensity, frequency MWRSJP and
frequency of phase jumps, etc., the prospect of creat-
ing a source of light radiation of low power (100 W)
is implemented. It is based on the consideration of a
stochastic microwave discharge with high efficience
at low pressure of working gas.
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Fig. 18. Dependence of the optical radiation intensity
on time for the wavelength 485 nm within a duration
of one high-voltage pulse for gas pressures
of P=(a) 28 and (b) 4.8 Pa
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Fig. 19. The dependence of the optical radiation intensity
on time for a wavelength of 651 nm within a duration
of one high-voltage pulse for gas pressures
of P=(a) 28 and (b) 4.8 Pa

7. CONCLUSIONS

In this article we described the investigation of
BPGs producing stochastic oscillations caused by
electron beam-plasma collective interactions.

Laboratory models of high-power stochastic os-
cilla-tion generators were implemented using the slow-
wave helix-plasma systems with either single or double
mo-dified helices. Their performance was investigated.

The obtained experimental results (the dispersion
properties of helix-plasma waveguides, the frequency
spectrum broadening mechanisms, the threshold and
critical currents) turned out to be in qualitative agree-
ment with theory.

At the stage of discharge in the coaxial waveguide,
the discharge becomes nonuniform along its length
due to the strong absorption of MWRSJP. The elec-
tric field amplitude decreases by more than one order
when approaching to the waveguide exit.

During the maintenance of MWRSJP discharge
in the waveguide, gas ionization leads to almost com-
plete decay in the spectrum of the output signal from
the coaxial waveguide of the main spectral compo-
nents of the input microwave signal.

With the distance increasing from the input of
MWRSIJP into the coaxial waveguide, the discharge
optical radiation intensity decreases significantly, be-
coming inhomogeneous, as well as its cross-section
decreases.

With air pressure decreasing, the optical radia-
tion from the discharge becomes more reach with
shorter wavelength. Thus, if at the pressure of 20 Pa,
the radiation has red colour, then at pressure of 2Pa
the radiation becomes blue.

MWRSJP and discharge optical radiation are ob-
served in time almost throughout the pulse duration
of electron beam current in BPG.

When the frequency of MWRSIJP signal and the
frequency of phase jumps are those as observed in the
conducted investigations, there is enough to have the
magnitude of electric field equals to 50 V / cm, for the
creation and maintainence of the discharge in air.

Thus, based on the quantitative indicators, such
as the electric field intensity, frequencies of MWRSJP
and phase jumps it can be expected the following. The
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prospective creation of an efficient light radiation
source of low power (100 W) in a wide range of air
pressure, in which the discharge is ignited and main-
tained stably, becomes a reality. The main task of fu-
ture experimental and theoretical research is to opti-
mize the gas mixture for the discharge of quasi-solar
optical spectrum.

The results might also be of some use in connec-
tion with additional plasma heating in nuclear fusion
devices due the fact that, the electron heating by mi-
crowave radiation with jumping phase is collisionless.
Thus the heating efficiency by MWRSJP does not
decreas when the temperature increases, whereas the
usual heating by the regular radiation is to be collisional
and becomes less and less efficient at increasing tem-
perature. Moreover, instead of pulse working regime of
BPG, the constant working regime which is important
for tokamak plasma, in principle may be elaborated.

The developing of a new type of the high effi-
ciency sources of optical radiation with quasi solar
spectrum would make a fundamental breakthrough in
lighting technology.
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YIAK 533.9

MMKpPOBOJIHOBOE H3JIyd4eHHE CO CTOXACTHYECKH MNpbI-
raomeii ¢azoii (MBUCTII®): nosryyenne u npuMeHeHNE ISt
WHUIMUPOBaHUS pa3psna Huskoro aasienus / B.1. Kapacs,
B.U. T'onora, A.M. Eropos, U.®. IMoranenko, A.I". 3aro-
ponuwuii // TlpuknamHas paauoaJIeKTPOHMKA: Hayd.-TeXH.
xypHai. — 2012. — Tom 11. — Ne 4. — C. 463—475.

B cratbe npenctaBieHbl Pe3yIbTaThl TEOPETUUECKUX
U 9KCIepUMEHTATbHBIX MCCIIEAOBAHUI TTOJTYUYEHUST CTO-
XaCTUYECKMX OCUMJUISIIMI JAeLIMMETPOBOTO Auana3oHa
JUTMH BOJTH B pe3yJibTaTe KOJJIEKTUBHOTO B3aMMOICHCTBIS
9JIEKTPOHHOTO TIyYKa C ruia3moii. [TpogeMoHCcTprupoBaHa
BO3MOXKHOCTb CO3[aHUsI MyYKOBO-TJIa3MEHHOTO reHepa-
TOpa CTOXaCTUIECKMX OCUMJUISINN AeIIMMETPOBOTO Ara-
rmasoHa. B cratbe HalifieHbl YCIOBUS TOMKUTA B BO3IyXe
MMKPOBOJHOBOTO Da3psijia, €ro CTaOWIbHOTO TOPEHMUSI
omarogaps MBUCTI® u auana3oH gaBieHW, B KOTOPOM
TpeOyemasi MOIIIHOCTh MUHUMAaJIbHA. DKCIEPUMEHTAILHO
HcCeIOBaHbl ONTUYECKUE XapaKTePUCTUKU TIa3Mbl pas-
psna B IIMPOKOM JAMaria30He JaBIeHUI.

Kntouesbie cro6a: MUKPOBOJTHOBOE U3TyYeHUE, CTOXA-
CTUYeCcKMe OCUMUISILMM, Mpbiratonias ¢asa, reHepauus,
HU3KOe JaBJICHNUE, TTOIKUT pa3psiaa, SJIeKTPOHHBIM MMyYOK,
njaa3Ma, KOJJeKTUBHOE B3auMOIECTBUE, KOAKCUATbHbIN
BOJIHOBOJI, IMYyYKOBO-TJIa3MEHHbIII T'€HepaTop, OINTHYe-
CKUE XapaKTePUCTUKMU.

Wn. 19. bubauorp.: 30 Ha3B.

YIAK 533.9

MikpoxBH/IbOBEe BHUIPOMIHIOBAHHSA 3i CTOXACTHYHO
cTpuokoBoio ¢azow (MXBCC®): oTpumaHHs Ta 3acTOCy-
BaHHA 114 iHinianii po3psay Huzbkoro Tucky / B.I. Kapace,
B.I. Tonora, O.M. Eropos, [.®. IMoranexko, A.T'. 3aropo-
nHiit // TlpukinanHa pagioeneKTpoHiKa: HayK.-TeXH. Xyp-
Haim. —2012. — Tom 11. — Ne 4. — C. 463—475.

V crarTi HaBeAeHi pe3yJbTaTu TEOPETUYHUX Ta €KC-
MepPUMEHTATbHUX TOCTIIKEHb OTPUMAHHS CTOXaCTUYHUX
OCHUWISILIIM EIIMMETPOBOTO Jliala30HY JOBXWH XBWIb B
pe3yJbTaTi KOJIEKTUBHOI B3aEMOIil €IEeKTPOHHOIO IyYKa
3 maasmoto. [IponeMoHcTpoBaHa MOXJIUBICTb CTBOPEHHSI
MMyYKOBO-TIJIA3MOBOTO FreHEPATOPa CTOXaCTUUHUX OCIIUISI-
1LIili AeMMEeTPOBOIO Aiana3oHy. Y CTaTTi 3HAlAEHO YMOBU
MiAMATIOBAHHS Y TTOBITPi MiKPOXBUJILOBOTO PO3pPsILY, HOTO
crabisibHOrO ropinHs 3aBagku MXBCC® Tta gianason
TUCKIB, B IKOMY ITOTpiOHA MOTYXHiCTh MiHiManbHa. EKc-
MePUMEHTAJIbHO JTOCIIIKEHI ONMTUYHI XapaKTepUCTUKU
TJ1Ia3MU PO3PSsIIY B IMPOKOMY Jliarma3oHi TUCKIB.

Knrouosi  crosa: MiKpOXBUJILOBE BUIIPOMiHIOBAHHS,
CTOXaCTUYHI OCLMJISILLIT, CTpUOKOBa (ha3a, reHepallist, HU3b-
KWW TUCK, MiANATIOBaHHS PO3PsILY, €IEKTPOHHUN TYYOK,
IUla3Ma, KOJEKTMBHA B3a€EMOJisl, KOaKCiaJlbHUI XBUJIEBIM,
ITyYKOBO-TITa3MEHMIA TeHepaTop, ONTUYHI XapaKTePUCTUKH.

I1. 19. Bi6aiorp.: 30 Haiim.
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BY-IIPOBOM TA3A IIOBEPXHOCTHO¥ BOJIHOM ITPU BE3DJIEKTPOIHOM
BO3BYXIEHNU IIVIASMEHHOI'O KAHAJIA ITNIASMEHHOU AHTEHHbI

HM. MHUHAEB, A.A. PYXAA3E, I'[1. KY3bMHUH, B.H. KOHOBAJIOB

CylI1eCTBYIOT pa3IMuHbIE CIIOCOOBI CO3/IaHMS TIa3Mbl B Fa30BOM KaHaJse Mjia3MeHHbIX aHTeHH. Haubogee
MEePCIIeKTUBHBIN — BO30YKAeHME COOCTBEHHBIM U3TydyeHreM Iepenatyrka. [1po0oii raza ocyiecTBIsIeTCs:
Y MO P>KMBAETCS TOBEPXHOCTHOM BOJTHOM, YCJIOBUSI BOSHUKHOBEHMSI KOTOPOI OTIPEEIISIOTCS CTOCOOOM
BO30YXXIEHMSI, BOJTHOBOJAHBIM UM MHAYKTUBHBIM (€MKOCTHBIM). [Tpy MHAYKTUBHOM (€MKOCTHOM) CIIOCO-
0e pa3BUTHE MOBEPXHOCTHOM BOJIHBI OTJIMYAETCSI OT BOJHOBOAHOTO. B paboTe paccMaTpuBalOTCs yCJIOBHUS
BY-1n1po6os razoBoro kaHaja Oeryieii BoJHOI, 00pa30BaHHOI Ha T'paHUIIe pa3aesia Iia3Ma-aIu3JeKTPUK
MpU UHAYKTUBHOM (€MKOCTHOM) CITOCOOE BO30YXICHMSI TJIa3MEHHOTO KaHaia.

Karouegvie crosa: ITOBECPXHOCTHAs BOJIHA, ITOJIC UBJIYUCHUA NEpEAaTINKa, pa3psa, rjiasma.

B psine pa6or [1-5] ajist ynpaBieHUsI 2JIEKTPOIM -
HaMUWYECKHUMU MapaMeTpaMu aHTeHH MpeajaraeTcs
B KAyeCTBE TOKOHECYIIEro 3JieMEHTa, BMECTO Me-
TAJJIMYECKOTO MPOBOJIHMKA, UCTOJIB30BaTh IJIa3My.
ITpu sTOM, KaK NpaBuIO, pacCMaTPUBAIOTCS Xapak-
tepuctuku anteHH, JIH, KIII u ap. npu ycioBuu,
YTO TJIA3MEHHbBIU MPOBOJHUK YXK€E CO3/1aH U €ro Xa-
PaKTEPUCTUKU MAJIO OTJIMYAIOTCS OT XapaKTEPUCTUK
METAJLIMYECKOTO MTPOBOAHMKA.

HauGonpiimii uHTEpec BHI3BIBAIOT BUOpaATOp-
Hbl€ TIJJa3MEHHbIE AHTEHHBI, IUIa3Ma B KOTOPBIX
BO30Y>KIaeTcsl M3JIy4YeHHEeM COOCTBEHHOIO Mepe-
Jatyuka. XapakKTepUCTUKW IUIa3MEHHBIX BUOpa-
TOPHBIX aHTEHH OMNPENEJSIOTCS F€OMETPUUYECKUMU
napamMeTpamMy IU3JeKTPUIECKON TpyOKU (JIMHOM U
JMaMeTpOM), COCTAaBOM M JaBJI€HUEM ra3a B TpyOKe
U TUIOTHOCTBIO CO3/1aBa€MOM B 3TOI TpyOKe ILIa3Mbl
(nuanekTpuyeckass TpyoKa, 3aloJHeHHas M1a3Moi,
SBJISIETCS  aHAJIOTOM  METAJUIMYECKOW BUOpaTOp-
HOM aHTeHHHbI). IIIOTHOCTH HOCHUTeNell B ILIa3Me

z

2R,
®
0
. 2
2R
a

OTpeaessseT MOIIHOCTD U3TYYEHU S, YACTOTHbIH Jua-
Ma30H U JUarpaMmmy HamnpaBJIeHHOCTH TJ1a3MEHHOU
aHTeHHbl. OMHUM U3 MapaMeTPOB IJIa3MEHHOI aH-
TEHHbI, KOTOPOMY YAEJSIeTCS MEHbIIE BHUMAHMS,
SIBJIIETCS CKOPOCTb BbIXOJA TJIa3MEHHOW aHTEHHBI
Ha paboyuii pexxum, T.e. MPOLECC Pa3BUTUS ILIA3-
MEHHOI 00J1acTH.

IIpu 06e331eKTPOAHOM METOAE BO30YKIEHUS
TUIa3Mbl UCITOJB3YETCS: BOJIHOBOAHAS, puc. | a, uim
WHAYKTUBHAs (€eMKOCTHas), puc. 1 6, cxema CBSI3U
UCTOYHUKA C AHTEHHOM.

B [1] aHaimuTUYeCcKM, YMCIACHHBIM MOJEIM-
poBaHMEM U JIAOOPATOPHBIMU SKCIIEPUMEHTAMU
ObLIO IIOKA3aHO, YTO B rasopaspsiiHbIX TpPyOKax,
HAIlOJHEHHBIX pPa3peXeHHbIM Ta30M, BO3MOXHO
OIHOCTOpPOHHEE BO30yxXIeHue mpoTsekeHHoro BY
pa3psiia B BOJIHOBOJAHOM cxeMe BO30YKAeHUs, MO/~
JIEp>KUBAEMOTO PACIPOCTPAHEHUEM A3MMYTaJIbHO-
CUMMETPUYHOI MOBEPXHOCTHOM BOJHBI Fy. Ilpu
IUIa3MEHHOM 4acToTe, MNPEeBOCXOAMIIEN YacTOTy

M Hacocy

K 2eHepamopy

0

Puc. 1. a — BonHOBOmHAs cxeMa Bo30yXaeHwMsI [ 1] (IMIMHAPUYECKUIA BOJTHOBOA AMaMeTpoM 2R,
KBapleBas TpyoKa 1MaMeTpoM 2r, MeTaJUIMUECKU I 9KpaH IMaMeTpoM 2 Ry, BHEILIHSSI 4acTh KBapleBO TPYOKHU
IUIMHOM —1), 6 —MHIYKTUBHAs cxema Bo30yxneHus [S5] (1 — kBapleBas Tpyoka, 2, 3 — qusjieKTpuiecKkasi mpooka,
4 — 971eKTPOI, 5 — METaLIMYECKOE OCHOBaHME, 6 — COIIACyIOIast JIMHKS, 7 — TeHepaTop)
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MOJIsl HE MEHee YeM Ha MopsiAoK, (pa3oBasi CKOPOCTh
MEeIJIECHHOU MOBEPXHOCTHON BOJIHBI MPUOIMKAETCS
K ckopocTHu cBeTa. [1pu 3TOM yc1oBUM OECCTOIKHO-
BUTEJIbHAS TJIa3Ma CIIY>KUT XOPOIIUM ITPOBOIHUKOM
17151 ee 9(P(HEKTUBHOIO MCMOJb30BAaHUSI B KauecTBe
HECUMMETPUYHOI BUOPATOPHOI aHTEHHHBI.

B uHaykTHBHOI (€MKOCTHOI) CXeMe MOHU3a-
s HAaYMHAETCS Ha TOPILEe TPYOKM OObEeMHOI BOJI-
HOM, U3TydyaeMOM Ha OTKPHITOM KOHIIE KOaKCHalb-
HOTO KabeJsisi, COEAMHEHHOIO Yepe3 2JEMEHT CBSI3U
C IU2JIEKTPUIECKOI TPyOKOIM, 3aITOJHEHHOI Ta30M,
puc. 1, 6. Co3maHue rura3MeHHOT 0 KaHajla 00beMHOM
BOJIHOI TPOUCXOUT IPU YCIOBUH, KOraa Ey IpeBbI-
1IaeT YPOBEHbD Fyp IS ra3a, 3aroJHSIOIEro TU3JIeK-
TpuuecKyro Tpyoky. HavanabHblii TpoOoO#i ra3zoBoro
MPOMEXYTKa MPOUCXOAUT B OOJACTH COWICHEHUS
KOaKcuajabHOTO KabeJsisl, MAYLIEro oT TeHepaTopa, u
TUBJIEKTPUYECKOM TpyOKHU. JIMHEHBI pa3Mep pa3-
PSIIHOTO TIPOMEXXYTKA cOCTaBisieT ~ 2r. B OnvkHeit
30He noJje E paspsmgHoro mpomexxyTKa CriaaaeT IIpu
yAaJCHUM OT LIEHTpa M JEKUT MEXIy 3HAYCHUSIMU

Z

[z2+d2

E~1/7 (none gunonst) unu -y ~1— — roJie

3apsKeHHOTro Arcka, puc. 2 [10].

B

05

o
0 5 2

Puc. 2. 3aBUcUMOCTD BeTMYUHEI £ OT pacCTOSTHUS
IO Pa3psIAHOTO MPOMEKYTKA

ITpu Takoit 3aBUCUMOCTU BEJIUUMHBI £; OT 7 11-
HEWHBIN pa3Mep paspsiiHoi 00acTu ~ ry. JlaabHel-
1ree yBeJm4eHue £, 00beMHON BOJTHBI HE TIPUBEICT
K 3HAUYUTEJBHOMY pOCTY JIMHEWHOTO pa3Mepa pas-
psinHoOl oOsnactu. YBenanueHue Ey B 10 pa3 (puc. 2,
E>) mpuBomMT K pocTy paspsiiHON objactu B 4-5
pas.

H3mepenue paciipeneaeHUST KOHIICHTPALIMH 3a-
PSAIOB IO CEYSHUTO U BIOJIb pa3psiTHON TPYOKH Ipo-
W3BOAMIIOCH IO MTHTEHCUBHOCTH CBEYECHUS TIJIa3MEeH-
Horo ctoJida. Takoii MeToJ He JaeT BO3MOXHOCTHU
cenaTh OLIEHKY a0COIOTHBIX BEJIMYMH (HEOO0X0au-
Ma KaJuOpoBKa CXeMbl U3MEpPEHMIT), HO TTO3BOJISET
MPOCJICINTh XapaKTep pacpeae e HUi 1 BpeMeHHBIS
3aBUCUMOCTH B IIEPEXOTHBIX TTPOIIeCCaX.

Ha pwuc. 3 mpuBeneHBI pe3yabTaTbl U3MEPEHUI
CBETMMOCTH TUIA3MEHHOTO CTOJI0a BIOJIL OCU TPYyO-
Ku. Pe3ynabTaThl MOKa3bIBAIOT, YTO TIPU AABICHUU
raza ~ 5-10 Topp (ra3 aproH) KOHLEHTpaLMs TagaeT

MpuknagHas pagmnoanekTpoHuka, 2012, Tom 11, Ne 4

ObicTpee, yeM R3, u B 1mosie 0ObEMHOI BOJHBI HE
yaaeTcs 100UThCsT BO30YXKAeHUS MpoTsLKeHHoro BU
paspsiaa.

a

35+ o
34
2
8 ~4—460 MI'u
24
E i ~-420 MI'y
5 1s
2 1
&)
= I
— 14
0s
IR e S —— e —_—l
L] 2 a 6 8 10 12 14

Puc. 3. BeprukanabHoe pacnpeaeieHue CBETUMOCTU
Ha gacrorax 420, 460 MT'1t (1 — ob6acTh pa3psina
Ha Toplle TpyOKM, MOILIIHOCTD reHepartopa 20 BT)

ITpu ymenbmienun napneHwus raza (< 3 Topp,
aproH ¢ HacChIIEHHBIMM MapaMu PTYTHU) B TpyOKe
o0pa3syeTcss MIOHM30BaHHAs 00J1acTh, U MpPU YBEJIM-
YeHUM MOIIHOCTM TeHepaTopa JUIMHA TJa3MeHHOM
00J1acTH BO3pacTaeT MpakKTUUECKU JIUHEIHO, puc. 4.

30
Z, CM

. b2
S

15 /

0 T T T
0 5 10 15

20 p,Br25

Puc. 4. 3aBUCHMOCTb JJIMHBI IJIA3MEHHOT'O CTOJI0a
OT MOIITHOCTHU réHepaTopa

OTU pe3yabTaThl TOKA3bIBAIOT, YTO YBEJIUYECHUE
JUIMHBI TIJIa3MEHHOM 00JIaCTH MPOMCXOIUT 3a CUET
BO3HMKHOBEHMS TOBEPXHOCTHOI BOJIHBHI.

Ha puc. 5 npencraBieHsl pe3yabTaTbl U3MEPE-
HUI pacmpeae/ieHNs 3apsiaoB M0 CEUCHUIO pa3psif-
HoIt TpyOKU. Mexay Mmj1a3MeHHBIM CTOJIOOM U CTeH-
KaMu TpyOKHU oOpa3yeTcsl BAKYYMHBII 3a30p M3-3a
yxoda 3apsa0B Ha CTCHKM M HM3KOM TeMIlepaTyphl
CaMOM CTEHKMU.

IToBepxHOCTHAsE BOJHA  PacHpOCTPaAHSIETCS
BIOJIb IIJITa3MEHHOTIO CTOJI0a, pacIpeneieHue KOH-
LICHTPALIMK 3aps0B MO CEYECHUIO KOTOPOrO0 MMEET
BUJ, IIPEICTABJICHHBIN Ha puC. 5.

1t pacnpocTpaHeHMsI TOBEPXHOCTHOM BOJIHBI
HEOOXOAMMO, YTOOBI KOHIEHTpALMs 3JIEKTPOHOB
MpeBbIIIaga HEKOTOPBIA HavYaJdbHBIN YpOBEHb. st
OIpeleICHUSI 3TOrO0 YPOBHS PacCMOTPUM pacipo-
cTpaHeHue BaoJb ocu 0Z moBepXHOCTHON E-BOJHBI
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(Tmockuii ciyyait) C OTIMYHBIMU OT HYJIS KOMITOHEH -
Tamu o Ex, By, Ez, cnagaloliMMu B HaIllpaBJIeHUN
ocu 0X mo obe CTOPOHBI OT IMJIOCKOUM MOBEPXHOCTU
noaynpoctpaHcTBa x = 0. O6nactb x < 0 cuuTaercs
3aHATON CpeaoOU C IUAJIEKTPUUECKON TTPOHULIAEMO-
cThI0 €(®), 00acTb X > 0 — BaKyyMm.

600 T

500 +

400 +

300 T
—10 BT

w—15 BT
e 20 BT

| oTH. ea,.
L4
.

200 +

100 +

15 0 15
L, mm

Puc. 5. IlonepeuHoe pacrpeneaeHe CBETUMOCTHI
MJ1a3MeHHOTOo cToJI0a (4actoTa reHepaTopa 460 MI',
MoinHocTh 10, 15, 20 BT)

YpaBHEeHUSsI T0JIST B 9TOM CJIydyae CBOASATCS K CH-
creMme [6]:

¢
g O

Z

ox

Eommak o B

Pemenus ypaBHeHuii (1), KoTopble cripaBe1iu-
Bbl Kak Ipu X <0 , Tak ¥ mpu x > 0 peACTaBIISIOTCS

B BUJIE
)
Ciexp| - kf——zsx npux >0
c

E, = : )
Crexp| —, /kzz —(D—Zx npux <0,
c

2
Q)]

e k* =kzz——2 €.
c

[Ipeanonaraercsi, 4YTo peajbHasl YacTh IMOKa3a-
TeJieil 9KCIoHeHT B (2) Gounbiie HyJsg. Cucrema (1)
JOTIOJHSICTCS] TPAHUYHBIMU YCJIOBUSIMU Ha IJIOCKO-
ctu x =0, KOTOphIe TTOTYYal0TCs U3 cucTeMsl (1) my-
TEM €€ MHTerpUPOBaHMS BOJIM3M ITOBEPXHOCTU pa3-
JieJia Cpej:

0E,|
(B0 (BT 0o

IMoncraHoBKa pelieHuii (2) B rpaHUYHbIC YCIIO-
BUs (3) IPUBOAUT K CJACAYIOLIEMY IUCIIEPCUOHHOMY
YPaBHEHMIO JJISI OMpeleIieHUsT CIeKTpa 4acToT IO-
BEPXHOCTHOM BOJIHBI HA IVIOCKOM IMTOBEPXHOCTHU pa3-
Jies1a IpoBOAIIAs Cpeia-BaKyyM

Ji2e? - +efkiet —o? =0, (4)
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B pa6orte [9] npoBeneH aHanu3 ypaBHeHUs (4)

JJIA MOACIN

2
WOre

o(o+iv,)’ ™

4nn e’
THe ®p, =4~ "~ €~ 3apal, m — Macca AMeKTpo-

Ha, ne— KOHLEHTPALNs 3JIeKTPOHOB, ¢, >0 — ocra-
TOYHAsl CTATUYECKAsl AUINEKTPUUECKAsI MOCTOSIHHAS
cpenbl. DTta MOIEIb XOPOUIO OMUCHIBAET c1abouo-
HU30BAHHYIO IUIa3My, B KOTOPOM v, — 4acToTa
CTOJIKHOBEHUI 3JIEKTPOHOB C HEUTPAJIbHBIMU Ya-
CTULIAMU.

VpaBHeHue (4) mpu noacTaHoBKe BHero (7) uMe-
eT ciaboszaryxarollee pelieHue ¢ Ree(m) >>Ime(w) B
IBYX IPENENIbHBIX CIYyYasxX: a) B cIydae o>>V,, CO-
OTBETCTBYIOILIEM C1a00CTOJIKHOBUTEIBHOM TU1a3Me,
1 0) B cily4yae v, >>®, COOTBETCTBYIOLIEM 2JIEKTPOH-
HOMY Ta3y METa/uloB. B 3TUX MpeaesbHbIX Ciydyasx
BbIpaxkeHUe (7) IPUHUMAET BUL

g(w)=gy -

2
® vV
g(w)=¢,— Lze (1 —l—ej,
® ®
2 2
® NO)
e(w) =gy — Lze +lm—\L}"’ . (8)

e e

B nepBoM ciiyyae MHUMas 4acThb AURJIEKTpUYE-
CKOM IMPOHUIIAEMOCTU MaJla IO CPAaBHEHUIO C Jeii-
CTBUTEJIbHOW 4YacTblo, a BO BTOPOM — HaoOOpOT,
OHa HAMHOTO MPEeBOCXOAUT AEHCTBUTEIbHYIO YaCTh.
B nepBoM cityuae penieHue ypaBHeHUsI (4) 3arUChI-
BaeTCsl B BUIIE

o=o(k)+iv, /2, )

Kpusasi 2 — w(k) mpu npou3BOJIbHBIX 3HAYEHU -
SIX OTHOILIEHUSI ® / ®;, MPeICTaBIeHa Ha pucC. 6.

w 4

1- Meram

2- NMreama

k @ k

s Le

Puc. 6. CriekTp 9acTOT TOBEPXHOCTHOM BOJTHBI

AHaIMTHYECKOE XKe PCIICHUEC HAXOAUTCA B YKa-
3aHHbIX BbIIIC ITPECACIbHBIX CJIydYadaXx 1 UMECT BUJL

ke nipu ke << ,
o= p 0‘)Le/\/‘g— (10)

®;, /g +1 TIpn kc>>mLe/\/g.

Pemenue, mpencraBieHHOe Ha puc. 6, crpa-
BEUIMBO JIMILIb B 00JAacCTM 4YacTOT o=Kkc>>v,.
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B oGpatHOM Xe TIpeielie, T.e. B 00JJaCTM HHU3KUX
YacToT, ®<<V, W BBICOKOIl MPOBOJMMOCTU CpPEBbI,
pelleHust ypaBHeHUs (4) HAXOAUTCSI aHATUTUUYECKU
MpU MOACTAaHOBKE B HETO BTOPOTO BhIpaxkeHUsI (8), u
OHO MMEET BUI

k*c*v? o K2y
o=ke| 1+ el g~ 2Le || 2T (11
(DLe Ve O)Le

HeiictButeabHast yacth (11) mpakTuyecku co-
BIIaJaeT ¢ epBbIM BhipakeHueM (10), mpeacraBieH-
HBIM KpMBOI1 2 Ha puc. 6. MHMMas e JacTh Maja
W OTJIWYAETCS OT MHUMOM 4YacTu BhIpaxkeHus (9).
3/1ech Xe CIeayeT OTMETUTh, YTO CYIICCTBOBaHUE
pemenus (11), a caemoBaTeIbHO, TAKXKE U HU3KOYA-
CTOTHOI TTOBEPXHOCTHOM BOJIHBI, OOYCJIOBJICHO He-
PaBEHCTBOM

(12)

YTO COTJIaCYeTCs C pe3yabTaToM pador [8, 9], a umeH-
Ho, c yciioBueM Reg(w) <0.

PaccMoTpuM, Kak BBITIOTHSCTCS 3TO Hepa-
BEHCTBO B YKa3aHHBIX BHINIE cpemaxX. B rTazomoit

IJIa3M€ HU3KOTrO JaBjieHud, £, <10‘2mop, C Iu3-
JIGKTPUUECKON TMPOHUIIAEMOCThIO, OIpeAesieMoit
TIEPBBIM BBIpakeHUeM (8), BeIMYMHa g, ~1-3, a

o}, > o >v2>. B pammoyactoTHoil ob6nactv wist
CYILECTBOBAHMSI MOBEPXHOCTHBIX BOJH TPU 3TOM
JIOJKHO BBITOJIHATBLCS YCJIOBUE @ >>V,.DTO yCio-
BUE BBITIOJIHAETCS BO BCEil 06JACTM PajMovacTor,
HaunHas ¢ f~10°T. B craGomoHn3oBaHHOl Ta-
30BOil MJ1a3Me OTHOCHUTEJILHO BBICOKOTO JABJIEHMS,
P, >10mop, Benuuumua v, ~6.10° P, >6.10"¢™",
a cJeloBaTeIbHO, B 0GIACTH PaIMOYacToT v, >> o
¥ JUIS CYILIECTBOBAHMS TIOBEPXHOCTHBIX BOJIH TLIOT-
HOCTb TJIa3Mbl IOJDKHA ObITh T0CTATOYHO GOJBIION,

12,3
©®7, >V,, T.6. n,>10"cm™.

2 2
O, >>€)V,,

Takum obOpa3oM, MpU BO30OYXKICHWU ILTa3MBbI
COOCTBEHHBIM H3JIyYeHUEM TepeaaTyuka IOoBepX-
HOCTHasl BOJIHA BO30Yy:KAaeTcsl MpU YCJIOBUM, KOraa
JEeWCTBUTENIbHAS YaCTh AUDJIEKTPUIECKOM MTPOHULIA-
eMocTu &(w) B (7) MeHbIIE HYJIS, T.€. BHIMIOJTHSIETCS
yCJIOBUE.

Mpu v? =0 noBepXHOCTHAS BOJIHA PACIIPOCTpA-
Ope
2
Ta, IIPY KOTOPOI pacTIpoCTpaHAETCS TTOBEPXHOCTHAS
BOJTHA, BO3pacTaeT, M MPU HEITOCTAaTOYHON MOIITHO-
CTH TIepeIaTINKa MOXKET ITOTPeOOBaTHCS CTOPOHHUIM
WCTOYHUMK CO3AaHUs IIJ1a3MHl [3].

TToyueHHEBII pe3yabTaT ITO3BOJISIET ONIPEACTUTh
HaYaJIbHYIO0 KOHIIEHTPAIIUIO Hyp TIIA3MBI B TUBJIEK-
TPUUECKOI TpyOKe, ¢ KOTOPO HAaYMHAECTCS pa3BU-
THE MOBEPXHOCTHOI BOJHBI pK v =0 .

Bocnonb3oBaBiuch BeipaxkeHueM (5) mjs e(m),
OIIPEICITAM FHyp

HSETCS TIpU > ; TIpU vi > (0 Ia3MeHHas 4acTo-

2
oym

e = *
4re?

(14)

IIpn vg >0 OyzeT onpenesiThCs Kak:

2 2
nezw_ (15)

s BO3HUKHOBEHMSI TIOBEPXHOCTHOW BOJI-
Hbl KOHILIEHTpalLMs TJa3Mbl B pa3psiiHON 00JacTh
JIOJDKHA JOCTUTaTh 3HAUYeHUi ompenensieMbix (14)
uinn (15). Takast HayanbHas KOHLIEHTpaLUs CO3/a-
eTCs 3a CYeT MOHU3ALMM ra3a B pa3psiaiHON TpyOKe
BHYTPM BOJIHOBOJA, puc. la, Uiy Ha Tople pa3psii-
HoI1 TpyOKH, puc. 16.

[lone FE MOBepXHOCTHOIW BOJIHBI TOIHUMAET
KOHLEHTpALMIO 10 3HadeHuid ~ 10'2 [1]. B MomeHT
BO3HMKHOBEHUSI paspsiia 00JacTb, 3aHsATas Tia3-
MOW, UMEET JIMHEMHBIN pa3Mep ~7y, U IIOBEPXHOCTHA

4me

~-T

73

Puc. 7. a — mokazanus ocutorpada npu pa3IndHbIX PACCTOSHUSIX MexXmy cBeToBogaMu (3 cm, 10 cm, 15 cMm, 20 cMm),
TIie HUXKHSISI KpUBasi — CyMMapHasi CBeTUMOCTb CBETOBOJIOB; pa3BépTka 250 MKc//1es1, BEepXHsist KpuBasi (MHBEpCHast) —
MIpUHUMaeMasl MOIITHOCTh, 6 — CTPYKTypHas cxema cteHna (1 — kBapiieBast TpyOa (JiamIia);

2 — cBetoBOARI; 3 — MDY 4 — ocuumsutorpad; 5 — AMOIHBIN AETEKTOP)

MpuknagHas pagmnoanekTpoHuka, 2012, Tom 11, Ne 4
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BOJTHA CYINECTBYET B DTOM 0O0JacTM Ha TpaHHIlEe
ITa3Ma-InaJIeKTpUK. B objacTu, rie HeT Iia3MBl,
HET W TIOBEPXHOCTHOI BOJIHBI, BOJTHA OTPAXKAETCS C
Ko3(pdULmeHTOM oTpaxkeHus R<1.

H3MmepeHNs CKOPOCTM WOHW3ALMW TUTa3MbBI B
JIVDJIEKTPUUYECKOM TPyOKe (JTIOMUHECIIEHTHAS JJaMIIa
arnameTpom 20 MM, maBiaeHueM 3 Topp, ra3 — aprod
C HACHIIIEHHBIMU TTapaMU PTYTH), BO30YKIaeMOoit
HM3JTydeHreM BEICOKOYACTOTHOTO TlepeIaTanKa, mpo-
BOIAT B nMana3oHax yactot 430-440 MI'a. Ha puc. 7
MpeACTaBlieHa OCHWIIOTpaMMa TTOKa3aHW OCIIVII-
jorpada (CyMMapHOTO CUTHajJla OT CBETOBOIOB —
HIDKHSS KpUBas Ha TpaduKe W HATIPsSDKEHNE Ha V-
OIHOM JETEKTOpe pa3MEIIeHHOM Ha pPacCTOSHUM
0,5 M OT aHTEHHBI — BEpXHSIsl KpMBasi Ha rpaduke).

Ha puc. 8 mpencrasieH rpaduk, moKa3pIBaro-
Wi U3MEHEHWe CKOPOCTH (pOHTA MOHU3AINK B
3aBHCUMOCTH OT BPEMEHH.

350
V,Mm/c
300

'/\

O T I T T 1
0 500 1000 1500 2000 2500

t, MKC

Puc. 8. CkopocTb npoaBukeHUs1 (DpOHTA MOHU3AITUU

IMonyyeHHBbIe pe3yabTaThl MOKA3LIBAIOT, YTO
JUTMHA TIIa3MEHHOTO CTOJI0A IOCTUTAeT 3HAYCHMI
~A/4 (15 cM) 3a BpeMsi ~ 2Mc.

BbIBO/IbI

ITonyyeHHbIe pe3yabTaThl MOKa3bIBAIOT, YTO
HavajbHasl MOHU3ALMSI B JAUDJIEKTPUUECKON TpyO-
K€, 3alOJIHEHHON Tra30oM, IMPOU3BOAUTCS OOBEM-
HOU BOJIHOM, a IOBEPXHOCTHAs BOJIHA HA TPaHULIE
1a3Ma-«BakyyM» BO3HUKAECT MpPU JOCTUXKEHUU
ONPEIEJICHHOM IUIOTHOCTU ILIa3Mbl IPU YCIOBUU

o7, > o’ > v’ . Bo30yxeHue NoBepPXHOCTHOM BOJI-
HBbI [IPY MOHU3ALIMHY Ia3a U3Ty4YEeHUEM COOCTBEHHOTO
repefaTinKa MPOUCXOAUT IIPU BBIITOJHEHUU YCIIO-

BUA mZLe > @’ > v? . Ec/M 9T0 yc/loBYe He BBIMOJHS -
€TCsl, TO JUIS MIOHM3AllMK ra3a TpedyeTcsi CTOpPOHHUIA
NCTOYHHUK CO3JaHUM T1IJIa3MBbl.

TTonyyeHHbIE pe3yabTaTbl MO3BOJISIIOT OIpe/e-
JIUTb YCIOBUS Eupn, He, © UV, IPU KOTOPBIX MTPOUC-
xonuT BU-1ipo6oii raza u noaaepkaHue maia3mbl 6e-
rylieil BOJHOM Ipu 0€33JIeKTPOAHOM BO30YKAeHUN
TJIa3MEHHOT0 KaHaJla, M1a3MEeHHOUW aHTEHHBI.

480

Jlureparypa.

[1] Hcmomun E.H., Kapguooe /.M., Munaes U.M., Py-
xaosze A.A., Tapaxanos B.II., Cepeeiiuee K. @., Tpegu-
106 A.1O. Tlna3sMeHHbIT HECUMMETPUYHBII BUOpaTOp
C BO3OYXIIEHMEM TIOBEPXHOCTHOU BoyHOU //®Pusmka
miasMbl. — 2006. — T. 32. — Ne4.

[2] Munaee .M., Pyxadse A.A., Cepeeiives K. D., Tpegpu-
106 A.1O. AktuBHas masmeHHass BU-antenna, camo-
COIJIacOBaHHAsl ¢ UCTOYHUKOM KoJiebanuii.//Kpatkue
coobmenus mo ¢pusuke PUAH. — Nel12. — 2005 T.

[3] Borg G. G., Harris J. H., Martin N. M., Thorncraft D.,
Milliken R., Mitjak D.G., Kwan B., Ng T., Kircher J. //
Plasmas as antennas: Theory, experiment and applica-
tion. (Australian National University, Canberra, Aus-
tralia), Physics of Plasmas, 2000, V. 7. P. 2198. 2202.

[4] Ovsyanikov V.V., Jakimenko S.V. and Moroz S.M.//
THE RESEARCH OF ANTENNAS ON THE COLD
PLASMA. International Conference on Antenna The-
ory and Techniques, 6-9 October, 2009, Lviv,Ukraine,
ppl133-135.

[5] Korosanoe B.H., Munaesel.M., Pyxadze A.A. Tlnas-
MEHHbIEe BUOpPAaTOPHbIE aHTEHHBI, BO30YXIaeMble CO0-
CTBEHHBIM U3JYYeHUEM MepeaTynuk. — PaguorexHu-
ka. — Nel10. — 2012 .

[6] JTanday JI /., JTugpwuy E.M. Teopus mons. — M.: Hay-
Ka, 1988.

|71 Anexcandpoe A.D., boedankesuu JI.C., Pyxadze A.A.
OCHOBBI 3JICKTPOIMHAMUKY T1a3Mbl. — M.: Briciirast
mkosa, 1978. — C. 408.

[8] Pyxaodze A.A., Pyxadze K.3. O6 ycnoBUsIX CyIlIECTBOBA-
HUSI OBICTPOI TTOBEPXHOCTHOI BOJIHBI IIeHHeKa // VIH-
keHepHas ¢pusuka. — 2011. — Ne 4. — C.68.

[9] Munaes H.M.,Pyxadze A.A. Eiie pa3 00 ycaoBUsIX Cy-
IIECTBOBAHMS ITOBEPXHOCTHOM BOJTHBI HA TTOBEPXHOCTH
npoBosieit cpensl // UnxkeHnepHas pusnka. — 2012.
— Ne3. — C. 4-7.

TTocryrmna B peakosureruio 26.11.2012

Munae Urops MuxaiinoBuy, 10KTOp
TEXHUUYECKUX Hayk, mpocdeccop, Be-
NyIIUA HaydHbI cOTpyaHUK MOD
PAH. OGnactb Hay4yHbIX MHTEpeE-
COB: HU3KOTeMIlepaTypHas Ija3Mma,
BBICOKOCKOPOCTHOI TIOTOK, YMCJIO
Maxa, ymapHble BOJHBI, KOJeOaHUs
1 BOJIHBI B IJIa3Me.

Pyxanze Anpu AmBpOCbeBHY, [10K-
TOp (HDU3NKO-MATEMATUUECKUX HAYK,
npodeccop, IIaBHbI HAayYHbIA CO-
tpynauk MOD PAH. OGracth Ha-
YUHBIX UHTEPECOB: (PU3MKa TIa3Mbl,
rutasmeHHast CBY anekTpoHuka, Ko-
JiebaHus U BOJIHBI B IJ1a3Me, Ja3zep-
Hasl pusuka.

Ky3bmun I'ennaamii IleTpoBuy, n10K-
TOp (HDU3MKO-MaTeMaTUYECKUX HaYK,
npodeccop, PYKOBOAUTEIb J1abo-
paropuu MO® PAH. O6Gnacth Ha-
YUHBIX UHTEPECOB: KBAHTOBAs 3JIEK-
TPOHMKA, Ta30BbIN J1a3ep.
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Konosanos Buktop HukonaaeBuu,
acniupant MO® PAH. OGnactp Ha-
VUHBIX MHTEPECOB: IJa3Ma, JKCIIe-
PUMEHT, KOHCTPYHPOBAHUE.

VIK 533.915; 621.396.67

BY-npobiii ra3y moBepxHeBoI0 XBUJIEI0 NMpH Oe3ejeK-
TPOAHOMY 30y/IZKEHHi IJIAa3MOBOT0 KAHATY IJIaA3MOBO1 aHTEHH
/ .M. Minaes, A.A. Pyxange, I'.T1. Ky3pmin, B.M. KoHo-
BasioB // [lpukinanHa pagioeeKTpoOHiKa: HAyK.-TeXH. Xyp-
Haia. —2012. — Tom 11. — Ne 4, — C. 476—48]1.

€ pi3Hi cmocodu CTBOPEHHS ILUIa3MU B Fa30BOMY Ka-
HaJIi IJ1a3MOBUX aHTeH. Hait0inbI mepcrieKTuBHUM — 30y-
IKeHHS BJIACHMM BUIIPOMIHIOBaHHSM ItepenaBada. [1po-
0ilf razy 3OiMCHIOETbCS 1 MiATPUMYETHCS MOBEPXHEBOIO
XBUJICIO, YMOBY BUHUKHEHHS SIKOI BUBHAYAIOTHCST CTIOCO-
00M 30yIKeHHS, XBUJIEBOOHUM 200 iHIyKTUBHUM (EMHIC-
HuM). Ilpu iHAYKTUBHOMY (EMHICHOMY) CIIOCO0i pO3BU-
TOK MTOBEPXHEBOI XBUJIi BiIPi3HSIETHCS Bifl XBUJIEBOIHOTO.
B po6Goti posrngmaiorecst ymoBu BY-mpoboio razoBoro
KaHaJly XBUJIEIO, 110 OiKNUTh, YTBOPEHOIO HAa MEXi po3mi-
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Jly TUla3Ma-AieJIeKTpUK MpU iHAYKTUBHOMY (€EMHiICHOMY)
crnoco0i 30yIKeHHs M1a3MOBOr0 KaHay.

Karouoei caoea: moBepxHeBa XBUJISI, T10JIE€ BUIIPOMi-
HIOBaHHS MepeiaBaya, po3psi, mia3ma.

1. 08. Bi6miorp.: 09 Haiim.

UDC 533.915;621.396.67

RF gas breakdown by a surface wave at electrodeless
excitation of the plasma channel of plasma antennas / [.M.
Minaev, A.A. Rukhadze, G.P. Kuzmin, V.N. Konovalov
// Applied Radio Electronics: Sci. Journ. — 2012. Vol. 11.
Ne 4. — P. 476—481.

There are various ways of forming plasma in the gas
channel of plasma antennas. The most perspective one is
excitation by the transmitter own radiation. Gas breakdown
is carried out and maintained by a surface wave the origin
conditions of which are specified by the waveguide or in-
ductive (capacitive) fashion of excitation. At the inductive
(capacitive) fashion the surface wave development differs
from the waveguide one. The paper considers the conditions
of gas channel RF breakdown by a travelling way formed at
the plasma-dielectric boundary under the inductive (capac-
itive) way of exciting a plasma channel.

Keywords: surface wave, transmitter radiation field,
discharge, plasma.

Fig. 08. Refs.: 09 items.
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NOVEL GENERATION OF PLASMAOPTICAL DEVICES:
FUNDAMENTAL RESULTS AND APPLICATIONS

A.A. GONCHAROV, V.I. GUSHENETS, A.N. DOBROVOLSKIY, I.V. LITOVKO, EM. OKS, A.S. BUGAEV

The paper considers the current status of ongoing research and development of an electrostatic plasma lens
for focusing and manipulating wide aperture high current electron beams. The first experimental and theo-
retical investigations of intense electron beams focusing due to a plasma lens with an axially symmetric posi-
tive space charge cloud produced by the cylindrical anode layer and magnetic electron insulation accelerator

are presented.

Keywords: plasma lens, high-current beam.

1. INTRODUCTION

The fundamental concept of the novel plasma
devices are based on application of plasma optical
principles of magnetic insulation electrons and equi-
potentialization magnetic field lines for the control
of over thermal electric fields introduced into the
plasma medium for manipulating non-magnetized
ions. The axially symmetric electrostatic plasma lens
is a well-explored tool for manipulating and focusing
high-current large-area, moderate energy positive
heavy ion beams where the concern of a beam space
charge neutralization is critical [ 1]. A numerous of ef-
fective plasma lenses for positive ion beams focusing
were made and tested in NASU Institute of Physics,
considerable quantity in collaboration with LBNL
(Berkeley, USA). The electrostatic plasma lens is an
axially symmetric plasma-optics device with a set of
cylindrical ring electrodes located within the magnetic
field region, with field lines connecting ring electrode
pairs symmetrically about the lens middle plane. The
robust construction, low energy consumption and
high cost effectiveness make these tools attractive for
applications in high dose implantation facilities, lin-
ear heavy ion accelerators, heavy ion fusion and other
high technology.

The crossed electric and magnetic fields inher-
ent plasma lens configuration provides the attractive
method for establishing a stable plasma discharge at
low pressure. Using plasma lens configuration in this
way several cost-effective, low maintenance, high
reliability plasma devices using permanent magnets
were developed. In part, it was proposed and created
cylindrical plasmaoptical magnetron sputtering de-
vice with virtual anodes and target utilization factor
up to 100% and cylindrical plasma production device
for the ion treatment of substrates with complicated
cylindrical shape. These devices can be applied both
for fine ion cleaning and activation of substrates be-
fore deposition and for sputtering. These plasma tools
can be operated as stand-alone plasma devices, or as
part of a single technological cycle together with a
sputtering system [2].

One particularly interesting result of this back-
ground work was observation of the essential positive
potential at the floating substrate. This suggested to
us the possibility of an electrostatic plasma lens for
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focusing and manipulating high-current beams of
negatively charged particles, electrons and negative
ions that is based on the use of the cloud of positive
space charge in conditions of magnetic insulation
electrons. The idea of the plasma lens based on elec-
trostatic electron isolation for these aims was first
proposed in [3]. Later it was proposed to use magnet-
ic electron insulation for creation of a stable positive
space charge cloud [4].

Here we describe the recent results of investi-
gations the focusing wide aperture intense electron
beam by positive space charge plasma lenses based on
the ideas of magnetic electron insulation.

2. PLASMA LENS WITH MAGNETIC
ELECTRON INSULATION

The lens is a cylindrical plasma accelerator with
an anode layer and used as a device with magnetic
insulation of electrons for creation of the dynamic
cloud of positive space charge. The scheme of the
plasma lens with magnetic insulation used for crea-
tion of the dynamic cloud of positive space charge is
shown in Fig.1.

Fig.1. Scheme of the PL with magnetic electron insulation:
1 — cathode; 2 — anode; 3 — magnetic system based
on permanent magnets

The beam of positively charged argon ions formed
by the device converged to the system axis whereas
electrons were magnetized in the anode layer. The
plasma device described in those papers was adapted
for focusing of intense negatively charged particle
beams. The lens has a system of permanent magnets
that produces an axially symmetric magnetic field
between the poles of a magnetic circuit serving as a
cathode. The magnetic field is controlled by varying
the number of magnets or by using magnetic shunts.
Because the magnetic field configuration is typical of
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the single magnetic lens configuration, the lens will
focus the transported electron beam. When a positive
potential is applied to the anode, a discharge in the
axial magnetic and radial electric crossed fields is
ignited between the anode and the cathode. The
electrons thus drift along closed trajectories in the
azimuthal direction, repeatedly ionize atoms of the
working gas, and gradually diffuse to the anode. Thus
the ions formed are accelerated in the strong electric
field created by the electron space charge and leave
the ion source through a hole in the acceleration
channel. The axially converging ion beam creates a
positive space charge. In the experiments, the energy
ofthe converging beam could reach 2,5 kV. Maximum
potential will be in the center on cylindrical axis. lons
are stored in the cylinder volume until their own space
charge creates a critical electric field. This field forces
ions to leave the volume and the system comes to
dynamic equilibrium after some relaxation time.

In Fig. 2 profiles of the floating potential
measured in the central lens section at the pressure
of 5-10-3 Torr and normalized to the corresponding
anode potentials are shown. Reducing the magnetic
field at the lens axial area doesn’t change essentially
shapes of floating potential distributions. Double-
humped potential distribution is observed. Humps are
formed in the paraxial area that indicates the influence
of momentum aberrations on the converging positive
ion beam dynamics. With anode potential growing,
the anode potential to floating potential transfer
efficiency decreases [5].
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Fig. 2. Floating potential profiles normalized
to corresponding anode potentials at pressure 5-10- Torr,
z =0, discharge voltage: 1 — 700 V;2 — 850 V; 3 — 1000 V;
4 —1200V;5— 1500V

The electric field radial component E; in the
center of the lens at different anode potentials had
been calculated by using floating potential profiles
(see Fig. 3). One can see that the electric field magni-
tude reaching 400 V/cm depends weakly upon anode
potential in the range of 700-1500 V at a given pres-
sure in the lens.
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Fig 3. Averaged radial electric field (1) and maximum
floating potential (2) in the plasma device volume vs.
anode potential at pressure 5-10-5 Torr

2.1. Computer Simulation Results

The set of equations describing positive space
charge accumulation process in plasma lens in the
cylindrical coordinate system includes the Poisson
(1), particles motion (2) and continuity law (3) equa-
tions:

(1/r)a(raU/é’r)/ar+62U/6z2 =4nqn;, (1)

=g B[y, <B] @

V.-div(j,,)=S"Jj,- 3)

Here M;, gqi, vi are ion mass, charge and veloc-
ity respectively, £ — electric field: E, = —oU /or,
E~=-0U /oz, U — potential, B — magnetic field,
n; — ion density, V —cylinder volume for this case,
Jin — current density at the boundary of current-col-
lecting surface S of radius rand height 4, and j,,, — the
ion current density leaving the volume V. Knowing
the space charge distribution we can determine the
expulsive force acting on the particle on the bound-
ary of space charge volume and calculate ions trajec-
tories.

M

$EdS =[paV . 4)
S 14

The simplest analytical solutions of (1)-(3) were
obtained [6] and was shown that ion density that could
accumulate around the system axis reaches 0.1-10'° to
0.27-10'" em™ and electric field could reach 600V/
cm. Equations (1)-(4) were solved numerically by
PIC-method. Every time interval Az (real time is ap-
proximately 8-10-8sec) N new particles of charge g;and
mass M;come to the volume. The magnitudes of N, Af,
g; satisfy the considered relation: Ng;,/At=j;S. Equa-
tion of motion (2) was solved both for “new” parti-
cles and for those that are still left in the volume (time
step At<<A?). After time At the distribution of the ion
space charge was determined. The Poisson equation
has been solved and potential electric field U(r, z) has
been calculated. We have considered in our simula-
tions that ions Ar* in the beam with the total current
20 mA and energy distribution from 0 to Em.x move
with angular distribution in the magnetic field similar
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to the experimental . The results of calculations of the
potential distribution are shown in Fig. 4.
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Fig. 4. Potential distribution in plasma lens midplane
for Ar+ ion beam with total current 20mA
and Emax= 1.5keV (top) and 2.4keV(down)

We can see that with ions energy increasing, the
spatial distribution shape changes markedly. Whereas
maximum of potential for the ion beam energy 0-1.5
keV (Fig.4 top) is double-humped situated in the co-
axial region around the axis, the maximum for energy
0-2.4 keV (Fig. 4 down) is single-humped onto the
axis. The results of the calculations of the potential
distribution for Ar* and Xe* ion beams with maximal
energy about 1.8 keV are shown in Fig. 5. One can see
that the spatial distribution shape changes markedly
with the ion mass increasing also. The maximum of
potential for Ar ion beam (Fig. 5a) is in the coaxial
region around the axis, but the maximum for heavier
Xe ions (Fig. 5b) is at the axis. This can be explained
by a smaller influence of the momentum aberration
on the converging Xe ion beam dynamics.

Fig. 5. Spatial potential distribution for Ar+ (up) and
Xe+ (down) ion beams. Current is 20 mA, Ena = 1.8 keV
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The calculated electric field could reach 600V/
cm. Thus the obtained experimental and simulation
results confirmed that in the region of positive space
charge, an electrostatic plasma lens arises, being suit-
able for focusing beams of negatively charged parti-
cles, including electrons.

3. ELECTRON BEAM FOCUSING BY SPACE
CHARGE PLASMA LENS
(LOW-CURRENT MODE)

The plasma electron source based on electron
extraction from vacuum arc discharge with a hollow
anode was used for generation of the beam. The
scheme of the experimental setup is shown in Fig. 2.
The beam source (1-4) was assembled on the Iens. The
PL(5-7) was located in the vacuum chamber under
pressure of 1,3-10-2 T1a. The cathode and chamber
wall were grounded. An electron beam (8) from the
plasma electron source passes through the positive
space charge cloud of Argon ions in the lens volume
to the sectioned collector (9-13).

Fig. 6. Scheme of the setup: 1 — plasma cathode,
2 — hollow anode, 3 — emission grid, 4— accelerating
electrode. 5 — permanent magnets, 6 —anode,
7 — cathode, 8 — electron beam, 9,10 — collector rings,
11 —isolators, 12— shield, 13 — slide rod

Electron beam focusing experiment

The pulsed wide-aperture plasma electron source
based on the vacuum arc discharge on a dielectric sur-
face was used. It produces an electron beam with cur-
rent of 200-400 mA, energy up to 25 keV and pulse
duration of 120 mks. The beam diameter is 6 cm on
the extractor outlet. The maximum lens anode poten-
tial is 2 kV. The lens discharge current is up to 20 mA,
Ar pressure is 10-5-10-* Torr. The magnetic field on
the axis is Ho =100 Oe.

The radial distribution of the electron beam cur-
rent with energy (Ep) of 8 keV is shown in Fig. 7. and
the beam compression factor is shown in Fig. 8.

One can easily see the effect of electrostatic PL
in this case is weak, especially as compared with the
effect of the magnetic field in the lens volume. Here
we observed the combined effect of electrostatic and
magnetic lens, which created difficulties of separat-
ing electrostatic and magnetic focusing. One of the
simplest ways to separate the influence of E- and H-
lenses is to decrease H-field at the volume propagated
electron beam the another way is to increase lens volt-
age. The optimal solution should be combining both
ways so far as every have some physical restrictions.
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Fig. 7. The radial current density distribution of the
electron beam. 1-PL-off,2- PL-on.( U =1,5kV)
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Fig. 8. The beam compression factor on lens voltage
(magnetic field — 0,017 T)

Thus the lens was optimizes on some parameters
[7]. At first — decreasing magnetic field value in chan-
nel allows reducing its impact on the ion’s trajecto-
ries and restricted their momentum aberrations as
well as to lower magnetic field influence on electron
beam focusing. However, it has no significant effect
on the operation of the discharge, forming conver-
gent ion beam on the axis. At second — changing the
construction of the anode lens allowed to increase the
maximum potential of the anode is almost twice. This
led to an increase the optical strength of the lens and
reduced ion’s twisting in transverse magnetic field of
the accelerator. Due to these modifications the elec-
trostatic focus location of electron beam was separat-
ed from magnetic and arrangement before it.

The results of experimental measurement are
shown on Fig. 9, 10. The electron beam current den-
sity distribution on the axis after plasma lens pass-
ing is shown in Fig. 9. Ones can see that plasma lens
operation (curve 3) lead to focus distance decreas-
ing and additional beam compression in comparison
with only magnetic lens action (curve 2). The beam
current density at the focus increase up to 5 time as
compared with lens off and almost twice in case beam

MpuknagHas pagmoanekTpoHuka, 2012, Tom 11, Ne 4

focusing by magnetic field only. The focus distance
is 150 mm for electron beam energy 10 keV passing
through plasma lens with anode potential 2.4 keV
with according to experimental measurements.

50 4

40

T E T E T E T
100 200 300 400
Z, mm

Fig.9. Beam current density distribution along Z
axis (R=0). Beam energy 10 keV, current — 200 MA.
1 — magnetic field off, anode lens potential — 0 V;

2 — magnetic field on, anode lens potential — 0 V; 3 —
magnetic field on, anode lens potential2400 V.

The compression factor for electron beam current
density is shown in Fig.10.
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Fig. 10. Compression factor for electron beam current
density, magnetic field on and beam energy is 18kV, beam
current — 380 mA (Magnetic field — 0,005 T)

One can see that compression factor is signifi-
cantly increased in comparison with the previous lens
model (See Fig. 8). Thus optimizing lens construc-
tion allows to improve focusing of lens possibilities
substantially.

Simulation electron beam focusing results

We investigated transport electron beam (energy
from 5 to 20 keV) through the positive space charge
cloud in plasma lens. For correct description of such
system we must solve equations for ions and electrons
parts together. Thus previous equation system (1)-
(4) has been modified and equations for electron’s
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motions and the law of charge conservation V-j=0
have been added. Poisson equation had been changed

to form: Ap = y , where ¢ — is the electric potential,
€ . .

¢ = (pi — pe) — space charge density, p;, p. — ion and

electron density, € — the permittivity.

The Ar+ ion beam with total current 20 mA and
maximal energy 2 keV (with narrow energy and angle
distribution) had been used for stable positive charge
cloud creation. Simulation box had been chosen as
cylinder with diameter 100 mm and length 600 mm.
Modeling PL has diameter 80 mm and length 10mm
and has been placed in begin of the box. For com-
puter experiment the magnetic field changed from
Ho =100 Oe to 50 Oe on the axes, thus magnetic fo-
cus lies near electrostatic focus at first case and behind
it — at second. The maximal potential in cloud was
reaching about 800V. The electron beam with energy
10 keV (transverse — 0.5 eV) and 0.1- 1.0 A currents
passing through such PL were investigated. Results on
computer experiment are shown in Fig. 11, 12.
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Fig.11. Electron beam trajectories: top — beam focusing
by magnetic field; down — beam focusing by PL with the
same magnetic field

In the Fig 11 are shown beam trajectories for
electron beam with energy 10kev and total current
200mA passing through magnetic lens only (top)
and positive space charge plasma lens with the same
magnetic field that reach about 100 Oe on the axes .
Ones can see that in this case switching plasma lens
didn’t change substantially beam focusing parameters.
Focusing distance (about 8.5 cm) and beam cross-
section diameter (about 20 mm) are almost the same
in both cases that correspond with theory [8]. In the
pictures Vmax =581.9V is maximal cloud potential
before beam passing; under beam passing maximal
cloud potential reduced to 501V. In Fig 12 are shown
beam trajectories when magnetic field was reduced
twice.
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Fig.12. Electron beam trajectories for reducing magnetic
field: top — beam focusing by magnetic field; down — beam
focusing by PL with the same magnetic field

One can see that in this case space charge cloud
lead to additional visible beam compression and mov-
ing focus closer to lens. If focus distance for magnetic
lens was about 28 cm and beam radius 22mm, than
switching lens on leads to shift focus distance to 15
cm and beam radius reducing up to 14 mm. Thus it is
seen that the switch on the positive space charge elec-
trostatic lens leads to improvement of electron beam
focusing. The simulation results are in a good agree-
ment with experimental data.

4. ELECTRON BEAM FOCUSING
BY SACE CHARGE PLASMA LENS
(HIGH-CURRENT MODE)

The scheme of experimental setup is shown in
Fig. 13. The electron beam was extracted from the
plasma of a hollow anode discharge through a fine
grid.
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Fig. 13. Experimental setup with the plasma electron
source and plasma lens: 1— plasma source cathode,
2 — hollow anode, 3— emission grid, 4 — emission
electrode, 5 — extraction electrode, 6 — magnet,

7 — lens anode, 8 — Ti foil cylinder, 9 — lens cathode

The beam current is up to 100 A (high-current
mode). Energy is up to 20keV, the lens discharge cur-
rent is above 100 mA, pressure above 4x10—* Torr.
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In the Fig. 14 is shown vacuum arc plasma genera-
tor. Plasma generators of this type are distinguished
for their design simplicity, rather high reliability, and
incredibly wide range of parameters such as operat-
ing pressure, discharge current amplitude and pulse
duration

1 2

. ! I ]
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(
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Fig. 14. Vacuum arc plasma generator. 1— cathode;
2 — igniter electrode; 3 — anode; 4 — insulator

Numerical simulation shows that at an electron
beam current of 1 A, the potential in the positive space
charge region decreases and the region collapses [9].
This breaks down the electrostatic focusing, and only
the magnetic focusing of the beam survives. Oscillo-
scope recordings of the voltage across the electrodes
and the discharge current in the lens show that at the
instant of electron beam passage, a high-current dis-
charge is ignited in the lens and the discharge operat-
ing voltage decreases from several kilovolts to several
tens of volts. The discharge in the lens added stability
to the pulse shape of the electron beam current, de-
creasing its fluctuation amplitude and enhancing the
current transport. The lens positive influence ones
can see from comparison of oscillogram 2 and 3 in
Fig. 15 showing respectively the beam currents before
ignition and after ignition of the discharge in the lens
at a discharge current of 100 mA. It is seen that the
higher the discharge current in the lens, the more the
fluctuations are suppressed.
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Fig.15. Oscillogram of the discharge current (1) and
electron beam current before switching on the lens (2),
with lens switched-on (3), after switching off(4).

In these experiments the plasma lens operate in
the plasma mode and provide plasma density required
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for the accelerating, formation and stable transport
of the intense pulsed electron beam. The beam was
focused solely by the magnetic field of the lens. It al-
lowed compressing the electron beam from its initial
diameter of 6 cm to a diameter of 1 ¢cm; the current
density thus increased more than 30 times and was
larger than 100 A/cm?.

5. CONCLUSION

At the first time was experimentally demonstrated
the focusing of intense electron beam with wide aper-
ture by electrostatic plasma lens with positive space
charge and magnetic insulation of electrons. It should
be noted that in the case of negative ion beam focus-
ing effect of the magnetic field on the beam is much
smaller because of the large difference in the masses
of electrons and ions. Efficiency electrostatic focusing
on the mass of the particle is independent, so negative
ion beam must focus PL is as effective as the electron
beam, although the level of maximum compression
of the beam at the focus may be different due to the
nature of generation, formation and transport of elec-
trons and negatively charged ions. At the same time,
the proposed lens is, essentially, a thin transparent
plasma sheet for passing and focusing beam of nega-
tive particles. Estimates show that in these conditions
should not be a significant loss of beam due to over-
charging. This allows as to talk about the prospects
of using electrostatic PL to focus and control intense
beams of negatively charged particles, electrons and
negative ions.

For relatively low-current mode for which elec-
tron beam space charged less than positive space
charged plasma lens it realize electrostatic focusing
passing electron beam.

In case of high-current mode when electron
beam space charge much more than space charge
plasma lens the lens operates in plasma mode to cre-
ate transparent plasma accelerating electrode and
compensate space charge propagating electron beam.
The lens magnetic field in this case use for effective
focusing beam.

The experimental results are in accordance with
computer calculation results.

This work was supported in part by the RFBR
and SFBR of Ukraine under the program of joint Rus-
sian—Ukrainian research projects (RFBR Grant No.
11-08-90405, SFBR Grant No. F40.2/023-2012).
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U TEOpeTUYECKUEe Pe3yabTaThl (DOKYCUPOBKU WHTEHCHB-
HOTO 3JIEGKTPOHHOTO ITy4YKa TJIa3MEHHOM JIMH30# ¢ 00Ja-
KOM aKCHaJIbHO-CUMMETPUYHOTO TIOJIOKUTELHOTO TIPO-
CTPAaHCTBEHHOTO 3apsijia, CO3AAHHOTO LMJIMHAPUUECKUM
YCKOpHUTEJIEM C aHOJHBIM CJI0O€M U MarHUTHOM U30JISIIIUEN
3JIEKTPOHOB.
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YCJIOBUA ®POPMUPOBAHUSA BUPTYAJIBHOI'O KATOJA
B PEIATUBUCTCKOM DJIEKTPOHHOM ITIOTOKE

C.A. KYPKHH, A.E. XPAMOB, A.A. KOPOHOBCKHH, A.O. CEJIbCKHH,

H.C. PPOJIOB, B.B. MAKAPOB

[IpencraBneHsl pe3ybTaThl aHAAM3a YCJIOBUN U MEXaHU3MOB (POPMUPOBAHUS BUPTYaJbHOTO KaTola B
PEISITUBMCTCKOM U YJIbTPAPEISITUBUCTCKOM 3JIEKTPOHHBIX TTOTOKAX ¢ YYETOM COOCTBEHHBIX MAarHUTHBIX
TOJIei TIPpY pa3IMUHBIX BEJIMUMHAX BHEITHETO MAarHUTHOTO TOJIs1. BBISIBJIEHO XapakTepHOe MoBeIeHUe 3a-
BUCHUMOCTEH KPUTUIECKUX TOKOB PEJIITUBUCTCKUX DJIEKTPOHHBIX ITOTOKOB, IIPU KOTOPHIX B ITyYKe (hOpMU-
pyeTcsl KOJIEOTIOIINICS BUPTYaIbHbBIM KaTO/, OT BEJIMYMHBI BHEIIHETO OJHOPOJHOTO MarHUTHOTO TTOJIS.
OOHapy:XeHa HEYCTOMYMBOCTb 3JIEKTPOHHOTO MTOTOKA B a3MMYTaIbHOM HalpaBJICHUMU.

Kntouesvle cno6a: penITUBUCTCKUI 3JIEKTPOHHBIM MOTOK, BUPTYaIbHBII KaToM, BUPKATOP, MAarHUTHOE
ToJie, My4KoBasi HEYyCTOMYMBOCTb, KPUTUUECKU I TOK, HEJTMHEWHAs TMHAMUKA, 3JIEKTPOHHBIE CTPYKTYDHI.

BBEJEHUE

®opMHUpoBaHNe B UHTEHCUBHOM 2JIEKTPOHHOM
MOTOKE CO CBEPXKPUTUYECKUM TOKOM BUPTYaTbHO-
ro xatoga (BK) cBs13aHo ¢ oOpazoBaHueM B IIpO-
CTpaHCTBe Apeiida mydyka MOTEHLMAIbHOIO Oapbe-
pa, oTpaxkalollero 4acTb 2JIEKTPOHHOIO MOTOKa K
TUIOCKOCTU MHXEKIHUU U Ha OOKOBYIO MOBEPXHOCTh
npocTpaHcTBa apeiida [1-3]. Bo3HMKHOBeHUE T10-
TEHIIMAJbHOIO Oapbepa OmpenessieTcss MPOCTpaH-
CTBEHHBIM 3apsIOM WHXEKTUPYEMOIO B KaMmepy
Ipeiiga aaeKTpoHHOro nortoka. Ilpu Manabix ToKax
My4yka ryOMHa MPOBUCAHUS TOTeHIIMala Majua, U
3JIEKTPOHHBIN My4OK MOJHOCTHIO TPOXOIUT O3 OT-
PaXE€HUI K BBIXOMHOM IJIOCKOCTM MPOCTPAaHCTBA
(pexxuM cTallMOHAPHOI TPaHCHIOPTUPOBKU MOTOKA).
C pocToM Toka myyka (mpu (PMKCUPOBAHHOM 3HEP-
TUU YCKOPEHMS 3JIEKTPOHOB) TUIOTHOCTD IMPOCTPaH-
CTBEHHOTO 3apsia MydykKa TakKe pacTeT U, KaK CJel-
CTBME, YBEJWUYMBACTCS IIyOMHA MMOTEHIIMAIbHOMN
saMbl. [Ipy HEKOTOpOM TOKe IyyKa, Ha3blBAaeMOM
MpeaeabHBIM BaKYYMHBIM (MJIM KPUTUYECKUM) TO-
KoM [4, 5], myOuHa MoTeHLMaaIbHOTO Oapbepa cTa-
HOBUTCS TIOCTaTOUYHON TSI OTpaXkKeHUsI 2JIEKTPOHOB
— ¢opmupyetcs BK [1]. Xopoiro uzBectHo, uTo BK
B IIy4Ke PUMHLMIIMAIBHO BeAET ce0s1 HecTallMoHap-
HBIM 00pa3oM, coBepliasl KojiebaHUsI Kak BO BpeMe-
HU, TaK ¥ B IMPOCTpaHCTBe [2, 6-12]. DTO Mo3BOISIET
HCIIOJIB30BaTh 2JIEKTPOHHBIE TTOTOKU CO CBEpXIIpe-
JIeJIbHBIMU TOKaMHu B pexume (opmupoBaHus BK
qutst redHepannu MoiHoro CBY usnyyenns [13-19].
Kputnueckuii TOK, Mpu KOTOPOM B PEISITUBUCTCKOM
aniekTpoHHOM TToToKe (PBIT) popmupyercs BK, saB-
JIIETCSl CTAPTOBBIM TOKOM JIJISI BUPKATOPOB 1 OKAa3bI-
Ba€TCs CPABHUTEJILHO JIETKO U3MEPSIEMOM U BaXKHOM
JUTS TOHUMAaHUS (PU3NYECKUX MPOLIECCOB XapaKTe-
puctukoii B cucteMax ¢ BK.

Kaprtuna bopmupoBanus u nuHamuku BK moj-
poOHO MccaenoBaHa 1 orMcana B tutepatype [9, 10,
14, 20—23] B OCHOBHOM JJIsSI CTy4asi OAHOMEPHOTIO
JOBIDKEHUSI 2JIEKTPOHOB MMyYyKa (IMOJHOCTBIO 3amar-
HUYEHHOIO MOTOKA). BeanunHa KpUTUYECKOro ToKa
B 3TOM CJIy4yae IUIsl IWIMHIPUIECKOTO TPOCTPAHCTBA
B3aMMOJIEUCTBHUS Oblla aHATUTUYECKHU OIpeeseHa
JI.C. bormankesuu u A.A. Pyxanze [4, 24, 25] kak
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, =£ (y(z)/3_1)3/2
S nd/R,+2In(R/R,)’
1
Yy = ——m, (1)
Ve

rme R — pagdyc MpOCTpaHCTBAa B3aWMMOICUCTBUS,
R, m d — paguyc u TommuHaA TPyOUaTOro 3JEK-
TPOHHOTO TyYKa, Y, U V, — PEJATUBUCTCKUIA (pak-
TOPp M CKOpPOCTb 3JiekTpoHOB POII B miockocTu
WHXEKIINA, ¢ — CKOPOCTh CBETa, 1 — YAETbHBIN
3apsifi DJAEKTpOHA. bbLIO MOKa3zaHO, YTO BeJIMYMHA
KPUTUYECKOTO TOKa, onpenejeHHas 1o hopmye (1)
JUUIS 3aMarHWYE€HHOTOo My4YKa, XOPOIIO COTJIacyeTcsl ¢
BKCTIepuMeHTOM |26, 27].

B mocienHee BpeMs Bce OOMBIINIT MHTEPEC BhI-
3BIBACT M3yUYEeHNE TMHAMUKHI 3JIEKTPOHHOTO ITOTOKA
C BUPTYaJTbHBIM KaTOIOM B paMKaX IBYX M TpeXMep-
Horo aHanm3a [18,28—34]. D10 cBSI3aHO C TEM, YTO
OIHOMEpPHAas TeOpUs BUPKATOpa He YUUTHIBACT P
BaXKHBIX aCIeKTOB TMOBEIeHUS JIEKTPOHHOTO MOTO-
Ka ¢ BUPTYaJTbHBIM KaTOJIOM M B PSIfie CIyJaeB IIOXO
coryacyercs ¢ aKcrepuMeHToM. C MpUKIagHOM ToU-
KU 3peHUs] TAKWE NCCIIeIOBAHMS BaXKHBI UTS aHAJT -
3a XapaKTepPUCTUK TeHepaluu UMITYJIbCOB 3JI€KTPO-
MarHUTHOTO M3TYYeHUS B BUpKAaTOpax 0e3 BHEIITHUX
MarHUWTHBIX noJiei [2, 13, 35] uau ¢ HeOAHOPOAHbI-
MM MaTHUTHBIMH TIOJISIMU B 00JacTy (hopMUpOBa-
nusa BK [36, 38].

OmHMM W3 BaXXHBIX HaIMpaBJIIeHW B paMKax
JMAHHBIX WCCIICIOBAHUI SIBIIETCS aHAIN3 BIUSHUS
BHEITHNX MarHUTHBIX TTOJIei Ha KPUTUYECKIE TOKH,
HeoOxonuMmble st hopmupoBaHust BK B aekTpoH-
HoM noToke [1, 39]. ITomoOHBIE UCcaeaOBaHMS ISt
HEPEATUBUCTCKUX W CIA0OPEIITUBUCTCKUAX TI0-
TOKOB B paMKaX IBYXMEPHOTO KBa3WCTAaTUUECKOTO
MoaenrpoBaHus [32, 40] 6buIM poBeaeHbI B pabo-
tax [31, 40—43], mpu 3TOM OBLIIO OOHAPYKEHO, YTO
BHEIITHEe MAarHUTHOE TI0Ji¢ KOHEYHOM BEeTMYMHBI
1 pa3BUBAIOIINMECS B TAKOM MAarHUTHOM TIOJIe IBY-
MepHBIe 3(D(HEKTH TMHAMUKHN 3JIEKTPOHHOTO TTyJKa
OKa3BIBAIOT 3HAUNTEIFHOE BIUSTHUE Ha MEXaHU3MBI
u ycioBust popmupoBanus BK (B Tom uncne n Ha
BEJIMYMHY KPUTUUECKOTO TOKa). DTO 00YCIOBJIEHO,
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BO-MEPBbIX, TeM, UYTO BEJIMYMHA IJIOTHOCTU IIpPO-
CTpaHCTBEHHOTo 3apsina B obnactu BK cuibHO
3aBUCUT OT BEJUUMHBI (POKYCUPYIOIIETO ITOTOK
BHEIIIHEr0 MAarHUTHOTO TIOJisI; BO-BTOPBIX, BHEII-
Hee MarHuTHOE ToJie CYIIECTBEHHO BUSICT Ha Xa-
pakTep AMHAMUKU 3apsKEHHBIX YacTUIl B CaMOCO-
IJIAaCOBaHHOM MOJIe MPOCTPAaHCTBEHHOro 3apsiaa. B
YacTHOCTHU, ObLIO TToKa3aHo [41, 43], uTo ¢ yMeHb-
IIeHWEeM BEJMYMHBI BHEIIHETO0 MAarHWUTHOTO IOJISI
HaOII0AAeTCsl POCT BEIMYMHBI KPUTUUECKOTO TOKA,
OOYCJIOBJIEHHBI YMEHBIIIEHUEM TIJIOTHOCTU TIpO-
CTPAHCTBEHHOTO 3apsiia Mmyyka 3a cuyeT 3(h(heKTOB
KYJIOHOBCKOTO pacTaJIKUBaHUSI BJIEKTPOHOB, MpPU-
BOJSIIIMX K YIIMPEHUIO 3JIEKTPOHHOTIO TTOTOKA B TO-
MepeyHOM HaIpaBJICHUM.

B HacTosMii MOMEHT OcTaeTCsl HeMcClieJOBaH-
HBIM Bompoc 00 yciaoBusix ¢opmupoBaHusi BK B pe-
JISTUBUCTCKUX 3JICKTPOHHBIX MyYKax, HAXOASIIUXCS
BO BHEIIHUX MAarHUTHBIX MOJISIX KOHEYHOI BEJIUYU-
Hbl. C poctoM TOoKa M 3Heprun POIT HeobOxommumo
YUUTHIBATh Psif 9(PHEeKTOB, KOTOPhIE HECYLIECTBEH-
HBbI JJIs1 CJIabOPeIITUBUCTCKUX MOTOKOB. B yacTHO-
ctu, a1 POIT Henb3st mpeHeOpedb COOCTBEHHBIMU
MarHUTHBIMM TIOJISIMU MYy4Ka, KOTOpPble HAUMHAIOT
OKa3bIBaTh CYIIECTBEHHOE BIMUSHHUE Ha YCIOBUS
dopmuposanust BK. Yuer coOCTBEHHBIX MATHUTHBIX
MoJieil MPUBOAUT K HEOOXOAMMOCTHU UCTIOIb30BaHUSI
NPUHLIUITHATBHO TPEXMEPHBIX CAMOCOTIACOBAHHBIX
BJIEKTPOMArHUTHBIX Moaesieil nuHamuku POIT co
CBEPXKPUTUUECKUM TOKOM, UTO JejiaeT MOJ0OHbIe
HUCCJIeOBAaHUS BeCbMa CJIOXHBIMU U TPEOYIOILIUMU
OOJIbIIIMX BBIYMCIUTENIBHBIX MOIIHOCTeil. BmecTe ¢
TeM, MOJOOHBIN yuyeT MPUHLUIIUAIBHO HEOOXOAUM
NpU aHaJIu3e CoOBpeMeHHBIX nMpubopoB ¢ BK — pe-
JISTUBUCTCKUX BUpKATopoB [39] U cuctem yckope-
HUSI MIOHOB [44, 45], No3TOMYy aKTyaJbHOCTb CUCTE-
MaTUYECKUX UCCIEA0BaHUM YCIOBUI U MEXaHU3MOB
(dopmupoBanust BK B POII ¢ yuyeToM TpexmepHbIX
0COOCHHOCTE NTMHAMUKU 3JIEKTPOHHOTO TMOTOKA C
BK gBnsieTcss HECOMHEHHOIA.

B npencraBiaeHHOl paboTe MpUBEACHbBI pe3yib-
TaTbl YUCJIEHHOTO TPEXMEPHOTO BJIEKTPOMATHUT-
Horo MojaeaupoBaHus nmoseaeHust BK B Tpyouatom
POIT npu paznuuHbIix BeIMUMHAX BHEIIHETO OJHO-
POIHOIO MarHUTHOrO ToJjis. BeIsiBIeHO XapakTtep-
HOE MOBEJEHNE 3aBUCUMOCTE KPUTUUECKUX TOKOB
dopmuposanust BK B POIT oT BeanunHbI BHELTHETO
OJHOPOJHOIO MAarHUTHOTO TOJISI.

1. UCCJIEAYEMAA MOJEJIb

Wccaenyemass moaesb MpeacTaBisieT cO00ii OT-
pe30K LWJIMHAPUYECKOTO BOJHOBOAA JIMHOW L
U pagudycoM R, 3aKpBITHIA ¢ 00€MX CTOPOH CEeTKa-
MU. AKCHAJIbHO-CUMMETPUYHBIA MOHOCKOPOCTHOM
TpyOUaThIiA PEAITUBUCTCKUI 3JEKTPOHHBINM ITYy4OK
¢ panrycoM R, u tonmuuHoil d c sHeprueir W, u
TOKOM [ Ha BXOJ€ MHXEKTUPYETCS B IPOCTPAHCTBO
B3aMMOJCUCTBUSI Yepe3 JIeBYI0 (BXOOHYIO) CETKY W
BBIBOJIMTCS 4Uepe3 IpaBylO (BBIXOAHYIO), a TakKXke
MOXET ocelaTb Ha OOKOBOW CTEHKE MPOCTPAHCTBA
B3auMoJelcTBUsl. KOHKpeTHbIe TeoOMETpUUYECKUE
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rnmapamMeTphl, UCOJIb3yeMble B JaHHOU paboTe, paB-
Hbl: L=40 mMm, R=10 MM, R, =5 MM, d =2 MMm.

Broons ocu mpocTpaHCTBa B3aMMOAEHCTBUS
MPUKIAAbIBAETCS BHEIIIHEE OJHOPOAHOE (hOKYCH-
pyioliiee MarHMTHOE TIOJie ¢ MHAyKuuend B = B, .
B manHoii paboTe paccMaTpuBaeTcsl MOAEIb C He-
9KPaHUPOBAHHBIM OT BHEIIHEr0 MarHUTHOTO TOJIs
WCTOUHUKOM 3JIEKTPOHHOIO MMOTOKAa, KOrga Mar-
HUTHOE TI0JIe Ha BXOJE B MPOCTPAHCTBO Apeiida co-
BMAaJaeT C MArHUTHBIM IMOJIEM B 00J1aCTU UCTOUHUKA
My4YKa, 3a CYET Yero 3JIEKTPOHHBI MOTOK He TTPUO0-
peTaeT JOMOJIHUTEIbHBIX A3UMYTaTbHBIX KOMITOHEHT
CKOPOCTH, OTIpeeIsieMbIX TeopeMoii byia [46]. [To-
JIoOHOE pacrpeae/ieHue MAarHUTHOTO T0JIsT SIBJSIETCS
TUMIUYHBIM [IJIT MHOTMX YCTPOMCTB 3JEKTPOHUKU
OOJIBIINMX MOIIHOCTEH, B YACTHOCTH, B MAarHUTHO-
U30JMPOBAHHBIX AMOAAaX, (POPMUPYIOIIUX CUIbHO-
TouHble POII, BHellIHee MarHUTHOE TI0JIe Ha KaToJe
cOBIMaAaeT ¢ (POKyCUPYIOIIMM MarHUTHBIM TOJIEM B
MpocTpaHcTBe Apeiida [46-48].

B pabGote uncroab3yercst HecTallMOHApHAsK TPEX-
MepHasi TIOJHOCTBIO 3JIEKTPOMAarHUTHask MOMAEIb
JUHAMUKU 3JEKTPOHHOTO TOTOKAa B IPOCTPAHCTBE
B3aMMOJCHCTBHUSI, KOTOpasi OCHOBaHA Ha pelIeHUU
CaMOCOIJIaCOBAaHHOM CHUCTeMbl ypaBHeHMIT Mak-
CBeJUIa JISl HAXOXKAEHUST 3JICKTPOMArHUTHOTO TOJIs
B CHUCTEME W YpPaBHEHUI ABMXKEHUSI KPYITHBIX 3a-
PSKEHHBIX YacTHUII, OMMCHIBAIOLIMX 3JEKTPOHHBIN
mydyok [49-51]. OTMeTuM, UTO B HACTOsIIIEe Bpe-
M TIOJOOHBIE MOEIU CTAHOBSITCSI CTAaHIAPTHBIMU
JJI aHaar3a GU3NYEeCKUX MPOLIECCOB B Pa3IMUHBIX
BJICKTPOHHBIX MPUOOpPaX BaKyyMHOI U TJIa3MEHHOM
2JIEKTPOHMKM OOJBIIMX MOITHOCTeU [52]. YpaBHe-
HUSI MaTeMaTUUEeCKO MOJEIN 3aMChIBAIOTCS B Clie-
JIyIOLLIEeM BUJIE:

€ )
otﬁ=—@+4n ,
c ot
divl7?=4rr,
P 3)
divH =0,
d. - =
%: VAV
t
dr )
Zi=p /vy, i=1..N
— b /v i

C COOTBCTCTBYIOIIMMU 3aJaHHBIMMU HadaJlbHbIMU

¥ TPaHUYHBIMH ycIoBUsMU. 3nech £ u H — Ha-
MPSDKEHHOCTH 3JIEKTPUUYECKOTO0 M MarHUTHOTO IT0-
Jei, p U j — IJIOTHOCTH 3apsiia W TOKa, 7, P,
Y — pagnlyc-BEKTOpP, UMITYJIbC W PEIITUBUCTCKUI
dakTOp KpPYMHBIX YaCTHUI, WHAEKC [ OTHOCHUTCS
K i - KpynHo#l yactuue, N — 4YKCJIO YacTull, UC-
MTOJTb3YeMBbIX B YMCICHHOM MOACITMPOBAHUM.

Cxema YMCJIEHHOTO MOJIeJIMPOBaHus Oa3upyer-
Csl Ha TpexMepHoi MoauduKauuu pa3padoTaHHOU
paHee B HalIMX padbotax 2.5—MepHoi cxeMbl [18] u
OCHOBaHa Ha MHTErpUPOBAHUU ypaBHEHUN (2)—(4)
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C TPaHUYHBIMU YCJIOBUSMHU, COOTBETCTBYIOLIMMU
UieaIbHO MTPOBOASIIMM CTEHKaM ITPOCTPAHCTBA B3a-
umozneiicteus. Pemenue ypaBHeHUit MakcBesia B
LUJIUHAPUYECKON CUCTEME KOOPAMHAT OCYLIECTBIIS -
eTCsl CTAaHAAPTHBIM 00Pa30M Ha CABUHYTHIX OTHOCH -
TEJbHO JIPYT JIpyra MpoCcTpaHCTBEHHO—BPEMEHHBIX
CeTKax ¢ MOCTOSSHHBIMMU 1lIaTaMu 110 BpeMeHU Af U
COOTBETCTBEHHO IO TPOAOJbHOM, pagudalbHOW U
YIJIOBOM KOOpauHaraM Az, Ar, AO, Ha KaXI0u U3
KOTOPBIX OMpeaeisieTcsl OJHa U3 TMOJEBbIX KOMIIO-
HeHT (moapobHee cM. [49, 50, 52, 53]). Jast Mmoae-
JINPOBaHUSI BHIBOAA BJIEKTPOMATHUTHON MOILIHOCTHU
WCIIOJb3yeTCsl MOAXO[, OCHOBAHHBIM Ha 3aroJiHe-
HUM MPOBOJSILEH Cpenoil ¢ mMpoBoAMMOCThIO & [50,
54] oTpe3ka 3J1eKTpOAMHAMUYECKON CUCTEeMBbI (BOJI-
HOBOZA), MOAEJIUPYIOIIETO BBIBOA MOILIHOCTU, MPU
L>z>12L.

JInst pelieHUsI peIsITUBUCTCKUX YPaBHEH U IBU -
JKeHUST KPYITHBIX YacTull (4) TpUMEHSIETCS aITOPUTM
bopuca B LMAMHAPUYECKON CHUCTEME KOOPAMHAT
[55]. IIpu 5TOM pacCYUTHIBAIOTCSI TPU KOMIIOHEHTbI
CKOPOCTU V 3apsKeHHOW YacTUIBI — IPOIOJIbHAs
V., paoMaibHas v, U a3uMyTallbHas v, COCTaBIISAIO-
mue. [1oTHOCTh MpocTpaHCTBEHHOTO 3apsina p(7,t)
U TUIOTHOCTb TOKa j(r,f) 3JEKTPOHHOIO IIOTOKAa
BOCCTaHaBJIMBAETCS C MIOMOIIBIO CTAaHIAPTHOI TIPO-
Leaypbl IMHEHHOTO B3BELIMBAHUS YACTUIL HA CETKE
(CIC—meTonm; MeTon «objlaka B siueiike») B LIMJIMH-
JPUUECKOI cucTeMe KOOpPAMHAT B TpeX MPOCTpaH-
CTBEHHBIX U3MepeHusx [50].

2. YCJIOBUA ®OPMUPOBAHUA BK
Y KPUTUYECKHUM TOK PBII
ITPU PA3JINYHBIX BEJIMYMNHAX
BHEHTHEI'O MATHUTHOTO I10JI4

PaccmoTpuM pe3ysbTaTbl UCCIEI0BAHUSI OCO-
oeHHocTeil hopmupoBaHusa BK B Tpyouatom POII,
MOJIyUEHHBIE C MOMOIIbIO TPEXMEPHOI MOJHOCTHIO
9JIEKTPOMAarHUTHOU Moneau. B mepBylo ouepenb,
yIeJMM BHMMaHUWe BOMPOCY aHaIu3a ycjaoBuid ¢hop-
mupoBaHusi BK B tpybuatom POII mpu yBenuue-
HUU BHELIHETO MPOIOJIBHOTO MarHUTHOTO NoJIs B, ,
KOTOpO€ MEHSJIOCh B HallleM ucciiegoBaHuu ot 0
1o 40 xI'c. BennunHa KpUTUYECKOIO TOKa OIIpele-
Jisilach IO 3HAYEHMUIO, BBILIE KOTOPOTO B CHUCTEME
He HaOJII0AaIoCh MOJIHOE MPOXOXIEHUE MOTOoKa, U
NOSBISUICS OTPAXEHHBINM TOK, CO3IaBaeMblid OTpa-
xkeHHbIMU 0T BK snexrponamu. Iloa nmociegHumu
MOHUMAJIUCh 3JIEKTPOHBI, ¥ KOTOPBIX IMPOAOJbHAS
COCTaBJISIONIAs BEKTOpa CKOPOCTU B HEKOTOPOW
TUIOCKOCTU TIPOCTPAaHCTBa Jpelida COOTBETCTBYIO-
et obaacTu Bo3HUKHOBeHUsT BK BriepBble MeHs1a
cBoii 3Hak. [Tpy 5TOM BelMYMHA TTPOLIEAIETO U OT-
PaXXeHHOTO TOKa (PIYKTYUPOBaJIM BO BPEMEHU C ya-
CTOTOM, IIPOIIOPLIMOHAIILHON IIJIA3MEHHON 4acTOTe
nyYka o, , TO eCTh B cucteMe popMUpoBasICcs HecTa-
muoHapHbiii BK, yacToTa KoTOporo ompeaeisieTcs
mwia3MeHHou yactoroid POII [1, 3, 14]. ITocnenHee
npuBoaniio K Bo3oyxaeHuo CBY konebaHuii aaek-
TPOMarHUTHOIO I10JIsI Ha yacToTe Koyuebanuii BK, mo
KOTOPBbIM TaKXe AMarHOCTUPOBaOCh 0Opa3oBaHUE
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HecTaumoHapHoro Koseobmoiierocssi BK B mortoke.
DTO MO3BOJISIO OMPEACSITh MOMEHT MmosiBieHust BK
U, CJIeJ0BaTeIbHO, BEJIMUYMHY KPUTUYECKOIO TOKa
IMy4Ka ¢ BICOKOI TOUYHOCTBIO.

Ha puc. 1a npeacraBieHbl 3aBUCUMOCTUA KpU-
tnyeckoro toka /[, POII, mpu KoTopoM B cucteme
dopmupyetcs HectalmoHapHblii BK, oT BenuunHbl
BHEITHET0O MAarHUTHOIO TNoJsl B, Ui PasiIndHBIX
3HAYEHUI SHEPTMM UHXKEKTUPYEeMOro rotoka W, .

Ier, XA
I, xA 0.45

B, xI'c

o Iy iy T’_
Bch B max B min BO

Puc. 1. a — 3aBUCMMOCTH KPUTUYECKOTO TOKA TPyOUaTOro
PBII ot BemnunHBI MHAYKLIMY BHELITHETO OJHOPOIHOTO
MAarHUTHOTO TIOJIST /ISl 3HAUeHU I HauaIbHOM SHEPTUU
anekTpoHoB W, : kpusasa I — 0.48 MaB, 2— 0.6 MaB,
3—0.850 MaB u 4— 1.0 M»B. Ha Bpe3ke nokazaHa
KpUBasi KpUTUUECKOTO TOKA JIJ151 CIab0PEISITUBUCTCKOTO
NoTOKa ¢ oHeprueit W, =0.079 MaB (13 pabotsi [43]);
6 — cxeMaTnyeckoe N300pakeHne TUIMTUYHOMN 3aBUCUMO-
cru [, (B,) POII, Ha KOTOPO#i NOKa3aHbI XapaKTePHbIE
BEJIMYMHbI BHELIIHETO MATHUTHOTO TIOJISE: B!, — BEJIMYM-
Ha MHIYKIIMW BHEIITHETO MAarHUTHOTO MOJISI, IIPU KOTOPOI
KPUTUIECKUI TOK ITyuyKa JOCTUTaeT NEPBOro MUHUMAJIb-
HOTO 3HaYeHust; B! — — BeJMYMHA NHAYKLUY BHELIHETO
MAarHUTHOTO T10JIs, TIPU KOTOPOI KPUTUUECKUI TOK ITyJKa
JIOCTUTAET JOKAJIbHOTO MAaKCUMAaJIbHOTO 3HAYCHMUS,
Brim‘n — BeJIMYMHA MHAYKIIUY BHEITHETO MATHUTHOTO
I0JIs1, MPU KOTOPO#A 3aBUCUMOCTD [, (B,) BBIXOAUT
Ha CTallMOHApHbI YPOBEHb

JlaHHbBIE 3aBUCUMOCTH OTpaxaloT yciaoBus Gop-
mupoBanus BK B tpyouaTom POII Bo BHelIHeM o/1-
HOPOITHOM MAarHUTHOM IT10JI¢ KOHEUHOM BEJIMYMHEI.
st cpaBHEeHUS Ha Bpe3ke K pUcC. la nmpencTaBieHbl
COOTBETCTBYIOIIME KPUTHUYECKUE 3HAYCHMS TOKa
Mmyyka it c1abopesiiTUBUCTCKOTO TPyOUaToro ro-
TOKa, B3sThie 13 padoT [40, 43].

B cnyuae POII, kak BUIHO U3 puc. la, nipu
3HAYCHMSAX MHAYKIWM BHEIIHETO0 MAarHUTHOTO
ToJIAl, JIeXalux B auanasone ot 0 no B’ (xapak-
TepHass (opma 3aBUCUMOCTM KPUTUUYECKOTO TOKa
POIT oT BeaMuMHBI BHEIIHETO MAarHUTHOTO TIOJISI C
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HaHEeCEeHHBIMM XapaKTePHBIMM BeIMUMHAMM BHEIII-
HETo MarHWTHOTO TIOJIS TToKa3aHa Ha puc. 16), Ha-
GJrromaeTcst 00JIacTh pOCTa KPUTHIECKOTO TOKA ITyYKa
C POCTOM BHEIITHEro MarHUTHOTO TToyst. PocT Bem-
YUHBI KPUTUYECKOTO TOKA IJIST YIBTPAPEISITUBUCT-
CKHUX 3JIEKTPOHHBIX MTOTOKOB ¢ aHeprusimu W, > 0.6
MeB (xp. 3 u 4 Ha puc. 1a) HauMHaeTcs1 cpaly npu
B, >0. Ipn MeHbIIMX 3HEPTUSX WHXKEKTUPYEMBIX
3JIEKTPOHOB POCT KPUTUYECKOTO TOKA MMEET MECTO

NpM BHELUIHMX MarHUTHBIX NOJIsAX By > B!, (cM. Kp.
1 u 2 Ha puc. la). B ciiyuae MHXEKLUU B CUCTEMY
CJ1a00OPEIITUBUCTCKOIO (MJIM HEPEISITUBUCTCKOIO)
3JIEKTPOHHOTO MOTOKA MOJ00HOE YBeIUYEHUE KPH-
TUYECKOTO TOKa He Habjmopaercs (CM. Bpe3Ky Ha
puc. la), n 3aBucumocts I,.(B,) AEMOHCTpUpPYET
JUTSL 9TOTO CIydast MOHOTOHHBIM Criaj.

ITpu 6obILIMX BEIMUMHAX BHELTHETO MATHUTHO-

ro nonss By > B),. Npu MOGbIX 3HAYEHUSAX SHEPTUM
WHXEKTUPYEMOTO 3JIEKTPOHHOIO ToToka (puc. la)
C POCTOM MHIYKUMU B; BHOBb HaOJIIONAETCA MOHO-

TOHHOC YMCHBIIICHNEC KPUTNYCCKOI'O TOKA ITy4yKa, KO-

TOopoe Ipu B, ~ B), CMEHSETCS €r0 HACBILIEHUEM Ha
MOCTOSIHHOM, OTHOCUTEJIbHO HEBBICOKOM, YPOBHE.

ITpoBeaeM cpaBHEHUE BETUUYUHBI KPUTUUECKO-
ro tToka tpyoyaroro POII B 6oablIOM MarHMTHOM
noste ( By =40 xI'c), Koraa IMHaAMUKY 3JIEKTPOHOB
My4ykKa MOXHO CUMTATh MPaKTUUYECKU OJHOMEPHOIA,
C TIpeAe/ibHbIM BaKyyMHBIM TOKOM, OIpeae/sseMbIM
u3BecTHoit opmynoit (1). Ha pwuc.2 mokazaHbl
paccuntanHele ipu By =40 xI'c BeJIMYMHBI Kpu-
TUYECKOTo Toka Tpyouatoro POII mpu paznuuHbIx
3HAYEHUSIX HaYaJIbHOH 3Heprun W, (TOYKM) U aHa-
JIMTUYECKast 3aBUCUMOCTD g, (1) AJIST MOJIHOCTBIO
3amaramyeHHoro POII. Xopolro BUIHO, YTO 3aBU-
CUMOCTHU IEMOHCTPUPYIOT XOPOIliee KAYeCTBEHHOE U
KOJIMYECTBEHHOE COOTBETCTBUE, UTO TOBOPUT O KOP-
PEKTHOCTU HCIOJb3YEMOI aHAIMTUYECKOW M 4YMC-
JICHHO# Mojesei ajs onucaHus noseaeHust POII B
TPEXMEPHOU reOMeTpUM.

1., kA

0 T T T
0 0.4 0.8 12

W, M»>B

Puc. 2. CpaBHeHMe BeJIMUMH KpUuTHdeckoro Toka POII,
paccYMTaHHBIX IO aHAIUTUYECKOi (hopmyste (1)
(crutonrHast TMHUS ) ¥ YMCJIEHHO TIPU MarHUTHOM T10JIe
B, =40 xI'c, xorna 1MHaMKKa Iy4ka OmsKa
K OTHOMEPHO (TOUKM ), JUTSl pa3IMIHbIX 3HAYECHU I
HavyaJIbHOM SHEpruu W, s5eKTpOHOB

Takum o6pa3om, aHAIU3 TTOBEIEHWS BETUUYNHbI
TOKa, Ipu KotopoM B POIT hopmupyercst Hecrammo-
HapHbIK Kosebmomuiicss BK, mokasan, 4yTo npu He-
KOTOPBIX BEJIMYMHAX BHEIIHETO0 MarHUTHOTO TOJIS
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B, = B, , 3aBUCAIINX OT 9HEPIUU HHKEKTUPYEMBIX
JIEKTPOHOB, HAOIIONAETCS MOSIBIEHUE JIOKAIbHBIX
MaKCHMMYMOB, KaK BUIHO U3 puc. la. JlaHHOe mnoBe-
JeHUE He HAaOJI0AAeTCs TIPU MaJIbIX SHEPTUAX DJIEK-
TPOHOB M UMEET MECTO C POCTOM TOKa ITy4Ka MpH Ie-

PEXOAC K PEIATUBUCTCKUM SHEPIUAM SJICKTPOHOB.

3. DU3NYECKUE ITPOLLECCHI,
INPUBOJAIINE K ®OPMUPOBAHUNIO BK
B POII ITP MAJIBIX BHEIITHUX
MATI'HUTHBIX ITOJIAX

Kak mokazan aHanu3 ¢GU3MYECKUX Mpoliec-
COB, MTOBEJCHME 3aBUCUMOCTE KPUTUUECKOIO TOKa
1..(B,), npuBeneHHBIX Ha pucC. la, onpeaesnsieTcs
BJMSIHUEM COOCTBEHHBIX MAarHUTHBIX Tosieit POIT Ha
JUHAMMKY My4yka U, COOTBETCTBEHHO, Ha YCJIOBUS
dopmupoBanusl HectauroHapHoro BK. Kaxk crien-
CTBME, TaHHBIA 3(pdeKT Hanbosee IpKO MPOSIBISIET-
Csl IPU HEOOJBIINX BEJIMUYMHAX BHEIITHEIO MarHUT-
HOTO TOJISI M BBICOKUX DHEPTUSIX UHXKEKTUPYEMOTO
nyuka W, >0.6 MaB.

PaccMoTpuM naHHBI BOIIpoc 0oJjiee MoapOOHO.
Ha puc. 3—5 npuBeaeHbl cepuy TUITMUYHBIX KOH(MU-
IypalMOHHBIX MTOPTPETOB My4yKa — MPOEKIINiI MTHO-
BEHHBIX IOJIOXEHMI (Z;,7;,0;) KPYMHBIX YacTHULL,
Mozaenupytomux POII, Ha MIOCKOCTH MPOAOIbLHO-
ro (z,r) u nomepeyHoro (7,0) ceyeHMsI MPOCTPaAH-
CTBa B3aMMOJEMCTBUS MPU TOKaX IyuyKa, OJIU3KUX K
KpUTHYECKOMY 3HaueHuto [ >1,.(B,), u npu pas-
JIMYHBIX XapaKTepHbIX BEJIMYMHAX MHIOYKLIMU B
BHEIIHEro MarHMTHOro mnoJjisg. Puc. 3 cooTBeTCTBYET

3HAYEHMIO MATHUTHOTO ToNist By < B, , Nexariemy

JieBee JIOKaJbHOTO MaKCMMyMa KpuBoul [ Ha puc. 1,

puc. 4 — 3HAYEHUIO BHEIIHErO MarHUTHOIO IMOJIS
~ Rl

B 00JIaCTH JIOKaJIbHOTO Makcumyma (By~B, . ) u

puc. 5 — o01acTy HacklleHUs 3aBucuMoctu /. (B)

Ha MOCTOSIHHOM YpOBHe ( B, >> B,'m.n ). Bce pucynku
C MOJIOXKEHUSIMM YACTULL MOCTPOEHBI MPU DHEPTUU
anekTpoHoB W, =0.48 M»3B.

Bbl10 06HapyKeHO, YTO MPU MaJIbIX BEJTUYMHAX

BHEIIHero MaruutHoro nons 0< By < B! (cMm. puc.
1,06) nuHamuka 31eKTpoHoB POIT B obsact MUHU-
myMa noteHiuana (BK) npuHuumnuaibHO MeHsIeTCs
10 CPAaBHEHUIO CO CJIyyaeM ci1abopesiTUBUCTCKOTO U
HepeJITUBUCTCKOTO Myyka. Tak, B 3TOM cliyJyae B IIK-
pokoM auanazoHe ToKoB POII oOHapyxeH 3gdekT
pPa3BUTUSI HEYCTOMYMBOCTU B BJEKTPOHHOM IOTO-
K€, KOTopasl IPMBOJUT K CUJIbHOW HEOAHOPOIHOCTU
9JIEKTPOHHOTO MOTOKa BAOJIb PaJuaJIbHOIO HaIpaB-
JIEHUs Y, KaK CJIEJCTBUE, K TOTEPE MyYKOM a3uMy-
TaJbHOU cuMMeTpuu. JlaHHasi HEYCTOMYMBOCTD Iep-
BOHAYaJIbHO aKCUAJIbHO-CUMMETPUYHOTO COCTOSTHUS
My4yka oOyCJOBJIEHA HaJIWYMEM CUJIbHBIX COOCTBEH-
HBIX MarHuTHBIX noseit y POIIL. [eiicTBUTEILHO,
BEKTOP COOCTBEHHOIO a3UMYTaJbHOTO MAarHWTHOTO
noss By moroka, co3naBaeMoro npoaobHbIM TOKOM
mydka (onpeaensieMbIM 3apsKEHHBIMU YacTULIAMU,
UMEIOLIMMU MTPOJOJIBHYIO COCTABJISIIOLILYIO0 CKOPOCTU
V. ), PacIOJIOKEH B IJIOCKOCTH IONEPEYHOro ceye-
HUST TIPOCTPAHCTBA B3aMMOIEHCTBUS [56].
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Puc. 3. Cepuu npoekiiniit MTHOBEHHBIX TTOJIOXXEHU
KPYITHBIX YaCTUIL 3JIEKTPOHHOTO MTOTOKA Ha MJI0CKOCTh
(z,r) (cnesa) u Ha IwI0cKOCTH (#,0) TIpU 7 =6 MM
(cripaBa) B moc/ieI0BaTEIbHbIE MOMEHTHI BpEeMEHU
curarom A7 =0.1 Hc MeXay IepBBIM U BTOPBIM KaIpoM
u At=0.2 Hc Mexny BTopbIM 1 TpeTbM nipu B =13 kIc,
1=17.5 xA; W, =0.48 MaB. Ha npoek1usix KoHbHTY-
PalMOHHBIX TOPTPETOB MOKA3aHbI TOJIBKO 3apsKEHHbIE
YaCTUIIbI, HAXOMASIIIIMECS 3a MJIOCKOCThIO MPOESKIINU.
BeprukanbHol MyHKTUPHOM JTMHKEH HA PUCYHKAX 4, 6,
0 0003HaYeHa MJI0CKOCTh, MPOEKIIMY MyyKa Ha KOTOPYIO
M300pakeHbl Ha PUCYHKaXx 0, e U e

OaHOBpPEMEHHO, 3a CYEeT HaJlu4usl 3HAUUTEsb-
HOTO0 MO BEJWYMHE MOMEPEYHOro TOKa, Ompele-
JIIEMOTO 3JIEKTPOHAMM, UMEIOIIUMU paauaibHble
COCTaBJISIIOIINAE CKOPOCTH V, W3-3a palHlalbHOU
pPacXoIMMOCTHU My4Ka, He (DOKYCHPYyEeMOT0 BHEILIHUM
MarHUTHBIM TI0JIEM, TIOSIBJISIFOTCSI MTPOJOJIbHBIE CO-
craBisonine B] cOOCTBEHHOTO MarHMTHOTO TIOJIA.
IlocnenHee MPUBOAMT K MOSIBJICHUIO a3UMYTaJIbHOM
cuibl JlIopeH1a, eMCTBYIOLIEH Ha 2JIEKTPOHBI ITOTO-
Ka, ABMKYIIMEeCs B MoMepeyHoM HampasieHuu. Kak
CJIeICTBUE, OHU MPUOOPETAIOT a3UMYTaIbHbIE KOM-
TMOHEHTHI CKOPOCTH, T.¢. POII HaunHaeT Bpaiatbcst
BOKPYT OCH CUMMETPUU CUCTEMBbI KaK €IUHOE 11eJ10e
Omarogapst COOCTBEHHBIM MarHUTHBIM moyisiM POIT.
B atoMm ciyyae, 3a cueT meMCTBUS LIEHTPOOEKHOM
CUJIbI Ha Bpallalolluecsl 3JeKTPOHbI, B IMyyke 00-
pasyeTcsl BUXpeBasl CTPYKTypa, KOTOpask MPUBOIUT
K CWJIbHOW aCUMMETPUM MOTOKA B a3UMYyTaJIbHOM
HampaBJIeHUU U pa3pyLIEHUIO TpaHMIbI ITyyka. To-
KoocelaHue Ha MOMepeyHylo CTEHKY MPOCTPaHCTBa
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Puc. 4. Cepun npoekiinit MTHOBEHHBIX MTOJIOXEHU I
KPYITHBIX YaCTHII 3JIEKTPOHHOTO ITOTOKA Ha MJIOCKOCTh
(z,r) (cnesa) v Ha rockocts (7,0) mpu z=6 MM
(cripaBa) B TIoCjie1I0BaTeIbHbIE MOMEHTHI BDEMEHU
curarom Af=0.2 ucnpu B=5 kI'c, I =9 xA;
W, =0.48 M»aB. Ha npoek1usx KOHGHUTYPaLMOHHBIX
MTOPTPETOB MOKAa3aHbI TOJIBKO 3apPSIKEHHbBIC YaCTHUIIBI,
HaxOISIIINECS 3a TUIOCKOCTBIO MPOEKIINH.
BeptukanbHOI MyHKTUPHOU JUHUEH
Ha pHC. a, 8, 0 0003HaYCHA IJIOCKOCTh,
MPOEKIINU ITyYKa Ha KOTOPYIO N300pakeHbI
Ha pucC. 6, eU e

B3aMMOJCHCTBUSI BOJIM3U TIJIOCKOCTU WMHXKEKIIUU
CUJILHO BOo3pacTaeT 0Jlarogapsi HeyCTOMYMBOCTH T10-
TOKA.

dopmupytonasicss BUXpeBast CTPYKTypa Bpalia-
eTCsl B MPOCTPAHCTBE Apeiia, uTo XOpollIo Mpoce-
JKMBAeTCsI TIPU CPaBHEHUU CEYEHUII KOH(UTYypallU-
OHHBIX MOPTPETOB IMyYKa, U300pPaKeHHBIX Ha PUC.
3 (6, e v e) 1Sl pa3IMYHBIX MOMEHTOB BPEMEHHU ;.
CeueHue BbIOpaHO B TOYKE Z, =6 MM MPOCTpPaHCTBA
B3auMogelicTBus. CienyeT OTMETUTD, UTO (pu3nye-
CKMIA MEXaHM3M pPa3BUTUSI HEYCTONYMBOCTU MMEET
0011IMe YePThl C XOPOILLO M3BECTHON KOHBEKTUBHOM
HEYCTOMUMBOCTBIO My4yKa B MPOJOJbHOM BHEIIIHEM
MarHUTHOM TOJie KOHEUHOI BeJIW4YuHBbI |5, 57, 58],
KOTOpasi BO3HUKAET 3a CUeT HEOAHOPOAHOrO pac-
npeaeaeHus INIOTHOCTU WIM CKOPOCTU 3JIEKTPOHOB
My4YKa B paguajibHOM HampaBieHuu. OgHaKo B pac-
CMaTpUBAeMOM CJlydyae HEYCTOMYMBOCTh BOZHUKACT
3a cueT B3aumoneiicteus POII He ¢ BHelIHMM, a ¢
COOCTBEHHBIM MarHUTHbBIM MOJIEM.
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Puc. 5. Cepunt MpOEKIMiA MTHOBEHHBIX TIOJIOXKEHUI
KPYIHBIX YaCTHLL DJIEKTPOHHOTO MOTOKA Ha TUIOCKOCTh
(z,r) (cnesa) u Ha mtockocTs (7,0) mpu 7 =6 MM
(cmpaBa) B IocJie0BaTeIbHbIe MOMEHTBI BpeMEHU
cwarom Af=0.2 ucupu B=30 xI'c, I =10 kA;
W, =0.48 M»B. Ha npoeKuusix KoH(UIYpaLuOHHBIX
MOPTPETOB TOKA3aHBI TOJILKO 3aPSKEHHBIE YaCTULIB,
HaXOIAIINECS 3a IIOCKOCTBIO POEKLMU. BepTUKanbHOIA
MYHKTUPHOI JIMHUEN HA PUC. @, 6, 0 0003HAYEHA TLIO-
CKOCTb, MPOEKIMHU ITy9Ka Ha KOTOPYIO M300paXXeHbI Ha
puc. 6, eue

OOHapyXeHHas1 HeycToiuuBocTtb POII mpu-
BOIUT K YMEHBIIIEHNUIO KPUTUIECKOTO TOKA ITydKa,
HeobOxoaumoro st ¢opmupoBanus BK, 3a cuer
YMEHBIIECHMS TIPOIOJBHON 3HEPTUU 3JIEKTPOHOB U
YBEJIMUYEHMSI X pa3dpoca 1o CKOPOCTSIM B ITPOCTPaH-
ctBe B3aumoneiictBus. Kak ciencrsue, BK popmu-
pyeTcs B 00J1acTh BO3HUKHOBEHHUSI BUXPEBOI CTPYK-
TYphl, TA€ TUIOTHOCTh MPOCTPAaHCTBEHHOIO 3apsia
PBOI1 makcuManbHa Gnaromapst OOJbIIOMY KOJUYE-
CTBY 3JIEKTPOHOB C MaJIbIMU cKopocTsMu. Puc. 3 (a,
6 1 0) IEMOHCTPUPYIOT Ha TutockocT (Z,7) (0=0)
XapaKTepHYIO0 KapTHUHY (POpMUPOBAHUS U TMHAMMU-
ku BK B POII B paccmaTpuBaeMoM cirydae. XOpolIo
BuaHO, yto BK (Hamnbosee TemHass 001acTh Ha KOH-
(burypalimoHHBIX TTOPTPeTax G1arogapsi MaKCUMallb-
HOM IUIOTHOCTH 3apsifia) 00pa3yeTcs BOJIM3U IIOCKO-
cTi uHXeKIuu. OH UMeeT HeCUMMETPUUYHYIO (hopMy
B MPOCTPAHCTBE, a €ro CpeaHee IMOJOKEHUE COBEp-
1IaeT ¢ TeYeHUEM BPEMEHU MPOAOJbHBIE OCLIMILIS-
LMY MaJIoi aMIUIUTYbI (Cp. puc. 3, a, 6 1 0).
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C poCcTOM BHEILIHET0 MarHUTHOTO TMOJIST a3UMY-
TajbHasi HEYCTOMYMBOCTD MTOAABIISIETCS (POKYCUPYIO-
IIUMU CUJIaMU BHELIHETO MarHUTHOTO MOJisl, KOTO-
pble HampaBJieHbI MPOTUBOIMOJOXHO LHEHTPOOESXKHOMN
cuJie, IefCTBYIOLIEH Ha BpalllalolIMecs 3J1eKTPOHBI.
[pu sHeprusx myuka nopsinka W, ~(0.4+0.7) MaB
POCT KPUTUYECKOTO TOKAa UMEET MECTO B IMarna3oHe
BHELIHMX MATHUTHBIX ronieil B!, « B! (cM. kp. 1 u
2 Ha puc. 1, a), npu 6onbiux sHeprus POIT — ot
0 mo B!, (puc. 1, a, kp. 3 u 4). Nauusiit ohdekT
WJUTIOCTPUPYET puc. 4, TTOCTPOSHHBIN TSI BEIMUU-

Hbl BHELIHETO MAarHUTHOTO mojss B, ~ B coot-
BETCTBYIOLIEH 00J1aCTH JJOKAJbHOTO MaKCMMyMa Ha
3aBMCUMOCTH KpuTnieckoro Toka [, (B,) (cMm. puc.
1, a). JlelicTBUTENbHO, KaK BUJIHO U3 pUc. 4, 6, e u
e, BUXpeBasl 3JICKTPOHHAsI CTPYKTypa, Bpallaroiiasi-
csl B a3UMyTaJlbHOM HaIpaBJIeHUU, pa3pyllaeTcs,
U 3JEKTPOHHBIN TMOTOK 3alloJiHsIeT MPOCTPAHCTBO
B3aMMOJCHCTBUSI B paJiMalbHOM HaMpaBieHUU Oe3
CYIIECTBEHHBIX a3MMYTaJIbHbIX HEOAHOPOAHOCTEIA.
[110THOCTH MPOCTPAHCTBEHHOIO 3apsiia MmaaaeT, U
KPUTUYECKUI TOK, HEOOXOAMMBIN mjisi (opmMupo-
BaHusl BK, pacreT B aTOM pexxume paboThl. Kak u
MPU MEHBILIMX MarHUTHBIX noJisix, POIT kak 1enoe
BpalllaeTcsl B asuMyTajJbHOM HampabieHuu, a BK
(TIJIOTHBIM CTYCTOK YacTHUIl Ha puc. 4, a, 6 U d) COBEp-
1IaeT MPOCTPAHCTBEHHO-BPEMEHHBIE KOJieOaHUsI.
CrenyeT 3aMeTUTh, YTO TOMEpevyHasl IMHaMuKa Ja-
CTUII 3JIEKTPOHHOTO MOTOKA K O0KOBOI CTEHKE IMpO-
CTpaHCTBa Apelida MPUCYTCTBYET B CUCTEME, HO YXKe
OKa3bIBaeTCsl B HEKOTOPON CTeNeHU OrpaHUYEHHOMN
BO3POCIIMMHU CUJIAMU BHEIIHEro (OKyCHUpYIOLIEro
IMy40K MarHUTHOTO MOJISL.

ITpu pganbHeieM yBeJIMUEHUU BHELIHETO Mar-

HuTHOTO MoJist ( By > B, ) HAGIIONAETCS MOHOTOHHOE

YMeHBbIIeHNE KpUTHIecKoro Toka POII, cmenstoniee-
cs npu By ~ B,,, €ro HachbllIEHUEM Ha MOCTOSTHHOM

min

i
ypoBHe. Takoe oBeIeHNe 3aBUCUMOCTUTIPU B > B, .

00yCIOBJIEHO MEXaHW3MOM OTpaHUYEHMS ITorepey-
HOI AMHAMUKU YaCTUIl B 3JEKTPOHHOM ITOTOKEe (o-
KYCUPYIOIIMMU CUJIAMU BHEIITHETO MAarHUTHOTO TTOJIS,
B pe3yJIbTaTe Yero KpUTUUECKUI TOK YMEHBILIAeTCs 3a
CYeT YBEJUYECHMS TUIOTHOCTHU IIPOCTPAHCTBEHHOTO 3a-

psina POII. Benvunna B., COOTBETCTBYET BEIMUMHE
BHEIITHETO MarHUTHOTO TTOJIsI, TIPY KOTOPOI TToTepey-
Hast nuHamuka POIT oka3bIBaeTCsT MMOTHOCTBIO MOIA-
BJIEHHOM. JITaHHBI! MEXaHU3M aHAJIOTMUEH OTTMCAHHO-
My paHee JUIsI cnabopensiTUBUCTCKOro Imydka [40, 43]
(cM. Takke Bpe3Ky Ha puc. 1, a). I3 puc. 5 BugHO, 4T0

[1PpU OOJIBIION BEJIMYMHE BHEILIHETO MATHUTHOT'O I1OJIST
(B, > B!, ) nonepeyHas AMHAMKMKA 3apSKEHHBIX Ya-

min
CTULI OTCYTCTBYET, U YILIMPEHUSI ITOTOKA B paguaibHOM
HampaBJIEeHUN He TTIPOUCXOINT.

IIpn cpaBHeHUM KpUBBIX 1, 2 1 KpUBBIX 3, 4 Ha

puc. 1, a CTaHOBUTCS OYEBUIHBIM, YTO CYIIECTBYET

HEKOTOpOE XapaKTepHOoe 3HaueHue sHepruu WS
POI1, npu mpeBbIllIeHUN KOTOPOTO TOBEACHUE 3a-

i
sucumoctu [, (B,) Ha unrepBane (0,B,,.) kaue-
CTBEHHO M3MEHSIETCS, & UMEHHO MCYe3aeT 00J1acTh
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YMEHBIICHUA BCJIMYUHBI KPUTUYCCKOTO TOKa C po-
CTOM MAr"HmTHOIO ITOJIA BO . P aCCMOTpUM CbI/ISI/I‘Ie-
CKUEC IIPOLECCChI, TPUBOAAIINE K TAKOMY USMCHCHMUIO
IOBCACHUA CUCTEMBI.

HpI/I YBCJIMYCHHNHN BHCIIHETO MAariHMTHOI'O IMOJIA

Ha MHTepBaje (O,B,’;,ax) Ha0JI0aeTCsl, BO-MEPBHIX,
a(pdeKT IMomaBIeHUS a3UMYyTaJIbHOM HEYCTOMYM-
BOCTH, YTO CIIOCOOCTBYET YBEJIMUCHHUIO KPUTHYE-
CKOT'O TOKa ITyuyKa, W, BO-BTOPBIX, OTPAaHUYMBACTCS
rornepeyHas TMHAMMKa 3apssKeHHBIX YacTHll, 4To,
HaINpoOTUB, MPUBOIUT K €ro yMeHbllIeHut0. MHKpe-
MEHT pa3BUTUY Aa3MMYTaJbHONH HEYCTOMYMBOCTU
BO3pAaCTaeT ¢ yBeandyeHueMm sHeprun POIT W, | T.k.
BBI3bIBalOIAs ero cuiia JIopeHiia pacTeT mponopIm-
OHAJILHO KBapaTy CKOPOCTU MHKEKTUPYEMOTO ITyY-
ka: F, ~vyB* ~vyl, ~v; ~W,, tne F, — cuna Jlo-
peHlia, B° — cobcTBeHHOE MarHuTHOe MoJjie POII,
a, cieoBaTesIbHO, yBearudeHue saHepruu POII cro-
COOCTBYeT 0oJjiee OBICTPOMY Pa3BUTHUIO a3UMYyTallb-
HOI HEYCTOMUYMBOCTU U (DOPMUPOBAHUIO BUXPEBOIL
CTPYKTYpBI. M3 BBIIIIECKAa3aHHOTO CJIEIyeT, YTO MPU
OTHOCUTEJIbHO HeOOoMbLIMX oHeprusix POIT W, <W [ |
KOrJa BJIMSIHUE a3UMYTaJbHOM HEYCTOMYMBOCTU HE
CTOJIb 3HAYUTEJIbHO, C POCTOM BHELIHETO MAarHUTHO-
ro MoJIsl CHavyaja HabaoaaeTCsl yMeHblIEeHUEe KPUTH -
YECKOTo TOKa ITyykKa, 00YyCJIOBJIEHHOE MEXaHU3MOM
OTrpaHUYEHUS TTOMEePEYHON TMHAMUKH 3aPSKEHHBIX
YJacTHUII B CUCTEME, a TOJBKO 3aTeM — YBEJIWUYCHHE,
BBI3bIBAEMOE CUJIbHBIM IMOJIaBJI€HUEM a3UMYTaTbHOMN
HeyCcTOMUYMBOCTU (CM. KpuBble 1 1 2 Ha puc. 1, a).
C yBenmmuenuneM sHepruu POI1 BinugHue saddexra
a3MMYTaJbHOW HEYCTOMYMBOCTA MPU HEOOJBLIMX
BHEITHMX MAarHUTHBIX TMOJISIX TaKXke BO3pacTaeT, U
OH HauMHAET WTPaTh OIpeAesdioniee 3HAUYCHNUE B
mexaHu3Max passutust BK B cucteme, moaromy ero
MoJaBjJeHUe NPUBOJUT K CUJIBHOMY POCTY KpUTHYE-
cKoro Toka myuka. Kak cienctsue, BbicOTa MaKCH-
MyMa Ha 3aBucumocTtsix /,.(B,) Hapuc. 1, a Bo3pac-
TaeT ¢ yBeJIMYEHUEM HayaibHOM 3Hepruu POIT W, .
DT0 XOPOIII0 BUAHO IIPU CPaBHEHUM KPUBHIX 1,2, 3 1
4 Hapuc. 1, a, COOTBETCTBYIOIIMX YBEJIUUUBAIOLINM -
sl 3HaUeHMSIM W, , B 00JIaCTM OTHOCUTEIbHO MaJIbIX
MATrHUTHBIX MOJIEH.

[pu 6onbiuuxsHeprusx POIT W, > W (xpuBble
3u4Hapuc. 1, a) yBelMueHHe BHEITHETO MATHUTHO-
TO TOJISI B UHTEPBAJIE (O,B,’;,ax) Cpasy MPUBOJIUT K PO-
CTy KpUTUYECKOI'O TOKA My4Ka, T.K. B JAHHOM CJlyyae
pa3BUTHE a3UMYTAJIbHON HEYCTOMYMBOCTHU SIBJISIETCSI
OCHOBHbIM (DaKTOpOM, CMOCOOCTBYIOIIUM (HOPMU-
poBanuio BK B cucreme. [laxke HeOobllIOEe orpa-
HUYeHHE DaHHOTO 3¢ ¢eKTa BHEIIHUM MarHUTHBIM
MOJIEM BBI3BIBAET BO3pacTaHWe KPUTUIECKOTO TOKa.
B pesynbrare HabaI0JAETCSI MOHOTOHHOE yBEJIMYE-
HHEe KPUTUYECKOIO TOKa MyykKa C pOCTOM BEJIMUYMHBI
BHELIHEr0 MarHUTHOTO T0Jis1 B uHTepBate (0,B) ).

Taxum obpa3om, HayaabHask SHEPTHUS DIEKTPO-
HoB W, POII sBisiercsi XapaKTepHbIM 3HAYEHUEM,
MPU TPEBBIIIEHUN KOTOPOTO M3MEHSIETCS] COOTHO-
lIeHue Mexny pusndyecKumMu addexramu, mpouc-
Xongmumu B pexume popmupoBanus BK B POI1
MPY MaJIbIX BHEITHUX MAarHUTHBIX TTOJISIX.
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3AK/IIOYEHUE

0O0600111as1 TOTyYeHHbIE PE3YJIbTAThl, CTAHOBUT-
Csl OYEBUIHBIM, YTO YCJIOBUS U MEXaHU3MbI (hOPMU-
pOBaHUsI BUPTYaJbHOTO KaToAa B PEISITUBMCTCKOM
U YIABTPAPEISITUBUCTCKOM 3JIEKTPOHHBIX ITOTOKaX
MMEIOT XapaKTepHble OCOOEHHOCTU IO CpPaBHEHUIO
CO CJIa0OPESIITUBUCTCKUM cilydyaeM. B xozie npose-
JIEHUS UCCIeAOBAHU C CTIOJIb30BAHUEM 3-MEPHOTO
9JIEKTPOMATHUTHOTO MOJEIMPOBAaHUS ObUIM IO-
CTPOEHBI U TIPOaHAIN3MPOBAHBI 3aBUCUMOCTH KPH-
tryeckoro Toka POII, mpu kotropom B cucteme Ghop-
MUpPYeTCsl HeCTallMOHapHbIi Koseomomuiicss BK, ot
BEJIMYMHBI BHELLIHETO MarHuTHoro 1oJs. [TokazaHo,
YTO MPU OTCYTCTBUU BHELIHUX (POKYCUPYIOIIMX ITy-
YOK MATHUTHBIX TOJIel ycIOBUSI (DOPMMPOBAHUS
BUPTYAJIbHOTO KaToJa OIPEACIISIIOTCS BIUSHUEM
COOCTBEHHBIX MarHUTHbIX TtoJieir POIT. ObHapyxe-
Ha HEYCTOMYMBOCTh JIEKTPOHHOTO MyYyKa B a3uMy-
TaJIbHOM HaIllpaBjJeHUU, OOYCJIOBJIIEHHAsI JeMCTBUEM
COOCTBEHHBIX MarHUTHBIX MOJIEH MOTOKA, KOTopas
MPUBOIUT K YMEHbBIICHUIO BEIUYMHBI KPUTUUYECKO-
ro Toka POII. 3To npuBOIUT K CHUKEHUIO KPUTHU-
YEeCKOTO TOKa IMPM MAaJbIX BEJMYMHAX BHEIIHETO
MarHMTHOTO MOJISI U BBICOKUX SHEPIUSIX WHXKEKTHU-
pyeMOro Iyyka. YBeJWYEHUEe BHELIHETO MpPOJ0Jib-
HOr0 MarHUTHOTO MOJIsI BbI3bIBAET MOJABACHUE JaH-
HOTro TUIa a3uMyTajibHON HeycToituuBoctu POII B
COOCTBEHHBIX MATHUTHBIX TOJISIX U POCT BEJIMUMHBI
Kkputudeckoro toka. ITpy GonblIMX BHEIIHUX Mar-
HUTHBIX MOJISIX BeJIMUYMHA KPUTUUYECKOTO TOKa, KakK 1
B cllyyae HepelsITUBUCTCKOTo ToTtoka [43], cHuka-
€TCs1 M MepecTaeT MeHSThCs. B 9ToM cityyae Tok, mpu
KOoTopoM B cucteme popmupyetcst BK, xoporiio co-
riacyetcs ¢ ¢popMysioit (1), moJrydeHHO ISt OgHO-
MEpPHOTO JABMKEHMS 2JIEKTPOHHOTO ITOTOKA.

ABTOpBI BbIpaxaroT 0JjlaromapHoOCTb Mpodec-
copy .M. Marjne 3a 1iogoTBOpHOE 0OOCyXaeHue
MOJIydeHHbIX pe3yjbTatoB. PaboTa mnomaepxkaHa
MunucrepcTBoM oOpa3oBaHus U Hayku Poccuii-
ckoit Penepanuu B pamkax PenepanbHON 1eIeBOI
nmporpamMmmoit «Hayunbie m HaydHO-TIeJarormaeckue
Kaapbl MHHOBaLMOHHOW Poccum» Ha 2009—2013
roael, POOU (mmpoextsr NeNe 12-02-00345-a, 12-
02-90022 u 12-02-31102), IlIpe3uaeHTCKOU Tpo-
rpaMMOI TIOIACPKKY BEAYIIUX HAyYHBIX ITKOJ PD
(mpoext HIII-1430.2012.2).
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YK 533.9

'YMoBH (hopMyBaHHS BipTyaIbHOI'0 KATO/A B PEJISTHBICT-
cbkoMy esekTpornomy noroui / C.A. KypkiH, O.€. Xpamos,
0.0. KopoHoscbkuit, A.O. Cenbcbkuii, M.C. ®@poios,
B.B. Makapos // [lpuknagHa pamioeleKTpoHika: HayK.-
TexH. XypHai. — 2012. — Tom 11. — Ne 4. — C. 489—-497.

Y crarTi npeacTaBiieHi pe3yJbTaTu aHajlidy YMOB i
MeXaHi3MiB (opMyBaHHSI BipTyaJIbHOIO KaToja B peJsi-
TUBICTCBKOMY 1 YJIbTPapeasITUBICTCHKOMY €JIEKTPOHHUX
MOTOKAaX 3 ypaxXyBaHHSIM BJIacHWUX MarHiTHMX TIOJIiB TIPU
pi3HMX BEJIMYMHAX 30BHIIIIHBOTO MarHiTHOro moJjs. Bu-
SIBJICHO XapaKTepHY MOBEAIHKY 3aJIeKHOCTE KPUTUYHUX
CTPYMiB DESITUBICTCHKUX €JIeKTPOHHUX TMOTOKiB, MpHU
SIKMX B MYUYKY (DOPMYETHCSI KOJMBHUI BipTyalbHUI Ka-
TOM, Bil BEJIWYMHM 30BHIIIHHOTO OJHOPIAHOTO MArHIT-
HOTO ToJIs1. BusiBieHa HECTIMKICTh €JIEKTPOHHOTO TTOTOKY
B a3UMYTHOMY Haripsimi.

Karouoei croea: peITUBICTCBKUI €JI€KTPOHHUIA TTO-
TiK, BipTyaJIbHUIA KaTO/, BIpKaTOp, MarHiTHe MoJIe, IIy4KO-
Ba HECTIMKICTb, KpUTUYHUI CTPyM, HeliHiliHa AuHaMiKa,
€JIEKTPOHHI CTPYKTYPH.

In. 05. bi6iorp.: 58 Haiim.
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Conditions of virtual cathode formation in relativistic
electron flow / S.A. Kurkin, A.E. Hramov, A.A. Koron-
ovskii, A.O. Selskii, N.S. Frolov, V.V. Makarov // Ap-
plied Radio Electronics: Sci. Mag. — 2012. Vol. 11. Ne 4. —
P. 489—497.

The paper is devoted to the results of the numerical
study of the virtual cathode formation conditions in the
relativistic electron flow under the influence of the self-
magnetic and external axial magnetic fields. The azimuthal
instability of the relativistic electron flow leading to the
formation of the vortex electron structure in the system is
found out. This instability is determined by the influence of
the self-magnetic fields of the relativistic electron current
and it leads to the decrease of the critical value of the elec-
tron beam current (current when the non-stationary virtual
cathode is formed in the drift space). The typical dependen-
cies of the critical current on the external uniform magnetic
field value have been discovered.

Keywords: relativistic electron flow, virtual cathode,
vircator, magnetic field, beam instability, critical current,
nonlinear dynamics, electron structures.

Fig. 05. Ref.: 58 items.
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VACUUM MICROWAVE INTEGRATED CIRCUITS AS A TOOL
FOR PROTECTION OF RADAR AND COMMUNICATION RECEIVERS
AGAINST HIGH POWER EMI AND IONIZING RADIATION

KONSTANTIN A. LUKIN

Vacuum microwave integrated circuits (VMIC) has been suggested for design of radar front-end to provide
its high resistance against ionizing radiation and high power electromagnetic impulse radiations. We describe
general approach to the suggested VMIC design and give preliminary results of its possible implementation

and future applications.

Keywords: vacuum microwave integrated circuits, noise radar front-end, electromagnetic impulse, ionizing

radiation.

1. INTRODUCTION

Semiconductor based technology dominates in
nowadays radar and telecommunication systems, in
particular, intheirreceiver unitssince they are designed
on the basis of semiconductor chips, diodes, transistors
and microwave integrated circuits (MMIC). Howev-
er, all semiconductor based devices are rather sensitive
to exposure of both ionizing radiation and high power
electromagnetic signals [1]. The latter is especially
important nowadays in the antiterrorism context. To
enhance resistance of radar and communication sys-
tems against both ionizing radiation and high power
electromagnetic impulse (EMI) radiation the idea of
Vacuum Microwave Integrated Circuits (VMIC) de-
sign has been suggested [2] for application in radar
front-end. It is worth of noting that this is a new ap-
plication of microwave vacuum electronics. It is well
known that vacuum electronic devices are much more
resistant against ionizing radiation and high power
electromagnetic fields. Actually the idea of devis-
ing vacuum microelectronic devices is a very old one
[3]. As it was noticed in [3], about 40 years ago, K.R.
Shoulders of Stanford Research Institute (SRI) pre-
sented a device concept in his article entitled “Micro-
electronics using electron-beam-activated machining
techniques” [4]. At that time, the known today micro
fabrication technology did not exist. Nevertheless,
K. R. Shoulders, proposed “to devise vacuum tun-
nel effect devices of micron sizes with switching times
in 0.1ns that (i) operate at 50 V, (ii) have high input
impedance, (iii) are insensitive to temperature effects
up to 1000 °C, (iv) are insensitive to ionizing radiation
effects up to the limits of the best known dielectric ma-
terials, and (v) have a useful lifetime of many hundreds
of years.” However absence of mature technology for
micro fabrication of vacuum devices and appearance
at the same year (!) of the first results on semiconduc-
tor integrated circuits (IC) and further great success
in their developments has blocked elaboration of that
idea and did not draw proper attention to that paper.
At the same time, nowadays Vacuum Microelectron-
ics demonstrates significant achievements in the areas
of both field emission cathodes and microwave de-
vices exploiting these cathodes. The results obtained
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encourage researchers to extend applications areas for
Vacuum Microelectronics.

Recently a new gate-insulated vacuum channel
transistor has been designed, fabricated and tested
[11], which combined advantages of the vacuum
tube and transistor and showed significant potential
of nowadays technology for vacuum microwave inte-
grated circuit design.

In the paper we describe general approach to de-
sign and feasibility study of VMIC for radar and com-
munication applications.

2. VMIC FOR CW RADAR

Usually, application of vacuum electron devices
isassociated with generation of high power microwave
signals by vacuum electron devices, such as magnet-
ron, klystron, gyrotron, BWO, FEL. We suggested a
new area of vacuum microelectronics application
where high power of the generated signals is NOT re-
quired, but vacuum electronics technology is needed.
We suggest design of VMIC for Radar and Commu-
nication applications.

The main idea of the VMIC consists in substitu-
tion of all semiconductor components in radar RF
front-end with their vacuum analogues and use mi-
crominiaturized waveguides and/or co-axial lines for
electromagnetic signals propagation between all ac-
tive devices and VMIC Input/Output connectors. In
this way, VMIC for radar RF front-end will require to
use only two RF vacuum isolated Inputs for the refer-
ence and radar returns; two Intermediate Frequency
(IF) outputs for IF copies of the reference and radar
returns and certain number of DC inputs to deliver
the required voltage to the active electronic devices
inside the VMIC.

To the active devices needed for design of radar
RF front-end we may relate the following: Local Os-
cillator for the frequency down conversion of both
the reference signal and radar returns; mixing diodes,
triodes or transistors; Low Noise Amplifier; IF ampli-
fier, etc. Design of the VMIC will also require a set
of passive components, such as: waveguides; co-axial
lines, RF and IF filters; 3dB splitters; ferrite isolators
and circulators; waveguide flanges; vacuum isolation
components; vacuum DC voltage connectors, etc.
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The most appropriate candidates for Local Os-
cillator are miniaturized low voltage Reflecting Klys-
tron or Diffraction Radiation Oscillator (Orotron).
Vacuum transistor [11] may be used for design of LO
as well provided mature technology being available. A
Travelling Wave Tube or Backward Wave Oscillator
may be used as a good basis for design of miniaturized
Low Noise Amplifier, while vacuum diode or triode
may serve as the basis for design of RF signal mixers.
Field emission cathodes are to be used as a source of
electron beams for the above active devices. We sup-
pose application of available etching technology for
fabrication of waveguide filters, RF power splitters,
and other passive components when implementing
the VMIC. Important issues of DC power supply and
VMIC cooling are much easier to solve in the case of
VMIC compared to the case of high power vacuum
devices. This is because successful operation of VMIC
radar front-end may be performed with rather low
level of RF signals and therefore one has to use rea-
sonably low currents which make the cooling problem
much easier provided negligible electrons intercep-
tion by the miniaturized vacuum devices electrodes.
At the same time in case of the need in cooling both
water and air cooling may be readily implemented.

As an example of VMIC design we present de-
scription of coherent double channel frequency down
converter for Continuous Wave (CW) Noise Radar
[5, 6]. Its block-diagram is shown in Fig.1.

Rx
iﬁ Antenna

Tx IF IF
Antenna ; ; Reference Radar Returns

e (o e ¢ paiesac
1 | 1 [ 1
I 1 1 [ 1
| ! | 1
} ! M 3dB M) | ;
I [ [ v 1
| [ : : :
| . ] I

i Noise Y\ I 1
}( Generator ): s Lo :
L} ] I :
1 I

Microwave front end of CW Noise Radar

Fig. 1. Schematic of microwave front-end of CW Noise
Radar: LNA is Low Noise Amplifier;
LO is Local Oscillator; M is mixer

The microwave front-end for CW Noise Radar
may be implemented as a single circuit on the basis of
microwave vacuum electronics and deep-etch X-ray
lithography [7]. Reflecting klystron [8] should be used
for design of Local Oscillator (Fig.2 and Fig.3).

Nonlinear vacuum triodes [9] may be used as RF
signal Mixers for down conversion of the frequencies
of radar returns and reference signals. Weak Resonant
BWO [10] is a good candidate for Noise Generator
design, while miniaturized TWT is to be used for de-
sign of Low Noise Amplifier. In all devices the car-
bon nanotube cathodes should be preferably used to
produce electron beams required. However at the first
stage of VMIC design well studied thermo cathodes

MpuknagHas pagmnoanekTpoHuka, 2012, Tom 11, Ne 4

may be also used. Moreover these types of cathodes
demonstrate higher current stability as compared to
carbon nanotube cathodes.

The required transmissions of microwave signals
between those devices are to be done via miniatur-
ized waveguides. To increase the working frequency
bandwidth and avoid cut-off frequencies we may use
vacuum coaxial transmission lines rather than rectan-
gular waveguides.

0

|

0

c

|

Fig. 2. Appearance of vacuum microwave integrated
circuit for CW Noise Radar Frequency Down Converter:
dark circles and rectangles show miniature focusing
magnets

A-A IF

IF
Refrence

N
N

Fig. 3. Three cross-sections (indicated in Fig.2) of vacuum
microwave front-end for CW Noise Radar Frequency
Down Converter

In this way, it is feasible to implement microwave
front-end for CW Noise Radar as a single vacuum
circuit containing all the required active electron de-
vices, transmission lines and connectors, which may
be called as suggested: Vacuum Microwave Integrated
Circuit (VMIC).
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We see the following particular areas of future
applications for VMIC in Radar:

* RF front-end of Radar and Communication
receivers designed for operation in hostile environ-
ment, such as high level of ionizing radiation (e.g.
after nuclear bomb explosion) or High Power Elec-
tromagnetic radiation.

* RF front-end of Radar and Communication
receivers capable to resist a terroristic attack by elec-
tromagnetic impulse generated with the help of Mag-
netic Cumulative Generators (MCG).

*  Microminiaturized RF front-end for Radar
Sensor and Navigation equipment mounted in Un-
manned Robotic Vehicles, in particular Unmanned
Combat Aerial Vehicle (UCAYV).

» Imaging Radar with signal processing at car-
rier frequency based upon VMIC “generator+ phase
modulator” arrays.

* Design of Radar front-end for systems op-
erating in sub-THz and THz frequency bands on the
basis of VMIC with oversized quasi-open transmis-
sion lines and resonators.

3. CONCLUSIONS

We suggest innovative application of vacuum mi-
crowave electron devices, namely for design of mini-
aturized radar front-end rather than its application as
a sources of high power microwave radiation. It has
the advantage of high resistance against both ionizing
radiation and high power EMI radiation compared
to semiconductor based radar RF front-end. Brief
description of general design of the VMIC suggest-
ed is presented. Besides in the future paper we shall
describe in more detail design of the miniaturized
vacuum microwave devices such as klystrons, DRO,
triodes, transistors and will give preliminary results of
its feasibility study and possible implementation.
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YIK 517.862

BakyymHble MUKPOBO.JIHOBBIE HHTErPAJIbHbIE CXeMbI KaK
CPeCTBO 3aLMThI PAJAPOB U IPUEMHUKOB CBSI3U OT MOILIHOTO
3JIEKTPOMATHUTHOTO M3JIy4eHNs1 U HOHU3UPYIOLIEH paauanuu
/ K.A. JlykuH // [pukianHasi paiodaeKTpoOHMKA: Hayy.-
TexH. XypHai. — 2012. — Tom 11. — Ne 4. — C. 498—500.

BakyyMHbBlE MUKPOBOJHOBBIE MHTErPAIbHbBIE CXEMBbI
(BMUC) 6bun mipemtoxKeHb! 1T IPUMEHEHUS B BBICOKO-
YaCTOTHOM YacTH pamapoB, YTOOBI 00ECTIEYNTh NX BBICOKYIO
YCTOMYMBOCTh K MOHU3UPYIONICH paavialliid U MOIIHOMY
3JIeKTPOMArHUTHOMY U3JTy4eHUI0. M bl onrchiBaeM oOLIU i
MOAXOA K MPOEKTUPOBaHUIO TpemioxkeHHbx BMUC u
MPUBOIMM TIPEABAPUTEIbHBIC PE3YJIbTaThl UX peaynu3aliuu
Y TIEpCTIEKTHUBBI OYAYIIMX TIPUMEHEHUA.

Karwuesvie cirosa: BaKyyMHble MUKPOBOJIHOBbIE WH-
TerpajibHble CXeMbl, MMKPOBOJIHOBAsI 4YacTb IIYMOBOTO
pajapa, 2JeKTPOMATHUTHBI MMITYJIbC, MOHU3UPYIOIIEe
n3JIydeHue.

Wn. 3. bubauorp.: 11 Ha3B.

VYIK 517.862

BakyymHi MiKpoXBWJIbOBi iHTerpajbHi cxeMH SIK 3aci0
3aXUCTYy pajapiB i npuiiMadviB 3B’ 43Ky Bill IOTYKHOTO eJIeK-
TPOMATHITHOTO BUIPOMIHIOBAHHS Ta iOHi3yw0uoi pamiamii /
K.O. JIykin // llpukinagHa pagioeJleKTpOHiKa: HayK.-TEXH.
KypHai. — 2012. — Tom 11. — Ne 4. — C. 498—500.

BakyymHi MikpoxBuJiboBi iHTerpaibHi cxemu (BMIC)
OyJIM 3aIpOIIOHOBAHI ISl 3aCTOCYBAHHS Y BUCOKOYACTOT-
Hill 9aCTMHM pamapis, 1100 3a0e3MeYNTH iX BUCOKY CTili-
KiCTbh 10 10Hi3yI04Oi pamiallii Ta MOTYXXHOTO eJIeKTpomar-
HITHOTO BUIIPOMiHIOBaHHSI. MU ONUCYEMO 3arajibHUi
MiAxia 1o mpoekTyBaHHs 3anpornoHoBaHux BMIC i HaBo-
JIMMO TIOIepeIHi pe3yIbTaTH iX peatisallii i epCcrneKTUBU
MaiOyTHIX 3aCTOCYBaHb.

Knrouosi crosa: BAKyyMHI MiKPOXBUJIbOBI iHTETpabHi
CXEMU, MiKPOXBWJIbOBA YACTUHA LITYMOBOTO pajapy, eJeK-
TPOMArHiTHUH iMITyJIbC, iI0HI3YIOYE BUITPOMiHIOBAHHS.

In. 3. Bi6miorp.: 11 Haiim.
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INOBBIINEHUE IIJIOTHOCTHU U3JYYEHUA ITPU ITOBBIINEHNN YACTOTDI
1N IIPU ®OKYCHUPOBKE B HEOOJHOPOIHBIX CPEIAX

B.A. BYILl, AM. ETOPOB. I'H. 4YPIOMOB

JaH KpaTKuii 0030p HEKOTOPHIX MEXaHU3MOB, MO3BOJISIOIIMX CYIIIECTBEHHO MOBBICUTD MJIOTHOCThH IHEP-
UMY U3JTYyYeHUs.. DTU MEeXaHMU3MBbI ObLTU mpeaioxeHbl U udydeHbl B HHIL «XDPTUW» u 8 XHYPD u nipea-
CTaBJIEHbI B BUJIE IBYX OOJIBIIMX TPYIII. B rnepBoii onmucaHbl MeXaHU3Mbl MPe0Opa30BaHUsI SHEPTUU HU3-
KOYACTOTHBIX KOJIEOaHU i B 9HEPTUIO BHICOKOYACTOTHBIX. Hanbosblllee BHUMaHUE B 3TOM Ipymre yaeaeHo
MEXaHM3My BO30YXJEHUS BBICOKMX HOMEPOB IapMOHUK HEPEISITUBUCTCKMMU OCLWLIsATOpaMu. [aHa
yIpoILIeHHas Teopusl 3TOro MexaHmsma. OOCYXKIal0TCsl MEXaHU3Mbl BTOPUUHBIX PE30HAHCOB U MEXaHU3M
KBaHTOBO1 10J1bl. BO BTOPOI#1 TpyIine paccMOTpeHbl MeXaHU3Mbl (hOKYCUPOBKHM U3JTyYeHUsI B HEOIHOPOI -
HbIX cpenax. i Jiydeil moka3aHO CYyIIECTBOBaHME MeXaHM3Ma, KOTOPbIN aHaJOTMYeH MEeXaHU3MYy aB-
TodazupoBku Bekciepa-Makmunana. [TokazaHo, 4To Ipu pacceMBaHUM KOTEPEHTHOIO M3JyYeHUS Ha
MePUOINYECKU-HEOTHOPOTHOM IUIJIEKTPUKE MOXET C(HOPMUPOBATHCS U3TYUYEHUE, TUIOTHOCTb SHEPTUM
KOTOPOTO 3HAYUTETbHO MPEBOCXOIUT MJIOTHOCTh SHEPTUH MAJAI0IIEr0 U3TyUEHMUSI.

Kuouesbie croea: TIIOTHOCTL W3JIydEHUsI, TTPeOOpa3oBaHUE DHEPrUMU, FApMOHMKA, HEPEISITUBUCTCKUIA

OCLIMIUISITOP, (DOKYCHPOBKA U3JTYIEHMS, HEOXHOPOIHAsSI CPe/ia, KOTePEHTHOE U3JTydeHUE.

BBEJIEHUE

I'oBOps1 0 MOBBILIEHU U TIJIOTHOCTH YHEPIUU W3-
JIy4eHMsI, CleyeT HEeCKOJbKO CJIOB CKa3aTh O TeX
OrpaHUYEHUSIX, KOTOpble OYIyT MCIIOJIb30BaHbI B
3TOM 0030pe. B HacTosuit MOMEHT U3BECTHO MHO-
o MEXaHMW3MOB, KOTOPbIE MPUBOMASIT K POCTY IJIOT-
HOCTM DHEPTUM U3TydyeHus. B yacTHocTu, Hauboee
M3BECTHBI MEXaHU3M — MEXaHW3M KOMIIPECCUU
U3YYeHUsS] TIPU TPOXOXIACHUM M3TYy4eHMsT 4depe3
JUcreprupylomme cpeabl. Mbl OCTAaHOBUMCS Ha
MeXaHU3Me MpeoOpa3oBaHUsl HU3KOYACTOTHOIO U3-
JIy4EeHMSI B BICOKOYACTOTHOE M3JIydEHUE WU UC-
MOJIb30BAHMST HU3KOYACTOTHOTO U3Ty4YeHUs TS BO3-
OYXXIEHUST BHICOKOYACTOTHOTO U3JIyYEHUSsI, a TaKXKe
HEKOTOPBIX HOBBIX MexaHU3Max (HOKYCUPOBKU W3-
aydyeHust. [1pu aTom Oyaem pazanyaTh GOKYCUPOBKY
Jiydeil (MpuOAUXKEeHUEe reOMeTPUUECKON ONTUKU) U
(hokycupoBKy, 00yCI0BICHHYIO TU(GPAKIMOHHBIMU
addexTamu. Bee 3T MexaHU3MbI TTO3BOJISIOT CYIIIe-
CTBEHHO YBEJMYHUTH IMJIOTHOCTh 9HEPTU U U3TYUYEHUS.
JelcTBUTENbHO, MTyCTh Y HAC UMEETCSI HU3KOYACTOT-
HO€ U3JTyYeHUe, KOTOPOe XapaKTepu3yeTcs Cleaylo-
LIMMU BeJIMYMHAMU: Q, A, €., pPg € / Al , T.€. MbL
UMeeM U3JIy4YeHHe C 3aJaHHOI 4acTOTOi (IIMHOMI
BOJIHBI), DHEprueili M MaKCUMajabHO BO3MOXKHOI
TUIOTHOCTBIO 3Hepruu. IlycThb, B pe3yiabTaTe HEKO-
TOPOTO (PU3NUYECKOTO MPOIIECCa, SHEPTUS 3TOTO HU3-
KOUYAaCTOTHOTO M3JIYYEHHUSI C HEKOTOPLIM Ko3(ppu-
LIMEHTOM MEHBIIIE AUHUIIBI TEePEXOAUT B DHEPTUIO
BBICOKOYACTOTHOI'O U3JyueHus (e, -k —¢,, k<1)c
XapaKTepUCTUKAMU: ©, A, €,, P, €, / 23 , Q<<o,
A <<A . IIIOTHOCTb 2HEPrUU MPU 3TOM MOXKET CY-
IIECTBEHHO YBEJIWYUTHCS. JlelCTBUTENbHO, IyCTh
KOo3(pGULIMEHT IMpeoOpa3oBaHusI SHEPTUM COCTABIISI-

eT BCero oinH mpoteHT (k =1072), a yacToTa M31y-
4eHMs yBeauumIach B cto pa3 (A=A-1072). B atom

Clly4ae IUIOTHOCTb HEPTUU PACTeT B (p, = pPq -10%).
Taxkoe yBesrueHUe MJIOTHOCTU SHEPTUU MOXKET ObITh
JIOCTUTHYTO ITyTeM U3MEHEHUsI YaCTOThI U3JTyUYeHUS.

(O}
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Btopag rpymnma MexaHM3MOB, KOTOpasi PpUBO-
AT K POCTY TUIOTHOCTU DHEPTUHU, B LIEJIOM XOPOIIIO
M3BECTHA M IIMPOKO MCIIONBb3yeTCs. DTO paszyiny-
HOro TUma (POKYCUPOBKU KOMIIPECCUU U3TYICHUS.
M3BecTHO, 4TO eciu MBI IS (DOKYCUPOBKU OyIeM
HCTOJIb30BaTh JIMH3bI, TO MAaKCUMaJIbHAsI MTHTEHCUB-
HOCTb C(POKYCHPOBAHHOTO M3JIy4yeHUs OyIaeT ornpe-
JIEJSATHCS BhIpaKeHUEM

1/1,~(R/2)

rme R — pamWyc JWH3BI, A — JUJIMHA BOJHBI (DO-
KyCHpyeMOTo M3Ty4eHus. Hrke MBI TTOKaXKeM, 4To
cyiecTByeT 3PEKTUBHBIN MeXaHU3M Audpakiim-
OHHOI (POKYCHPOBKM W3IYYCHHST TIPU pacCesTHUN
M3JIy9eHUs Ha Cpelax co cJIaboil MOIYJISALUeid I~
9JIEKTPUYECKOM MpoHniiaeMoctr. Eciu nnanekTpu-
yecKasi MPOHMLIAEMOCTb JIUINEKTPUUYECKOIO CJIOS
MOXKET OBITh TTPEICTaBJICHA B BUIIE

e=¢gy +qCOSKF , (1)

rne x=2n/d,d-nepuog HEOIHOPOAHOCTU, TO
IIOTHOCTb SHEPTUH PACCESTHHOIO U ChOKYCHPOBaH-
HOI'O TaKMM CJIOEM U3IIyYeHUsI MOXHO IIPEICTaBUTh
B BUJIC
1/1,~(1/q)".

OTMETHM, YTO €CJIM Peub UICT O PEHTT€HOBCKOM M3-
JIY4EHUU, TO BEJIMYMHA MOIYJISLUM TU3JIEKTPUYE-
CKOI1 IPOHMIIAEMOCTH OY€Hb MaJla U KOJIeOJIeTCS ISt
PasHBIX KPUCTAUIOB B mHTepBaie: g~107*—107°.
Takoit MexaHu3M (POKYCUPOBKM BO MHOTOM aHa-
JjormdeH (hOKYCHPOBKE M3JIyUdeHUs 30HHBIMU TIIa-
ctrHKaMU. OTHaKO UMEIOTCS IBE MPUHITUTTHATBHBIC
pasHuisl. [TepBast 3akiTo9aeTCsT B TOM, YTO SKBUBa-
JIeHTHas 30HHAas ITAaCTUHKA JOJDKHA UMETh IMUPUHY
30H, COM3MEPUMYIO C TTIEPUOIOM KPUCTAILTNIECKOM
pemreTku. SIcHO, 94TO TaKoe peaTn30BaTh HEBO3MOX-
Ho. Bropoe otnmune 3akimoyaeTcss B TOM, YTO 30H-
Has TUTACTMHKA TaK Xe, KaK W JIMH3a, (POKycupyeT
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SJIEKTPOHUKA U SJTIEKTPOANHAMUKA BOJIbLLIVNX MOLLHOCTEN

u3JlydeHue B ompeaesieHHoO Touke (B (okyce). 3a
3TOI TOYKOU M3JTydeHMEe, B CHITY TeopeMbl JInyBuI-
751, nedokycupyercst. Kak Mbl yBUIAMM HIKe, Q-
pakimoHHasi (OKYCHUPOBKa (hOPMUPYET U3ITyUeHUE
B BUJIE TOHKUX JIUCTOB M3JTydeHUsI TNOO B BUIE TOH-
Koro yiy4a. [1pu 3TOM cTeneHb KOrepeHTHOCTH TaKO0-
IO U3JTyJYeHUST OYeHb BbICOKA. [103TOMY ITOTOK M3y~
YEHUSI PACXOIUTCST MaJIo.

Lenbio maHHOTO 0030pa SIBJIIETCS CUCTEMAaTH-
3alMsl 3HAHUI O (PU3MUYECKUX MeXaHU3Max IOBbI-
IIEeHUS TDIOTHOCTH 3JIEKTPOMAarHUTHOTO U3JTyUYCHMSI.
CraThsl COCTOMT M3 JBYX yacTeil. B mepBoii yactm
ONMCaHbl MEXaHWU3MBbI, TO3BOJISIIOIIME MCIIOJIb30-
BaTh HU3KOYACTOTHOE M3JTyUYCHME TSI BO3OYKICHUS
3JIEKTPOMAarHUTHOTO U3JIy4eH sl 00JIee BLICOKOM Ja-
cToThl. BTopas yacTh mocssiieHa MmexaHu3mam ¢o-
KYCHUPOBKM 3JICKTPOMAarHUTHOTO U3 TyJYCHMUSI.

1. BO3BYKJIEHUE N3JIYYEHUA
C BBICOKUMMU YACTOTAMMU

B aT0i1 yacTu 0630pa pacCMOTPUM HECKOJIBKO
MEXaHU3MOB, TO3BOJIAIOLIMX MTPeo0pa3oBaTh IHEP-
TUI0 HU3KOYACTOTHOIO U3YYEHHUS B 9HEPTUIO BbICO-
KOYaCTOTHOTO KojiebaHus. Takxke paccMaTpuBaeTCs
MEXaHU3M, KOTOPBIA IMepBOHAYAJIbHO ObLT Ha3BaH
MEXaHU3MOM KBaHTOBOI 10Jibl. OKa3aa0Ch, UTO 3TOT
MeXaHU3M paboTaeT He TOJbKO B KJIACCUYECKOI Me-
XaHUKEe, HO M B KJIACCUYECKOU DJEKTPOAMHAMUKE.
OH 1O03BOJISIET MCMOJb30BaTh HU3KOYACTOTHOE 13-
JIydeHMe IJI1 CO3AaHUsI aHCaMOJISl JAOJTOXKUBYIIIUX
BO30YXIEHHBIX SMUTTEPOB, T.€. CO3IATh JOCTATOYHO
TUIOTHYIO JUISI BBICOKMX YacTOT MHBEPTUPOBAHHYIO
cpeny (BILIOTh A0 PEHTTEHOBCKOIO AMAaIla30Ha).

1.1. Bo30yxkeHne BbICOKMX HOMEPOB FapMOHHK
HepeJATUBUCTCKUMH OcCuMuIATOpaMu. PaHee Hamu
ObLIO MOKAa3aHO, YTO HEPEJSITUBUCTCKUE OCLMJIIS-
TOpPBI, KOTOpbIE ABMXYTCS B CIa00OHEOIHOPOMHOM
MEepUOANYECKON cpene WIM TOTeHLMale, MOTYT
3(hGEeKTUBHO U3JlydyaTh BbICOKHE HOMEpa rapMo-
HUK [1-10]. TTpu 3TOM CHEKTp U3JIydeHUs] Hepesi-
TUBUCTCKUX OCLIMJUISITOPOB QHAJIOTUYEH CHEKTPY
U3TYYEHUS PESITUBUCTCKUX OCLIMJLISITOPOB — MaK-
CHUMYM CITEKTpa HAXOJAUTCS B OKPECTHOCTU BBICOKMX
HOMEPOB rapMOHUK. BbUT BBISICHEH MeXaHM3M Ta-
Koro uanydyeHusi. Okazajaoch, UTO 3a U3TyYEHUE OT-
BETCTBEHHA MeJlJIeHHas1 KOMITOHEHTa (BUpTyaJibHast
BOJIHA) CJIOXHOW CTPYKTYPbI I0JIsI, KOTOPOE CyIlle-
CTBYeT B MEPUOAMYECKM HEOTHOPOIHOM cpene. Pac-
CMOTPEHHBIN MeXaHWU3M U3JYyYEeHUST MOT OBbITh OMK-
CaH B paMKaX KJIaCCUYECKON 3JIeKTPOANHAMUKH.

ITpu sTOM cTporoe mnosiyueHue Hopmys, Ko-
TOpbIE OMPENECSIOT MOLIHOCTh U3JIyYEHUS OCLIWII-
JISTOPOB B MEPUOAUYECKU-HEOTHOPOAHOM JIUD-
JIEKTPUKE, TpOMO31K0. VX TpyaHO aHaIM3UpOBaTh.
OmHaKko rJIaBHBIA pe3ysibTaT, KOTOPbIN 3aKII0YaeTCs
B TOM, UTO CIIEKTP M3JIYYECHUSI HEPEIITUBUCTCKUX
YaCTHUIl aHAJIOTUYEH CIIEKTPY M3JIyYeHUST PEIsITh-
BUCTCKHUX YaCTUII, MOXET OBITh MOJyYeH TOCTAaTOU-
HO IIPOCTBIM U IPO3pavyHbIM CIIOCOOOM. JleicTBu-
TeJIbHO, KaK IOKa3bIBaeT CTPOTWII aHaANIM3, TakKas
0COOEHHOCTD CMEKTPpa HEPEIITUBUCTCKUX YaCTUIL B
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MePUOANYECKU-HEOTHOPOAHOM AUBJIEKTPUKE OO0Y-
cJioBjieHa TeM (baKTOM, UTO CTPYKTypa MoJisl B TAKOM
JIUBJICKTPUKE COIAEPXKUT MEMJICHHbIE BUPTYalbHbIC
BoJIHBI [11]. UMeHHO CMHXPOHM3M 3TUX MEAJICHHBIX
BUPTYaJbHBIX BOJIH C HEPEJISITUBUCTCKUMU YaCTUIIA-
MU MPUBOJAUT K 3(PHEKTUBHOMY U3TYYESHU IO BHICOKUX
HOMEPOB rapMOHUK. M bl BOCITOJIb3yeMcsl 3TUM (hak-
TOM U TIOJIYYMM BbIpaKeHUE AJIsI MOLITHOCTU U3JTyde-
HUSI TIPOCTHIM, (PUBUYECKU MTPO3PAUYHBIM CIIOCOOOM.
Kpome Toro, Mbl BOCIOJIb3yeMcCsl IIOHSITUEM JJIMHbI
dopmuposanus [12-14]. be3ycioBHO, HEOOXOAMMO
MOHUMATh, YTO TOJYyYEeHHas! HIXKe (popMyJia MOXKET
CUUTAThCS CITPaBEIJUBOI TOJIBKO MTOTOMY, UTO OHa
COBITIaJaeT Co CTPOruM pelieHueM. bes crpororo pe-
LIEHUS ee 3HAaUeHUEe He CAUIIKOM BeJukKo. OgHako
HaJIM4yMe COBMAJAIOLIUX CTPOroro M ympolleHHOro
paccMOTpeHUsI TO3BOJISIET 3HAUYUTEJIbHO Ty0Ke To-
HSITh [JIABHbIC BJIEMEHTHI MEXaHU3Ma U3JTyYeHUsI.

Harre ocHoBHOE npeanoioxkeHre 0yaeT 3aKIto-
yaTbCsl B TOM, UTO 3(eKTUBHOE B3aMMOJICICTBUE
3apsSKeHHBIX YaCTULL TPOUCXOIUT TOJIBKO C OJHOM U3
MeIIJIEHHBIX BUPTYaJIbHbIX BOJIH. B3aumopaeiictBuem
C IpYrMMU BOJIHAMM MBI OyneM npeHeoperath. MTak,
IMyCTb Y HAC UMEETCSI MePUOANYECKHI-HEOIHOPOIHAS
cpea, AM3JIEKTPUUECKYI0 MPOHUIIAeMOCTb KOTOPOit
MOXHO MpeacTaBUTh B Buze (1).

[Tpyuyem creneHb HEOTHOPOAHOCTU MBI OyaeM
cuuTtath Majioit (g <<1). Torma cTpyKTypy 3JeKTpu-
YECKOro MoJisl 3JeKTPOMArHUTHOM BOJIHBI B TaKOi
cpelie Ha yacTOTe ®» MOXHO MPEeACTaBUTh B BUJIE:

E:Zﬁnexp[i-w.t—i.(12+n.ﬁ)7]. )

Kaxnoe crmaraemoe B popmysie (2) umeeT Bui
TUIOCKOM 3JIEKTPOMAarHUTHOW BOJIHBI. AMIUIUTYIbI
cllaraeMbIX B BbIpaxkeHUM (2) ObICTPO CIIagaloT ¢ HO-

mepoM E, ~q". B cOOTBETCTBUM C TEPMUHOJIOTUEN
pabothl [11], oTH caaraeMble MOXHO Ha3BaTh BUPTY-
aJTbHBIMU BoIHAaMU. [IpryeM BOJIHOBBIE YMCIIa ATUX

BOJIH PaBHBbI k+n-# , a yactora paBHa o. Eciu,
KaKk B OOBIYHBIX BOJHAX, MPEICTaBUTh BOJHOBbBIC
Yyucia KaK OTHOIIEHME YacTOThl K (ha30BOil CKOpO-
CTU BOJIHbBI, TO BUJTHO, UTO BhIpAXKEHUE (2) COACPXKUT
Kak ObICTpbIe BUPTyaJibHbIE, TAK U MEIJIEHHbIE BUP-
TyaJibHbI€ BOJIHBI. CTeTieHb 3aMe/JIEHUSI CYLIIECTBEH -
HO 3aBHUCUT OT BeJIMUMHBI BEKTOpa 0OOpaTHOM peleT-
K1 (¥ ) ¥ OT HOMepa WieHa B cyMMe (2). YUuThiBad,
YTO CTEMEHb HEOJHOPOAHOCTU MaJia (g <<1), Mbl B
cyMMme (2) orpaHMYMMCS TOJIBKO OJHOM MeIJICHHOM
BUPTyaJbHOI BOJHOU. boJiee Toro, Mol Oyaem cuu-
TaTh, YTO TOJBKO C 3TON BOJIHON MPOUCXOIUT B3au-
MOJIEMCTBUE 3apsiKeHHBbIX yacTull. IlycTb B Takoit
cpejie ABUXKETCs 3apsixkeHHast yactuua. TpaekTopuio
ee JIBMKEeHHSI Mbl OyJIeM OTITMChIBATh (POPMYJION:

F=Vt+FsinQt . 3)

M3 dopmyisl (3) BUAHO, UTO Mbl paccMaTpUBa-

€M, B 001IEM cilyuae, NIBUXKeHue oclusuisitopa. Eciu
9TO JBUXXEHUE HEPEJISITUBUCTCKOE, TO TAKOM OCLIMII-

JIsiTOp OyIeT 3 PEeKTUBHO B3aUMOJIEIICTBOBATD TOJIb-
KO C MEIJICHHOI BUPTyaJbHON BOJIHOW. YUWTHIBasK
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By B.A., Eropos A.M., Yyptomos I". Y. [oBbiLLIeHNE MII0THOCTU U3JTYHEHUS MPY MOBLILLIEHUN YaCTOTbl U 1PUY POKYCUPOBKE ...

CKa3aHHOE BBIIIIE, MBI, TI0 aHAJIOTUM ¢ paboToii [12],
BBEJIEM B PACCMOTpPeHWE ITUHY (POPMUPOBAHMS

7:qTI?(z).exp[i.m.z—i.(hﬁ).f(t)]dr. (4)

®opmyna (3) oTmyaeTcs OT TOM, KOTopast pe/I-
craByieHa B paboTe [12] Tem, uTo B Heil (purypupyet
He Ta BOJIHA, KOTOpas M3/JydaeTcs, a BUpTyaJibHasl
BOJIHA CO BCEMM CBOMMM XapaKTepucTuKamu. Jlei-
CTBUTEIbHO, 3(P(deKTUBHOE (HOPMUPOBAHUE W3-
JIyUeHUSI HEPEeIITUBUCTCKUX YacTUll OyaeT mpouc-
XOIUTH TOJBKO TIPU B3aUMOJICUCTBUU C MEJIEHHON
BupTyajibHOi BoJiHOW. IToncraBum B hopmyny (3)
BbIpaXXEHME JISI KOOPAMHATBI YacTULb (3) U 151 ee
ckopocTu. B pesynbTaTe MojydyuM cieaylollee Bbl-
paxxeHue Il JJTMHbBI (hOPMUPOBAHUS

T=q~(Q-I7O)><

+0 4o

IZJ(KVO)

ot (¥

o) exp[ztm nQ]dt (5)

H3zBectHO [12], UTO MOILIHOCTH M3Iy4YeHMSI Ha
4acToTe o CBsI3aHA C JUIMHOW (POpMUPOBAHUS Clie-
JYIOLIAM BbIPaXXeHUEM

e? - o712
(u,lz 2 2 |:k 1 j|
% e
OOpaTuM BHMMaHME, 4TO, KaK CJIeAyeT U3 BhI-
paxenus (5), nauHa (OPMUPOBAHUS NIPU ®=n-Q
CTPEMUTCS K OECKOHEUHOCTH. DTa CUTyall1s aHaJlO-
TMYHa TOM, KOTOpasi BOZHMKAET MPU YepPEHKOBCKOM
u3aydyeHuu. B aToM ciayyae roJiHble TOTEpY SHEPruun
Ha M3JIy9deHME OKa3bIBAIOTCSI OECKOHEUYHO OOJIbIINM-
mu. OTHAKO MOTEpU SHEPIUM Ha SAVMHUILY ITyTH WIN
3a KOHEYHBIN MHTepBaJI BpeMeHU orpaHnyeHsl. [1o-
CTyIasl IpU 3TOM TakK K€, KaK 3TO caejiaHo B [12],
JJISI YePEHKOBCKOTO M3JIYY€HMSI, BbIpaXKEHUE IS
KBajpara IJAHbI (POPMUPOBAHUS MOXHO TpecTa-
BUTH B BUJIE

-dw-sin0-do-do. (6)

22 . L
/ (:(Ej (Q-I’O)ZJ,?(K-I"O)X
(2 ”J T50-5, 7)

rome 7 — BpeMs B3aMMOAECTBUS YACTHII C TIOJIEM.

C y4eToM 5TOrO BBIpaXXeHUSI OKOHYATEIHLHOE
BBIpAKEHME JUIST MOIITHOCTH M3Ty4eHUs Ha 9acTOTE
o (o=n-Q; n~xK-r) MOXHO NPEACTaBUTD B BU/IE

2 2 2 T
ow Jor=| &P [%) o J2(m)-[sin’0-d6. (8)
¢ 0

W3 Beipaxkenus (8) BUOHO, UTO AUarpaMma Ha-
MPaBJICHHOCTU U3TyUYE€HMSI COOTBETCTBYET IUIIOJIbHO-
My usiaydyeHuto. Kpome toro, ¢opmyna (8) ¢ TouyHO-
CThIO 10 YMCJICHHOI'O MHOXKUTEJISI IOPSIAKA €IMHULIBI
COBIIAAET C COOTBETCTBYIOIIMM BBHIpAXKCHUEM, IIO-
JIy4eHHBIM T10 CTPOroil Teopuu (CM., Hafp., [1, 2]) .

Keanmosas meopus uzayuenus apmonux. AHa-
JIOTUYHOE U3JTYyIeHUE NMEET MECTO U IIPU ABMKCHUN
3apsDKEHHBIX YaCTULL B IIEPUOIMYSCKOM IOTEHIIHAIE.
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OaHako B 3TOM cjlyyae aicKBaTHasl TEOPUST JOKHA
OBbITH KBAaHTOBOIT Teopueii. Takast Teopust ObLIa TO-
cTpoeHa B [6]. [TTaBHBIM pe3ybTaTOM 3TOM TEOPUM
SIBJISIETCSI JOKA3aTeIbCTBO BEICOKOM 3(h(heKTUBHOCTU
U3JYyYEeHUs] TApPMOHUK OCLUJIISITOPAMU B TAKOM Tie-
puonnueckoM noreHuuane U(F)=U, +g-cos(xk-F).
JJ1s1 MOIITHOCTU M3JTydeHUs ObLIO MOJIYYEHO ClIeIy-
Iol1Iee BhIpaXkKeHue

dw

7=(geﬁ)2.(e‘”4¢jsm 0-do, (9

rie g, =eg/ Ey<l, E,
U3Ty4eHUEM.

IIpencraBisier MHTEpEC CPaBHUTH TMOTYYEHHOE
BBIpaXK€HME C BBIpaXKeHUEM JUISI U3BECTHBIX Mexa-
HU3MOB W3JIyYeHMs], HATIpUMep, C YEPECHKOBCKUM
uziaydyeHreM. OTHOIIIEHME MOIIHOCTH paccMaTpu-
BaeMOT0 M3JIy4eHHUs K MOIIHOCTH YepEeHKOBCKOTO
MOXET OBITh OLIEHEHO (hOpMYJIOit

(dW/dt)Harm /(dW/dt)Cher z(geﬁr )2 B (10)

IIpaBas yactb (10) comepXuUT aABa MaJbIX Il1a-
paMeTpa. DTO O03HAYaeT, YTO MOIITHOCTb YEPEHKOB-
CKOTO HM3JIyueHHUs OOJbIIe MOIIHOCTU H3ITy4eHUS
rapMoHuku. OgHAKO HAIO MMETh B BUIY, YTO OTU
MHOXMWTEJIN He CIUIITKOM Maibl. KpoMe Toro, mpu
nosyyeHuu (10) 1151 OLIEHKU MOLIIHOCTHY YePEHKOB-
CKOT'O M3JTYYEHUS MBI BOCIIOJIB30BAIMCH (POPMYITOM

(dW /dt),,, ~(€-o*-V)/c?

D10 O3HayacT, 4YTO MbI B34JIM M3JIYYCHMC B M-
POKOM WHTEpBaJ€ 4YacToT, TIojlarad Ao~® WU

(l—c / V\/a )~ 1. Takum oO6pa3oM, MOIIHOCTb W3-
JIY4eHMS] TApMOHMK B Y3KOM CHEKTPaJbHOM JUHUU
(Aw<<o~(x-c)/B) GAM3KAa K MOIIHOCTH YepeH-
KOBCKOTO H3JIy4YeHHUs] B IIMPOKOM CHEKTPAJIbHOM
uHTepBasie (Ao~ m). CxeMaTUYeCKu 3TO COOTHO-
LLIeHUE TpeJcTaBieHo Ha pUc. 1. OCHOBHbIE BHIBObI
TEOpUM ObUIM TMPOBEPEHbI B Psifie DKCIIEPUMEHTOB
[3]. beuto MpoBeaeHO ABE CepUM IKCIEPUMEHTOB —
B CBY mguamasoHe u B ynbTpaduoISTOBOM IMara-
30He JIMH BojH. B CBY nuamnazoHe MexaHU3M W3-
JIydeHus1 ObUI JeTajbHO M3ydeH. BbLIo TMoayyeHo
XOpolllee COBIaJeHue ¢ pesysibTaTaMu Teopuu. B
yJIbTPpaUOJIETOBOM AMana3oHe B KAUYECTBE OHIYJISI-
TOpa MCIOJIb30BAJIaCh KPUCTALIMUECKasT pelieTka
MOJIyITPOBOAHUKOB.

— DHEPrus YacTUll Tepen

[ Y
dw /dt

I I ®

Puc. 1. CrnekTp nanydyeHus: TapMOHUK
1 YePEHKOBCKOTO M3TyUYeHMS

ITonyyeHHble pe3yabTaTbl MOIYT OBITH (U-
3UYECKO OCHOBOII HOBBIX TUIIOB MHTEHCUBHBIX
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WCTOYHMKOB KOT€PEHTHOI'O BHICOKOYACTOTHOTO (110
PEHTTEHOBCKOIO U Bblllie) U3aydyeHus. Kak npumep
chopmynupyem Haubosiee CYIIECTBEHHbIE OCOOCH-
HOCTM BO3MOXKHOI CXeMbl PEHTI€HOBCKOTO Jia3epa,
€CJM B KauyecTBe OHIYyJsATOpa BbIOpAaTh MEPUOIM-
YEeCKUIl TOTeHUMal KPUCTAUIMYECKONW pelIeTKU
HUaeaJbHOro KpYcTasla: Nepuo TaKoro OHIYJsSTO-
pa SBISIETCS HAUMEHBIIMM U3 TeX, KOTOPble MOTYT
OBITh peanu3oBaHbl B npupoxe (10713 cwm); mior-
HOCTb OMUTTEPOB TaKXkKe SIBJIeTCS HaubObLIEH U3
T€X, KOTOPbIE MOTYT OBbITh PeIN30BaHbI (MJIOTHOCTh
9JIEKTPOHOB TBepAOro Teia). Takas MJIOTHOCTb
SMUTTEPOB MO3BOJISIET Peaqu3oBaTh MHIYLIMPOBAH-
HBI MpoliecC U3AYyYeHUs] B PEHTTEHOBCKOM Jua-
na3zoHe. IlosgcHMM MajoCTh Mepuoaa OHAYJSITOpA.
[Mepuoauueckrii moOTeHLMaN co3maeTcs sapamu
KpUCTa/UIMYeCKON penieTku. PaccrosiHue Mexmy
sapamu coctapisieT 108 cMm. Pasmepbl camux simep
nopsika 1013 cm. B Dypbe pasnokeHnr TaKOTo Mo-
TeHIMana oyaet nopsaka 103 KOMIIOHEHT TPUMEPHO
C OIMHAKOBBIMU aMIUIUTyAaMU. MUHUMAaJIbHbI TTe-
PHOJ 3TUX KOMITOHEHT M COCTaBIISIET BeJnunHy 1013
(dmin < 10713 cM). CoOTBETCTBEHHO, TAKOW MCTOY-
HUK ITOTEHIINATBLHO MOKET BO30YKIaTh N3TyUEHHE C
JUTMHOIO BOMHBI A ~ (Ao / B) ~ Ao -

KpaTtko omuiiieM BO3MOXHYIO CXeMy peajin3a-
LIMM TaKoro peHTreHoBcKoro Jjazepa. Ha TBepno-
TEJIbHYIO KPUCTAUIMYECKYI0 MUILIEHb MagaeTr Jia-
3epHOE M3JIydyeHMe ¢ napaMmerpamu: A, =200 HM
E>10°V /em =107W /cm?*. B Teuenne momyrme-
pUoJia JIa3epHOTO U3JTyYEHUsI BCE 2JIEKTPOHBI MUIIIE-
HU B TAaKOM TIOJIe CTAHOBITCSI CBOOOTHBIMU. B Teue-
Hue BpeMeHu Topsiaka 100 rmepuomoB pa3BUBaeTCs
HEYCTOMYMBOCTb, B pe3yJibTaTe KOTOPOW BO30YXK-
JAeTCsSI KOTePEeHTHOE PEHTTEHOBCKOE W3JIydeHUeE.
B TeueHue 3TOrO BpeMEHM CTPYKTypa OHIYJISATOpA
(cTpyKTypa KpUCTAZIMYECKOM PelIeTKU) IMpaKThie-
CKU HE MEHSIETCS.

Drcnepumenmaavhoie uccaedosanus. OCHOBHbBIC
BBIBOJbI T€OPUHU OBLIU TTPOBEPEHBI B PsIE IKCIIEPH -
MeHTOB [3]. BblIo MpoBeneHo ABe CepUM IKCIEePU-
MEHTOB.

IlepBasg cepus skcriepuMmeHTOB OBblTa B CBY-
nuanasoHe. B HUX usydanoch BO30yXKIeHUE TPEThelt
TrapMOHMKM BOJIHBI ¢ yacToToii 2.7 GHz. Dra BoiHa
najgana Ha MepuoAnYecKyl0 Cpeny B BUIE PELIETKM,
MOrpyXeHHOM B 1uia3my. OCUMILISATOpaMU CIIYKWIU
3JIEKTPOHBI T1JIa3Mbl, KOTOPbIE KOJEOAJIUCh B TOJIE
5TOU BOJIHBI.

Bo BTOpoit cepum SKCEpUMEHTOB B KayecTBE
MepUOINYECKON HEOTHOPOIHOCTH MCIOJIb30BaIaCh
nepuoadyeckass CTpyKTypa KpucTala IepMaHus.
Taxkoli KprCTaUT TOMEIIAJICS B pe30HATOP, KOTOPBIi
BO30YXIaJICsT BHEITHUM BBICOKOYACTOTHBIM ITOJIEM
Ha yactore 2.7 GHz. HanpsikeHHOCTb BBhICOKOYA-
CTOTHOTO IOJIsI MEHsUIach B MHTepBaje 15-25 kB/cMm.
JeTeKTop MOT perMCcTPUPOBATh U3IydeHUE C JTMHOM
BOJIHBI A~ 107 cMm. Korma HanpsKeHHOCTh BHEII-
HETO0 BBICOKOYACTOTHOTO TTOJIST OBLIa TaKOBOM, YTO
BBITIOJTHSUIOCH YCJIOBUE ®=M1-Q; N~ K F), NETEKTOp
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PEruCTPUPOBAT U3yYeHUE. DTO UBJTyYEHUE OTCYT-
CTBOBAJIO MPU MEHBIIMX HAMPSIXKEHHOCTIX U MOTJIO
MOSIBISITbCSI TIPU OOJIbIIMX HampsikeHHocTsx. [lo-
cieHee MOXHO OOBSICHUTh TeM (haKTOM, UTO Ha-
MPSDKEHHOCTh MOJISI Ha TOBEPXHOCTU KpUCTaIa
Obl1a HEOAHOPOAHOM. Pe3ynbTaThl 3TOro 3KCHepu-
MEHTa TpeAcTaBieHbl Ha puc. 2. Ha BepxHeil yactu
pUCYHKa MpeacTaBjieHa OoCLUIIorpaMMa aMILIUTY-
JIbl BBICOKOYACTOTHOTO MMIIYJIbca B Pe30HATOpE Ha
yactote 2.7 GHz. Ha HuxHell ocipuuiorpaMmMe —
UMITYJIbC PETMCTPUPYEMOTrO U3JIYYeHUs Ha IJIMHaX
BOJIH A~ 107> ¢cM ¢ KpucTa/lla IpU HAMPSKEHHOCTH
monst 20 kV/cm, T.e. u3nydyeHUs] HA MUJUIMOHHOM
rapMoHuke. M3 ocuwiiorpaMM BUIHO, YTO MOHU-
JKeHue HanpsikeHHocTH nosist Ha 10% comnpoBoxaa-
€TCS MCUE3HOBEHNEM M3ITyUEHMSI.

™
|

0.5us t

[—

Puc. 2. OcuuiorpaMMbl aMILIUTY/IbI
BBICOKOYACTOTHOTO I10JISI B pe30HaTOpe (BEPXHUI JTy4)
Y UBJYYEeHUSI C TOBEPXHOCTH TMOJYNPOBOJIHUKA B 00JIaCTH
BaKyyMHOTO yJIbTpaduoseTa (HIKHUMI JIy4)

Pe3ynbTaThl 3KCIIEPUMEHTOB B CAHTUMETPOBOM
JIMana3oHe JOCTaTOYHO IIOJHBI JJISI OMHO3HAYHOM
WHTEpIpeTaluu. XapaKTepUCTUKU U3JIYYeHUS B
9TOM JiMana3oHe MOHSITHBI MPaKTUYEeCKU BO BCEX Je-
Tajisix. YTo KacaeTcs yibTpaduoaeToBOro Auana3oHa
(A~1075 c™), curyarust MeHee sicHa. T1poBeIeHHBIX
9KCIIEPUMEHTOB HEIOCTATOYHO TSI IE€TATBHOTO 13-
YYEHUS 3TOTO U3JIydeHUsI. SICHBIM SIBJISICTCS OMHO —
CHEKTp M3IYYEHUSI XOPOIIO YKJIAAbIBA€TCs B Ipe/-
JlaraeMblii MeXaHU3M U3JIy4eHUs.

OcoOblii MHTEPEC MPEICTABISICT KOJJICKTUBHBIM
Mpolecc U3aydyeHus. B caHTUMETpOBOM JMamna3oHe
JIJIMH BOJIH, 0€3yCJI0BHO, HA0II01aeTCsl KOJJIEKTUB-
Hoe u3aydyeHue. B omnrtmyeckoM u yabTpacduose-
TOBOM J[Mana3oHax MOXHO TOJIbKO IMpeAIioJararhb,
YTO OHO TakKxKe peanusyercs. MMeroluecs akcre-
PUMEHTAaJIbHbIE PEe3YyJIbTaThl HE AAIOT BO3MOXHOCTU
cheyaTh Kakoe-a1bo oJHO3HAYHOE 3aKJII0UEHUE 10
3TOMY ITOBO/LY.

1.2. Bropuunsie pe3onanchl. [losicHuth pabo-
Ty BTOPOTrO MeXaHMU3Ma MpeoOpa3oBaHUSI SHEPIUU
HM3KOUYACTOTHBIX JIBMOKEHUI B 9HEPTUIO BHICOKOYA-
CTOTHBIX MPOIIIE BCEr0 Ha MpUMepe Bpallaroliencs
MyTOBUIIbI HA HUTKE, CXeMaTUYECKOe N300pakeHue
KOTOPO MpUBEAEHO Ha puc. 3.

B aTOM ciiyyae sHeprusi HU3KO4YaCTOTHBIX JBU-
>KEHUM pyK TpaHC(HOPMUPYETCST B IHEPTUIO OBICTPHIX
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(BBICOKOYACTOTHBIX) BpallleHWIA TyrOBUIIEL. JIpyToit
MPOCTOM TIPUMeEp TIPEICTaBIIIET COOOM CUCTEMY U3
JIBYX CITaOOCBSI3aHHBIX JTUHEHHBIX MasiTHUKOB. W3-
BECTHO, YTO HAJIMYME CBI3U MEXKIY STUMH MasTHU-
KaM¥ TIPUBOAUT K TOMY, 4TO DHEPTUS KOJeOaHMit
OIIHOTO MasITHMKa Yepe3 HEKOTOPOe BPeMs IOJTHO-
CTBIO TIEPEXOAUT B DHEPIHIO0 KOJIeOAaHWI BTOPOTO
MasTHHKa. [Tporiecc oOMeHa SHEPTUSIMA MEKIY Ma-
STHUKAMW SBJISIETCS TIEPUOANYECKUM, YacToTa KO-
TOPOTO ONPEICIIACTCS BEITMINHOM CBSI3U. YeM MeHb-
IIIe CBSA3b, TEM MEHBIIIE 3Ta YacTOTa.

A
AR ) *
e \34'

Puc. 3. CxemaTtnueckoe n3o0paxkeHue BpallaloIeics
ITyTOBUIIbI HA HUTKE

Takum 06pa3oM, 1Ba CBSI3AHHBIX OIMTHAKOBBIX MasIT-
HUKa IIPU HAJIMYUU CBS3U IPUOOPETAIOT B CBOECH 1 -
HaMMKe HU3KYIO yacToTy. Hannune 1ot HU3KOI ya-
CTOTHI TTO3BOJISIET OPraHU30BaTh PE30HAHCHYIO CBSI3b
BBICOKOUYACTOTHBIX MAsTHUKOB C HU3KOYACTOTHBIM
WCTOYHUKOM DHEPIMu. MBI paccMOTpesnd pasindd-
HBIE BapuaHThl Takux cucteM. Hanbonee mHTEpec-
HBIM U3 HUX SBJISIETCSI CUCTEMA U3 JBYX CBSI3aHHBIX
pPE30HATOPOB, B KAHAJ CBSI3M KOTOPBIX BKITIOUEH HU3-
KOYaCTOTHBIU reHepatop (puc. 4). bblio mokasaHo,
YTO €CJIM CBSI3U MEXKIY PE30HATOPAMM HEB3aUMHBIE,
TO DHEPIUsI HU3KOYACTOTHBIX KOJIEOAHWIT BHEIITHETO
reHepaTopa MOXeT TpaHC(POPMUPOBATLCS B SHEPTUIO
BBICOKOYACTOTHBIX KOJIEOAHUIA PE30HATOPOB.

| e R0

Puc. 4. JIBa cBsI3aHHBIX pe30HaTOpa

WMHTepecHbIM NPUMEPOM SBIISIETCSI BO3MOXHOCTH
YCUJICHUSI PEHTTEHOBCKOTO W3IYYEHMUSI TIPU €ro
pacmpocTpaHeHUM B KpucTamiax. I[Ipu aTom poib
MasITHUKOB MTPAIOT IBe PEHTTeHOBCKME BOJIHEI (T1a-
Jarolas BOJIHA M BOJHA MUHYC T€pBOTO IOpsIKa
Iudpakium), CBsI3b MEXAY KOTOPBIMU OCYIIECT-
BIISIETCS Yyepe3 KpucTasul (puc. 5). JLomoJIHUTEeIbHEIE
0COOEHHOCTH MeXaHM3Ma BTOPUYHBIX PE30HAHCOB
MOXHO HaiiTu B padorax [14-17].

CRYSTAL
L ext.
Minus ferst order Y
Of diffr. wave
y Lext.
v Z

Puc. 5. BzaumoneiicTBre ByX peHTT€HOBCKMX BOJIH
B KpUCTaJLJie
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[MponmmocTpupyeM paboTy MeXaHH3Ma BTOPHY-
HBIX PE30HAHCOB Ha MPOCTEWIIEM TpUMepe. DTUM
MIPUMEPOM MOXKET OBITh CHCTEMa JIBYX CBSI3AHHBIX
OIMTHAKOBBIX OCIMJUISITOPOB, CBSI3M MEXIY KOTOPBI-
MM 3aBHUCIT OT BpeMeHU W HeB3auMHBIe. CHcTeMy
ypaBHEHUI, KOTOpas OMKCHIBACT AUHAMUKY TaKHMX
OCLIMJIJIITOPOB, MOXHO 3aIicaTh B BUJIE:

X +x = (f) Xy,

an

Ecm (p, /n,)#const cucrema (11) He Moxer
ObITh 3amucaHa B OOBIYHOM TI'aMWJILTOHOBOM BUJEC
(ramuabTOHMAH AJIs1 cucteMbl (11) B obleM ciiyyae
MOXET ObITh HAITMCAaH B pacIMPeHHOM (pa30BOM Mpo-
crpaHcTBe). [IpuurHa OTCYTCTBUSI TaMUJIbTOHHMAHa
3aKJII0YaeTCsl B TOM, UTO BUpTyasjibHas paboTa peak-
LI CBSI3€il HEe paBHA HYJIIO, T.€. CBSI3U B 9TOM cllyyae
SIBJISIIOTCSL HennealbHbIMU. PU3NIeCKUM ITPUMEPOM
CHUCTEMBbI, KOTOPasl MOXET ObITh OMKUCaHa CUCTEMOIt
ypaBHeHU#l (11), sABAsIeTCs AMHaAMUKa TOJE ABYX
CBSI3aHHBIX OAMHAKOBBIX pe3oHaTopoB. [Ipuuem
CBSI3U MEXIY 9TUMHU pe30oHaToOpaMu pasHble. Takue
CBSI3U MOXKHO OCYIIIECTBUTD, HAIPUMED, C MOMOILIbIO
KaHaJI0B, KOTOPbIE UMEIOT FTMPOTPOIHbIE BCTABKM.

Ilpn manbix KosdduumeHrtax cssazm (p; <<1)
JUISL OMpeaeeHUsT MeIJICHHO MEHSIOIIUXCS aMILIH-
TyL a;(f) KojeOaHW{ MAasITHUKOB, IUISI PEILEHUS
X; =a,(f)-exp(it), TOJYYUM CIEAYOLIYIO CHUCTEMY
YKOPOUEHHbIX YPAaBHEHUIA:

a =w-a,/2,
ay=y,-a /2.

Ilycts kO3 (ULIMEHTH CBSI3U UMEIOT BUI
W =o;+p;-cos(y-7), roe a;,p; ITOCTOSIHHBIE.
Ecim B, =0, To BO3HMKAeT NMepUOAMYECKAS] MO-
IyJSIUUST aMIUTUTYL @; € 4acToTol Q=./o, o, /2,
T.€. DHEPIrusl OMHOTO MAasTHHUKA TepeKauynBacTCs B
SHepruo apyroro, u ooparHo. [Ipu B; #0 cucrema
ypaBHeHMI (12) 3KBUBajeHTHA YpaBHEHUIO XWJLIa.
ITpu 5TOM BO3MOXKEH POCT aMILTUTYIbI B3aUMOCTH -

CTBYIOIIUX OCUWIIATOPOB. OTMETUM, UTO U3 CUCTE-
MbI (12), ByacTHOCTH, ClIeayeT

d(alz)zﬁ—;d(azz).

X, + X =py (1) X, .

(12)

13)

W3 (13) cnenyer, uto ecmm (p, /u, )= const , T0
cucteMa (12) umeeT uHTerpas (M oObIYHBIN TaMUIIb-
TOHUAH)

al —(w /1, )as = const . (14)

ITpu BeimonHenuu (14) cucrema (12) He UMeeT
HapacTaloUIMX pelleHuil. YcuieHre nmpu 3ToM OT-
cyrcrByer. M3 (13) Takxke cienyer, 4To B MEPBOM
NpuOIMKEHUU MO mapameTpy f;/a; CYLLECTBYeT
unterpan (14), eciu B, /o, > B, /o, . Yem Gosnble
pasiauuue B BeJIMYMHAX B, /o, U B,/a, , TEM OO0JIb-
KM OyaeT MHKPEMEHT MapaMeTpUYecKoro ycuie-
Hus. [lycTs 1t onpeneneHHocTH By /oy >>PB, /o,
U BBIMOJIHEHO YCJIOBME NapaMeTpUyecKoro peso-
HaHca: y=2Q. Toraa, BOCIOJIb30BaBIINCH TEOPUEH
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BO3BMYILIICHMA, Haigem, 4to AMIUIUTYObI CBA3aHHBIX
OCHUJIJIATOPOB OKCITOHCHIIMAJIbHO YBCJINYMBAIOTCA

a, ~a, ~exp(Pd1), (15)
rae ®=(p,/2-a,).

1.3. MexaHu3M noAaBJeHHS] KBAHTOBBIX Iiepe-
X0110B (KBaHTOBAs 10J1a). MeXaH13M KBAHTOBOI 10JIbI
110 CBOEMY pe3y/IbTaTy aHaJOTMYeH KBAaHTOBOMY 2¢h-
(bekty 3eHoHa. [ToHumaHue 3Toro a¢pdekra MOKHO
paccMoTpeTh Ha ipuMepe 1oJibl. Eciiu ee mocTaBuTh
BepTUKAJIbHO U HE 3aKPYTUTh, OHA yraaeT. Bpems
MageHusl 10Jbl MOXHO paccMaTpuBaTh KakK BpeMsi
JKM3HU €€ BEPTUKAJIbHOIO MoJIoKeHUs. YToObI 10J1a
COXpaHsla BEPTUKAIbHOE IOJOXEHUE, I0CTaTOY-
HO ee 3akpyTuThb. [Ipuyem mepuon BpalleHUs 10JIbl
JOJDKEH OBITh 3HAUMTEIbHO MEHBIIUM, YeM BpeMs
naneHus 1oabl. Hy>XHO ckazaTh, YTO 3TOT MPOCTOI
MPUHLIMIT CTaOWUIM3aLMU HEYCTOMUYMBOIO COCTOSI-
HUS 0Ka3bIBaeTCs YHUBepCcaTbHbIM. Kak Mbl yBUIUM
HUXe, oH 3¢ (GEeKTUBHO paboTaeT Kak B KBAaHTOBOM
MeXaHUKe, TaK M B KJIaCCMUYECKOl, a TakXke B Kjac-
cUYecKoit anekTpoauHamuke. OcHOBHas MmpoobieMa
MpU peaM3alliyd 3TOro MpUHLMIA CTaOUIM3aLUU
3aKJII0YAeTCs] B TOM, YTOOBI OMpPeaeIuTh XapaKTep-
HO€ BpeMsl XU3HU HEYCTOMYMBOTO (BO30YKIEHHO-
ro) COCTOSIHUMSI, HaliTU BO3AEHCTBUE, KOTOPOE ObI
MEHJIO XapaKTePUCTUKU U3YyUYAEMOM HEYCTOMUYMBOI
CHUCTEeMbl, U CO3[aThb YCJIOBUS, YTOOBI MEPUOI U3-
MEHEHMST ITUX XapaKTepUCTUK ObLI 3HAYUTEIbHO
MEHBIINUM, YeM BPeMs XKM3HU BO30YXIEHHOIO CO-
cTosiHUs. B KauecTBe mpuMepa pacCMOTPUM MPO-
CTEHIIYI0O ABYXYPOBHEBYIO KBAHTOBYIO CHUCTEMY.
Mb1 xoTUM 3acTabuIM3UpPOBaTh €€ BEepXHEE BO3-
OyxIeHHoe cocTosiHue. IIpenmnoaoxum, 4To Ha 3Ty
KBAHTOBYIO CHCTEMY IEHCTBYeT pE30HAHCHOE BO3-
MyllleHHe. DTO BO3MYyIleHUE OyIeT MepexoauTh 13
BO30YXXIEHHOT'O COCTOSIHMSI B OCHOBHOE COCTOSIHUE
¢ yactororo Padu. Yactora Pabu mpomnopumroHaib-
Ha YMCy KBAHTOB PE30HAHCHOTO BO3MYILICHUS. DTy
YacTh MOJEJM MOKHO COOTHECTU C BEPTUKAIbHBIM
MOJIOXKEHNWEM OJIbl — CHUCTEMa M3 BO30YKIECHHOTO
COCTOSIHMSI 3a BpeMmsl paBHoe Iepuony Pabu mepe-
iner B oCHOBHOe cocTosiHue. OOpaTHbIE TIepexo/Ibl
Hac MHTepecoBaTh He OYyIyT. Y CIOXKHUM MOJEIb Ha-
1Ieli KBAHTOBOM CHUCTEMbI. A UMEHHO: YYTeM HaJlu-
Yyue TPEThEro PHEPreTUUEeCKOro YpoBHS XKeJaTeJbHO
BOJIM3U BO30YXIeHHOro ypoBHsi. Kpome Toro, BBe-
JEM CTAOUJIM3UPYIOLLIEE BO3MYIICHUE — PE30HAHC-
HOe BO3MYIIEHUE, KOTOpoe OyIeT MepeBOAUTh KBaH-
TOBYIO CUCTEMY C UICXOJIHOTO BO30YKI€HHOTO YPOBHSI
Ha JIOTOJHUTEIbHbII ypoBeHb. [1o aHamoruu c 1o
MOKHO OXUAATh, YTO €CJIU ITU MTEPEXObl OYIyT 3HA-
YUTEIbHO 00Jiee ObICTPHIMU, YEM BpeMsI ITaICHUSI CH-
CTEeMbl Ha HWXKHUI YPOBEHb, TO TAKOTO TaJAeHUS He
npousoiner. MHbIMU CIOBaMM, BBEACHUE TPETHETO
YPOBHS U JIOTIOJHUTEIBHOTO PE30HAHCHOTO BO3MY-
1IeHUs OyJIeT 9KBUBAJIEHTHBIM BPAILICHUIO HOJIbI.

Yrob6bl nipoBepUTh 3(HHEKTUBHOCTL 3TON CXe-
Mbl CTaOMIM3aIMM KBAHTOBBIX CHUCTEM paccMO-
TPUM TIPOCTEMUIIYIO TPEXYPOBHEBYIO CUCTEMY, CXe-
Ma KOTOpO# TipeiacraBiieHa Ha puc. 6. Ilycrs, mrs
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OIIPEICIECHHOCTH, Mbl MMeEeM JIBa OJIM3KOJIEKAIIIX
BO30YKIeHHBIX YpoBHS. IlycTh Ha 3Ty KBAaHTOBYIO
CHCTEMY JICMCTBYET JBa MEPUOANIECKIX BO3MYIIIC-
Hust. OMHO U3 HUX MEPEBOIUT CUCTEMY U3 BO30YX-
JIEHHOTO COCTOSTHUST HA OCHOBHOI HYJIEBOI YPOBEHb.
Bropoe — mepebOpachiBaeT CHUCTEMy C OIHOTO BO3-
OYyXIeHHOTO YPOBHSI (TIEPBOr0) Ha BTOPOil BO30YX-
JIEHHBII YPOBeHb. MBI OXUIaeM, YTO €CJIM 9acToTa
IEePEXOI0B MEXIY BO30OYXICHHBIMU YPOBHSIMU OY-
JIET 3HAYMTEIbHO OOJIBIIIEH, YeM YacTOTa IIEPEeXOI0B
MEXIy TIEPBbIM BO30YXXICHHBIM U HIDKHUM (HYJIe-
BBIM), paccMaTpuBaeMasi KBaHTOBasI CUCTeMa OCTa-
HeTCsT Ha BO30YKIEHHBIX YPOBHSIX.

s

[
Fay

Puc. 6. CxeMa sHepreTUYEeCKMX YPOBHEIA:
(®; — YacTOTa CTAOMIM3MPOBAHHOTO BO3MYIIIECHNUS

PaCCManI/IBaCMaH CHUCTEMA OIIMCBLIBACTCA CJIC-
JOYIOIIUM IraMUJIbTOHMAaHOM:

H=Ho+Hi(). (16)

Kaxk o0b14HO BTOpOE c1araeémMoe B IIpaBOil YacTu

(16) onmceiBaeT Bo3MyllieHre. BOTHOBYIO (PYHKIINIO

1151 cucteMbl (16) GymeM MCKaTh B BUJE PA3JIOKEHUS

10 COOCTBEHHBIM (PYHKILIMSIM HEBO3MYILIEHHOIO ra-
MWJIBTOHUAHA:

(1) =Y 4,(1)-0, -explio, 1), (17)

rae o,=E,/h; ih-0p,/0t=Hoo,=E,-o,.

Bynem paccmaTpuBaTh TpeXypOBHEBYIO CHUCTeE-
My, Ha KOTOpPYIO NEWCTBYeT ABa MEPUOAMYECKUX

Hi(t)=Uoexp(iog?)+Uiexp(io?) .

B aToM ciyyae cuctema ypaBHEHMIA Uit OIpeaesie-
HUSI aMIUTUTYL A, puoOpeTaeT BUI:

Ph Ay =Vo Ay b A =Vigdy +Vip Ay s
i-h-A =V, A (18)

bynem paccmaTpuBaTh Ciy4aii, Koraa Bepo-
ATHOCTU TPSIMBIX U OOpPATHBIX I€PEXONO0B pPaBHbI
Vi, =V5, Vio=V,). Paccmorpum Taxcke ciyvaii,
KOIZa MaTPUYHBIE 3JIEMEHTBHI IEPEXOI0B MEXIY
NEPBBIM U BTOPBIM YPOBHSMU 3HAYUTEIBHO OOJIb-
LIKeE, YeM MAaTPUYHbIE HIEMEHTBI 1I€PEXON0B MEXIY
HYJIEBBIM M NEPBBIM YPOBHSIMU (V), / V)i =p>>1).
[Tycte B HayaslbHBI MOMEHT paccMaTpuBaeMast
KBaHTOBAsl CUCTEMA HaXOIUTCS] HA BEPXHEM BO30YXK-
JeHHOM ypoBHe. Torza, Kak JIerko BUeTb, PeLIeHU-
€M Halllell CMCTeMBbl OynyT (YHKLIWNU:

BO3MYILICHUA:

A :.Lsin(wl‘),A] :cos(p-t) , A4 :—isin(u~t).
ip
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W3 aToro pelieHust cienyer, 4To 4yeM OOJIbIle
napaMeTp p, TeM MeHbllle OyaeT BepOSITHOCTb, YTO
cHcTeMa M3 BO30YXKIEHHOTO COCTOSIHUS MEPEUAET B
HEBO30YXXJIEHHOE CTallMOHAPHOE COCTOSTHUE. AHa-
JIOTUYHBIM 00pa30oM MOXHO MOKa3aTh, YTO CTa0OU-
JIM3UPYETCS TepBOHAYAIBHOE HEBO30YXKJIEHHOE CO-
CTOSIHUE, T.€. CTAOMIU3UPYETCSI HYJEBOW YPOBEHb.
HeobxoanMo HECKOIBKO CJI0B cKa3aTh O ITapaMeTpe
u . @U3MYECKN 3TOT ITapaMeTp OIpeesisseT OTHOIIe-
HUE YKMcJIa KBAHTOB HU3KOYACTOTHOTO BO3MYILICHUS
(ompeaensiolIde Mepexoabl MEeXIy MePBbIM U BTO-
PBIM YPOBHSIMM) K YMCJY KBAHTOB, OINpPEAISIOLINX
Mepexoibl MEXTY HYJIEBBIM M IEPBBIM YPOBHSIMU.

MexaHn3M KBaHTOBOI 10JIbI TTO3BOJISIET CO31aTh
TUIOTHBI aHCaMOJb BBICOKOBO30YKIEHHBIX KBaH-
TOBBIX CUCTEM, T.€. ITO3BOJISIET CYIIIECTBEHHO YBEIN-
YUTh BpeMs >KM3HU BO30YKAEHHBIX MHBEPTUPOBAH-
HbIX COCTOSIHUM.

B kauectBe mipuMepa TakKoil BO3MOXKHOCTHU
HMKE MBI PACCMOTPUM BOIPOC O BO3MOXKHOCTH IO~
JMaBJIE€HUSI CUHXPOTPOHHOIO M3ay4YyeHus. dpyrumu
CJIOBaMM, MBI PaCCMOTPUM BOIPOC 00 YBEIMYECHUM
BPEMEHM XXM3HU DJIEKTPOHOB B CHMHXPOTPOHE. DTO
MO3BOJIUT YBEJIMYWTh MaKCUMAaJbHYIO DSHEPTUIO
3JIEKTPOHOB B CUHXPOTPOHAX.

1.4. Isa pemenusa. ChopMyaMpoBaHHOE BbIIIIE
yCJIOBUE CTAaOWIM3AlMKM KBAHTOBBIX M KjaccUue-
CKUX COCTOSHUI B KBAHTOBOM MEXaHUKE HAXOIUT
cTporoe 000CHOBaHME TOJBKO JJISI MHAYLIMPOBaH-
HbIX TpoleccoB. Eciu ke Mbl UMeeM CITIOHTaHHbIE
epexobl, TO MOXHO ObUIO Obl pacCUMTBHIBATh Ha Te
Xe camble ycioBus. OgHaKo, €ciii CTPOro pelaTth
YPaBHEHUS KBAaHTOBOW MEXAHUKU U T10JIb30BAThCH
NPUHATOW B HEW TeOpUEN BO3MYIIIEHUS, Mbl HE T10-
JIyYUM Tako# ctabuiauszauuu. BozHuKaeT mapamokc.
YTo0Obl €ro MpOWTIOCTPUPOBATh 0o0Jiee NETaTIbHO,
paccMOTpPUM KOHKPETHBIM ciiyyall cTaOuaIM3aiuu
CUHXPOTPOHHOIO u3NlydeHusi. CUCTeMy ypaBHEHMIA,
KOTOpasl ONUCHIBACT AUHAMUKY aAMIUIATYI BOJIHO-
BBIX (DYHKUMI 711 CHHXPOTPOHHOTO U3JTyYeHUsI MPU
HaJM4YUU CTAOMJIU3UPYIOLIETO BO3MYILIEHUST, MOXKHO
NPEICTABUTH B CJICAYIOLIEM BUJIE:

ihAy =V* Ajexp(—i-AE -t/ h)
ihA =V~ Ayexp(i-AE -t/ h)+V,, - 4
ihA, =V, - A, .

(19)

Bnec V' =[yiU vy, d’x; V- =.|'\|/1*U’\u0d3x;
Vi, ZIWTU\Vzd x; Vi, =Vy; A — aMmniuryna BoJ-
HOBOU (PYHKIMM OCHOBHOIO BO30YXXIEHHOTO CO-
CTOSIHUS; A, — aMIUIUTYla BOJHOBOW (DYHKLMU
HUXXHETO (OCHOBHOTO) COCTOSIHMSI, HA KOTOPOE TPO-
HWCXOMASIT MEPEXOAbI 32 CYET CIIOHTAHHBIX MPOLIECCOB;
A, — aMIUIUTY/1a BOJIHOBOU (DYyHKIIMY TOTIOJTHUTEIb-
HOTO COCTOSIHMSI, HA KOTOPOE MPOUCXOISIT IMePEeX0 bl
B pe3yJibTaTe MHAYLUPOBAaHHOTO Mepexoa, 00yCI0B-
JIEHHOTO CTaOMIM3UPYIOIIMM BO3MYILICHUEM.
CuctemaypaBHeHuit (19 ) oTainuaeTrcs oT mpuBe-
JeHHOM B [18] TOJbLKO HaIMUMEM TPEThEeTo ypaBHEe-
HUSI, a TAaKXKe BTOPOTO YieHa BO BTOPOM YpaBHEHUM.
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D10 mo0aBOYHOE ypaBHEHHE M J00ABOYHBIM UIeH
ONMCHIBAIOT TUHAMUKY WHIYIIMPOBAHHBIX ITEPEX0-
JIOB MEXIY HadaJbHBIM (BO30YXKIEHHBIM) YPOBHEM
1 100aBOYHBIM YPOBHEM.

Omneparopel U™ onpeneneHsl B [18]. OtMeTnM
TOJIbKO, UTO omepatop U™ mpomopiimoHaieH ornepa-

TOpY poXxaeHus, a ornepatop U~ mnporopuuoHaieH
oneparopy yHuutoxeHusi. Onepatop U onpenensi-
€T MOTEHLMAJT BHELIHEro MepUuOaNYECKOro BO3MY-
meHus. Creayer 3aMeTUThb, YTO B OOLIEM CITydae Mbl
JTOJIKHBI ObLITY ObI B TPEThEM ypaBHEHU U cUCTeMBI (19)
JIOTMCATh YWIeH, KOTOPbIil OTBETCTBEHEH 3a CIIOHTAaH-
HbIE MEepPeXobl CO BTOPOro BO3OYKICHHOIO YPOBHS
Ha HYJIEBOIl CTAaLIMOHAPHbBIN ypoBeHb. OQHAKO, KakK
Oy/eT sSICHO M3 JajibHellero, HaM He MoTpedyeTcs
JOTIOJTHUTEILHBIN aHaIN3 3THX TIePEeX0I0B, TaK Kak
OHU OYIYT COBEPIIEHHO aHAJOTWYHBI CITOHTAHHBIM
repexojaM ¢ NepBOro YpOBHS Ha HYJIEBOI yPOBEHb.

Cucrema (19) momyckaeT aBa CYIIECTBEHHO
pasnuyamImxcs peiieHus. PaccmMoTpum mepsoe,
CTpOTOe pellieHne, B IyxXe MPUHSATOM B KBAaHTOBOM
MeXaHUKe. Y Hac eCTh MHAYIIMPOBAHHBINA IIpoliece,
OOYCJIOBIIEHHBINI HaJIMYMEM BHEIIHErO0 BO3MYIIE-
HUSI. DTOT MpoLECC 3HAYUTEIbHO 0oJsiee ObICTPBII,
YeM MPOIIECChl, CBSI3aHHbIE CIIOHTAHHBIMU MEePEeXo-
namu. [1oaToMy B HyJIeBOM MPUOIMKEHUN Mbl MO-
>KEM TTOJIyYUTh pellieHre:

A =cos(Q-1), A, =-isin(Q-1), (20)
roe Q=V,, /h.

B cooTBeTcTBUM ¢ Teopueil BO3MYILIEHUS Mbl
JIOJDKHBI 3TU PellIeHUsI IOICTaBUTh B cucTemy (19).

Ecnu Mbl moctynuM Takum oOpa3oM, TO, Kak
JIETKO YBUJETb, Pe3yabTaT cTabminzauuu Oyner oT-
CyTCTBOBaTh. BymyT cjerka M3MeHSATHCS CIIEKTPHI
CIMIOHTAHHOTO U3JIYYeHUST — MPOU30MIET UX paciiie-
wieHue. Kpome Toro, BO3HMKHET HEKOTOpasl Mepuo-
IU4YecKkas BO BPEMEHM MOAYJSLIMS BEPOSITHOCTH.
Bce 10 Masio ckaxeTcst Ha BpeMeHU XKU3HU BO30YX-
JIEHHBIX COCTOSTHUIA.

Paccmotpum BTOpOe perieHue. Jlist 3Toro BBe-
JIeM CJenylollMe XapaKTepHble BpeMmeHa. Xapak-
TepHoe BpeMsi Af=2n/Q, 3a KOTOpoOe cucTteMa 13
OCHOBHOI'O COCTOSIHUS MEPEMIET MO AEMCTBUEM CTa-
OUJIM3UPYIOIIETO BO3MYILIEHUSI B HOBOE COCTOSTHUE.
BpeMs sK3HM OCHOBHOTO COCTOSIHHSI B OTCYTCTBHE
Bo3MylleHus (Bpems xusuu) T, =h-R/ry-mc* -y,
re #, — KJIacCUYEeCKU paguyc 3JeKTpoHa; R —
paauyc opOUTBI 2JIeKTpoHA B CUHXpoTpoHe. Eciu
B KauecTBe mpuMepa Mbl Bo3bMeM R=100cM,
E=mc*-y=500MeV , To BpeMs XU3HH OKaxeTcs
nopsinka 10”7 sec. Bymem cumrtarth, 4To Af << T, .
MOXXHO CYMTATh, YTO BpeMs XM3HU Ha BO30YKICH-
HOM YpOBHE IPY HATMYINU BO3MYIIICHHS COCTABIISICT
At . Torma B Te4eHHME 3TOTO BPEMEHH BEPOSITHOCTh
TepeTh B HIDKHEE CTallMOHApPHOE COCTOSTHUE IO
JIeficTBEM HYJIEBBIX KOJIeOaHMIA OyIeT IMPpOITOpILO-
HaJIbHA KBaJgpaty oTHoweHus: Af /T, . BepossTHOCTb
OCTaThCsT Ha BO30YKIEHHOM YPOBHE MOKHO OILIEHUTh
BBIpaXKCHUEM:
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w~[1—(Az/TL)2] Q1)

B pesyabTaTe MHAYLUMPOBAHHBIX MMEPEXOIO0B MO
WCTEYEHUN BPEMEHU Af CHUCTeMa OIMSTb OKaXKeTCsl
Ha HCXOIHOM BO30YXXJIEHHOM YpPOBHE, U BEPOSIT-
HOCTb €€ He MpopearupoBaTh Ha HyJeBble KoJjieba-
HUY U TIEPEUTH HA OCHOBHOM CTAaLlMOHAPHBIA ypO-
BEHb OyZIeT OIpenessiThbCa TOU ke opmyioit (21).
OTu ABa Ipoliecca repexo/ia Ha CTallMOHAPHbBIN ypo-
BeHb He3aBUCUMBI. [T03TOMY BEPOSITHOCTb OCTAThCSI
Ha BO30Y>XJIEHHOM YPOBHE OyJeT MpornopluoHaabHa
MPOU3BEAEHUIO BEPOSITHOCTE OCTAThCSI Ha BO30YXK-
JIEHHOM YPOBHE B KaXKJIOM U3 3TUX UHTepBajoB. 1o
WCTEYEHUN BCETO BpeMEHM XW3HU (7, ) BeposT-
HOCTb OCTaThCsl CUCTeME Ha BO30YXKJIEHHOM YPOBHE
MOXHO OyJIeT OLeHUTH (hOPMYJIOII:

w, =] [w ~exp(at/2T,).
i=1

Bunno, uro mpu Af/7, >0 BeposITHOCTb
OCTaTbCsl CUCTEME B BO30OYK/IEHHOM COCTOSIHUM OY-
JeT CTPEMUTBCS K eAMHULE W, =1 .

Takum oOpa3zoM, Mbl BUAUM, UTO UMEETCS ABa
pellleHus], pe3yJbTaTbl KOTOPbIX MPOTUBOpEYAT
apyr apyry. Kakoe ciaenyet BoiOparh? [lo Haiemy
MHeHU10, Bropoe. JlelictButeabHo, peineHue (20)
OIMCHIBACT AUHAMMKY KBAHTOBBIX MHIYLIMPOBaH-
HBIX TEPEeXOA0B MeXAy BO30YXKIEHHBIM YPOBHEM
U JOIOJHUTEIbHBIM ypoBHeM. Kak u3BecTHO, B
KBAHTOBOI MeXaHMKE TaKoe pellleHUe MMeeT TOJIb-
KO BEpOSITHOCTHBHIN XapakTep. DTO 03HAYaeT, 4To,
IJISIAST HA 3TO pellleHrEe, Mbl MOXEM C YBEPEHHOCTBIO
cKa3aTh TOJIBKO, YTO IO MCTEUYEHUW BpPEeMEHU! ITION
JIeCTBUEM BHEIITHETO BO3MYIIICHUS CUCTEMa M3 UC-
XOJHOTO BO30YXXI€HHOTO YPOBHS (IIE€pBOro) ¢ BEpo-
SITHOCTBIO €IMHUIIA OKAXETCS Ha JOMOJHUTEIbHOM
SHEPreTUYecKoM ypoBHe (BTopoM). Korma xe 310 B
JIEUCTBUTEILHOCTU MTPOU30OUAET HA STOM UHTEPBAJIE
BpeMeHHU, MOKHO TOJIbKO CKa3aTh ¢ HEKOTOPOI Be-
pOsITHOCTBIO. UIMEHHO 3TMMM OCOOEHHOCTSIMU pe-
LIeHU KBAaHTOBO-MEXaHUYECKMX 3aJa4 Mbl U BOC-
MOJIb30BAIUCH MTPU MOJYYEHUH BTOPOTO PEILLICHUS.

(22)

1.5. Mexanu3M KBaHTOBOJ 10JIbI B KJIACCHYECKOM
MexaHuke. Bhllie Mbl paccMaTpuBaiy TOJIbKO KBaH-
TOBble cucTeMbl. OgHakKo c(HOPMYIUPOBAHHBIN
MPUHINIT KBAHTOBOI I0JIBI C YCIIEXOM MOXKET OBITh
WUCIIOJb30BaH M B KJIaCCUYECKOW MexaHuke. Jleit-
CTBUTEJILHO, OH MTOXOX HAa TOT, KOTOPBIIA POSIBIISIET-
¢S B IBVDKEHMSIX TUPOCKOTIA U B TIEPEBEPHYTOM MasiT-
Huke Kanuupl. B kauecTBe mpocTeiilliero npumepa
HUCIOJIB30BaHMsI 3TOr0 MeXaHU3Ma B KJIAaCCUYECKOM
JUHAMUKE PAaCCMOTPUM AMHAMMKY TpeX CJIabOCBSI-
3aHHBIX JIMHEMHBIX OCLHUJUISITOPOB. ['aMuiIbTOHMAaH
TAaKOM CUCTEMbI UMEET BU/I;

I
H=2 (AP +ad )+ h aid,+hy s, (23)

l'amunbroHnany (23) COOTBETCTBYET CleIylO-
1ast cucteMa auddepeHInaIbHbIX YpaBHEHUI BTO-
poro nopsiika:

G +a Aqy =-Ahq,
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G + @y Ay g, == A g, — Ay, (24).

Gy + a3 Ayqy = — A g,

Cucrema (24) onuchiBaeT IMHAMUKY TPEX CBSI-
3aHHBIX JIMHEHHBIX OCUMLISATOPOB. IlpuueM cBs3b
MEXIY OCLWUIITOPAaMM OCYILECTBISICTCS TOJbKO
yepe3 BTOpPOH ocLWLIATOp. bymeM mjisi mpocToThbl
CUYMTaTh, YTO YACTOTHI BCEX OCLMJIISITOPOB OAMHA-
KOBBI (@A =a, Ay = a3 4, =®*) M UTO CBA3b MEXILY
HuMU crnabas (4 <<1). Torma pemieHune cucre-
Mbl ypaBHeHUU (24) ynoOHO NpeacTaBUTb B BUE
g; = x;(t)-exp(iot) . YuuTbiBas, 4TO CBA3bL Ciadas
JUJTSI HAXOXIEHUST MEIJIEHHOMEHSTIOLIIUXCS TTIepeMeH-
HBIX X;(7) , MOXHO TIOJyYHTb CJICIYIOLIYIO CUCTEMY
YKOPOUYEHHBIX YPaBHEHUIA:

X ==X, X,=—X —Wx;, Xy=-px,, (25)

rne x=dx /dv, t=t(Ah /o).
Ecnu B cucreMe (25) BeIMUUHBI CBSI3€H TAKOBBI,
YTO MapaMeTp | 3HAYUTEJIbHO OOJIbIIEH eqUHULIBI

(p=hy, / h >>1), TO pemreHne cucTeMsl (23) MOXHO
MPEeCTaBUTD B CJIEIYIOLIEM TPOCTOM BUJIE:

X, =cospt, x, =i-sin(ut) /pn, x;=i-sin(ur) . (26)

W3 pemrenus (26) ciemyeTt, 9TO TIPU TaKUX 3HA-
YeHUSIX apamMeTpoB (Ko3¢hGUILIMEHTOB CBSI3U) B 00-
MeHe 3Heprueil OyayT y4acTBOBATh TOJBKO BTOPOIt
U TPEeTHil OCHWUIATOPHL. B TlepBoM ocuMIIIsITOpE
OymyT HaOIIOIATHCS TOJHKO OBICTPBIC OCLIVILISIIAN
MaJIEHBbKOM aMIUIUTYABI (X, ~1/p ). DTOT pe3ynbrar
KaK pa3 U COOTBETCTBYET TOMY (PaKTy, UTO DHEPTHUS
He TIePEXOINT K TTIePBOMY OCIMIUIATOPY. JrmHaMmKka
IIepBOro OCIHMJUIATOpPA TOJaBIIeHa. DTOT pe3yJibTaT
ITOJTHOCTHIO aHaJIOTHUYeH 3 PEKTy KBAHTOBOIA FOJIHI.

OtMmeTnM, 4TO 3(PPEKT KBAHTOBOM I0JIBI TTOXO0XK
Ha TOT, KOTOPHII TPOSIBIISIETCS B ABVMKEHUSX THPO-
CKOITa ¥ B TIepeBEepHYTOM MasTHHKe Karmuipsl. Me-
XaHW3M KBAHTOBOM OJTBI B KJTACCHYECKOI MeXaHUKe
MOKET OBITh MCITOJIb30BaH I CTAOMIIM3aLNU pa3-
JIMYHOTO THTIA HeycToMYmBoCTel. B KadecTBe mpm-
Mepa TaKoil BO3MOXHOCTH pacCMOTPHUM CTaOMIIM3a-
LIVIO TIOTOKOB M3ITyYEHMUSI B TUTa3Me.

1.6. Crabuim3aius NOTOKOB H3JIyYeHHUS B I1a3Me.
MexaHu3M KBAHTOBOI 10JIbI OKa3bIBAETCS TIOJIE3HBIM
U B KJJacCMYeCcKol asiekTpoanHaMuke. [Tokaxkem 3To
Ha NMpUMepe cTabuiu3allMy MOTOKOB M3JTyYeHUs B
TUIa3Me.

M3BecTHO, UTO MpU peanu3aliuy CXeM Ja3epHOro
YCKOPEHUS OHOW U3 MEePCIEKTUBHBIX CXEM SIBJISIET-
csi cxema «beat-wave» [cM., Hanpumep 19, 20]. B aToit
CXeMe MHTEHCUBHOE JIa3epHOE N3TyYeHUE HaMpaBJIsi-
eTcs Ha 11a3My. [1pu HeamHetHOM B3auMoaeicTBUM
TAaKOro U3JYyYEHMS C TJ1a3MOI BO30YXKIAaeTCs UHTEH-
CHUBHasl TIPOMIOJIbHAS TUIAa3MEHHAs BOJIHA, KOTOPAas U
UCTOJIb3YETCS TSI YCKOPEHUS 3aPSKEHHBIX YaCTUIL.
OpHaKo B TAaKOH CXEME peaslu3yeTcsl He MPOCTO pac-
naj UCXOOHOM Ja3€pHOM BOJIHBI Ha JIPYTYIO Ja3ep-
HYIO BOJIHY Y Ha MJIa3MEHHYI0, a peaiu3yeTcs LeJblit
Kackaj Takux pacnaaoB. Hannune 10NoJIHUTEIbHBIX
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BOJIH CYILIECTBEHHO YCJIOXHSIET IMHAMUKY Kak ca-
MOTO TIpoliecca pacrnana, Tak U IMHAMUKY YCKopsie-
MbIX yacTull. Kpome 3T0ro, oTHOCHMTEIbHO YaCTHOTO
cyyast TIpolLecChl TPEXBOJHOBOTO B3aUMOACHCTBUS
(pacmagbl) urparT (GyHIAMEHTAJIbHYIO POJb B (hU-
3MKe T1a3Mbl. B HEKOTOPBIX Cllydasix OHU TOJE3HHBI,
B APYTMX ¢ HUMM HeoOxoaumMo 6opoThest. Huke Mbl
MOKaXXeM, YTO eCJIM OJHA U3 yJacTBYIOIIUX B TPEX-
BOJIHOBOM pacliajie BOJH OyAeT y4acTBOBaTh B HEKO-
TOPOM JIOTIOJTHUTEIBHOM ITepUOANYECKOM Ipoliecce
(cTabuausupyrolieM Mpoliecce), To MPollece pacana
oyaer nogaBiieH. [TpocTeiilasi cucrema ypaBHEHUIA,
KOTOpasl ONMMCBIBAET TaKUe MPOLECCHI, MOXET OBIThH
npeacTaBlieHa B CJeAYIOLIEeM BUJE:
a’A

a4y = VAA+2 4, 3

dt 2i 7

=2

v, Do VA,

Drta cucrema ypaBHeHMﬁ OIMCHIBACT B3aMMO-
nericTBUe yeThipeXx BosH. [Ipuyem aBe U3 HUX, HyJIe-
Basl U TPEThsI, B HALIMX 0003HAYEHUSIX CBSI3aHbI APYT
C JpYrom JIMHEWHO uyepe3 KOd(hOULMEHT CBI3U L.
Ecnu npyrue BOJHBI OTCYTCTBYIOT, TO ITPOMCXOAUT
nepuoaryeckas rnepekayka dHEPrUu U3 OCHOBHOM
30HbI B CTaOMWIM3UPYIOIIYI0, U obpaTHO. YacTtoTa
Takoi nepekayku paBHa Q= /2. Tpu BoJIHBI (HY-
JieBasi, TiepBasi M BTOpasl) B3aMMOICHCTBYIOT 4yepe3
HenuHelHocTh. Ecau koaddulimeHT cBsI3u paBeH
Hymo (n=0), To cucrema (27) onuchIBaeT OOBIK-
HOBEHHOE TPEXBOJHOBOE B3aMMOIEKCTBUE BOJIH,
JMHAMMKa KOTOPOTO XOPOIIIO U3ydyeHa (CM., Halpu-
mep, [21, 22]). MHKpeMeHT pacragHOoi HEyCTONYu -
BocTH paBeH &=V |4;(0)|. OTMeTnM, 4TO €cim 3HaK
MepBOTO YieHa MpaBoii YaCTU TIEPBOTO YpaBHEHUS C
MMHyca MOMEHSTh Ha TUTIOC, TO Takasl cucrema Oy-
JET OTMMCHIBATh B3PHIBHYIO HEYCTOMYMBOCTD, KOTO-
pas TakKe IeTaabHO M3ydeHa. Huske Mbl oKaxKeM,
yTO M00aBJIEHUE TPETheil BOJHBI MOXKET IOIaBUThH
Kak IpolecChl pacrana, Tak M MPOoIecC B3PHIBHOM
HeycToMuYuBOCTU. OTMETHUM, UTO B cuUcTeMe (27) Mbl
YUYIN CBSI3b TOJBKO HYJIEBOM BOJHBI (BOJTHBI HaKau-
K1) cO cTabuanM3upymoolleit BoaHOH (TpeTheil). Oka-
3BIBAETCSI, YTO TaKME K€ Pe3yJbTaThl MOJYJIalOTCs 1
B TeX CJIydasix, KOT/a B IIPOIIECC CTAOMIN3UPYIOIIETO
B3aMOICUCTBUS OyneT BoOBJIeUeHa Jio0ast apyras
BOJIHA (TIepBasi WK BTOpast).

Mp&1 npenmosaraeM, B COOTBETCTBMU C OOILEi
WIEOJIOTUEN, YTO KaK TOJbKO BpeMs IepeKauku
MEXAYy CTaOWIM3HUPYIOLIE BOJHOM U OOHON U3
BOJIH, YYaCTBYIOIIUX B TPEXBOJHOBOM B3aMMOIEHi-
CTBUM, OKAXKETCSI MEHBIIIUM YeM BpeMsl paBHOE 00-
paTHOMY MHKPEMEHTY pacnaaHON HEYyCTOMYMBOCTHU,
TO IIpolecc pacnaga OyaeT moaaBjeH. DTO yCI0BUE
umeeT BUI p/ 2V >|A;(0)| . Hixe MBI TokaxeMm, 4To
JIEUCTBUTENIbHO TaKOW TpoliecC MOJaBICHUSI UMe-
€T MecTo. Mbl OyeM aHaJIM3UpoBaTh cucteMy (27)
YUCJIEHHBIMU MeToaaMu. JJist 3Toro ynooOHO BBECTU
clieaylolue napaMmeTpbl U HOBbIE N€MCTBUTEIbHbBIE
TepeMeHHbBIE:
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Ay =X +ix), A =X, +ixy, Ay =X, +iX5, A; = X +iX;
t=Vt, e=u/2V (28)
Ecnu crabunusupyomieit BoiHbl HeT (£=0),
TO HaOJoAaeTcss OOBIYHBIN TIpoliecc pacnaaa. [Tpu
BKJTIOUEHUUW CTAOWIM3UPYIONIEH BOJHBI TIPU BBI-
nostHeHun yenosust p/ 2V >|A4,(0)| Bo Bcex ciyua-

SIX HabJrogacs npouecc cTabuIn3alnn pacnaaHoi
HEYCTOMYMBOCTHU.

Cmabuausauus 63pvleHoll Heycmoiuueocmu. VH-
TePEeCHO OTMETUTDb, YTO MPOUCXOIUT CTAOWUIU3ALINS
HE TOJIBKO MpOoLecca pacaaa, Ho U Mpoliecca B3phIB-
HOIl HeyCTOWYMBOCTHU. Pe3ynbTaThl paccMOTpeHUs
npeacraBieHsl Ha puc. 7—9. Ha puc. 7 mokaszaHa
JVUHAMUWKA BOJH TIPU B3PBIBHOU HEYCTOUYMBOCTU B
OTCYTCTBUE CTaOWUIMU3ALIMU, a HA pUC. 8, 9 TpeacTaB-
JieHa IMHaMKKa BOJIH MPU HAJIMYMU CTaOUJIU3UPYIO-
et BojHbl. M3 1aHHBIX PUCYHKOB BUAHO, UYTO YXe
npu 3HaueHMsIx napamerpa € = (.09 HaGmronaeTcs
MoJIHAsl CTAOMIM3alMs B3PbIBHOM HEYCTOMUYMBOCTH.
ITpu 3TOM OCHOBHasl BoJIHA W CTAOWUJIMU3UPYIOLLIAS
BOJIHA B3sUIM Ha ce0sl BCIO AMHAMMKY. TOJIBKO OHU
1 0OMEHMBAIOTCS IHEeprueit Mexay coboit. Ocrasb-
HbI€ BOJIHBI B AMHAMMKE He y4acTBYIOT. OTHAKO yXKe
rpu € = (.08 B3pbIB MPOSIBJISIETCS B MOJHYIO CUIY, HO
BpeMsl ero BO3HMKHOBEHUS OTOABUTAETCS.

10 T T T

Tn

Puc. 7. Jlunamuka B3pbIBHOM
HEYCTOMYMBOCTH 0€3 CTa0MIN3aIInN :
e=0, x,(0)=0.1, x,(0)=0.001, x,(0)=0.01

0.2 T T T T
0.1
" \/\/\/\A/\/W
-0.1
—02 1 ] ] ]

0 100 200 300 400 500
Tn

(=]

Puc. 8. [logaBieHue B3ppIBHOM HEYCTOMYMBOCTH:
€=0.09, x,(0)=0.1, x,(0)=0.001, x4,(0)=0.01

0.2 T T T T
0.1 -
= T
-0.1 }
—_o02 1 1 1 1
0 200 400 600 800  1x10°

Tn

Puc. 9. [lonasieHne B3ppIBHOM HEYCTOMIMBOCTH:
£=0.09, x,(0)=0.1, x,(0)=0.001, x,(0)=0.01

JlorToTHATEIbHBIE AeTali MeXaHM3Ma KBaHTO-
BOI 10JIbI MOXKHO HaliTH B paboTtax [23-25].
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2. DPOKYCHUPOBKA N3JIYYEHUA

B sTOoM pasmene MBI OImmIeM HEKOTOpHBIE HO-
BBbIe MEXaHU3MBI (DOKYCUPOBKM M3TyIeHUS. B mipu-
OJIKEHUN TeOMETPUUYECKON ONTHKU pPaccCMOTpPeH
MeXaHU3M (POKYCUPOBKH JIy4eil, aHAIOTMIHBIN aB-
To(hazupoBKe YacTull B yckoputesssx. Hanbomblyo
IUTOTHOCTh HEPTUM MOXKHO TOCTUYL TIPU pacces-
HUU BOJH Ha TIEPUOINIECKA-HEOTHOPOIHOM N3~
JIeKTpUKe. B 3TOM cilyyae BaXXHBIM SIBJIIETCS yUET
(ba3oBBIX COOTHOIIIEHMUI, T.€. pACCMOTPEHME TOJIK-
HO OBITH BOJTHOBBIM.

2.1. @oKycHpOBKa JIydeii, aHAJOTMYHASL ABTO-
t¢aszuposke Bekciaepa-MakMuiiaHa B TeOPpHUH YCKO-
puTeseil 3apseKeHHbIX YacTHi. M3BecTHO, YTO aB-
To(a3npPOBKa YCKOPSIEMBIX 3apsKeHHBIX YaCTHIT
Bekcnepa-MakMuiiaHa urpaet (pyHaaMeHTaIbHYIO
pOJTb B TEOPUU YCKOPUTENIEH 3apsKEHHBIX JACTHII.
M3BecTHO TakKe, 9YTO YpaBHEHMUSI, KOTOPHIE OIMCHI-
BalOT TWHAMUKY Jy9eidl B ITUIJIEKTPUUICCKON cpeme
B TIPUOIKEHUM TEOMETPUUYECKON OITHUKM, Majio
OTJINYAIOTCS OT ypaBHEHWA, OMMCHIBAIONINX ITMHA-
MWKY 3apsoKeHHBIX YaCTHIL BO BHEITHUX DJIEKTPO-
MAaTHUTHBIX MOJISTX. [102TOMY MOXHO pacCUMTHIBATh,
9TO Takasd (POKYCHPOBKA MMEET MECTO U IS JTyJeit.
Boiee Toro, MOXXHO 0XHMIATh, YTO OHA OYIET TAKOM
K€ BaKHO, KakK aBTO(a3MpoBKa YAaCTUIl B TCOPUU
yckopureseit. Hike MBI ToKaxkeM, 9To Takas (Poxy-
CUPOBKA T4 JIYYEHl IEVCTBUTEIBHO UMEET MECTO.

PaccMoTpuM HeogHOpOAHYIO cpedy, MOKa3a-
TeJTb TIPEJIOMIICHUSI # KOTOPOM MOXHO TIPEICTaBUTh
B BHJIE:

(29)

rae n, — IoKasareslb MPeJOMJIECHUS] OAHOPOIHOM
cpenbl; g — KoHcTaHTa; ®(x,z) — da3a nepuoau-
YeCKO HEOMHOPOMTHOCTHU, KOTOpasi OMpeaessieTcs
(opmynoii

n(x,z)=ny +q-cosd(x,z),

¢ dx
®=[k(z) == dz -0z, (30)

0 dz
k — «gacToTa» TepuoaINIeCcKOl HEOMHOPOIHOCTH 10
OCH X; ® — «9acTOTa» MePUOINIECKON HEOTHOPOI-
HOCTH TIO OCH Z.

Bemmuunbl d, =2n/k wu d =2n/o onpene-
JISTEIOT TIEPUONBI HEOMHOPOIHOCTH BIOJIb OCU X U Z,
COOTBETCTBEHHO. 3aBUCUMOCTb k(7) O3HAYaeT, YTo
MepUOJ HEOAHOPOIHOCTHU d, 3aBUCUT OT Z.

YpaBHEHUsI, KOTOPHIE OIMCHIBAIOT AMHAMMKY
JIydeii B TaKOW Cpelie, MOXHO NPEACTABUTH B BUIE
[26—28]:

ds_oHl
dz o dz

3nece H =H(x,7)= —\/n2 (x,2)-p*(x,2) — byHK-
st FaMUIBTOHA; p — «UMITYJIBC,

dp_ oH

- (31)

p, =const=0.

P=pi= o i &
*oex] dz

[lepeMeHHas1 7 UrpaeT poJib BPEMEHU B aHAJIO-
TMYHBIX 3aJa4aX AMHAMUKU 3apsDKCHHBIX YaCTHII,

(32)
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HaXOJSIIIMXCS BO BHELIHUX JIEKTPOMArHUTHbBIX MO-
JISIX.

M3 ypaBHeHus nasg ¢dasbl (30) U ypaBHEHUt
JIBMKeHus (31) 1erko moay4uTh ypaBHEHUE, OMTUCHI-
Barollee AMHAMUKY da3bl Jyya:

. k. gk*n’®
b-—p-—I-
k ( n2 _ p2)2
e ®=0d /7.

Ecnu k =const , To ypaBHeHue (33) mpencras-
JIsIeT co0oli ypaBHeHME MaTeMaTUYeCKOro MasTHUKA
¢ KpyroBoii yactoroit: Q2 =g k’n® /(n*> - p*)*.

JIlyun ¢ ¢pazamMu @, COOTBETCTBYIOIIUMU KOJE-
OaHMSIM MaTeMaTHYeCKOTo MasiTHMKa, OyayT 3axBa-
YeHBI HEOTHOPOTHOCTRIO. [T HMX cpema ¢ TmoKasa-
TejeM npejaomiaeHus (29) sBasieTcsl BOJIHOBEIYIIEH.
W3 dopmyn (31) caegyer, yTo OOOOIIEHHBIN MM-
TIyJIBC p MOXKET M3MEHHUTHCS HaboJIee CyIeCTBEHHO
npu ycsoBun ® =0, T.e. ipu kx = o . Ecom otoxe-
CTBUTh X CO CKOPOCTBIO 3apsIKEHHOM YaCTUIIBI, TO
5TO YCJIOBME aHAJIOTUYHO YCIOBUIO YePEHKOBCKOTO
pe3oHaHca MPU B3aMMOACHCTBUM YaCTHIIHI C IJICK-
TPOMArHUTHOM BOJTHOM.

AHaJIOTHST OKa3bIBaeTcs ellle 0ojiee TIIyOOKOIA.
HeiictBuTtenbHO, ypaBHeHue (33), omuchiBamllee
IUHAMUKY (pa3bl HEOTHOPOTHOCTH OTHOCUTEIHHO
JIy4a, COBITafaeT C ypaBHEHUSIMHM IIsI a3kl BOJ-
HBl OTHOCUTEIHLHO YAaCTUILI B TCOPWU JIMHEWHBIX
yckoputeaeid [29]. Bocmonb3yeMcs 3Toii aHajlorn-
eif ¥ BBeleM MOHSITHE CHMHXPOHHOTO JIy4a, T.€. JIyJa
(x,,p,) , IOJIOXEHNE KOTOPOIO OTHOCUTEILHO (ha3bl
HEOTHOPOTHOCTH HE MEHSIETCS W TPACKTOPHS KOTO-
pOTO OIMCHIBAETCS YPAaBHEHUSIMM

sin®=0, (33)

vy = czcs _ zps _
Z n —ps
b= G (34)
s N s
o\n’ - pt
a CMHXpOHHasd (1)2133. OINpEaAcCIACTCA YCIIOBUEM
k/k=vy/vy. (35)

VpaBuenue (33) npu 3TOM MOXHO IIeperucaThb
B BUJIE

di—%d)+92(sinq)—sind>s):0. (36)
JJ1s1 MaJibIX OTKJIOHEHU (pa3bl OT CUHXPOHHOM
0 (p=® -, ) u3 (36) Hailnem

. k.
@-;(pmé(p:o, (37)

qk’ny
2 22
(nO - ps )
W3 (37), cinenyer, uro B objactu ¢as, rae
cos®, >0 Jyyd OCLUMWIMPYIOT OKOJIO IMOJIOXKEHMS
CUMHXpOHHOTO Jy4ya. IIpu k<0 mpoucxoaut ¢oky-

CHpPOBKa Hy‘-leﬁ, aHaJIOTUYHasA aBTO(I)a3I/IpOBK€ 4a-
CTUII.

rie Qf = cosd, .
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2.2. IudpakuuonHas ¢okycupoBka. Briilie Mbl
paccMoTpenn POKYCUPOBKY M3JIydyeHUs B MpUOIU-
JKEHUUW T€OMETPUYECKOM ONTUKM, TO €CTh KOTJa Xa-
paKTepHBIN pazMep, Ha KOTOPOM MapaMeTpbl CPe/ibl
MEHSIOTCSI, CYLIECTBEHHO OOJIbIlIE JUTMHBI BOJIHBI.
ITpu 3TOM (hba3oBble COOTHOLIEHUSI MEXIY BOJIHA-
MU U cpelioVi ObLIM HecylllecTBEHHBI. [Ipeacrapiser
WHTEPEC PACCMOTPETh TAKUE 3HAYECHUS TTAPAMETPOB
BOJIH M CPEJIbl, KOria pa3Mep HEOMTHOPOIHOCTEN CO-
U3MEPUM C IIJIMHON BOMHBI. B aTHX ycnoBusx ¢aszo-
BbI€ COOTHOIIEHUS MEX/Y BOJHAMU W HEOTHOPO/I-
HOCTBIO CPelibl MOTYT UTPaTh OMPENEIISIONIYIO POJIb.
DT COOTHOUIEHUS MOTYT CYIIECTBEHHO MEHSTh
KaK aMIUIATYIHbIE COOTHOIIEHUSI MEXY BOJTHAMU,
TaK CTETIEHW KOTEPEHTHOCTH B3aMMOJIEHCTBYIOIINX
BOJIH. B KauecTBe npumepa HUXKE Mbl pACCMOTPUM
NPOCTEUIINIA MPpUMEDP, KOTOPbIM IMOKA3bIBAET, UTO
B3aMMOJIEVICTBAE BOJH C WAEAJIbHOM Mepuoauye-
CKOW HEOJHOPOJHOCTBIO MOXKET MOPOXKAAaTh BOJHBI,
AMIUIMTYJbI KOTOPBIX BO MHOTO pPa3 MPEBOCXOISAT
aAMIUTMTYy TTaJalonrx BoJiH. Takoi mpoliecc Takxke
MOXHO OTHECTM K Mpoleccy (POKyCUpPOBKM pacce-
STHHOTO U3JTyYEHUS.

Ilocmanoeka 3adauu. PaccmoTpuM 3amady o
paccessHUM BOJIHBI HAa MEPUOJAYECKU HEOTHOPOI-
HOM auajiekTpudeckom cioe. Ilyctb u3 omHopon-
Horo nojymnpoctpaHcTBa z<(0 ¢ AUBAEKTPUUYECKOMN
MPOHULIAEMOCTBIO € Ha TMEPUOLUYECKU HEOILHO-
POAHBINA AUBNEKTPUYECKUN CJ'IO_I?I 0<z<L mnapaer
miockast BosHa E' = EO ~exp(i(k7 —cot)). Jusnek-
TPUYECKYIO MPOHUIIAEMOCTb CJIOSI OyleM OIUCHI-
BaThb cooTHouleHueM (1). Mexny BeJIMUYMHAMU
Re(q,¢y),Im(q,e,)  cymecTByeT COOTHOLIEHUE
Reg, >>Reg >>1Im(q,¢,) >> g’ . JIMaNeKTpUIecKyIo
MPOHULIAEMOCTb MOJYIPOCTPAHCTBA 3a cjioeM (Z>L)
IUTSL YIIPOLLIEHMSI OyleM CUMTaTh PaBHOM ¢, (&5 =¢, ).
ITonst B cnoe WM BHE €ro JOJDKHBI YIOBJIETBOPSTH
YPaBHEHUAM

g, O°FE'

AET 2.2 2 0, i=1{1,2,3},
¢ o { }

(38)
a Takke TPAaHUYHBIM YCJIOBUSIM Ha TTOBEPXHOCTHBIE
cJI04:

(B! =ELH =0}y, (E=E}H =] )Z:L (39)

IIpy wm3yyeHMM HECTALMOHAPHBIX 3alay 3TU
TPaHUYHbIC YCJIOBUSI AOKHBI OBITh AOMOJHEHBI
3HaueHUsIMU nojieit mpu =0 . Ecnu usyvaercs au-
HaMUKa Iojieil B OrpaHUYEHHBIX BIOJb OCU X CJIOSIX,
TO FPAaHUYHBIM YCI0BUSIM (40) HY>KHO 100aBUTH Tpa-
HuyHble ycaoBus npu x =0 . Kak BUIHO, MBI OMu-
CbIBaeM KpUCTaJLJ1 HauboJiee MPOCTOil MOAEIbIO, KO-
TOpasi OMHAKO MO3BOJIUT JIETKO MOJIYYUTh OTBEThI Ha
MHOTME MHTEePEeCyIoLI1Me HAC BOMIPOCHI.

Iloas 6 caoe. J119 HaXOXIEeHUS TTOJIEH B TIEpUO-
JIMYECKU HEOTHOPOIHOM Ccpelie C MO BETUYUHOMN
HEOJHOPOIHOCTH (g << 1) OyaeM IMoJIb30BaThCs Me-
TOIOM CBSI3aHHBIX BOJH. IIpu 3TOM yKOpOuYeHHBIE
ypaBHEHUsI JUISI HAXOXACHUS MEMIEHHO MEHSIo-
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IIAXCS aMIDTATY, CBSI3aHHBIX BOJH (MBI OTpaHWYM-
BaeMcsI TIpUOJIMKEHHEM IBYXBOJHOBOM IHdpaK-
M) OYIyT UMETh BHI:

~ . - wg OF qo’ =
2l (ky-V)Ey ——2 —U =21 F
(ky-V)Ey, 2 ot 22

. (40)
O*E,
07?

o8 Ok |_ g’ p

21| (ky -V)E, - 0.0 |2 49
+2) (k- VE, 2 ot 202 "

Paccmorpum  TOHKMI ciioii  (KpucTajuinye-
CKMIi), Ha KOTOPBI U3 BEPXHETO IOJTYIIPOCTPAHCTBA
nanaet usnydyeHue. Ilog ToHKUM cioeM Mbl Oynem
MOHMMATh CJIOW, TOJILIMHA KOTOPOTO yIOBJIETBOPS-
eT HepaBeHCTBaM A << L<< L, ,rne L,,~\/q —

JUTMHA SKCTUHKIMU. TTycTb auaiexkTpuyeckas mpo-
HUIIAEMOCTb CJIOSI 3aBUCUT TOJIbKO OT KOOpAMHAT
z 1 x. s ompeneseHus moyiei B C10€ U BHE Mbl
MOXeM BOCITIOJIb30BaThCsl ypaBHEeHUsIMU (40).
Bynem cuutaTh 3agauy craimoHapHoil. Kpome
TOTO, CJIOU OyIeM CUYMTaTh TOHKUMM HACTOJIbKO, UTO
Majarllee U3y4yeHue MPOXOaUT Yepe3 HEero, nmpak-
TUYECKHU He MeHsIsICh. [1pu aTOM aMIUIMTYay najaaro-
1€l BOJIHBI MOXHO MPOCTO CYMUTATh MOCTOSIHHOM.
Tornma nst onpeaeseHus: aMILUIMTYAbl COOCTBEHHOM
BOJIHBI B CJIO€ MBI ITOJIYYUM TTPOCTOE YpaBHEHME:

2
2i(ky, -0 /ax)fsl]:—‘é%E01 , Ey =const . (41)

Pewenue umeer Bun: E, = —% Ey, - (kx) . Takum

00pa3oM, aMITIUTYIY PacCeSTHHOM BOJIHBI Ha BBIXOJE
M3 CJI081, Ha TOople X = L , MOXHO OLIEHUTb BEeJTNYH-
Hout: E\ ~q-E;, -(L/}) .

BunHo, uto yem GoJbliieit OyaeT MOBepXHOCTb,
Ha KOTOpPYIO NajaeT u3jaydyeHue, TeM 0osbluei OyaeT
aMILIMTYa pacCesiHHOM BoJIHBI. B aTOM ciiyuae cie-
JIyeT oOpaTUTh BHUMaHME Ha CJEAYIONINe O0CTOS-
TeJTbCTBA!

1. Mbl nosib3yemMcs Teopueld BO3MYILIEHU, |
BEJIMYMHBI TTPOTIOPIMOHANBHBIE ¢° MBI OMYCKAEM.
ITpu sTOM, KOTa aMIUTATYdA PACCESTHHON BOJHBI
caMa CTAaHOBUTCSI OUYeHb GouIbLION ( L>A /g? ), Mbl
JIOJKHBI MCII0JIb30BaTh BTOpoe npubvkeHue. Eciau
MBI 9TOTO HE JieJlaeM, TO, He BBIXO/IS 32 pAMKM Hallle-
IO NMPUOIMKEHUS, CIASIYeT OTPAHUUUTBCS aMILIUTY-
JI0ii paccesiHHOM BOJIHbL £, = E,, /q .

2. a1 peHTTeHOBCKOrO M3AY4YeHHUs Halll
CJION SBJISIETCS ONTUYECKU MEHEE IUIOTHOW Cpenon
€= Ll - mf, / (”2} <1 ,4em BakyyM. [ToaTomy 1151 TOTO,
9TOOBI B CJIO€ CYIIECTBOBaJIa COOCTBEHHAsI BOJTHA,
a paccessHHOe M3JlydeHHe He TMOKMIAJIO CJIOM, HaMm
HeobOxommMo cpopMUpPOBaTh T.H. «COHABUY», T.C.
OOJIOXKUTD CIIOM TOHKUMU CIIOSIMU GoJjiee TIIIOTHOTO
BellleCTBa, KaK rmokaszaHo Ha puc. 10.

3. OOpaTMM BHMMaHHWE Ha KaXyIIuiics mapa-
JTIOKC: YeM MEHbIIIe HEOTHOPOIHOCTD, TeM OOJIbIIICHH
MOKET OBITh aMIUTUTYA PACCESTHHOM BOJTHBI.

MHoT0 BaxXHBIX 0COOCHHOCTE Ipo1iecca poKy-
CUPOBKU MOKHO HaliTu B padoTtax [30-32]. OcobeHHO

511



SJIEKTPOHUKA U SJTIEKTPOANHAMUKA BOJIbLLIVNX MOLLHOCTEN

Puc. 10. Cxema THIa «CoHIBIY»

9TO KacaeTcsd (opMUPOBAHUS U3TYYEHUS HE TOJIBKO
C BBICOKOW TIJIOTHOCTBIO, HO U C BBICOKOU CTETEHBIO
KorepeHTHOCTU. B yacTHOCTH, B [32] mOKa3aHO, YTO
B CXeMe, PaCCMOTPEHHON B 3TOM paszjese, pa3Mep
NONEPEYHOM KOTePEHTHOCTU PACCEIHHOW BOJIHBI
B CJI0€ MOXET OBbITh IOpsiAKa pa3mepa obJiacTu, ¢
KOTOpOii cobupaercst uznyyenune ( L., ~L). B Heit
Ke TojydeHa (opmyiia, KoTopasi 0bob6iaer dop-
myny Ban-Hutrepra-llepHuke Ha ciiydail HaJIu4us
UACAIBHON NEPUOJNYECKON HEOTHOPOTHOCTU KPH-
craja.

SAK/IIIOYEHHME

Bblilie MbI paccMOTpesIM MeXaHU3Mbl YMHOXKe-
HUS 4acTOThI M (DOKYCUPOBKU U3JTyUYEHUS B HEOTHO-
poAHbIX cpenax. Bce 3T MexaHMU3Mbl MO3BOJISIIOT
CYIIIECTBEHHO YBEJMYUTb TJIOTHOCTb 3HEPTUU MC-
XOJTHOTO M3JIyUeHUSI U UMEIOT CaMOCTOSITeJIbHOE
3HaueHue. JIeUCTBUTENBbHO, (PAKT BO3MOXKHOCTHU
BO30YXJ€HUSI BBICOKMX TapMOHUK HepeJIsITUBUCT-
CKUMHU OCHUJUISITOPAMU MOXKET TTPEACTaBSITh MTpaK-
TUYECKUI WHTEPEC, CBS3AHHBIM C CO3JaHUEM Ha
OCHOBE 3TOr0 MeXaHM3Ma KOMITAKTHBIX MCTOYHU-
KOB MHTEHCUBHOI'O KOTE€PEHTHOIO PEHTIeHOBCKOTO
uznydyeHus. Takue UCTOUYHMKU MOXHO CPaBHUTH C
JlazepaMu Ha cBOOOAHBIX 3jiekTpoHax (JICD). Eciu
B KaueCTBe OHJYJISITOpa paccMaTpUBaTh MepruoauYe-
CKYI0 HEOJHOPOJHOCTb ITMAJEKTPUKA, TO aHAJOTUSs
nouTu mnojiHasi. OgHaKo sl peHTTeHOBCKOTO Jua-
Ma30Ha MOAYJISILIUS AUIJIEKTPUIECKON MOCTOSTHHOM
oueHb He3HaumTenbHa (g<107*). Bomee addek-
TUBHBIM B 3TOM JOMana3oHe UIMH BOJIH SIBJSIETCS
HUCIOJIb30BaHUE MEPUOIUYECKON HEOTHOPOAHOCTH
MoTeHIMada KpucTasinyeckoi pemetku. KMcrou-
HUK U3TYYEHUS C TAKUM OHIYJISITOPOM MOXKHO ObLIO
OBI cCpaBHUBATH ¢ ByieKTpocTatndeckuM JICH. ITpuH-
LIMITUATIBbHON pa3HULEH SIBISIETCS TOT (DAKT, YTO Me-
XaHU3M U3JIyYEHUS SIBJISIETCSI YUCTO KBAHTOBBIM M
He ompenessieTcsl PeJSITUBUCTCKUMU AP dekTamu.
JelcTBUTEIbHO, TAKXKe KaK B cayyae ¢ epuoauye-
CKOIl HEOZHOPOAHOCTbIO, OTBETCTBEHHBIMU 32 W3-
JIydeHMeE TYT SIBJISIIOTCSl BUPTYaJIbHbIE BOJHBI BOJHO-
Boil pyHKIIMU. OTIMYME 3aKITI0YAETCSI B TOM, UTO B
IU2JIeKTpUKe 3(pdDeKTUBHOE B3aMOJEHCTBUE 3apsi-
SKEHHBIX YaCTUIL C TOJIEM ONpenessieTcsl MeIJIeHHOI
BUPTYQJIbHOI BOJIHOM, a B cliyyae MepruognyecKoro
noreHurana 3a 3p@eKTUBHOE B3aUMOJCHCTBUE C U3-
JlydaeMOii BOJIHOI OTBevyaeT ObICTpasi BUPTYyadbHas
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BOJIHA BOJIHOBOM (DYHKLMU. DTU MEXaHU3MbI T10-
3BOJISIIOT cO3AaTh 3(P(PEeKTUBHbBIE UICTOYHUKU UHTEH-
CUBHOTO KOT€PEHTHOI'O PEHTTEHOBCKOI'O U3TyUeHUs
3HAUUTEIbHO 00JIee MPOCTHIMU CIIOCOOAMMU, YEM TE,
KOTOpBIE pealu3yloTcsl B HacTosee Bpems. OTme-
TUM, YTO JIJIsI BO3OYKIEHUSI PEHTTEHOBCKOIO U3Jy-
YeHHUSI HaM JI0CTaTOYHO MMETh aHCAMOJIM 3apsKeH-
HBIX YaCTHUIIL, SHEPTUSI KOTOPBIX COCTABIISIET MOPsIIKa
10 x3B. fcHo, 4yTO Takme aHcaMOJM 3HAYUTEITBHO
Jlerye cosaaBaTh, YeM IMTOTOKU 3apsKeHHBIX YaCTUILL
¢ sHeprueii nopsaka ['2B.

MexaHu3M BTOPUUYHBIX PE30HAHCOB TaKXe MO-
JKeT ObITh ITOJIE3EH 7151 BO30YKIeHUSI KOPOTKOBOJHO-
BOTO M3Jy4yeHUs. BbI3bIBaeT HEKOTOPOE HEAOYMEHHUE
TOT (paKT, YTO 3TOT MEXAaHU3M [0 HACTOSIIETO Bpe-
MEHM HUKTO HE OMUChIBAN U He Ucroab3oBai. Jeii-
CTBUTEJILHO, TO, YTO aHCAMOJIb CBSI3aHHBIX OCLIJLISI -
TOPOB TIpUOOpETaeT HEKOTOPYIO JOMOJTHUTEIbHYIO
HOpPMaJIbHYI0 MOJAY C HU3KOM YacTOTOM, B 0OIIeM-
TO, XOpOI1I0 U3BecTHO. M3BecTHa Takke U TepeKkay-
Ka 3HEPTUM C HU3KOM YaCTOTOM MEXIY CBSI3aHHBIMU
ocumuistopamu. Kasanock Obl, 3TUX (paKTOB BITOJI-
He JOCTaTOYHO, YTOObI MX MCIOJb30BaTh s Tpe-
00pa3oBaHUs PHEPIrUU HU3KUX YACTOT B BHICOKOYA-
CTOTHBIEC KOJie0aHMsI. Mbl MOXEM OOBSICHUTH ITOT
¢akr aBymsa npuunHamu. [lepBast — 3akiouaercs: B
TOM, UTO MPU C1a00 CBSI3U MEXKIY OCLIMJUISITOpaMU
HU3KOYACTOTHAsl HOpMaJbHasl MOJIa UMEET YacToTy,
KOTOpasi MaJlo OTJMYaeTcsl OT OCHOBHOM 4acCTOThI
ocuuIsATOpoB ( Aw~ u ). Mcrnosab3oBath ke HU3KO-
YACTOTHYIO TEPEKAYKy SHEPTUU MEXKIY CBSI3aHHBI-
MU OCLHUJIISITOpAMU OKa3aJloch He Tak Ipocto. s
3TOro NOTpedOBANIOCh, TIPEXIAE BCEro, HaTUUUE He-
B3aMMHOI CBSI3U MEXAY OCUWLISITOpPAMM U MOJIY-
JISiuusl 9TON CBsI3U. JIeMCTBUTENIbHO, PacCMOTPUM,
HampuMep, IBa CBSI3aHHBIX OAMHAKOBBIX JIMHEMHBIX
ocuuuisitopa. MIX IuHaMMKa OIMUCHIBAETCS YpaBHE-
HusMmu (11). ToT ¢pakT, YTO OHU CBSI3aHBI, TPUBOAUT
K BO3HMKHOBEHUIO UX HU3KOYACTOTHOU AMHAMUKU
(Q~p). IMosromMy, Kazanoch Obl, UTO BO3/ACHCTBUE
BHEIIIHET0 HM3KOYAaCTOTHOTO BO3MYIIEHUS MOXKET
MPUBECTU K pacKayke 3TUX OCUULISATOpPOB. Jlerko
BUIEThb, YTO TAKOTO HE IIpou30iiaeT. JleiicTBUTEIbLHO,
JoIuileM B ypaBHeHUsX (11) BHellIHee BO3MYIIEHUE
Ha ITPOM3BOJILHOM YacToTe o, . Torna ajst MeijeHHO
MEHSIIOIIMXCSI aMIUTUTY/ MBI ITOJIy4UM YpaBHEHUE, B
MPaBOii YaCTU KOTOPOIo OYAYT COEePKAThCS TOJIbKO
BbICOKOUYACTOTHBIE KOMITOHEHTHI:

i +(“2 /4)a1 :Aexp[l'(o)0 —1)r]+Bexp[i(m0 +1)r].

[TosTOMYy, TOX0XE, YTO TOJBKO HAIMYME HeB3a-
WMHOI CBSI3M MOKET ITPUBECTU K BO3MOXKHOCTH ITpe-
00pa3oBaTh HU3KOYACTOTHHIE KOJIEOAHMsI B SHEPIUIO
BBICOKOYACTOTHBIX. OTMETHM, YTO B HACTOsIIEe
BpeMsl uMeeTCsl OOJIbIIoe pa3HOoOOpa3re HeB3auM-
HBIX 2JIEMEHTOB MPAKTUYECKHM BO BCEX aMara3oHax
JacToT.

Heckonbko clIoB cienyeT cka3aTh 0 MEXaHU3Max
¢dokycupoBku u3nydyeHus. Ilpexae Bcero, MOXXHO
OXMIaTh, UTO MeXaHU3M (DOKYCHUPOBKHM, aHAJIOTMY-
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HbIE MexaHu3My aBTo(a3upoBku Bekciepa-Mak-
MUJUIaHa, TIpUOOpeTeT B TeOPUM (POKYCUPOBKU Ta-
KOe Xe 3HaueHMEe, KaK MeXaHU3M aBTO(ha3upPOBKHU B
Teopuu yckopurejeit. OTMeTUM, UTO B OTJIMYKE OT
3apsKEHHBIX YACTUIL JIyYU He oTTajikrBatoTcs. Coot-
BETCTBEHHO, TUIOTHOCTb MX MOXET ObITh 3HAUUTE I b-
HO 0oJjiee BBICOKOI, YeM IJIOTHOCTb 3apsKeHHBIX
YacTUll. YpaBHEHUSI MPUOJMKEHUSI TeoMeTpuue-
CKOM ONTHUKU, KOTOPbIE HAMU UCIOJIb30BATUCH, SIB-
JISIIOTCS  TaMUJIBTOHOBCKUMHU ypaBHEeHUsIMU. JIjist
HUX chpaBemiuBa Teopema JlnyBumas. [lostomy
rpYINMpPOBKa JIyueil, Kak U B IUH3aX, OyIeT Mpouc-
XOJIUTh B ompeAeaeHHO Touke (dokyce). 3a 3TOit
TOUYKOI Jiyuu OyayT pacxoauTbesi. PacxommmocTb
MOXET OTCYTCTBOBATh MPU MCMOJb30BAHUU TEOPUU
audpakuuu. B aTom ciiydyae UCIOJb3YIOTCSI BOJHO-
BbI€ YpaBHEHUSI, a TTpoliecc (DOKYCUPOBKU COMTPOBO-
KIAeTcsl mpeoOpa3oBaHUEM OJHUX BOJIH B ApYrue.
Taxkoit npouecc He ToguuHsIeTCs Teopeme JInyBuI-
ns. Kak pesynbTat, (a3oBblii 00beM MOXET ObITb
CYILIECTBEHHO YMEHBIIIEH, a CTENeHb KOTePEHTHOCTU
MU3Y4YEeHHUS CYIIECTBEHHO YBeJUUYeHa.
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IliagBuimeHHs MiTbHOCTI BUNPOMIHIOBAHHS TP MiIBHU-
IeHHi YacToTH i mpu (OKyCyBaHHi B HEOIHOPIIHUX cepe-
noumax / B.O. by, O.M. €ropos, I'.I. YypromoB //
IIpukitagHa pamgioeJeKTpoHiKa: HayK.-Te€XH. XypHal. —
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JlaHO KOpOTKUIA OIS NEeSIKUX MeXaHi3MiB, 110 J0-
3BOJISIIOTh iICTOTHO MiJBUIIMTH IIUJIbHICTh €Heprii BU-
npoMiHioBaHHs. Lli MexaHi3Mu OyJiM 3amporoOHOBaHi i
BuBYeHi B HHI[ «X®TI» ta B XHYPE i npeacrasieHi y
BUIJISIII IBOX BEJIMKMX TPYIL. Y Teplliil OrrcaHo MeXaHi3-
MM MEPETBOPEHHSI eHePTii HU3bKOYACTOTHUX KOJMBAaHb B
eHeprito BUCOKOYacTOTHMX. Halibinblny yBary B 1iii rpyri
MPUIIJIEHO MeXaHi3My 30Y/I)KeHHSI BUCOKMX HOMEPIB rap-
MOHIK HEepeJITUBICTCbKUMU oclusitopamu. JJaHa cripo-
1IeHa Teopis 1Iboro MexaHi3My. OOroBOpIOIOTHCS MEXaHi3-
MM BTOPMHHUX PE30HAHCIB i ME€XaHi3M KBaHTOBOI J3UTH.
V npyriii rpymi po3risiHyTIi MexaHi3MK (DOKYCYBaHHS BU-
MIPOMIHIOBAaHHS B HEOTHOPITHMX cepegoBuiax. st mpo-
MEHIB TIOKa3aHO iCHYBaHHSI MeXaHi3My, aHaJOTiYHOIO
MexaHi3My aBTodasyBaHHsS Bekciepa-Makwminnana. [To-
Ka3aHo, 110 NpPU PO3CiIOBaHHI KOT€pPEHTHOTO BUITPOMi-
HIOBaHHSI Ha TEPiOAUYHO-HEOTHOPIIHOMY JIieJIEKTPUKY
Moxe cchopMyBaTUCS BUTTIPOMiIHIOBAHHSI, ILIUTbHICTh EHEeP-
Til SIKOro 3HaYHO MEePEeBUIILYE HIUIHLHICTb €HEPTIi Majgarvo-
rO BUTIPOMiHIOBaHHSI.

Kniouogi croea: MIiTBHICTH BUITPOMiHIOBAHHSI, TIepe-
TBOPEHHSI €HEeprii, rapMOHiKa, HEPEJSITUBICTCHhKUI OCILIM-
JsTop, (POKYCYBaHHSI BUIPOMIHIOBAaHHSI, HEOIHOPIIHE
cepeioBullEe, KOTEPEHTHE BUTTPOMiHIOBAHHSI.

1n. 10. bi6miorp.: 29 Haiim.

UDC 537.5

Increase of radiation density in increasing frequency and
focusing in nonhomogeneous media / V.A. Buts, A.M. Ye-
gorov, G.I. Churyumov // Applied Radio Electronics: Sci.
Journ. —2012. Vol. 11. Ne 4. — P. 501-514.

The paper gives a brief overview of some mechanisms
allowing to substantially increase radiation energy density.
These machanisms have been suggested and studied at the
National Scientific Centre «Kharkov Physicotechnical In-
stitute» and Kharkov National University of Radio Elec-
tronics and are represented in the form of two big groups.
The first group deseribes mechanisvs of converting energy
of low-frequency oscillations into that of high frequency
ones. Considerable attention in this group is paid to the
mechanism of exciting high numbers of harmonics by non-
relativistic oscillators. A simplified theory of this mecha-
nism is given. Mechanisms of secondary resonances and
mechanism of a quantum humming top are discussed. The
second group considers mechanisms of focusing radiation
in nonhomogeneous media. The paper shows the existence
of a mechanism for beams that is analogous with that of
Wexler-Mcmillan autophasing. It is shown that in dispers-
ing coherent radiation radiation can be formed on a peri-
odically nonhomogeneous insulator whose energy density
considerably exceeds that of incident radiation.

Keywords: radiation density, energy conversion, har-
monic, nonrelativistic oscillator, radiation focusing, non-
homogeneous medium, coherent radiation.

Fig. 10. Ref.: 29 items.
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OPTIMIZATION OF CHARACTERISTICS OF COAXIAL GYRO-BWO
THROUGH PROFILING GUIDING MAGNETIC FIELD

V.M. KHORUZHIY

The peper considers the efficiency enhancement of a coaxial gyro-BWO through profiling a guiding magnet-
ic field. The gyro-BWO is a powerful oscillator of cm and mm-wave band high-frequency oscillations based
on a waveguide (in this case, a coaxial one) placed in the longitudinal guiding magnetic field of a solenoid.
Using a bell-like guiding magnetic field in the numerical experiment can increase the efficiency up to 30%.
A study of the optimal characteristics of an electron beam and gyro-BWO (injection energy, oscillator length,

etc.) has been performed as well.

Keywords: backward wave oscillators, efficiency, guiding magnetic field, computer simulation, microwaves.

INTRODUCTION

The gyro-BWO is an oscillator for converting
the energy of a relativistic electron beam (REB) into
a backward electromagnetic wave on the basic of
the normal Doppler effect at the cm and mm band
of wavelength. The first research of the gyro-devices
was published in [1-5]. The state of the art of gyro-
BWO program is represented in [6], [7]. Possible ap-
plications of the high frequency (HF) radiation are
an electron cyclotron resonance heating (ECRH) of
plasma for controlled fusion, communication, long-
distance spectroscopic researches, high-resolution
radars etc. Gyro-devices (gyromonotron, gyrotron
or gyro-BWO) may be used for cooling of electron
beams in synchrotrons.

In our paper the choice of a coaxial waveguide is
conditioned by a large value of REB vacuum limiting
current in the vacuum. Results of the linear and non-
linear analytical investigations of coaxial gyro-BWO
operation are presented in [8], [9]. An electron beam
and waveguide simultaneously support the oscilla-
tions with circular frequency o . HF oscillations were
described by the expressions for the normal Doppler
effect

o=k V. +nQy /v (1)

o’ =’k +c%k;, ()

where Q =eH?¥ / mc is the non-relativistic gyro-fre-
quency of electrons with energy W=my c*(y-1), H fis
a guiding magnetic field, y s a relativistic factor, &,V
are longitudinal wave number and longitudinal velo-
city, n=0,%1,%2... An operating mode for the gyro-
BWO is near the interception of a straight line (1)
and hyperbola (2) in coordinate plane (o, k, ) (for the
gyro-BWO the longitudinal wave number k, <0). An
ordinary efficiency value for the coaxial gyro-BWO is
~10% for homogenous guiding magnetic field /¥ .

The major attractive feature of the gyro-BWO
is its frequency tunability, which can be achieved by
controlling the magnetic field or beam voltage. How-
ever, the efficiency of the gyro-BWO is relatively low-
er than one of other gyro-devices.

Investigation results of efficiency enhancement
in the gyro-BWO were reported in [10-18]. In [10-
13], the efficiency of the gyro-BWO has been found
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to be significantly improved by tapering the magnetic
field. Those results revealed the magnetic field taper-
ing with a positive gradient tended to increase the
initial frequency mismatch leading to the efficiency
enhancement. In [14-16] a tapered interaction struc-
ture (the reduction of the waveguide radius along the
interaction region) was proposed for the experiment.
The gyro-BWO with simultaneous tapered magnetic
field and changing waveguide wall radius was ana-
lyzedin [17], [18].

COMPUTER SIMULATION

In our paper we investigated efficiency enhance-
ment in a coaxial gyro-BWO through profiling guid-
ing magnetic field H¥(z) at longitudinal direction z
by the new law

HS(z)=HS(1+a(z/ L) cos”(nz /2L))"*, (3)

where H % ia a homogenous magnetic field, a isa co-
efficient of non-homogeneity, Zis a longitudinal co-
ordinate, L is the waveguide length, />0, m>0. A cor-
responding transversal component of the magnetic
field takes the form

e TOH?
HP(2) 2 o
where ris a transversal coordinate.

We considered waveguide mode TEjy; with com-
ponents of an electromagnetic field Eq,,H,,H . satis-
fying conditions (1, 2). For computer simulation we
used equations for electron motion and electromag-
netic wave TEy; from [9].

We investigated a coaxial gyro-BWO with oscil-
lation frequency f,=7.7GHz, homogenous guid-
ing magnetic field H% =6.1k0Oe , inner radius of the
coaxial waveguide of the gyro-BWO b=3cm , outer
radius a=5cm , inner beam radius r, = 3.9cm, outer
beam radius r, = 4.1cm, an energy of injected elec-
tron beam is W, =511keV (y,=2), the initial ra-
tio of a transversal momentum to a longitudinal one
u =1, the length system L=60cm , cutoff frequency
f.=7.5GHz, starting current [/, =3.7A4, limiting
vacuum current [/, =6.6kA for a coaxial waveguide.
Maximal efficiency n,,,, =0.11 under input beam cur-
rent /,=0.6 kA for the homogenous guiding field and
above mentioned gyro-BWO parameters [9].

b
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Computer simulation of the optimal regime of
the gyro-BWO was carried out for the determination
of values a,m and j for profiling guiding magnetic
field (3) under the same input electron beam current
1,=0.6 kA.

We determined location, amplitude and width
values of profiling the guiding magnetic field for our
gyro-BWO parameters [8, 9]. In our case the optimal
bunching process takes place for input electron beam
under

m=6, a=2.9, j=1. 4)

A longitudinal distribution of the guiding mag-
netic field is presented in Fig. 1 for parameters (4)

HE 1201

z

HE 115

1,10+

1,054

1,004

T T T T T T

0 10 20 30 40 50 60
zZ.cm

Fig. 1. Dependence of normalized magnetic field
amplitude H2(z)/ H%, onlongitudinal
coordinate Zunder m=6

The non-homogenous distribution (3) provides
the most optimal conditions for bunch formation of
an input electron beam .

1,50

-1
i & T
ZL=0258 +#

1,351
Yol 1,201
1,051
0,90
0,751

0,60 1

4 3 2 -1 0 1 2 3 4

Fig. 2. Dependence of normalized energy of the particles
beam v;— 1 /yo—1 on helical (total) phase ¥ for z/L=0.258
(black points correspond to the profiling field,
circles correspond to the homogenous field)

A difference between bunch formation for ho-
mogenous guiding magnetic field and non-homoge-
nous one is presented in Figures 2-4 on phase plane
«energy-phase» for various fixed values of longitudinal
coordinate Z( 1,=0.6kA, vy, =2). For all the of figur-
ers circles correspond to the homogenous case, black
points correspond to the non-homogenous one.

The majority of particles for the profiling guid-
ing magnetic field have an energy-loosing phase (see
Fig. 2 — Fig. 4).
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Fig. 3. Dependence of normalized energy of the particle
beam y;—1/yo— 1 on helical (total) phase ¥ for z/L.=0.39

z/L.=0.39
11

An effective bunch formation process takes place
increasing the value of longitudinal coordinate Z (Fig.
3, 4). A phase portrait of the bunched beam along the
longitudinal coordinate is more compact in compari-
son with the homogenous guiding magnetic field.

Y1 1,41 o:;;
- 2L=0.52 g
70_1 1,2 &

1,04

0,84

06{ *

]

16 -12 -8 -4 0 4 8

Fig. 4. Dependence of normalized energy of the particles
beam yi— 1 /yo—1 on helical (total) phase ¥ for z/L=0.52.

Besides, we investigated an efficiency depend-
ence on oscillator length L for two cases of the fixed
transversal geometry of the gyro-BWO defined at the
beginning of our paper.

1. for fixed parameters (4),

2. for various values m in expression (3).

For various values of m some investigations were
carried out for determination of the efficiency as the
function of the oscillator length L under the same
fixed transversal geometry (h)=3 cm, a=5 cm).

0,35+
77 0,30
0,251
0,20
0,151
0,10
0,051
0,00 L— , . . . .

L,cm

Fig. 5. Dependence of efficiency n on oscillator
interaction space length L: curve 1— — m=6;
curve 2 «e--- —m=2;curve 3 - - - —m=1
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It follows from Fig. 5 (curve 3) for m=1, the ef-
ficiency has maximal value (n= 0.3) for coaxial
waveguide length L= 30 cm. For m=2 from Figure
5 (curve 2), the maximum efficiency n=0.3 for the
length L =50 cm, and, finally, for m =6 the efficiency
n=0.32 for the length L =60 cm .

H?  120]
g
H7 s
1,10-
1,054
1,00 ,
35
Z.cm

Fig. 6. Dependence of normalized profiling magnetic

field amplitude H¥(z)/ H¥, under m=1 on longitudinal
coordinate Z

Minimal length L is close to L=30 cm at high ef-
ficiency (n=0.3). The dependence of the normalized

profiling magnetic field amplitude H#(z)/ H%, on
longitudinal coordinate Z is shown in Fig. 6 (m=1).
This dependence has altered in comparatively to one
in Fig. 1.

Thus, one can reduce the longitudinal dimen-
sions L of the gyro-BWO to L=30cm under m=1
without reducing the efficiency n (Fig. 5, curve 3).
Beam losses along longitudinal coordinate Z are rep-
resented in Fig. 7, curve 1, L=30 cm.

Tav_l 1,04

Y51
0,9

0,8

0,7
0 5 10 15 20 25 30 35
Z.cm
Fig. 7. Dependence of normalized average bunch energy
Yav—1/¥0— 1 on longitudinal coordinate Z (curve [ is

for the profiling guiding magnetic field under m=1,
curve 2is for the homogenous one)

Gyro-devices may be used for cooling of electron
beams [19]. The find investigation of the gyro-BWO
consists in comparing transversal velocities at the in-
put and output of the oscillator. We investigated the
reducing of the transversal velocities at oscillator out-

putunder p=8, /B =1.
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p
Fig. 8. Dependence of distribution of transversal
velocities at gyro-BWO output for profiling guiding

magnetic field (solid line) and homogenous guiding
magnetic field (dash line)

The distributions of output transversal velocities
in the gyro-BWO are presented in Fig. 8 for profil-
ing guiding magnetic field (solid line curve) and for
homogenous guiding magnetic field (dash line curve).
Substantial reducing of transversal velocities take
place for the profiling field is comparison with ho-
mogenous field.

CONCLUSIONS

In our paper we have obtained enhancement of
the gyro-BWO efficiency from 11% (homogenous
distribution of the guiding magnetic field) up to 32%
(non-homogenous one) through profiling of a guid-
ing magnetic field (3). Most electrons are confined in
the energy-losing phase as a result of effective process
bunch formation under the above mentioned condi-
tions. Results of our investigations do not have a static
character for other gyro-BWO parameters or other
gyro-devices. In every case the parameter values of
the profiling guiding magnetic field are the subject of
investigations. (relative amplitude of magnetic field

(H¥)pmax / HEy, coordinate of the maximum field
2o / L )

The obtained efficiency is close to the gyrotron
efficiency without a single stage depressed collector
(SDC) for team energy recovery.

An efficiency dependence on interaction space
length of the gyro-BWO (Fig. 5) provides a possibility
to determine the minimal length for pulsed operation
under given beam parameters and transversal coaxial
waveguide geometry. We suppose that the gyro-BWO
length can be increased under continuous wave op-
eration through thermal loads.

The current mechanism of efficiency enhance-
ment through profiling the guiding magnetic field can
be applied to the efficiency enhancement in other gyro-
devices (for example, a cyclotron autoresonance maser
in [20]) with the profiling guiding magnetic field.
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B cratbe paccmaTpuBaercs yBeauueHue 3(GeKTUB-
HOCTM KoakcuajabHoil rupo-JIOB myrem mnpodunupoa-
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HOe Beaylllee MarHWTHOe Tiojie cojieHouaa. ITpumeHeHue
KOJIOKOJIOOOPA3HOTO BEAYIIEr0 MAarHUTHOTO TOJIST B UMC-
JICHHOM 3KcriepuMeHTe MoxeT yBeanuutb KIT no 30%.
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LIUM, IJTMHBI TeHepaTopa U T.11.).
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OCHOBI XBWieBoAy (B JaHOMY BUIIAAKy, KOAKCiaJIbHOIO),
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MHOT'OCJIOMHBIE MMOKPHITUA HA OCHOBE KOMIIO3UTHBIX
MATEPHAJIOB JJI4 3AIIUTBI OT SJEKTPOMATHUTHOTO U3JIYYEHUA

10.B. TUJIEHKO, HU.B. ITAIIEPA, J1.]1. TATAPYYK

[MocTopoeHa Mojeb MHOTOCJIOMHOTO 3KPaHUPYIOUIETO MOKPHITUSI HA OCHOBE CTPYKTYP IMAIEKTPUK-
KOMITO3UTHBIN MaTepuai. [IpuBeneHbl pe3yabTaThl MOACIMPOBAHUS U SKCIIEPUMEHTAIbHBIX UCCIIEI0Ba-
HUIi TaKMX TTOKPBITUH B Anarna3oHe yactoT 8...12 I'Tu. [TokazaHo, 4To 3¢h(heKTUBHOCTh 3KPAaHUPOBAHUS
MOXKET OBbITh YBEJIMYEHA IyTEeM CO3/1aHNsI MHOTOCJIOMHBIX MOKPHITUI. Pe3ysbraThl MO TMPOBAHUST XOPO-

IO COTJTIAaCYIOTCA C OKCIICPUMEHTAJIbHBIMU JTaHHBIMMU.

Karoueswvie cro6a: KOMIO3UTHAS CTPYKTYpa, KOG PUIIMEHT 9KPaHUPOBAHUS MO OTPAXKEHUIO, KOG GUILIM-

€HT 9KPaHUPOBAHMUSI 11O TIPOXOXKIACHUIO.

BBEJAEHUE

IToBceMecTHOE MCIOIB30BAHUE 3JIEKTPOHHbBIX
CHUCTEM B PasJMUHbIX cepax KU3HEAeATeTbHOCTU
yesioBeKa MpUBeJIo K OpMUPOBAHUIO HOBBIX TPeOO-
BaHMI K 3JI€KTPOHHBIM YCTPOMCTBAM U COCTABJISIIO-
M ux 6sokam. Cpeau 3TUX TpeOOBaHUM BakHOE
MECTO 3aHMMAIOT MOBbIIIEHUE HAAEXKHOCTHU U TTIOMe-
XOYCTOMUYMBOCTHU 3JEKTPOHHBIX CUCTEM, YMEHbIIIE-
HUE€ MUX B3aMMHOTO BJIMSIHWS, TOBBILIEHNWE YPOBHS
UHOOPMALIMOHHOI 0€30IacHOCTH, oObecIieueHue
9KOJIOTUYHOCTU DJIEKTPOHHOIO 00OpyI0OBaHUSsI, B
TOM YMCJIEe TyTeM 3allMThbl OKpYXKaloUIel cpeibl OT
3JIEKTPOMarHUTHOTO U3JTyYeHUsI.

JIst ynoBIeTBOPEHMST TEPEUYMCICHHBIX BbIIIIE
TpeOOBaHUI UCIIOIB3YIOT pa3iuuyHble MeToabl. On-
HaKO OJHUM M3 Haubosiee 3(PHEKTUBHBIX METOIOB
saBisieTcss 3kpaHupoBaHue [1, 2]. ITosatomy 3amaua
MOBbILIEHUS 3(PPEKTUBHOCTU IKPAHUPYIOLIUX TTO-
KPBITUM SIBJISIETCS aKTyaJIbHOM.

OaHO 13 NepCIreKTUBHBIX HAMpPaBIECHUI pele-
HUS DTOW 3a1a4u — UCIIOJb30BAHUE MHOTOCIONHBIX
SKPAHUPYIOLIMX MOKPHITUM Ha OCHOBE KOMITO3UT-
HbIX MaTepuanoB. [ToaToMy Lieblo JaHHOI PabOThI
SIBJISIETCSI TEOPETUUYECKOE M BKCIEPUMEHTAIbHOE
HCCJIeI0BAaHNE MHOTOCIOMHBIX SKPaHUPYIOLINX T0-
KPBITUI Ha OCHOBE KOMITO3UTHBIX MaTepuajoB IJisi
3alIUATHI OT DJIEKTPOMArHUTHOTO U3JTyYEHUS.

1. MOJEJIb MHOTOCJIOMTHOTO
IOKPBITUA

PaccMmoTpuM MHOroc10iiHOE IMTOKpPBITHE KaK I0-
CJIE0BATEBHOE COEIUHEHUE CJI0EB C PA3TMYHBIMUA
3JIEKTPOIMHAMUYECKUMU CBOMICTBAMM.

s yripolieHust MOJIEJ I MHOTOCJIOMHOTO 3Kpa-
HUPYIOLIETO MOKPBITUS CAeIaeM HEKOTOpPbIE JOMy-
IICHUS:

* paccMaTpuBaeTCs IMJI0CKas JIEKTPOMATrHUT-
Has BOJIHA, Najarolias 1o HOpMaJii Ha MOBEPXHOCTh
5KPAHUPYIOIIETO MOKPBITUS;

*  KaXIbli CcJI0M XapakKTepusyeTcs 3(ppeKTuB-
HBIMU 3HAYEHUSIMU MAaTHUTHOM U IURJIEKTPUUECKOMN
MPOHUIIAEMOCTH;

* PE30HAHCHBIE SIBJICHMUS B CJIOSIX 9KPaHUPYIO-
11IETO MOKPBITUSL OTCYTCTBYIOT.

Ilpy ykazaHHBIX JOMYLIEHUSX KaXXIblid CJIOM
SKPAHUPYIOLLIETO MOKPHITHS MOXXKHO paccMaTpUBaTh
KaK B3aMMHBIN YEThIPEXIOIIOCHUK, a MOKPBITUE B
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LIEJIOM — KaK KacKaJHOe COeIMHEHUE YEeThIPEXIIO-
JIFOCHUKOB (puc. 1).

Z V) Zn

Puc. 1. IIpeacraBieHre MHOTOCIONHHOTO
SKPaHUPYIOLIETO IMTOKPHITUS B BUIE KACKATHOTO
COETMHEHUSI YeThIPEXITOTIOCHUKOB

Taxkolf moaxom MO3BOJSIET MCIIONB30BATh ISt
pacyeTa 3JIEKTPOINHAMUYECKIX CBOMCTB ITOKPBITHS
MaTpuyHble MeToabl aHanusa Teopun CBY wnemneii.
IIpn mociemoBaTeILHOM COCIMHEHWN KacKaloB
HauboJjiee yno0HO UCITOJIb30BaTh BOJTHOBbBIE MaTpU-
bl nepenaun — 7. B aToMm ciyyae pesyabTupyrolias
MaTpuIa ISl IIOKPHITUST 1> MOXeT OBITh IpeaCTaB-
JIeHa KaK IPOM3BeIcHIEe BOJTHOBBIX MAaTPUII TTepea-
YU CJIOEB 3KPAaHUPYIOIIETO TTOKPHITHUS:

=117, M
i=1

[JIe 1 — KOJIMYECTBO CJIOEB, | — HOMEP ¢J1osl, T; — BOJI-
HOBasi MaTpUIla IIepeadn i-TO CJI0sI ITIOKPHITHSL.

KomnoHeHTbI MaTpuIlbl T; — ¢ x OIPEACIISTIOTCS
3JICKTPOAMHAMUYCCKUMHU TIapaMeTpaMu i-To CJIOsI
MOKpbITUS |3, 4]:

tj,k:f(gj’u::vd[)s (2)

IIIE €, 11, — COOTBETCTBEHHO KOMILICKCHBIE IMJIEK-
TpUYECKass U MarHUTHasI TPOHUIIAEMOCTH i-TO CJIOS
TTOKPBITUSI.

Mcxonss w3 TmipeacTaBieHHON BbIIE MOIETU
ObLIM paccuyuTaHbl KO3((UILMEHTH 3KpaHUpPOBa-
HUSI TI0 OTPAXKEHUIO U MPOXOXKIEHUIO MHOTOCJION-
HBIX 3KPaHUPYIOLIUX MOKPBITUI HA OCHOBE pa3iny-
HbIX KOMIO3UTHBIX MaTepuasioB. MHorocjioiHoe
MOKPBITUE TPENCTaBsIO COOO MEPUOIAMYECKYIO
CUCTEMY, COCTOSIILYIO U3 YEPEAYIOIINXCS IBYXCIOM -
HBIX CTPYKTYP OUAJIEKTPUK-KOMIIO3UTHBIN MaTepu-
aJl C paBHO TOJILIIMHON Bcex coeB (puc. 2).

Pacuer mpoBomuics misl MOKPHITUIA ¢ pa3and-
HBIM YMCJIOM JBYXCIOMHBIX CTPYKTYp TPU COXpa-
HEHUM OOIIEeH TOMIIUHBI MOKPHITUS (puc. 3). Ilpu
pacyeTe TpeAroaaraaoch, YTo TMPU TTPOXOXKICHUU
9JIEKTPOMATHUTHOM BOJIHBI 4epe3 IOKPHITHE IIep-
BbIM CJIOEM ObUI MOJUMED.
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I/ | KM | b | KM Oh | KM
g €, g & eee | & €
“’l HZ “1 Hz “-1 Hz

Puc. 2. CtpykTypa MoieIMpyeMoro MOKPhITHSI:
/3 — nnaIeKTpUIECKUA CIIOiA;
KM — cjoif KOMITO3UTHOTO MaTepuaia

A/ KM
g g,
1, ,

/> KM Pl Vi) KM

u T8 W T

/| KM| A | KM| /s | KM

Wl M | | K] W] B

Puc. 3. Ctpykrypa uccieayemMbix
MHOTOCJIOIHBIX KOMITO3UTHBIX CUCTEM

Llenpio pacuera OBIIO OIpene/iCHUE BIUSTHUS
CTPYKTYPHI IIOKPBITHS Ha €r0 9KPaHUPYIOIINE CBOM-
ctBa. Pe3ynbrarel pacueTa mpuBeaeHBI Ha puc. 4, 5.

50
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1 2 3 4 5 6 7 8 910
KonuuecTBo 1BYXCIOHHBIX CTPYKTYP

Puc. 4. 3aBucumocTb Ko3(hpuieHTa 5KpaHUPOBAHUSI 1O
ITPOXOXKICHMIO OT KOJIMYECTBA IBYXCIIOMHBIX CTPYKTYD:
1 — Al-noiuMepHast MaTpulia / ToJMMepHasl MaTpulia;
2 — C-nonuMMepHasi MaTpuLa / TOJIMMEpHasi MaTpULIa;
3 — Cu-nojauMmepHas MaTpuiia / oJMMepHas MaTpuLia

W3 pe3yabTaToB pacyeTa cleayer:

*  TIpM YBEJIWYEHUN KOJIMYECTBA JBYXCIOMNHBIX
CTPYKTYp KO3(D(PUIIMEHT 3KpaHUPOBaHUS II0 IPO-
XOXIIEHUIO JIJIST MHOTOCJIOMHBIX CUCTEM YBEJIMYNBA-
€TCS T10 JIMHEITHOMY 3aKOHY;

* TIpM KOJMYECTBE ABYXCJIOMHBIX CTPYKTYpP
N < 4 nns1 MHOTOCJIOMHBIX CHUCTEM KO3(D(PHULIMEHT
SKpaHUPOBAHUSI MaTepuayia Mo OTPAXKEHUIO PE3KO

520

12 1
T
10 | a-T-r-
(R TR TR T I
I -F-l-A-+%-r -
B T T T T
26 e e
& [T TR T T
4 = E=]= = =ehi= =
[T T TR T
P b ol d— 4 — L —
[T T N HR (RN R B
0 1 1 1 1 1 1 1 1

1 2 3 4 5 6 7 8 910
KonnuecTBo ABYXCIOMHBIX CTPYKTYP

Puc. 5. 3aBucumocTb K03 (pULIMEHTa SKPAHUPOBAHUS 110
OTPaXKeHUIO OT KOJIMUECTBA ABYXCIOMHBIX CTPYKTYP:
1 — Al-nonuMepHast MaTpuLa / MoJMMepHasi MaTPULIa;
2 — C-nonumepHast MaTpuila / moJuMepHast MaTpuIia;
3 — Cu-nojMMepHast MaTpulia / ToJMMepHasl MaTpulia

yBenMMuMBaeTcs, mpu N > 6 3HaueHne Ko3(DhUII-
eHTa 2KpaHMpPOBaHUS MaTepuaja 1O OTpaxkeHUIo
MOUYTHU HE UBMEHSIETCS] C YBEJUUEHHUEM KOJIMUYeCcTBa
JIBYXCJIOMHBIX CTPYKTYP.

2. PE3YJIBTATBI DKCIIEPUMEHTAJIbHBIX
NCCIENOBAHUU

s mpoBepKU Pe3yabTaTOB MOJCIUPOBAHMUS
ObLIO MPOBENCHO 3KCIEPUMEHTAJbHOE MCCIeA0Ba-
HUe 00pa3L0B TAKUX MOKPBITUIA B IMAIIa30HE YACTOT
8...12 I'Tu. KoMmno3utHble MaTepyajbl ObUIN TTOJIY-
YeHbI METOJOM BJIEKTPOMEXaHUUECKOTO MepeMellin -
BaHMSI TUCIIEPCHOM (a3bl ¢ MaTepuaaoM MaTpHUILIbI
MpU KOMHaTHOI Temrieparype. M3 moayyeHHOro ma-
Tepuaja M3roTaBIMBAIUCh OOpas3lbl MPSIMOYTOJib-
HOI1 (hopMBI, pa3Mepbl KOTOPBIX MOAOUPATUCH TAKUM
o0pa3oM, 4TOObI MCCIeIyeMblid MaTepuas TOJHO-
CTBIO 3aIlOJIHSII ceyeHue BOJHOBOAa. B kauecTBe
MaTepuajga MaTpULbl HCIOJb30BajICS TOJIUMED C
KOMILIEKCHOM IURJIEKTPUUYECKON MPOHULIAEMOCTbIO
e =2,73 —j0,2. B kauecTBe aucnepcHoit ¢a3bl pu
U3rOTOBJICHUN KOMIIO3UTHBIX MaTepUaloOB UCIOJb-
30BaJicsl HAHOMOPOIIIOK aJIOMUHUS ¢ Pa3MEpPOM Ya-
ctuir 0,06...0,2 MKM.

ITpu usmepeHun odpasel B BOTHOBOJIHOM TPaKTe
pasMelaicsl TakuM 00pa3oM, YTOObI MPU MPOXOXK-
JIEHUN DBJIEKTPOMArHUTHOW BOJHBI TIEPBBIM CJIOEM
Oobu1 mosumep. M3aMepeHus1 TPOBOAUINCH METOAOM
nepegayn-otrpaxkeHus [5]. M3Mepsimuchk mapameTpbl
BOJTHOBOI MAaTpHLIbl paccesiHUsI MOKPBLITUST Sii, S €
MOCEAYIOIIMM pacyeToOM Ha MX OCHOBE KO3(UILIMEH-
TOB BKpPaHUPOBAHUSI MO MPOXOXKIASHUIO U OTPAKEHUIO.
INonygeHHBIE pe3yIbTaThl IPUBEISHEI Ha pycC. 6, 7.

M3 moayyeHHBIX pe3yabTaTOB BUIHO, 4TO C
yBeJWUYEHNEeM KOJMYECTBA ABYXCIOMHBIX CTPYKTYP
3((HEKTUBHOCTb 3KPAaHUPOBAHUST YBEIUUMBAETCSI.
Taxast 3aBUCMMOCTb BO3HUKAET MPEATOJ0XKUTETbHO
3a CUeT pacCessHUSI BJIEKTPOMAarHUTHOM HEPrUM Ha
rpaHULIaX KOMITO3UT-TIoJauMep. [1pu uncie cTpykTyp
bosiee 4-X yBeIMUYEHUE UX KOJMUECTBA C1ab0 BIUSI-
eT Ha 3HaYeHUs Ko3(p(PUIIMEeHTOB SKpaHUPOBAHUSI.
DTO CBSI3aHO C TeM, UTO TOJIIMHA CJIOSI CTAHOBUTCSI
3HAUUTEIHbHO MEHBIIIE IJTUHBI BOJTHBI.
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IT0 MIPOXOKACHUIO JUTS ABYXCIOMHBIX CTPYKTYP
Al-nonumepHast MaTpulia / moJuMepHas MaTpuiia
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Puc. 7. KoaddunmeHT aKpaHUPOBaHMSI MO OTPAKEHUIO
JUTSI ABYXCJIOMHBIX CTPYKTYP
Al-nonumepHast MaTpulia / moJuMepHas MaTpuiia

BbIBO/JbI

1. PaspaboraHa MojiejIb MHOT'OCJIOMHOTO 3Kpa-
HUPYIOILLIETO TMOKPHITUSI Ha OCHOBE KOMITO3MTHBIX
MaTepuaoB.

2. TlomydeHbl pacyeTHbIE U DKCIIEPUMEHTAb-
HBIE 3aBUCUMOCTU KO3(D(UIIMEHTOB 3KpaHUPOBa-
HUS TI0 OTPAKEHUIO U MPOXOXKIESHUIO OT KOJTNYEeCTBa
JBYXCJIOWHBIX CTPYKTYD JUISI MHOTOCJIOMHBIX 3Kpa-
HUPYIOIIMX TOKPBITUA HAa OCHOBE KOMITO3MTHBIX
matepuaioB B CBY nuamna3zoHe.

3. Tloka3aHo, 4TO ¢ yBeJIMYEHUEM KOJIUYECTBA
JIBYXCIIOMHBIX CTPYKTYP 3(D(HEKTUBHOCTb SKPAaHUPO-
BaHUS YBEJIMYMBAETCS 3a CUET 3aTyXaHUsI DJEKTPO-
MAaTHUTHOM BOJIHBI B TOJIIIE CJIOEB M OTPAXKCHMS Ha
rpaHuIIaX KOMITIO3UT-TIOJIMMED.

4. PacxoxjaeHue MexXjay pacueTHbIMU U DKC-
MEepUMEHTAIbHBIMU pe3yJbTaTaMUd HE TPEBBILIACT
3 nb, 4yTO yKa3bIBaeT Ha a/IeKBATHOCTb MOJIEJIH.
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VK 621.372.41

BaraTomaposi NOKpUTTSA HA OCHOBi KOMIIO3UTHUX Ma-
TepiajiB 1A 3aXHUCTY Bijl €JIeKTPOMATHITHOTO BUIPOMIiHIO-
Banns / FO.B. [linenko, I.B. TMauwkopa, JI.11. Tatapuyk //
IMpuxianHa pagioeseKTpoHiKa: HayK.-T€XH. XypHall. —
2012. — Tom 11. — Ne 4. — C. 519-521.

IToGynoBaHo MoaeIb 6AaraToUIapoOBOro eKPaHyIo4IOro
IMOKPUTTSI HA OCHOBI CTPYKTYP Ji€IeKTPUK-KOMITO3UTHU I
matepian. HaBeneHo pe3yibTaTy MOAESIIOBAaHHS Ta €KCIle-
PUMEHTAJIbHUX MOCIIIKEHDb TAKMX MOKPUTTIB B dialla30Hi
yacTtoT 8...12 I'Tu. ITokazaHo, 1110 e(heKTUBHICTb eKpaHy-
BaHHsI MOXe OyTU 30iJIbllIeHa ILJISIXOM CTBOPEHHs Oara-
TOIIAPOBUX TTOKPUTTIB. Pe3ynbTatit MometoBaHHs 100pe
Y3TOJKYIOTHCS 3 EKCITIEPUMEHTATbHUMU TaHUMMU.

Karouoei croea: KOMIO3UTHA CTPYKTYpa, KOeilli€eHT
eKpaHyBaHHS 110 BiIOUTTIO, KOedilliEHT eKpaHyBaHHS IO
MPOXOKEHHIO.

In. 07. Bi6aiorp.: 05 Haiim.

UDC 621.372.41

Multilayer coatings based on composite materials for
protection from electromagnetic radiation / Yu.V. Didenko,
1.V. Patsora, D.D. Tatarchuk // Applied Radio Electronics:
Sci. Journ. — 2012. — Vol. 11. — Ne 4. — P. 519-521.

The model of multi-layer shielding coatings based on
dielectric-composite material structures is built. The results
of simulation and experimental studies of these coatings in
the frequency range 8...12 GHz are given. It is shown that
the screening effect can be increased by creating multi-layer
coatings. The simulation results are in good agreement with
experimental data.

Keywords: composite structure, shielding coefficient
of reflection, shielding coefficient of transmission.

Fig. 07. Ref.: 05 items.
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VYK 537.533.3

ONTUMM3ALINA ®OKYCHUPYIOIINX CBOMCTB 30HI0OBBIX CUCTEM
OOPMUPOBAHUA NOHHBIX ITYYKOB MVYJIBTUINVIETAMU MATHUTHBIX
KBAZPYITIOJIbHBIX JINH3 CO CBOBOJHbBIMU ITAPAMETPAMMN

A.A. IOHOMAPEBA

ONTUMU3MPOBAHbI TEOMETPUUYECKHE IMapaMeTpbl U KOJMYECTBO MATHUTHBIX KBAAPYIMOJbHBIX JUH3 B
30HI0(GOPMUPYIOIIEN CUCTEME CO CBOOOAHBIMU IapaMeTpaMu. Y CJIOBHO JIMH30Basl CUCTEMa pa3douTa Ha
MOJICUCTEMY COTJIACOBaHUS U MOACUCTEMY (pUHATBHON (DOKYCUPOBKU, TA€ JUH3bI MEPBOI MOACHCTEMbI
MMEIOT MUTaHUe OT HE3aBUCUMBIX MCTOUHUKOB, KOTOPbIE MPEICTABISIOT cO00i CBOOOIHBIE MapaMeTphl.
[TuTaHue BTOPOIl MOACUCTEMBI OCYIIECTBIISIETCS OT IBYX HE3aBUCUMbBIX HCTOUHUKOB, KOTOPBIE SIBJISIIOTCS
CBSI3aHHBIMM TIapaMeTpaMu, OTMIPEIeIISIONIMMI YCIOBUE CO3IaHNsI CTUTMATUUECKO (hOKYCUPOBKH MydyKa
Ha nmoBepxHocTu MuiieHu. CchopMyarpoBaHa U pellieHa 3aa4ya OoNTUMU3aIUKY Tpoliecca HOpMUPOBAHUS
My4YKa MOHOB B KBAJIPYIOJbHBIX 30HOBBIX CUCTEMAX CO CBOOOIHBIMU MapaMeTpaMU, KOTOpasi OTHOCUTCS
K 3ajiaue HeJMHEeIHOTo mporpaMMMUpoBaHusl. B kauecTBe KpuTeprsi ONTUMAIBHOCTU BbIOpaHa BeJMYMHA
MPUBEICHHOrO aKcernTaHca, KOTopasi MpoIropiMoHaibHa MJIOTHOCTH TOKa Myyka Ha MmulieHu. [TokazaHo,
YTO 11eJ1IeCO00Pa3HBIM SIBJISIETCS] OTPaHUYEHUE KOJIMYECTBA JIMH3 0 YeThIpeX JJI pacCMaTpUBaeMOil 30H-
N0 OPMUPYIOIIEN CUCTEMBI.

Karouegwle cro6a: MUKpO30H I, MIOHHBIN MyYOK, MYJIbTUTIJIET MATHUTHBIX KBAJIPYTIOJbHBIX JIMH3, TPUBEICH-

HBII aKCEeTITaHC.

BBEJIEHUE

CucreMbl (hOPMUPOBAHUS MYYKOB JIETKUX HO-
HOB BOJIOPOJia WJIU T€JINS, YCKOPEHHBIX 10 9HEPTrUU
HecKoJbKUX M5B, mpuMeHsI0TCS B anmnapaTypHbIX
KOMILJIEKCax SJAEPHOT0 CKAHUPYIOIIET0 MUKPO-
3oHma (JICM3). Bbicokass MarHuTHask XECTKOCTb
My4KOB MOHOB M»3B-HbIX 3Hepruii o0yciaBIMBaeT
npumeHeHue B ACM3 HOHHO-ONTUYECKUX IeMEH-
TOB C CUJIbHOU (POKYCHUPOBKOI, K KOTOPbIM OTHO-
CSITCSI MAaTHUTHBIE KBaapynosbHble JUH3B (MKJI).
B cuny ¢dusnmyeckux ocoOEHHOCTEN OIMHOYHAS
MKIJI obecnieunBaeT (pOKyCUPOBKY IyuKa TOJbKO B
OIHOM IIOIEPEYHOM IUIOCKOCTHU, MOATOMY IS MO-
JydeHUus c(pOKYCMPOBAHHOIO Iyyka B 00Oeux Mo-
MEPEYHBIX K OCU MYyYKa IJIOCKOCTIX NMMPUMEHSIOTCS
cucteMbl U3 Heckobkux MKJI. C moMolliibio Takoi
CHUCTEMBI TMYyYOK (hOpMUPYETCS B 30HJ MMKpOME-
TPUUYECKUX Pa3MEPOB C BO3MOXHOCTbIO 3JIEKTPO-
MarHUTHOTO JIBYXKOOPAWHATHOTO CKaHWPOBAHUS.
SACM3 B HacTosilee BpeMsl IIIMPOKO MPUMEHSIETCS
B UCCJIEOBAHUAX CTPYKTYPBI U JIEMEHTHOT'O COCTa-
Ba MaTepuasoB pa3IMUHOrO MpoucxoxaeHus [1, 2].
OAHUMM U3 CPABHUTEIbHO HOBBIX MPUIOXEHUI
ACM3 sasastores dhabpukatus 3D MUKpoO- 1 HAHO-
pa3MepPHBIX CTPYKTYP B pe3yJIbTaTe MPSIMOTO IKCITO-
HUPOBAaHMS PE3UCTUBHBIX MaTepUaIOB C(HOKYCHUPO-
BaHHBIM MMPOTOHHBIM IMyykKoMm (PBW — proton beam
writing) [2, 3], KoTopasi OTHOCUTCS K JIMToTrpadude-
CKMM TEXHOJIOTUSIM BbICOKOTO pa3pelieHust. [Toato-
MY 3€Ch NTPEABSBIISIOTCS TPeOOBAHUS YMEHbILIEH S
pa3MepoB 30HIa 10 YpoBHA 10 HM U obecrieueHUst
JIOCTaTOYHO BBICOKOM IJIOTHOCTHU TOKA, YTO CBI3aHO
CO CKOPOCTbIO OKCIIOHUPOBaHUSI. DTO, B CBOIO OYe-
peab, omnpeaensieT HeOOXOAMMOCTb MOMCKa HOBBIX
TUIIOB 30HA0(OPMUPYIOLIUX CUCTEM C BBICOKUMM
Ko3(ppUuLMEeHTaM YMEHBIIEHUS W YMEPEHHBIMU
Koa(ppuumreHTaMu abeppaiuii.
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B pa6orax [4, 5] 6puta paccMorpeHa 3DC Ha
6aze yetbipex MKJI ¢ uHAMBUAYaTbHBIMUA UCTOYHU -
KaMu IMMUTaHUSI JIMH3, Te ObLIO0 MoKa3aHO 3HAUUTEeb-
HO€ MPEUMYIIIECTBO TAKOW CUCTEMBI 110 CPABHEHUIO
C AQHAJIOTUYHOU CUCTEMOM C NBYMS MCTOYHUKAMU
mutaHus. PaccmorpenHass 3MC umena GUKCUPO-
BaHHbIE reoMeTpuUecKue napameTpbl. B HacToseit
paboTe MPOJA0JIKeHO N3yYeHUe MAarHUTHBIX KBaJpy-
MOJIBHBIX 30HA0(POPMUPYIOLIUX CUCTEM C JOIMOJI-
HUTEJIbHBIMA MCTOYHUKAMU MUTAaHUS, KOTOPBIE B
JTAHHOM CJTy4ae SIBJISIIOTCS CBOOOAHBIMY MapaMeTpa-
MU B IIpouecce (popmupoBaHus mydka. Hiuxe pac-
cMotpeHbl 3DC ¢ TpeMs, 4eThIpbMs 1 IsAThio MKJI ¢
Pa3JIMYHONM T€OMETPUEUN PACTTOJIOKEHUS JIMH3 BIOJb
ONTUYECKOM OCH.

1. MVJIBTUIUIETBI MATHUTHBIX
KBAJPYIIOJIbHBIX JINH3
CO CBOBOJHBIMMU ITAPAMETPAMUA

Ha puc.1 mnokaszaHa cxema pacmoyiOXeHUS
MKJI B mynbTuImietTe u3 N JMH3, UMEIOIIUX B 00-
IIEM CIydyae MHAMBUIYaTbHbIE UCTOUHUKY TTUTAHUS
TOKa. 3Jech OIpeaesieHa TeoMeTpHUsl PacIojioxe-
HUSI OCHOBHBIX 371eMeHTOB 3PC, rae g, — 00beKT-
HOE€ PAaCcCTOSIHME, PACCTOSIHHME MEXIY OOBEKTHBIM U
YIJOBBIM KOJZTUMAaTopaMu; a; — IpeiidoBelii yya-
CTOK IBMXKEHMA Mydka, i =1... N ; L, — reomerpu-
yeckas IJIMHA JIMH3BI; g — paboyee paccTOsHUE,
paccTosiHMe OT BBIXOJA W3 MOCJEAHEN JMH3bI 110
MOBEPXHOCTU MUIleHU, [ =1... N . DopMupoBaHUe
Myyka B TaKO 30HIOBOI CHCTEME YCJIOBHO MOXHO
pasnesuTh Ha TPU ATarna.

Ha nepBom aTame mnpouMcXoauT NEPBUYHOE
(opmupoBaHue MyyKa ¢ TOMOIIBIO TTPSIMOYTOJIBHBIX
00BEKTHOTO U YIJIOBOro KOJUIMMaTopoB. KoHCTpyK-
TUBHO TPSIMOYTOJIbHOE KOJITMMAIIMOHHOE OKHO
3eCh CO3AeTCs IBYMsI CKpellleHHbIMU T1iesisiMu. Ha
9TOM 3Tane ¢GopMHUPYETCS MyYOK ¢ MAaKCUMaJIbHBIM
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(ha3zoBBIM 0OBEMOM, KOTOPBIIE MOXET OBbITh C(POKY-
cupoBaH MysibTAIUIETOM M KJI Ha MOBEpXHOCTH MU-
IIEeHUW B KBaJpaTHOE TISTHO C 3aJaHHBIMU pa3MepaMu
(dxd) . Takoii (a30BbIil 00bEeM TTyuKa Ha3bIBACTCS
aKCETTaHCOM, TIPUBEICHHBIM K 3aJaHHOMY pa3Mepy
MSATHA, WA TTPUBEIEHHBIM aKCETITAHCOM.

ObnexTHRI
FONLTHMATOR

2

Vrnosoii
KOJITHMATop

. W a_h___ T/ — QR
; Hetounukn
[MosepxuoCT: MHTAHHA
MHIICHH

Puc. 1. Cxema 3®DC ¢ npuMeHeHueM mynbTurieTa MKJI
CO CBOOOAHBIMU ITapaMeTpaMu

Ha BTropoMm aTarie mepBasi moicucTema, Co-
crosimiasi U3 k JWMH3, oOEeCreurBaeT CoIacoBa-
HUE MEePBUYHBIX (ha30BBIX XapaKTEPUCTUK MydKa C
MOHHO-ONTUIECKUMHU XapaKTepPUCTUKAMU BTOPOi1
MOACUCTEMBI U3 N —k NWH3, 3aIeiiCTBOBAaHHBIX Ha
TpeTheM 3Tarle (PUHAIBHON (POKYCHPOBKHU ITydKa.
JIuH3bl moacucTeMbl (DUHAIBHONW (DOKYCUPOBKU
IMy4YKa TMOICOSANHEHBI K OTHOMY M3 ABYX MCTOUYHU-
KOB MUTAHMS, BEJTUMYMHBI TOKA KOTOPBIX SBIISIOTCS
CBSI3aHHBIMU TIapaMeTpaMu, 00eCTICUNBAIOIIUMU
CTUTMATUIECKYIO (DOKYCHPOBKY B IBYX MOTIEPEUHBIX
iockocTax (x,y). B cayyae, ecim nepBasi mojacu-
cTeMa JIMH3 MMEeT He3aBUCHUMbIe MCTOUHUKU TTH-
TaHUs, cO3IaTh (DOKYCHPOBKY Ha MUIIEHU MOXKHO
OECKOHEYHBIM YMCJIOM CITOCOOOB 3a CYeT BBIOOpa
3HAYCHWI TIMTaHUS BCEX MCTOYHUKOB, T.€. TaKasl
3DC aBrsgeTcs nepeonpeneneHHoi. [ToaTomy Bem-
YUHBI TOKA TIEPBBIX K MCTOUYHUKOB SIBJISTIOTCSI CBO-
OGOIHBIMM TTapaMeTpaMu. Tak Kak repBast MOACHUCTe-
ma MKIJI saBnsercs coryacyroiieif, To eCTeCTBEHHO
MoTpedoBaTh OT Hee 00eCIIeYnTh HAWTyUlllee cora-
coBaHUe Tporecca GOPMUPOBAHUS ITyYKa, UTO MO-
JKET OBITh KOJTMIECTBEHHO BBIPAXKEHO B MAKCUMAITh-
HO¥1 BeTMYMHE MPUBEACHHOTO aKCeTTaHca.

2. POPMA/INBAIUA PUSUYECKOI'O
IMPOLIECCA ®OPMHUPOBAHIA NTOHHOTO
3O0HJA MYJbTUIIVIETAMUA MATHUTHBIX

KBAJPYITIOJIbHBIX JINH3
CO CBOBOJHBIMU ITAPAMETPAMMN

MKIJI oTHOCATCS K KJIacCy MOHHO-OMTUYECKIX
3JIEMEHTOB C CWJIbHOI (hOKYCHPOBKOM, B KOTOPBIX
MarHUTHOE TI0JIE HAIpaBJIEHO IEPIICHINKYJISIPHO
OCH My4YKa, TIpU4YeM Ha OCH JIMH3BI TI0JIe pABHO HYJITIO
W YCYJIMBAETCS 10 Mepe OTKJIIOHEHUS B TIOTIEPEIHOM
HarmpaBiieHnH. TakuM 00pa3om, 4eM JajabIlle HOH OT-
KJIOHSIETCS OT OCHU B TTOIIEpEYHOM HAIIpaBICHUU X ,
TeM OoJiblliee (DOKYCHPYIOIIee NeCTBIE OH MCIThI-
THIBAET, 1 HA00OOPOT, OTKJIOHSSICh B HaIpaBICHUU
Yy MOH MCTIBITBIBAET BCe OoJiblee Ae(OKYCHPYIOIIee
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neiicteue. [ToaTomy s obecnedyeHus: obiiero go-
KyCUPYIOIIEro AeHCTBUSI, KaK MPaBUIO, MPUMEHSI-
101cs1 Heckosibko MKIJI ¢ yepenytoleiicst mojsipHO-
CThIO MOTIOCOB B IiocKocTsix xOz u yOz . [naBHOM
XapaKTePUCTUKON  MATrHUTHBIX  KBaapYIOJbHBIX
3®C gBnsieTcs pacrpeesieHre IToIepeyHoro rpa-
JMEHTa MAarHUTHOTO TOJIsI BAOJIb OCU CUCTEMBI. 3a/1a-
yeil ONTUMM3ALIMU TTpolecca (popMUpoOBaHUS MTydKa
3[eCh SIBJISIETCSl OIpeAeeHUe TaKoro pacnpenese-
HUS rpajueHTa MoJisi, KOTOPOe MO3BOJUT MOJYyUYUTh
HauOOJbIIYIO TJIOTHOCTh TOKA B 30HAe. CxemaTu-
YecKM MOJeNIbHOe paclpeaeieHue rpaaueHta G(z)
MoKa3aHO Ha puUC. 2, rIe KpaeBoe MoJjie B JIMH3aX
MPEeICTaBICHO B BUAEC CTyMEHYATON (hyHKILIMU, YTO
SIBJISIETCSI XOPOLIUM MPUOIMKEHUEM B cydyae, KOor-
Jla BBITIOJIHEHO ycnoBue 7, / L<<1,tne r, — panu-
yC anepTyphl JUH3bIL. [Ipy 3TOM BBOAUTCS TTOHSITUE
9 dekTUBHON TMHBI 1107151 TMH3 L, 5. Takoe Mo-
JIeJIbHOE T10JiIe 00eCcIeunBaeT COXpaHeHUE BETUUMHbI
(OKYCHOTO pacCTOSTHUS ISl KaXKIOW U3 JIMH3 C pe-
aJIbHBIM TTPOAOJIbHBIM pacipeaeeHUeM MoJisl.

G(Z)al Lf.rifl a, |L'_‘J_’?:3| a.\'.|f'f:f?-'-"'] ay |L<_’J!’:.'.\'| g
T | I
GY TR (DZI
2
Zy Z f . Zy.1 ; = 4 &
G} U]
I

Puc. 2. MoaenbHOe pacnpenejieHue rpaaueHTa moJist
myabsturieta MKJI Bnonbs onTudyeckoit ocu

JBUXeHre MOHOB B CTAlIMOHAPHOM MarHUTHOM
TOJIe ONUCHIBACTCS HEPEJISITUBUCTCKMMU TPAEKTOP-
HbIMU TuddepeHIMATbHBIMUA YPAaBHEHUSIMU B BUJE:

—L—(y'B.-B,-x"B,+xy'B, W1+ x2 472
P0(1+5)
y'= —(B -x'B,-x'y'B, +y’zB Wl+x2+y”?

po(1+3)
C HaYaJIbHBIMHU YCJIOBUSIMMU:

xX(20) =X, ¥(20) = 0,%'(20) = X0 ¥ (20) =¥, ()
roe ¢,p, — 3apsii U CPeNHMI MMIYJIbC MOHA;
8=(p—-py)/ Py — OTHOCUTEJIBHOE OTKJIOHEHWE WM-
MyJibca MOHA p OT CPEeIHEW BEJIMUUHBI p,; X,V —
KOOPJAMHATBl MOHA, 3aJalollKe er0 OTKJIOHEHUE OT
ocu z; B,,B,,B, — COCTaBysIlONIME MAarHUTHOTO
noJiss B MKIJIL

ITone B MKJI B o6yiacTé TIpOXOXKAEHUS My4YKa
MOHOB B BaKyyMme OINpeIesieTcs] CKaJsSIpHbIM Mar-
HUTHBIM MOTEHLMAJIOM B BUJIE PA3JIOXKEHHUS B PSi IO
MOMepeyHbIM KOOPAMHATAM 0 YETBEPTOTO MOpsIaKa
BKJIIOYMTETBHO:

w(x,,2) =-G(2)xy +G"(2)(x*y + xy*) /12

- 3)
B =—p,grad(w),

rae p, — MarHuTHas IOCTOSAHHaAsI.
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Takoe mpencraBieHuUEe TO3BOJSET y4ecTb 00-
Jnacth kpaeBoro noyisi MKJI, koTopoe maer 3Hauu-
TeJIbHBIN BKJIaJ B HeJIMHeHbIe 3 deKThl PopMUpO-
BaHUs Tyuyka B BUIe KO3 (PUIMeHTOB abeppaluii.
MopnenbsHoe npeactasiaeHue noiass MKIJI ¢ mpsmoy-
TOJIbHBIM MPOJOJbHBIM pacipeaesieHueM rpagueHTa
(puc. 2) MoxKeT ObITh BEIPAXKEHO B BUJIE:

N
G(2)=Y.G[0(z-2)-0z-5-L )], 4
i=l1

e z;,1; ,, — KoopanHaTa HaYana rpaHuibl a3 dex-
TUBHOTO IOJISI 1 IMHA 3¢ deKTuBHOTO 1015t MKJI

) {0, 7<0
C HOMEPOM i COOTBETCTBEHHO; 6(Z)=
CTyIeH4JaTast PyHKIIUs. I, 220

Pemienue HenuHeiHoOU auddepeHUnaTbHON
3agaum (1), (2) uiercst B BUJe HEJIMHEWHOM 3aBUCU -
MOCTHU KOOPJIMHAT MOHOB B IJIOCKOCTU MUILIEHU OT
HavyaJlbHbIX (PAa30BbIX KOOPAMHAT B MJIOCKOCTH O0b-
€KTHOTO KOJIIMMaTopa:

14
x(zt):Fx(Z[):zij(Z[’T)'ij
j=1

14 )
y(zt):Fx(zz):ZIij(Zz’T)'Qyja
j:
rac
3 .2 2 3 2
{ij}|/:1...14:{xo’x(’)axo&x(')&xosxoxésxoxé ’x(,) »X0 )0 »
2 2 2.
XoYoYosXo Vo X0V X0YoVos X0 Vo 1
3.2 2 3 2
{0} j21..1a= 105 Y05 Y08, Y08, 5, Y0 Yo Yo Y0 s V5 Yo Xo »
2 2 2.
y0X0X6,yOX6 ,y(;xo ,y(’]xox(],y()x(; 1

Ay =D, A, =D, — KO3)OULNECHTB yMEHbBIICHWSI
30C; A4, = JerAy, = f, — Koo bULIMEHTBI acTUTMA-
tusma; A, A.,j=2,3 — KO3 ULUEHTbl Xpoma-

XLy
TUYecKkux abeppauuii; A.,A4., j=4,...,14 — Koad-

s
(puMeHTH FeOMeTpI/I‘{eC]j(I/Iij abeppallii TPEThETO
nopsinka; t={Gy,....Gy,q,....ay,8& Ly ypr-s Ly o} —
BEKTOP TapaMeTPOB, OT KOTOPKIX 3aBUCUT (HhOPMU-
poBaHMe MyJKa KBaapymnoibHoit 3DC.

3DC gBusgeTcsi CTATMATUYHOM, KOTAAa IMOBEPX-
HOCTb MMIIEHU SIBJISIETCSI TayCCOBOM ITJIOCKOCTBIO
WIN TUIOCKOCTBIO M300paXeHUsl. DTO TpeOoBaHMe
HaKJIaJbIBAET YCJIOBUS Ha KOG GUIIMEHTHl aCTUTMa-
TU3Ma:

f(z,0=0, f,(z,7)=0. (6)

Taxum o6pazom, ypaBHeHU (6) TarOT BO3MOXK-
HOCTb OJJHO3HAYHO OMNpPEAEIUTb BEJIWUYUHY Tpaau-
€HTOB IIOJIell B JIMH3ax IIOACUCTeMbl (DMHAJIbHOMI
(hokycupoBKHU, MOJKIIOUEHHBIX KOTHOMY U3 IBYX HE-
3aBUCUMBbIX UICTOUYHUKOB MUTaHUS ToKa. ['eomeTpu-
YecKue mapaMetpbl Ty ={dj,....dy,8, Ly ypse-es Ly o }
SABJISIOTCS (DUKCUPOBAHHBIMU, WJIM CTaTUYECKUMU
napaMeTpamu, B TO BpeMs, KaK YXe OTMe4yaJioCh
BBIILIC, TPaAMEHTHI MEPBLIX Kk JMH3 TOACUCTEMBI
COIJIACOBAHUS SIBJSIIOTCS CBOOOJHBIMM TapameTpa-
mu. Toraga popmanmzaius mpoiecca ONTUMAaIbLHOTO
¢opmupoBaHus myyka B 30HI0BoI cucteme MKJI co
CBOOOJHBIMU MapaMeTpaMu, OCHOBAaHHAas Ha KpU-
TEpUM MAKCUMAJIBHOW BEJMYMHBI MPUBEIEHHOTO
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aKCerTaHca, MOXET OBITh npeacraBjcHa B BUOC 3a-
JIayy HEJIMHEWUHOTrO IIPOrpaMMUPOBAHMS:
max

*
o (1,d) = (olr,d)),
oty s Re Ry Gy ..., G

a(t.d)=voll(t.d)| =16R R 1,1, / a?.
f:(1)=0,/,(1)=0,
G, <G, > (7)
Q(t,d) ={(x0, Y0, X0:Y0) | X0 |<r, |y l<ry,
| F(zg+ay) <R, [F,(z)+a) <R,

|F(z)lsd /2, |F(z)Isd /2, },
rae r.,r.

!y R, R, — pa3mepsl 00BEKTHOTO M YIJIOBO-
ro koumMaropos (puc. 1); G;...,G, — rpalleHTHI
nosieit MKJI noacucremsl coracoBaHust (ha3oBbIX
XapaKTepUCTUK Tyyka, d — pa3mep 30Haa (puc. 1);
Q(t,d) — dazoBoe MHOXKECTBO MOHOB ITyuka, chop-
MHMPOBAHHOTO C TTOMOIILI0 OOBEKTHOTO M YTIIOBOTO
KOJJTUMATOpoB; G, .. — MaKCUMaJIbHO JOCTHXUMBbII
rpapueHT mosist B MKJL; F(z),F,(z) — mpeoGpaso-
BaHMe (ha30BbIX KOOPIMHAT MOHOB B BUE (5).

3. AHAJIN3 ®OKYCUPYIOIINX CBOMCTB
30HI0OBBIX CUCTEM ®OPMUPOBAHUSA
MOHHBIX TYYKOB

I'eometpus pacnosnoxenust tnH3 B 3DC, a Tak-
JK€ MX KOJMYECTBO OTHOCSITCS K CTaTMYECKHUM Ma-
paMeTpaM. DTU mapameTpbl MOTYT M3MEHSITLCS Ha
cTaauu aHajau3a (HOKYCUPYIOUIMX CBOMCTB CUCTEM
bopmupoBaHus MOHHBIX MydykoB. Ilocie Toro kKak
3PC peann3oBaHa B SKCIIEPUMEHTAIbHOI YCTAHOB-
K€, MEHSITh TEOMETPUIO CUCTEMbI U KOJTMYECTBO JIMH3
HE MPEACTaBIISIETCSI BO3MOXHbBIM. [109TOMY BasKHBIM
SIBJISIETCS] TIPOBEACHUE TAKOro aHajiM3a Ha CTaauu
paspaborku 3MC, B KOTOPBIX IPUMEHSIIOTCS MYJIb-
tuiuieTel MKJI ¢ cBoOOOgHBIMY TapaMeTpamMu. B maH-
Holi paboTe paccmoTpeHbl 3MC ¢ KonMuecTBOM JIMH3
N =3,4, 5, BKOTOpPBIX corjacyoias noacucremMa u
nojacucreMa (prHaIbHOK (POKYCUPOBKU UMEIOT KOM-
MakTHOE pacrojiokeHue nuH3. B tpuriere ( N =3)
BTOpasl U TPEThS JIMH3bI SBISIOTCS JIMH3aAMU MOJACH -
cTeMbl (pUHAIBHON (POKYCUPOBKU U PACIIOJOXKEHBI
Ha MUHUMaJIbHOM paccTosiHuM a; =0,01 M, a nosio-
JKeHUe TIepBOI JIMH3bI BapbUPOBAJIOCH B Ipeaesax
1,11 M <q, < 3,71 M. JIUH3Bl NOAKJIOUEHBI K TPeM
HE3aBUCHMbIM MCTOYHMKAM MUTaHUSI TaKUM 00Opa-
30M, UTO peaJM3yeTcsl pacripelejeHue rpaaueHTa
B Mmiockoctn xO0z{zG,,-G,,+G;} . B kBanpyruere
( N =4) TpeTbs 1 yeTBepTasl IMH3bI BXOJAT B ITOJACU-
cTeMy (puHaNbHON (DOKYCUPOBKM, a corjiacyrolas
MOJACUCTEMA COCTOUT M3 TMEePBOI U BTOPOH JMH3. B
KaxkIoW U3 MOACUCTEM JIMH3BI B AyDJeTax pacroso-
>KeHbl Ha paccTossHuM a, =a, =0,01 M. Tlonoxe-
HUE TepBoro nybseTra BapbMpOBaIOCh B Mpeneiax
1,08 M <qg, < 3,63 M. JIUH3Bl B KBaapyIuiere Mo-
KJTI0YEHBI K YEThIpeM HE3aBUCHMbIM HCTOYHUKAM
MUTAaHUS Tak, YTO peau3yeTcs pacrnpeneaeHue
rpaguMeHTa B Iiockoctn x0z{+G,,xG,,+G;,—G,} .
B mnenrtymnere (N =5) moacucteMa (UHAIbHOMI
(hOKYCUPOBKM COCTOUT U3 TpeX IOCISIHUX JIMH3,
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pPACITOJIOKEHHBIX Ha MWHWMAJIbHOM pAaCCTOSTHUM,
a TIepBbIe IBE JIMH3bI BXOIAT B COTJIACYIOIIYIO TTOJI-
CUCTEMY, TaKMM obOpazoM a,=a,=as= 0,01 m.
B takoit 3®C wmmeeT cBOOOLY TEepeMEIICHMS
BIOJb OCW IyOJET COTIJIacyIolleil IMOACUCTEMBI W
1,06 M <a, < 3,55 M. JIUH3BI B IEHTYIIETE MOIKITIO-
YeHBI K YeThIpeM He3aBUCUMBIM UCTOUYHUKAM TTHTa-
HUS TaK, 4TO peaJn3yeTcsl pacrpeneieHne Tpaan-
eHTa B Iiockoctn x0z{*+G,,*+G,,+G;,+G,,—-G, } . s
Bcex paccMmoTpeHHBIX 3MC paboyee paccrosHUE
n3MeHstoch B ripenenax 0,06 m < g < 0,18 M. Inuna

N
cUCcTeMbl OblIa (hMKcHUpoBaHa / :Zj:laj +g=4Mm,
MaKCUMaJIbHbIi OTHOCUTEJbHBIM pa3dopoc IO UM-

MyJIbCY YAaCTHUILL B Myuke . =107, MaKCUMaTbHbIIi
rpafveHT oy B mH3ax G, = 0,5 Ti/cum.

Takum 00pa3zoM, NyTeM MOCIEI0BATEIbHO-
ro aHaju3a pellieHa ONTMMU3allMoOHHas 3agayda (7)
(opMupoBaHMS TydKa HMOHOB KBaIPYIOJIHHBIMU
3®C g pa3snTUIHBIX 3HAYCHW TeOMETPHUECKHUX
1MapaMeTpoB ¢, M g B YKa3aHHBIX BbILIE Mpeaesax.
H71s1 pereHUst TpUMeHEeH MOINMUIINPOBAHHBIN Me-
TOI TPaAWUEHTHOTO CITyCKa, amalTMPOBAHHBIA TS
3agauu B BUne (7). TouHOCTb omnpenesieHus puBe-
JNEHHOTO aKCemnTaHca cocTaBisiia 5%, 9To CBSI3aHO
C pa3yMHBIMM 3aTpaTaMHW Ha BpeMs BBIYMCICHUIA.
AHaM3 MOJYYEeHHBIX Pe3ybTaTOB, TTOKa3aHHBIX Ha
puc. 3, 1aeT OCHOBaHUE YTBEPXIaTh, YTO MO MEpe
VBEIMICHUS] PACCTOSTHUS MEXIY JMH3aMM JIBYX
moacucTeM (QOPMHUPOBAHUS TyIKa BeIWIMHA MaK-
CHMAaJIHOTO TIPMBEICHHOTO aKCemTaHca IJIsT Tpex
TUTIOB MYJIBTUIUIETOB €J1a00 3aBUCUT OT TTapaMeTpa
a,, TIOJIOXEHNS JIMH3 COTJACYIOLIEN MOICUCTEMBI
BIOJIb ONITUYECKOI ocu. OmHAKO yBeTMUeHNe KOJT-
yectBa TUH3 B 3D C MpUBOAUT K POCTY TPUBEIACHHO-
ro akcenraHca (puc. 3). 31eCb CTOUT OTMETUTh, YTO
OT/INYME B BeJIWYMHE TIPUBEICHHOTO aKCelTaHca
y KBaZpyruieTa M MEHTYIDIeTa He CTOJb 3HAUYMMOe,
YeM y KBaJpyTuieTa M TpUIUIeTa. DTO TOBOPUT O He-
11eJIeCO00Pa3HOCTU YBEIUYEHUS JIMH3 B cucteMe. M3
puc. 4 BUTHO, YTO CUCTEMBI C MEHBIINM pabOuYNM
paccTosiHUEM g Takxke 00JafatoT 0oJiee BBICOKUM
MIPUBEICHHBIM aKCETITAHCOM.

40+
S 30-
f=9
f‘IE
g
g 20+ —
~ "““""“*:—:"'—'_"‘“-!—:—:H‘_H-
L | —_— J—"1
~ 104 N3
-1 —e— N=4
1 ——n=s
0 T T T v T v T T 1
0.2 04 0.6 0.8 1.0

a /max(a,)

Puc. 3. 3aBUCHMMOCTb MPUBEIEHHOrO aKCEINTaHca OT
mapameTpa g, IUIsl Tpex MyabTurieTos, g = 0,06 M,
d=1mMKm
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M

Puc. 4. 3aBUCHMOCTb MAKCUMAJILHOTO IIPUBEIEHHOTO
aKcenrTaHca OT rapaMerpa g UIsl TPEX MyJIbTUILIETOB,
d= 1MKm

BbIBO/IbI

B pesysbrare peilieHus ONTUMKM3aLMOHHOMI 3a-
naur (popMUpPOBaHUS MOHHOTO Iy4Ka B 30HIOBBIX
crucTeMax ¢ MPUMEHEHUEM MYJIbTUILUIETOB MarHUT-
HBIX KBaJpYHOJbHBIX JIMH3 C JIOIOJHMUTEIbHBIMU
HMCTOYHUKAMM MUTAHUS B BUIe CBOOOIHBIX ITapaMe-
TPOB IIOKAa3aHO, YTO IIPUBEACHHBII aKCENTaHC Clia-
00 3aBUCUT OT IT'€OMETPUUYECKOTO IOJIOXKECHHUSI JIMH3
COIJIacyIollIeil MOACUCTEMBI UISI BCEX TPEX paccMo-
TPEHHBIX MYJIBTUILIETOB LIS @, / max(a,)> 0,65. ITo
Mepe yBeJuueHust konmdyecta JIMH3 B 3D C Habmo-
JAeTCSI POCT IIPUBEICHHOTO aKCEITaHCa, OHAKO IS
MEHTYIUIETa 110 OTHOIICHUIO K KBAaIPYILIETy 3TOT
pocT He3HauuTesaeH. JIJIig Kaxaoro U3 pacCMOTPEH-
HBIX MYJIbTUILUIETOB YMEHbBIIEHUE pabouero pac-
CTOSIHMSI TIPUBOIUT K YBEJIMYCHUIO MPUBEIACHHOIO
aKcemnTaHca.
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IloHomapeBa AHHA AlleKCaHIPOBHA,
acnmupaHT CyMCKOTO rocynapcTBEeH-
Horo yHuBepcurtera. Ob1acTb Hayy-
HBIX MHTEPECOB: pa3paboTKa HOBBIX
TUIIOB MAarHUTHBIX KBaAPYMOJbHBIX
JIMH3 W METOJIOB WX IUArHOCTUKU;
MPOBEJAEHUE KOMITBIOTEPHOTO MO-
NeJIMPOBAaHUS ~ MOHHO-ONTUYECKUX
cucteM (opMUpoBaHUSI U (OKYCU-
POBKHM TTYYKOB 3apsIKEHHBIX YaCTHIL;
MPOBEJIEHUE HWCCICAOBAaHUN HEIU-
HENHOM NMHAMUKU MOHHBIX ITyYKOB
B 30HIO0(GOPMUPYIOIIMX CUCTEMaXx
C 1LEJbl0 CO3JaHMSI KOMIAKTHOTO
SIIEPHOTO MUKPO30H/Ia HOBOTO TI0-
KOJICHUSI.

VK 537.533.3

OnTumizania ¢okKycylunx BJIACTHBOCTEN 30HAOBHX
cuctem (GOpMYBaHHS iOHHMX MYYKiB MYJbTHUILUIETAMH Mar-
HITHUX KBAJIPYNOJbHMX JiH3 i3 BUIbHMMHM mapameTpamu /
I'.0. TlonomapwoBa // TlpukinamHa pamioelleKTpOHiKa:
HayK.-TexH. XypHai. — 2013. — Tom 11. — Ne 4, — C. 522—
526.

OnTuMi3oBaHO TEOMETPUYHI MapaMeTpH 1 KiJIbKiCTb
MarHiTHUX KBaAPYITOJbHUX JIiH3 B 30HI0(MOPMYIOUiil CHC-
TeMi 3 BUIbBHUMHU MapamMeTpamMu. YMOBHO JIiH30Ba CUCTE-
Ma po30uTa Ha IMACUCTeMY Y3TOIKEHHS Ta MiICUCTeMYy
(iHanbHOTO (POKYCYBaHHS, 1€ JIIH3M TEPIIOT MiJCUCTEMU
MaloTh KMBJICHHSI BiJl He3aJeXHUX JIKEpes, KOTpi SIBJIsI-
I0Th CO0010 BiIbHI mapameTpu. KWBJIEHHS Apyroi Tija-
CHUCTeMU 3IiMCHIOEThCS BiJl BOX HE3aJIEKHUX JIKepell,
SIKi € 3B’SI3aHMMM TIapaMeTpamMiy, BU3HAYalOUYMMM YMOBY
CTBOPEHHSI CTUTMATMYHOTO (POKYCyBaHHSI Ha ITTOBEpXHi
mimeHi. CopmyaboBaHa Ta BUpillleHa 3a/1a4ya ONTUMi3a-
i1 mporiecy popMyBaHHS My4YKa iOHIB Y KBaJIPYITOJIbHUX
30HIOBUX CHUCTEMax 3 BUIBHUMM MMapameTpaMu, sika Ha-
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JIEXKUTH 110 3a/1a4i HeJliHiifHOTO mporpamyBaHHs. B sKocTi
KPUTEPII0 ONTUMATIBHOCTI OOpaHa BEJIMYMHA TTPUBEIECHO-
TO aKCernraHca, sIKa MpomnopLiiiHa IIIJIBHOCTI TOKY ITy4yKa
Ha MineHi. [Toka3aHo, 1110 JOIITEHUM € 0OMeKeHHS KiJlb-
KOCTI JIiH3 10 YOTUPBOX JIJIST PO3IJISTHYTO1 30HI0(POPMYIO-
YOI CUCTEMMU.

Karouosi croea: MiKpo30HI, iOHHUI My4OK, MYJbTH-
TUTET MAarHiTHUX KBaJAPYMOJbHUX JIiH3, NMPUBEACHUNA aK-
CEMNTaHC.

1. 04. Bi6miorp.: 05 Haiim.

UDS 537.533.3

Focusing properties optimization of probe systems
of forming ion beams by multiplets of magnetic quadrupole
lenses with free parameters / A.A. Ponomaryova // Applied
Radio Electronics: Sci. Journ. — 2012. Vol. 11. Ne 4. —
P. 522-526.

Geometric parameters and the number of magnetic
quadrupole lenses in a probe forming system with free pa-
rameters are optimized. Conditionally a lens system is di-
vided into a coordination subsystem and a final focusing
subsystem, where the lenses of the first subsystem are pow-
ered by independent sources called free parameters. The
second subsystem is powered by two independent sources
which are related parameters that determine the condi-
tion of a stigmatic focusing beam on the target surface. The
problem of optimizing the process of ion beam formation
in quadrupole probe systems with free parameters has been
formulated and solved. The said problem is a nonlinear
programming problem. As benchmarks the value of the re-
duced acceptance has been selected which is proportional
to the current density of the beam on the target. It is shown
that it is expedient to limit the number of lenses to four for
the considered probe forming system.

Keywords: microprobe, ion beam, multiplet of mag-
netic quadrupole lenses, reduced acceptance.

Fig. 04. Ref.: 05 items.
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YAK 533.9

PEHIEHUE KUHETUYECKOTO YPABHEHUS BOJIBIIMAHA
JJIA ITOJTHOCTBIO NTOHN30BAHHOUN MAI'HUTOAKTUBHOMU I1IJIA3MbI

A.H. 2KOPOBA, H.A. MYJIEHKO, A.Jl. XOMKHH

CraTbst IOCBALICHA BbIYMCICHUIO 3JICKTPOHHBIX KMHETUYCCKHX KOS(D(I)I/IL[I/ICHTOB IJ1a3Mbl BO BHCIIIHEM
MardimMTHOM II0JI€ C <<HCJ10F3pM(1)MYI‘iCCKOI7[» TOYHOCTBIO U UCCICAOBAHNIO ITOBCACHNA KMHCTUYECKHNX KO-

3 HULIMEHTOB.

Kuioueswie crosa: HenpmeanbHas TUla3Ma, KMHETUYECKOE ypaBHeHME BosbliMaHa, CKOOKOBBIA MHTETpal,

QJIEKTPOMPOBOAHOCTD.

BBEJIEHMNE

[Ipu pemieHun 3aga4 KMHETUKU HEUIEATbHbBIX
ra3oB U HeUAeaJbHOM Ma3Mbl IMPOKO UCIIONb3YeT-
Csl METOJI KUHeTUYecKoro ypaBHeHus [ 1-3]. B ocHoBe
9TOro METOja JiexkaT ypaBHeHUs Wil PYHKIUI pac-
TIpefesIeHns] 4acTuL f, (MHAEKC k HyMepyeT copTa
yactuil). B camoMm o0lieM ciiyyae KMHETMYEeCKOe
ypaBHEHUE SIBJISIeTCS MUHTErpo-auddepeHInaibHbIM
ypaBHEHUEM OTHOCUTEIbHO UCKOMOM (DYyHKIIMU pac-
npeaeseHus YaCTULL copTa k , 3aBUCSIIIEH OT BpeMe-
HM, KOOPIAMHAT M CKOPOCTEMYacTuLL: f, = f, (t,?,(,ﬁk )
Kpome Toro, ¢byHKUMS pacnpeieaeHus] 3aBUCUT
TaKkke OT TePMOAMHAMUUYECKUX BEJIMUYMH CHUCTEMBbI
(HampuMmep, OT TemIepatypbl 1, KOHLEHTpaluu
YyacTuLl #, M T.O.) Kak oT napamerpoB. OgHoil u3
OCHOBHBIX MPAKTUUECKMX 3a1a4 (PU3NIECKOIN KMHE-
TUKU Ta30B U IJIa3Mbl SIBJISICTCS] BBIYMCIEHUE KUHE-
TUYECKUX KO3(PPULIMEHTOB, TaKux KaK Iudysus,
TEIUIONPOBOAHOCTh,  2JIEKTPOIPOBOIHOCTb, BSI3-
KOCTb M T.I. [4-6].

BrnepBbie cTporuii ra3oKMHETUYECKUIA pacyer
3JIEKTPOIPOBOAHOCTU TIOJHOCTbIO MOHM30BaHHOM
IUIa3Mbl, OCHOBAHHBIM Ha pEIIeHUU YpaBHEHUS
®oxkkepa-IlnaHka, ObLT BEITIOJIHEH B pabdoTax [7, §].
HanpHeiimue uccienoBanus [9-13] mokasanu, 4To
B o0sacTu ciaboit U yMEpeHHOW HeuAealbHOCTU
(I'<1) pe3yabTaThl pacyeToOB JEKTPONPOBOIHOCTH
TJ1a3Mbl, MTOJYyYeHHbIE Ha OCHOBE pEeIlIeHUs ypaBHe-
Huii @okkepa-Ilnanka u boapliMaHa, IpakKTUYECKU
COBIANAIOT.

Pacuer kuHeTnueckux Ko3(h@PUIIMEHTOB ra30B,
U OCOOEHHO TUIa3Mbl, B paMKaX MeToJa KMHEeTHYe-
CKOT'0 ypaBHEHUS MPEACTABISIET COOOM CIOXHYIO U
ype3BblYaiHO TpyaoeMKylo 3agauy. M HecMoTps Ha
TO, YTO yXe Oosiee 50 JIeT B MepUOAMYECKON IeyaTn
MyOJUKYIOTCS pabOThl B 3TOM HaIpaBeHUU, BO3-
MOXHOCTU TPUMEHEHHUs MeToda KMHETUYECKOTO
ypaBHEHUs K pacyeTy TPaHCHOPTHBIX KOG PUIIUEH-
TOB Ir'a30B U IJIa3Mbl JaJIeKO He uMcuyeprnaHbl. boib-
LIMHCTBO CYLIECTBYIOIIUX CETOAHS pe3yIbTaToOB IO-
JIydeHBbl IJIS1 BBICOKOTeMIIEpaTypHOI Iia3Mbl, TIe
KyJIOHOBcKMIA torapucdm A >>1. bonbinas Benuuu-
Ha A MO3BOJIMJIA HA PAaHHUX 2Tarax pelieHUs] KMHe-
TUYECKOTO ypaBHEHMS MpeHeOpeyb MHOTOUYMCIEH-
HBIMU CJIaTa€MbIMM B TPAHCIIOPTHBIX CEYEHMSIX, HE
conepxkauux Jjorapudm. B mocneaHue rofasl mosiBu-
JINCh BKCIIEpUMEHTHI, Tae A <1 u gaxe obpalaercst
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B 0, U3MepeHHbIe KaK B MOCTOSIHHOM 3JIEKTpUYe-
CKOM, TaK M B MarHuTHoM moJisix [14]. He mpuberas
K PEUICHMIO KMHETUYECKOTo YpaBHEeHUsI, pejara-
I0TCSI MHOTOUYUCJICHHBIE SMMUpUYEcKre (HOpMYJIbl
TUIIA ln(1+%) U T.J. IJISI TIIPOBOAUMOCTU B IIO-

CTOSTHHOM TroJie. JIJIst IpOBOAMMOCTA B MAarHUTHOM
TT0JIE OTCYTCTBYIOT ¥ SMITUPUYECKHE (POPMYIIHL.
Hactostiasg paborta mocBsiieHa BBIYMCICHUIO
SJIEKTPOHHBIX ~ KUHETUYECKMX  KO3(D(PHUIIMEHTOB
IJIa3Mbl BO BHEITHEM MarHUTHOM TIOJIe C «HeJiora-
pUGMHUIECKO» TOTHOCTBIO U UCCIIEAOBAHMIO TTOBE-
JIeHUST KUHETUYeCKnX KoapduiimeHtos ipu I'—1.
[TosTOMYy OCHOBHOG BHUMAaHHUE YIEISICTCS YTOUHE-
HUIO U MCITOJIb30BAHUIO PA3IMUHBIX OCOOCHHOCTEM
MeTo/la KMHETMYEeCKOTO YpPaBHEHUS U TUTa3MBI 1
€ro MPUMEHEHUIO K pacdyeTy KMHETUYECKUX KO3(-
¢ummenToB 1maasMel. [IpocTedmmM KMHETUYECKUM
ypaBHEHUEM siBJisieTcs ypaBHeHue bosbiimana [1, 3].
B ypaBHenuu bojbliMaHa YYHMTBIBAIOTCS TOJIBKO
IMapHble MTHOBEHHBIC CTOJKHOBEHMS YacTUll. Jpy-
TUMH CIIOBaMU, TIPEIIiojaraeTcs, 9YTo XapaKTepHas
JUTUTEIBHOCTb CTOJIKHOBEHUS HAMHOTO MEHBIIIe
CPEIHETO BPEMEHM MEXIy CTOJKHOBeHUSIMH. Ky-
JIOHOBCKOE B3aMMOIEHCTBHAE YaCTUIIL TUTA3MBI SIBJISI-
eTCA KOJUIGKTUBHBIM BCJICACTBUE €TO JabHOICH-
CTBYIOIIIETO XapaKTepa M TPOIIECCOB SKPAaHMPOBKU
[6]. 3apstkeHHass yacTuIla MOCTOSSHHO HAXOIWUTCS
BO B3aUMOJICVICTBUM C OKPYXAIOLIEW Cpeaou, U ee
CTOJIKHOBEHMST HEJTb3ST CYMTaTh MTHOBeHHBIMU. [1o-
aTOoMy, (DopMaJibHO, ypaBHeHMe boibliMaHa He MO-
KeT OBITh MMPUMEHEHO K ONMMCAHWIO KMHETUIESCKUX
MIPOILIECCOB B T1a3Me. 1 3TO 1IeJTd UCITOIh3yeTCs
nuddysnoHHoe npubkeHue [4], ocHoBaHHOE Ha
pemennu ypasHeHUss @oxkepa-Ilmanka.
JoCTaTOYHO CTPOTHE TEOPETUUYECKUE PE3YIib-
TaThl TOJYYEHBI IS pa3pekKeHHOM TIUIa3MBl TIPU
BBITIONHEHUM ycoBuss I'<<1, tme: T=e/r,T —
rnapamMeTp HEWACAIbHOCTU, F, — paguyc [leOasd,
e — 3apsana anekTpoHa. C pocTOM IUIOTHOCTU TIPU
['~1/6 neGaeBCKMii paguyc CPaBHUBACTCS CO CPEM-
HUM MEXYaCTUYHBIM PACCTOSHUEM 7, W TIPU Jajlb-
Heiiem pocre ' oKasbIBaeTcs ry <r,, . OueBuaHoO,
YTO B 3TUX YCJIOBUSIX UCIIOJIb30BAHUE 7}, B KAUECTBE
pamuyca 3KpaHUpOBaHUSI OeccMmbIciieHHO. Bmecte
C TeM, IapaMeTp HeMIealbHOCTH 7y = e’ /rcpT ocTa-
eTCS MEHBIIIe eIWHUILI B JOCTATOYHO IITUPOKOM
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JIrafna3oHe M3MEHEHHUs] BHEIIHUX MapaMeTpoB (10
'<5), uro ¢opMajbHO IO3BOJSIET MCIIOJIb30BaTh
Ta30KUHETUYECKUU TTOAXOL.

IIpu yyere paccessHMSI YaCTHUIl HA Majble YIJIbI
HUCTIONB3YIOTCS MHTETrpajibl CTOJKHOBeHUM JlaHmay
[4] u Jlenapna-banecky [14]. B oboux ciygasix nume-
eTcsl Jiorapugpmuyueckass pacxoguMOCTb, O0YCJIOB-
JIeHHas BKJIaI0M OJIM3KHUX CTOJTKHOBEHUIA, TTOCKOJIb-
Ky BBIpaXEHMSI JUISI MHTETPajoB CTOJKHOBEHMUIT
[4, 14] ObUIM MoONyYeHBI B MPEANOIOXKEHUN 7y << |
(x — yroa paccesHus). KpoMe Toro, amaaeKkTpu-
yeckas NPOHMIAEMOCTh &(K,®) cama 3aBUCHUT OT
(byHKUMU pacripefeseHus], 4TO JejlaeT KUHETH-
yecKoe ypaBHEHHUE CYIIECTBEHHO HEJWHEWHbIM U
YCJIOXHSIET MPOLIECC Er0 PEIIEeHUSI.

WMHTerpan CTOJKHOBEHUI, MpeacTaBIsSIOIIAN
co00i1 IMHEelHYI0 KOMOUHAaLWIO UHTerpaaoB boJib-
nMaHa, Jlangay u banecky-Jlenapaa, ¢popmaiabHO He
TpeOyeT BBeIeHUsI O0Ope3aHMii CEYCHUST pacCesTHUs
Ha MaJjiblX M 00JblIMUX paccTosiHusiX. [Ipenmnosara-
JIOCh, UTO C €T0 IMOMOIIIBIO YAACTCS MOJTYIUTh MPUEM-
JIeMble 3HaYeHMS TTPOBOIUMOCTH YMEPEHHO HeujIe-
anpHOI Tu1adMbl ' <1. JlampHENIINe MCCIeIoBaHUS
MoKa3ajau, YTO KOMOMHUPOBAHHBIN MHTErpajl CTOJI-
KHOBEHUI MPUBOAMUT K HEMPaBWJIbHOMY aCUMITO-
TUYECKOMY MOBEJAEHUIO MPOBOAUMOCTHU Tipu T << 1.
Kpome Toro, cpaBHeHHe TEOPETUUYECKUX PacueToB
[15] ¢ skcnepumeHToM [16] OKa3anoch HEYIOBIET-
BOPUTEJIbHBIM U I1pu ' < 1.

BaxxHO OTMETUTH TaKKe, UTO pa3pabOTKa pery-
JISPHBIX aHAIMTUYECKUX METOIOB PEIICHUS pa3Inyd-
HBIX TUIOB KMHETUYECKUX YPAaBHEHUM COIpsLKeHa
CO 3HAUUTEJIBbHBIMU MAaTEeMaTUIECKUMM TPYIHOCTSI-
MM KaK TPUHIIMITMATBHOTO, TaK U BRIYUCIUTEIbHO-
ro xapakrepa. [lo-BugumMomy, 10 cuX MOp He Cylle-
CTBYET PETyJISIPHBIX METOIOB OLIEHKH MOIPEITHOCTH
OOJILIIMHCTBA TUIIOB KWHETUMYECKUX YpaBHEHUI,
00YCJIOBJIEHHOI IIpeHeOpexXeHrneM 4YJeHaMU BbIC-
IIUX TIOPSIIKOB TEOPUU BO3MYIIEHUH, CIIpaBeIIv-
BOI B pa3/IMYHbBIX 001ACTSIX JUAarpaMMbl COCTOSIHU
miasMbl. MICKITIOUeHUEe COCTaBIsIEeT KMHETUYECKOe
ypaBHEHME C MHTETPAJIOM CTOJKHOBEHUI B TaK Ha-
3bIBAEMOM «T — MPUOJMXKEHUU» (MTPpUOIMXKEHUE
BPEMEHU CTOJKHOBEHMI), B KOTOPOM WHTErpas
CTOJIKHOBEHMii uMmeeT Bul: Stfy =(f, — fio)/t, Tae
Jro — DaBHOBecHast (PyHKLMs pacrpelesieHus ya-
ctull coprta k . UHTerpaa CTOJIKHOBEHU « T — TIpU-
OJIMKEHUsI» UMEET «JIOKaJbHbI» XapakTep B IpoO-
CTPaHCTBE CKOPOCTEH W TMO3TOMY (PaKTUIECKH He
OTpakaeT BCe BO3MOKHBIE ITPOIIECCHI CTOTKHOBEHUS
YacCTHII B TUTa3Me.

s KuHeTuyeckoro ypaBHeHUs bosbimMaHa
pa3paboTaH [1] peryasipHblii METOI €ro pelieHUs,
CMpaBeUIUBbLIN 1Jisl ¢1a00 HEPaBHOBECHBIX Ta30B U
OCHOBaHHbIN Ha pa3oXeHUNW HEePaBHOBECHON ITO-
MPaBKM K QYHKIIMU pacTipeaesIeHIs YaCTUIL B PSII TTO
MOJHOM CHCTeMe OPTOHOPMUPOBAHHBIX MIOJTMHOMOB
ConmHa (Meton YemmeHa-DHckora). B kauecTe
0a3MCHOI MCIOJb3yeTCsl TakXke cucTteMa chepuye-
ckux ¢pynkumii [3,11]. HecmoTpst Ha popmanbHbIe
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MPOTUBOIOKA3aHUS, pa3padOTaHHBIA I HeEu-
TPaJbHbIX FA30B MeTo YenMeHa-DHCKora peleHust
KWHETUYECKOTO YpaBHEHUS bojbliMaHa ¢ 60JIbIITUM
YCIIEXOM TTPUMEHSIETCS U 11 BBIYMCIIEHUS KUHETHU -
YeCcKUX KO3(h(MUIIMEHTOB MOHU30BAaHHBIX Ta30B U
miasmel [9-13,15, 17-19].

Pa3paboTka ¥ NpUMeHEHUE PEryJsSIPHBIX aHa-
JIMTUYECKUX METONIOB BBIYMCICHUS KMHETUYECKUX
KO2(DULIMEHTOB HeuAeaJbHON IJIa3Mbl UMEET He
TOJIbKO (DyHAAMEHTAIbHOE, HO U BaXXHOE MPUKJIa-
HOe 3HaueHue. Bcerna cyiiecTtByeT HEOOXOAUMOCTh
B CO3MIaHUU METOAMK pacueTa KHHETUYECKUX Koad-
¢uLMEeHTOB HenaeaabHoU ruia3Mel [20,21], nmpume-
HUMBIX B IIIMPOKOW OOJIACTU M3MEHEHUS BHEIIHUX
rnapaMeTpoB U TeMnepaTtypsbl. Takue mupoxkoadana-
30HHBIE METOJMKU MCIIOJIB3YIOTCS JUISI BBIYMCIIEHUS
rnapaMeTpoB paboumMx cpell TJIa3MEHHBIX U TIJ1a3MO-
XUMUWYECKUX YCTPOUCTB. 1151 MOBBILIEHNUSI TOUHOCTH
Y HAJIEXKHOCTHU 3TUX METOJIMK B OCHOBY MX pa3paboT-
KU JOJDKHBI OBITh TTOJOXEHBI CTPOTUE TA30KUHETH -
YECKUE METOIIBI.

ITockonbKy 3JIEKTPOHBI B IUIa3Me 00JIalaioT
3HAYUTEILHO OOJIbIIIEH MOMABMXXHOCTBIO 110 CpaBHE-
HUIO C MACCUBHBIMU YacCTHUIIAMU: MOHAMM, aTOMa-
MM, MOJIEKYJIAMU U T.[., ONIPENEISIONLYI0 POJIb I
OIUCAHUS TPAHCTIOPTHBIX CBOWMCTB TJ1a3Mbl UTPAIOT
3JICKTPOHHBIC KUHETUYeCKHe KO3(DGhUIIMEHTH [6,
22| u, B 4YaCTHOCTH, NMPOBOAMMOCTb. B HacTosei
paboTe MpeanosaraeTcsl BbIMOJHUTh pacyeT KOM-
TIOHEHT TEH30pa 3JIEKTPOIPOBOJHOCTH MOJIHOCTHIO
VOHU30BAaHHOW TJIa3Mbl BO BHEIIHEM MAarHUTHOM
10JIe HA OCHOBE PEIIeHUSI KWHETUYECKOTO YpaBHe-
Hust bonpiMana. Kak yxe oTMmedanoch, B 00JacTH
cl1aboii HeueanbHOCTH ypaBHeHUE bosbliMaHa s
TUIa3Mbl TIPUBOJIUT K pe3yJbTaTaM, COBIAJAIONIUM
C MOJIYYEHHBIMU Ha OCHOBE OPYIMX KMHETMYECKUX
ypaBHeHMIi. B obmacT yMepeHHOU M CUJIbHOM He-
WICATBHOCTU BILIOTH M0 y~1 (1/6<I'<1) MoOXHO
WCITOJIb30BaTh TA30KWHETUYECKUI MOMXO[, CUUTas
B MIEPBOM MPUOJMXKEHUM CTOJKHOBEHMS MapHbIMU,
paccMarpuBas IUIa3My KaK COBOKYITHOCTb SYEEK
BurHepa-3eiiTiia u orpaHMYMBast TPAHCIIOPTHBIE Ce-
YCHMS CPEAHUM MEXYACTUYHBIM PACCTOSIHUCM 7,

HecMmoTpst Ha 3HauuTenbHOE YUCIO padboT B
3TOM HaIpaBJIEHUHN, OCTAETCS PSIIT BOIIPOCOB, pPelIe-
HUE KOTOPBIX, Ha HAIll B3IJISi/, TO3BOJUT YTOUHUTh
BUJl 32aBUCUMOCTEN MPOBOJAUMOCTHU TUIA3Mbl OT pas3-
JIMYHBIX €€ MapaMeTpoB Kak B 00JlacTu ciaboi, Tak
U CWIbHOI HeuaealbHOCTU. OCOOEHHO 3TO KacaeTcst
MarHMTOAKTUBHOM Iu1a3Mbl. K yrcity aTuX BOIpocoB
OTHOCSATCS ClIeaylolIMe: BbIOOp criocoba peryisipu-
3allMM TPAHCIIOPTHBIX CEYEHUN WM KYJIOHOBCKOTO
Jjorapudma, yuyeT BbICIIUX MPUOIVKEHUI B pa3fio-
>KeHUU 1Mo nojrnHomMaM CoOHMHA U MOCJeA0BaTe)b-
HO€ BBIYMCJIEHWE BKJIAJIOB 3JIEKTPOH-3JIEKTPOHHBIX
CTOJIKHOBEHU.

XopoIiio u3BecTHO [5, 6, 9-11], yTO pelieHMe
KMHETUYECKUX YpaBHEHUU Bceraa SBJASETCS OYEHb
TpyaoeMKoi 3agaueit. [ToaToMy naxe rociie BbIoJ-
HEHUsI OMMCAHHbBIX BblIllle ONepaluii orpaHUYeHUs
TPAHCIOPTHBIX CEYEHUI MPU pPacCesIHUU Ha MaJjible
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XKopoBa A.H., MyneHko U.A., XomkuH A.J1. PeLueHne KNHETUYEeCKOro ypaBHeH s bosbLmMaHa 4151 MOJIHOCTbIO MOHU30BAaHHOM ...

U OOJIbIIIME YIJIbI (€CJIU B HUX €CTh HEOOXOAMMOCTh)
Mpoliecc pelleHrs ypaBHEHUH Bce Xe ocTaeTcs A0-
CTaTOYHO CJIOKHBIM. [1pu 9TOM B psine cirydyaeB UAyT
Ha JOTIOJIHUTENBHBIC YIPOIIEHUS BBIPAXKCHUMN TSI
CaMMX CEUYECHUI paccesiHUsl Win KyJIOHOBCKOTIO JIO-
rapucdma [7, 11,15, 23, 24]. D10 0OBIYHO NTPUBOAUT
K HeperyJsipHol Mmpoleaype YCpeAHEHUsT MO CKO-
POCTSIM BO BCEM KMHETUYECKOM YpaBHEHUU, BIeUET
3a co00I1 moTepo OOJIBIIOTO KOJUYECTBA YJIEHOB B
TPAHCTIOPTHBIX CEUEHUSIX 3JIEKTPOH-3JIEKTPOHHBIX
CTOJIKHOBEHMI BBICIITUX TTOPSAKOB U IIOSIBJICHUIO He-
(buzMUeCKUX PaCXOAUMOCTEH 2JIEKTPONPOBOIHOCTU
NP Pa3IMYHBIX 3HAYEHUSIX MapameTpa Heuaealb-
Hoctu. B psne pa6or [9, 10, 12, 17-19] orpaHuyu-
BalOTCSl HEOOIBIINUM YK CJIOM WieHOB (3-4) pasiioxe-
Hus B MeToae YennmeHa-OHckora. [Tpu aToM cieayeT
3aMeTUTh, 4TO Mpolecc YernmeHa-DHCKOra Xopo-
110 CXOAMTCS TOJILKO B T€X CJIydasix, KOrga TpaHc-
MOPTHBIE CEYEHUSI MOHOTOHHO 3aBUCST OT SHEPIUU
CTaJIKMBaloIuxcs yactuu. Eciau mist KyJoHOBCKO-
ro B3auMojaeiicTBus 4-e mpuoamkeHue YernmeHa-

DHCKoOra JaeT morpemHocts ~107, To mpu ydere
3JIEKTPOH-aTOMHBIX CTOJKHOBEHUI (CEYeHMSI pac-
CesTHUSI He MOHOTOHHO 3aBUCST OT 9HEPTUM) IS 10-
CTMIKEHMSI TOM K€ TOUYHOCTH TPUXOIUTCS YIUTHIBATh
15 u 6onee wieHoB pasnoxeHus. C pocToM yucia
MOJMHOMOB B Pa3JIOXKEHUM PACTET U YMUCIIO HeJloTa-
pUGMUYECKUX WIEHOB B TPAHCIIOPTHBIX CEYCHUSIX.
IToaToMy npeHeOpexXeHue BBICIIMMU IMPUOJIMKE-
HUSAMU MOXET IMPUBECTH K 3HAYUTEIbHON TMOTrpel-
HOCTM /i C1abOMOHM30BAaHHOM ILJIa3Mbl, KOTaa

CTeTeHb MoHM3aumy o <10~ 1 31eKTpOH-aTOMHBbIE
CTOJIKHOBEHMSI UTPAIOT OIPEIesIoLLy0 poJib. Yuc-
JIO paboT, MOCBSIIEHHBIX BBIYUCICHUIO TPOBOIM-
MOCTHM MAarHUTOAKTUBHOI TUIa3Mbl, OCHOBaHHBIX
Ha pelleHus] KUHETUYEeCKUX YpaBHEHUI, HEBEJIUKO
[25, 26], ipu sTOM B [25] BOOOIIIE TTpeHEOperaeTcs
3JIEKTPOH-3JICKTPOHHBIMU CTOJKHOBEHMUSIMU. YUeT
BKJIaJla  3JIEKTPOH-3JIEKTPOHHBIX  CTOJKHOBEHUM
OCYILIECTBJISIETCSI BBeJIEHNEM CITUTLEPOBCKOTO MHO-
KUATENS Yy, YTO TAKXKE SBISETCS HEKOPPEKTHBIM,
TTOCKOJIBKY, KaK MToKa3aHo B [13,27], vy, 3aBUCUT He
TOJIBKO OT 3apsIIOBOTO YMC/ia MOHOB, HO U SIBJISIETCSI
(byHK1IMEN TapamMeTpa HEUeaTbHOCTH.

IToaToMy 1ebl0 HacTosIIeld pabOThl SIBJISI-
€TCsl pacyeT TMPOAOJIbHBIX MOMEPEeYHbIX U XOJIIOB-
CKHX KOMIOHEHT TEH30pa 3JIEKTPOMPOBOIHOCTU
HeuAeaIbHON TOJHOCTBIO MOHM30BAHHOM IJ1a3Mbl
Ha OCHOBE peIIeHUS KUHETUYECKOTO YpaBHEHUS
bonbiiMaHa. ViMess B BUAYy B JajibHEMIIEM pacyeT
KOMITOHEHT T€H30pa MPOBOAMMOCTU YAaCTUYHO UO-
HU30BaHHOW MAarHUTOAKTUBHOW ILJ1a3Mbl, BBIUMC-
JIEHUS1 TIPOBOAATCS € yueToM 20-ro MpuOIMKeHUS
B Pa3JIoXKeHUU HEPABHOBECHOM IMOMPaBKU K (PYHK-
LMK pacripefesieHus B psija no nojruHomy CoHMHA.
B pabote BbInoHsIETCS eNMHO0Opa3HOE yCpenHeHUE
BCEX WIEHOB KHHETUYECKOIO YpaBHEHUS IO CKOPO-
CTIM 0e3 JOMOJHUTEIbHBIX YIPOUIEHUN CeuyeHUit
paccessHUSI U KyJoHOBcKoro Jjiorapudma. [Ipu BbI-
YUCJIEHUN TPAHCIOPTHBIX CEUEHUM paccesiHusl 3a-
PSDKEHHBIX YaCTULL YYUTBIBAIOTCST HeJorapudmuye-
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CKMe YJIeHBI, KOTOPBIE TaKKe SIBJISTIOTCS QYHKLIMIMU
SHEPIUM CTATKMBAIOLIMXCS YacTUll. MHTeprnoasauus
MeXIy 00JacTSIMU CIa00i U CUJIBHOW HeuaealbHO-
CTU OCYILIECTBIISIETCSI HA ATame pacyera TPaHCIOPT-
HbIX CEUEHU.

1. KHHETUYECKOE YPABHEHUE
BOJIBIIMAHA 11 ITIOJHOCTBIO
MOHU30BAHHOMN IJIA3MBI
B MATHUTHOM I1OJIE

PaccMoTpuM HeuaealbHYIO IOJIHOCTbIO MOHM-
30BaHHYIO IJIa3MYy, HAaXOISIIYIOCS B IOCTOSIHHOM BO
BPEMEHM U OJHOPOIHOM MarHuUTHOM Iiojie. KuHe-
TUYECKOE YpaBHEHUE IJISI OHHOYACTUYHOM (DYHKIIUU
pacrpeneneHus: 3JeKTPOHOB C YY€TOM CTOJIKHOBE-
HUU UMeeT BULL:

df,
dt

d
% — orepaTop IuddepeHINPOBAHNS 10 Bpe-

:St(fe)s (1)

rae

MEHH, B3AThIii BIOJb ha30Boi TpackTopyn, St( f, ) —
WHTErpaJl CTOJNKHOBEHMIA, XapaKTepU3YIOIIUA M3-
MeHeHUE (GYHKIMU pacIpeicieHusT 3JIeKTPOHOB
/, B pe3yJbTaTe CTOJIKHOBEHUI CO BCEMU COPTaMU
yacTu IU1a3Mbl. B o01mem cirydae f, 3aBACHT OT Bpe-
MEHHU , KOOpMHaT 7, M CKOpPOCTE#l V, 2JIeKTpOHa

f. =1, (t.7,,9,) . [loaToMy mojHasi MPOM3BOIHAS TIO
BpEMEHH B0Jb (DA30BOii TPAEKTOPUN PaBHA:

% ‘Z (vV)f+(FV )f )

(B OTCYTCTBHME CTOJKHOBEHMUIi, COIJIACHO TEOpEMe
Jvysunns [4] df,/dt=0), Va — TrpagleHT B Mpo-
CTPAaHCTBE MMITYJIbCOB. I/IHTCFpaJI CTOJIKHOBEHM 1
boabumMaHa nMeeT BUI:

St(f.)=
AUE f(ﬁe)f(Hj)}ggjbdbdq)dﬁj,@)

=2

J
rne: b, ¢ — NpuLEIbHbINA TapaMeTP U yroJl paccesi-
HUS, g, — OTHOCHTEJIbHASI CKOPOCTB CTOJIKHOBEHHUS
5JIEKTPOHOB € YACTULIAMU COPTa j , CYMMUPOBaHUE
B (3) BBIMOJHSETCS 110 BCEM COPTaM 4acTwl, V,,V, J
v V,,V; — CKOPOCTHM YaCTHIL IO U TOCJIE CTOJKHO-
BeHus. C yyetoM (2,3) KMHETMYECKOE ypaBHEHME
bosbiiMaHa 3anuiiiercs B BUJE:

‘zft (vv)f+( pe)f
)/ (¥, )] g,/bdbdody; . (4)

- -
Al FAGAARAL
J
B otcyrcTBHE mEepeMEHHOIO BHEIIHEro IOJs
dbyHKIIMA pacrpenesieHus dJeKTPOHOB HE 3aBUCHUT
SIBHO OT BpeMeHHU, noatomy of, /ot =0 . Ha anekrpon
neiictByet cuia JlopeHia:

F:-e(E+%[ﬁe,HD, 5)

rne: e — 3apsia 3jekTpoHa, E,H — HampsokeH-
HOCTH 3JIEKTPUUYECKOI0 U MarHUTHOTO MoJjieit, ¢ —

-
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CKOpPOCTb CBfTa. Takum o6pa30M, OKOHYaTeJb-
HO, YpaBHCHUC bonbimana 111 MarHUTOAKTUBHOM
IIJIa3MbI B CTALIMOHAPHOM CJIy4a€ UMCCT BUI:

(59) —e(ﬁ+1[ﬁe,ﬁ]j% fi-
: e ©)
=S ([ £V (5)-£.5.)1,(5))] aybdbdods,.

VYpaBHenue bosbiMana (6) sIBIsIETCSI HEJIMHE -
HBIM UHTETrpo-IuddepeHIInaIbHBIM YPaBHEHUEM.

2. METOJ YEIIMEHA-DHCKOT'A

Kunernueckoe ypaBHeHUe (6) MOXKET OBITh pe-
meHo MeTonoMm YenmeHa-DHckora [ 1] B caaydae cia-
00 HepaBHOBECHOI M1a3Mbl. CorjlacHO 3TOMY METO-
Iy (yHKUMS paclpeleseHns f, NIIETCS B BULE:

Fe(Ve) =1 (Vo) +vele (V). )

- 32
rIe: feo(ve)zne(me/%cT)/ exp(—mevf/2T) — pas-
HoBecHasi (MakcCBeJUIOBCKasi) (DYHKIIMSI pacripese-
1/= 0/=\T (=

JNIeHUs JNEKTPOHOB, f; (V, )=~/ (V,)d.(V,), m,
Macca 9yekTpoHa. HepaBHoBecHass momnpaBKa
v,/ (V,) x dynkuum pacnipenenenusi f,(V,) npex-
ToJjlaraeTcsl Majoit. DTo JOMyIIeHNe TTO3BOJISET JIN-
Heapu30BaTh ypaBHeHUeE (6):

A IR LAY
O <1 A0 s

e

rae:

Ty = 1172177 (5) 3y (3,) -
SCARAAN T

¥ — Yyros paccesHus. B JeByio yacTb ypaBHEHUS
(8) BXOIMT TOJBKO paBHOBeCHasi (DYHKIIMS fe0 (Ve),
TaK Kak B JIMHEMHOM MNpUOJIMKEHUU BO3MYILIEHUE
CKOPOCTHU YaCTUIL U UHAYLIMPOBAHHbIE MOJIS B ILJ1a3-
M€ TakKXe paccMaTPUBAIOTCS KaK MaJible BEJTUYMHBI.
Kpowme toro, ciaboe BHellIHEE BO3MYIIICHUE HE Ha-
pyllIaeT paBHOBECHOTO COCTOSIHMSI MACCUBHBIX KOM-
MOHEHT IJIa3Mbl: MOHHOM, aToMapHO¥i 1 T.11. BekTop

BO3MYILEHUS ¢, (176,) pasjaraeTcs B psil 11O TOJMHO-

mam Connna S?(x) crenenu r u mopsaka 3/2
[10]:

db Sz, 9)

(10)

BekTophl 13,6 B (10) urpaiot poJib HeoIpeaeaeH-
HBIX MHOXUTeNeH Jlarparka u mmomiexkaT BEIUKACITe-
HUIO.

IMoncrasnsas pasnoxenue (10) B (8) ¢ yuetom
(9), yMHOXas TIOJlydeHHOE YpaBHEHME Ha BEJIMYU-

2m

HY ey §32 (m v2 /2T) W BBITIOJTHSSI WUHTETPU-

2T e—n

pOBaHI/Ie IO CKOPOCTAM 3JICKTPOHOB ‘_;e , IIOJIYy4YUM
OGECKOHEYHYIO CUCTEMY JIMHEMHBIX alireOpandecKnx
ypaBHCHI/Iﬁ OTHOCHUTCJIbHO HEM3BCCTHBLIX BEKTO-

poB f’f :

530

35, 61n(izeT)_§ _EsnlalnT
oF T 2 or
(2’14—3)” Be 7] X e e 11
_W%[a,h}_-g%e. (11)
3necb ©, =eH/m,c — 31eKTpOHHasl LIMKIO-

TPOHHAas yacToTa, h=H / H — enuHWYIHEBIN BEKTOP
B HampaB/ieHUM MarHUTHOro moJjisi. [TpubnavkeH-
Hoe pellieHue cUcTeMbl ypaBHeHM (11) MOXHO T110-
JIYyUUTDH TIyTeM ee peaykuuu. B Hacrosiee pabote
HOMEp MaKCUMaJIbHOro WwieHa B paszioxeHuu (10)
BbIOMpAJICSI paBHBIM JBajllaTh, WHAYe TOBOpPsI, CU-
crema ypaBHeHuil (11) comepxut 21 BeKkTOpHOE
ypaBHEHUE OTHOCHUTEIbHO HEU3BECTHBIX BEKTOPOB

P¢: n=0,1,2,..20 . Koapburmentsr L%, HOCAT Ha-

3BaHUE CKOOOYHBIX MHTErpajioB U OINPEAeSIOTCs
BoIpaxkeHusimu [10]:

XZIJHfOfO S,

—‘dxdq)dﬁed\?j y

2
m,v,

e éz

o 7,532

2 2
R m;v; R m;v;
TS| L |y 832

2T o 2T

Cucremy BeKTOpHbIX ypaBHeHMI (11) oTHOCU-

TEJIbHO HEM3BECTHLIX BEKTOPOB Pre MOXKHO pacCMa-
TPUBATb KaK COBOKYITHOCTb TPEX CUCTEM CKAJIAPHDBIX

yYPaBHEHUI [UII UX KOMIOHEHT P’ =(P,§,P,;,Pé).

IMpuuem cocrasisonie BekTopoB P°, mnapai-
JieJIbHbIC MarHUTHOMY TOJII0  P¢, 00pasyloT Hesa-
BUCHMYIO CUCTEMYy ypaBHeHMii. OcTajbHble Tapbl

KOMIIOHEHT KaXJOro U3 BEKTOpOB P, sexalue

B IUIOCKOCTH, TEPIEHAMKYJISIPHOMI H , 00pasyloT
CUCTEMY CBSI3aHHBIX ypaBHeHuiUl. [ToaTomy, Ha ca-
MOM JIeJI€, UMEIOTCS JBE CUCTEMbl YPAaBHEHMI IS
MPOAOJBHOM 1 MOINEPEYHON COCTABISIOIINX BEKTO-

pos P’. He orpaHuuuBasi OOLIHOCTU JAJIbHENIINX

paccyxXaeHui, HarpaBuM BeKTop H BIOIb OCH Z
(KOMITOHEHTHI BeKTOpa A :(0, 0, 1)). Hamnpasnenue

BEKTOpa HAMPSIXKEHHOCTU 3JIEKTPUUYECKOTO Tost F
OyneM cuMTaTh MPOU3BOJILHBIM. CHUCTeMa ypaBHe-

HUI U1 TPOJOJIbHBIX KOMIIOHEHT P BEKTOPOB f’f
COBIIAJAEeT C aHAJIOTUYHOU CUCTeMOI ypaBHEHU M 151
1a3Mbl 0e3 marHutHoro noJd [10,13]. M1 ee 3mech
He TMPUBOAUM, ITOCKOJbKY, KaK XOPOIIO M3BECTHO
[28], mpucyTcTBHE BHEIIHET0 MAarHUTHOTO TOJIsI He
BJIMSIET HA KOMITOHEHTbI CKOPOCTU JBUKEHUSI 3apsi-

2KEHHBIX YaCTHLI, ITapaJlJICJIbHBIC ITOJIIO H . B utore
npoaoJbHadA MPOBOAUMOCTD IJIa3Mbl G, BIOJIb Ha-

IIpaBJICHUA H coBmanmaer ¢ IIPOBOAMMOCTLIO IJIa3-
MBI 0€3 MAarHUTHOTO TOJIS.
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[TonepeuHble KOMIOHEHTHl P’ BeKTOpoB P
OIpENENIATCA U3 CICAYIOLEH CUCTEMbI ypaBHe-

HUM:

s |[OT) ) (eE, || 15, (anT) _

n0 o )\ T 2 m{ oF ), 13)
(2n+3)!! S I
_2n—mme|:PnJ_’h:|__rZ:(:)LmPrL'

Huxnuit uHnekc | o0o3HayaeT KOMITOHEHTY
COOTBETCTBYIOLLIETO BEKTOPA, JIEXKAUIYI0 B IJIOCKO-
CTH, TIePIeHAUKYIISIpHOI H ;h :Z4x +fAy.

HaubGonee TpymoemKoii omepauueir mpu pe-
IIEHWH KUHETUYECKOro ypaBHeHUs boabimMaHa
MetogoM YernmeHa-DHcKora SIBISIETCSI BbIYMC-
JIeHUe CKOOOYHBIX MHTerpajoB (12), ocobeHHO B
cyyae CTOJKHOBEHHUSI YaCTHUIl OJMHAKOBON MaccChl
(371eKTPOH-3JIEKTPOHHbIE CTOJKHOBeHHUs). Kpart-
HOCTb MHTeTpaJja B mpaBoii yactu (12) paBHa BOCh-
mu. [IpoBons BblUMCICHUSI B OOIlEM BUIE MyTeM
rnepexoaa oOT JJabopaTOpHOI CUCTEMbl KOOPAMHAT K
CHUCTEeMe LIEHTPa Macc, MOXHO, MOC/e MHTETprUpOBa-
HUs T10 yIJ1aM, CHU3UTbh KPaTHOCTh MHTETpasia 1o 5:

52 3/2

o - 16(m, T pmy

" n\ 2T 2T
mm;

g X

T |
x£g3dg£szGeXP 57 (me+m/)G2+m€+mj

™ | db T ' ’Zn . .
XJO‘b d—x‘dxgsme do £d¢(G—Mjg)sj/2 x

{2(6-me) | (6-m,¢)s (2ol -me) -

_(é_Mjg)xsg/z(’z’L;(é_Mj§)2j+ (14)
+(G+Me§’)Sr3/2 %(G+Me§')2 -

-G+ mg)s %(5+ Meg)2

B (14) BBemeHnl cieaymoolnue 0O0OO3HAYCHMUSI:

—

G — CKOpPOCTb IIEHTPa MacC CUCTEMBI JIBYX YaCTHII,
g, & — OTHOCHUTENIbHbIC CKOPOCTH YACTHUII 0 U MO-
CJIe CTOJIKHOBEHMUS,

M; :mj/(me+mj); Me:me/(meerj). (15)

CTOJIKHOBEHMS YaCTULl CYMTAIOTCS YIIPYTUMU,
nostomy |g']=|g].

Bbruncienne ckobOYHBIX MHTerpanoB L7 st
cllyyasi CTOJKHOBEHMI 2JIEKTPOHOB ¢ MAaCCUBHBIMU

yacTMLamMu: vMoHamu L7, atomamu [, MoJeKy-
JamMu L' ¥ T.1. MOXET OBITh IMPOBEIEHO B 00LIEM
BUJIE HE3aBUCUMMO OT THUIA IOTEHLMAJa MeXya-
CTUYHOTrO B3auMozeicTBus. Kak yxe oTmeva-

JIOChb, cl1aboe BHellIHee BOSMYILICHHWEC HC HaApylIacT
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MaKCBEJIJIOBCKOTO pacIipeieIeHNst MACCHBHBIX KOM-
moHeHT. [loaTOoMy, TIpOBOAS WHTETpUPOBAHME IO
yIIaM W aOCOJTIOTHOM BeJIMYMHE CKOPOCTH IIEHTpa
Macc CUCTeMBI M TIpeHeOperas cllaraeMbIMU, TPO-
TOPLUOHANBHBIMU M, /m; << 1, TIOTy4nMm:

L) =16n, T X
2nm,
< 2
e e (57)57 (7)1 (s (10
0
2 meg2
rme: ¥ =— . TpaHcniopTHOE ceyeHne paccessHus

9JIEKTPOHOB Ha YaCTULAX COPTA j TIEPBOIO MOPSIKA
ONPENENAETCS BHIPAKEHUEM:
(1—cosy)dy, -

ij =2TEIb (17)
0

db
dy,

Tak Kak B HacTosIIIell paboTe paccMaTpuBaeT-
s TIOJIHOCTBIO MOHM30BaHHasI TIa3Ma, TO TpeOyeT-
Cs1 BBIYMCIIUTD TOJIBKO CEYCHUE 3JIEKTPOH-MOHHOTO

paccesHus cfi .ITpu ' << 1 ucnosnb3yeTcst KyJTOHOB-
CKMI1 MOTeHLMA ¢ o0pe3aHueM CeYeHHUsl Ha aeda-
€BCKOM paJuyce 7, YTO UCKJIIOYAET PacXOLUMOCTb

TIPU PacCEsIHUM Ha MaJible YIJIbl. B 3ToM ciyyae ¥
paBHoO [29]:
oo =2nb2In|1+| 2| |, (18)
bO

rne: by =e*/mg?. Tlpu T'>1/6 ucrnonbsyercss Tak
Ha3bIBAEMBbI KOPOTKOAEUCTBYIOIUN KYJTOHOBCKUN
noteHuman (KKII, muffin-teen — morenmuan). B
9TOM cllyyae ceueHue paccesiHus MEPBOro Mopsijaka
OIpeesIsIeTCsl BhIpaXKeHUEM:

g
(&2-1)

rie: =1, /by £1, 3HaK MUHYC OTBEYAET PACCETHUIO
Pa3HOMMEHHBIX 3apsiIOB, 3HAK IUTIOC — OJTHOUMEH-
HBIX. B MacCOBBIX pacueTax B JaJIbHEHIIIEM IS paIy-
yca 3KpaHUPOBaHUS (MAaKCUMaIbHOTO IPUIICIEHOIO
IapameTpa) Mex Iy 00J1acThio ¢J1a00i M CJIBHOM He-
WICAIbHOCTY MCIIOJIb3YeTCsI MHTEPIIOJISIIIIS BUAA:

r,,b (20)

max

ei _ 2
oy =2nry,

(19

a2
=\ +rp -

IIpu 3TOM COXpaHsieTcsl 3aBUCUMOCTb KYJIO-
HOBCKOTO Jiorapudma OoT OTHOCUTEJIbHON CKOPOCTU
CTaJIKMBAIOIIMXCS YACTHLI.

Bbruncienve CKOOOYHBIX HWHTErpajioB Ui
9JIEKTPOH-2JIEKTPOHHBIX CTOJKHOBEHUU MpeacTaB-
JisieT co0oii JOBOJIbHO TPYAOEMKYIO 3adadyy U He
MOXKET, KaK B MpeAbIAYyLIEM pUMepe, ObITh MPOBe-
JIeHO B ob1eM Buae. [103ToMy KaxKablii CKOOOYHBIM
UHTErpal [ 1Sk 3JIEKTPOH-2JIEKTPOHHBIX CTOJI-
KHOBEHUI MPUXOAMTCS BBIYMCIATH OTAeAbHO. [Tpu
9TOM TpeOyeTCs MPOBOAUTH OOJIbIIOE KOIUYECTBO
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PYTMHHBIX MaTeMaTUYECKUX BBIYMCIACHUIA, BBIMOJ-
HATh TpeoOpa3oBaHUsl MPOMEKYTOUHBIX BbIpaxke-
HUI, comepxXalllux MHOTAA JeCITKU U COTHU ThICSY
YJieHOB. SICHO, UTO BBIMOJHEHUE ITUX OMNepauuit
«BPYYHYIO» [JI1 BBICIIMX TPUOIMXEHUN F,n>4
MpaKTUYECKU HeocyllecTBUMMO. BMecTe ¢ TeM, mpsi-
MO€ YMCJEHHOE UHTEeTPUPOBAHUE BhIpaXKeHUN BUAA
(14), 3aBUCSIIUX K TOMY € OT HECKOJIbKUX TePMO-
JUHAMUYECKUX IMapaMeTpOB CUCTEMbI, TaKXKe Mpe-
crapisieTcsl 6ecriepcneKTuBHbIM. ClieayeT, OaHaKo,
3aMETUTh, YTO JOCTATOYHO CTPOTUIl aJIfTOPUTM Me-
toga YenmeHa-DHcKora U camoil MpoLeaypbl Bbl-
YUCIEHUSI CKOOOUHBIX MHTETPajoB MOXET ObITh aB-
TOMATU3UPOBAH. XOPOIIIO U3BECTHO (CM. HaNIpUMeEp
[30]), uTo y>Xe mOCTaTOUHO AAaBHO pa3pabaThiBAIOTCS
MpPOTrpaMMHbIE METOJbI U CUCTEMbI, ITO3BOJISIIOIINE C
nomouibio ODBM BBINOJIHITh aHATUTUYECKUE TIpe-
o0pa3oBaHUsI MaTeMaTUYECKUX BbIpaxkeHUil (MeTo-
JIbl KOMITBIOTEPHOM aareOphbl U CUCTEMbI aHAJTUTUYC-
ckux BerunucneHuit (CAB)). K HacTostiieMmy BpeMeHU
yXe CO3JaHO 3HAauMUTebHOE KOJUUYECTBO CUCTEM
AHAJTUTUYECKUX BBIYMCICHUI, pa3inyarolInxcs Mo
CJIOXHOCTH, IIUPOTE OXBaTa M ClelMaIU3alun pe-
maembix 3agad. Illupoko pacrnpocTpaHeHbl Takue
yHUBepcallbHble cuctemMbl kak MathCAD, Math
Lab, Maple u np.

CrenyeT 3aMeTUTh, UTO yHUBepcaibHbie CAB,
HEeTMPUTOAHbI ISl PEelIeHUs] 3aJay, CBA3aHHBIX C
MPOBEACHUEM JIUTEIbHBIX aHATUTUYECKUX TPeo0-
pa3oBaHUI U TPEOYIOIIMX OOIBIINX 00BEMOB Orlepa-
TUBHO MaMsTU KoMnbtloTepa. [ aToro TpedyeTcst
pa3paboTKa creluaJu3upOBaHHBIX CUCTEM aHa-
JIUTUYECKUX BBIYMCICHUM, OPUEHTUPOBAHHBIX Ha
oIpeesIeHHBIN KJIacc 3a1a4 WK Jaxe Ha OJHY 3a/1a-
uy. Hamu Oblia pazpaboTaHa crieliiaJu3upoBaHHast
CAB 1151 BBIYMCIEHUST CKOOOYHBIX MHTETPaioB BUIA
(14), onuchIBaIOIIMX CTOTKHOBEHMST YACTULL OUHA-
KOBOM Macchl [31]. AIropuTMBl pa3jIdyHBIX Orepa-
LM, HEOOXOAUMBIX [IJIsI pacyeTa MHTErpajioB BUAa
(14), Takux KaK BbIYMCIEHUE CYMM U (DaKTOPUAIOB,
MpUBeICeHNE MOJOOHBIX WIEHOB, BEIUMCICHUE OTpe-
JIeJIEHHBIX MHTETPAJIOB M0 Pa3IMUYHBIM MEPEMEHHBIM
C MUCIIOJb30BaHUEM Ta0JIML, UCKIIOUEHUE HYJIEBbIX
YJIEHOB, OLIEHKA MOTPELIHOCTU U T.d., ONMMCAHbI B
[31] u 31ech He TPUBOASITCS BBUIY OrpaHUUEHHOTO
obbeMa ctaTtbi. OTMETUM JIMIIb TOT (PAKT, YTO pas-
paboTaHHasi HAMM CHCTeMa aHAJUTUYECKUX BBIUMC-
JICHUI MO3BOJISIET PACCUUTHIBATh CKOOOUHBIE MHTE-
rpansbl (14), onuchiBawIIMe CTOJIKHOBEHMUS JIFOOBIX
YacTULl OIMHAKOBOI MACChI, a HE TOJIbKO 3JIEKTPOH-
BJIEKTPOHHBIE CTONKHOBeHMSI. [ToCKOBbKY 3Ta 3a1a-
ya B [31] penreHa B oO111eM BUIE IS TPOU3BOIBHBIX
TUIIOB TIOTEHLIMAJIOB B3aMMOJCHCTBUSI 4acTUL] U
TPAHCIIOPTHBIX CEUCHUI pacCesTHUSI.

Ananutuueckuii pacuet (14) ¢ momouisto D9BM
Ha ocHoOBe pa3pabotaHHo¥ B [31] CAB mpuBoanT mjis
CKOOOYHBIX MHTETpajoB 3JIEKTPOH-3JIEKTPOHHbBIX
CTOJIKHOBEHMIA K clieaytolieMy pe3yabTaty [31]:

T % ) 12 r .
L =8n, |—[ye™ Yo, ()Y Kry¥dy» 2D
Ve [ 2ot V)2
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i=

e G5y, ( y2) — TPAHCMOPTHOE CEYEHHUE DJIEKTPOH-
BJICKTPOHHOI'O paccesiHus nopsiaka 2k , K,.k — 1o-
CTOSTHHBIE KOG (PUILIMEHTDI, BHIYMCICHHBIE B PE3YJIb-
TaTe BBIMOJHEHUS aHATUTUYECKUX TTpeodpa3oBaHU i
Ha DBM. Tabauibl aTMX Ko3pPuLreHToB 1is 1-4—
ro npuoImKeHus: Meroga YenmeHa-DHCKOra mpu-
BeneHb! B [9], mig 5-7-ro npubmkeHus — B [32],
11 8-TO TIpUOIMXKEHUST B KauyecTBe MpuMepa — B
[31]. B manHoii paboTe Mbl orpaHnuuBaeMcst 20-m
npubnmkeHneM YernmeHa-DHcKora npu BbIYUCTIE-
HUY KOMITOHEHT TeH30pa ITPOBOIMMOCTH, XOTS pa3-
paboranHas B [31] CAB no3BosisieT cuutarh 1 6ojee
BBICOKME TIpHOMKeHUus1. Tabmuibl Ko3ghulneH-
TOB 00JIee BHICOKUX NPpUOJIMKEHUIT B paMKaX CTaTbU
TIPUBECTHU HE TIPEACTABIISICTCSI BOSMOXKHBIM BBUIY X
6osib1IOTO 0OBEMA.

Koadduumentsr [ 00pasylor CMMMETPHUY-
HyIO MaTpuily. BBuay Toro, 4to nepemaya uMIysiabca
MEXIY YaCTULIAMU OMHAKOBOI MacChl TIPU YIIPYTUX
CTOJIKHOBEHMSIX B CpPEIHEM paBHa HYJIIO, BbIpaKe-
Hue (21) comepXUT TONBKO TPAHCIOPTHHIE ceve-
HUsl paccessHus ofs, ( yz) YETHBIX TIOPSIIKOB, KPOME
TOTO, BCE BeIMYMHBI Buna [ = [f¢ =0, n=0,12,...
TpaHCTIOpPTHBIE CEYEHUST 3JIEKTPOH-3JIEKTPOHHBIX
CTOJIKHOBEHMI BBICHIMX TTOPSIAKOB BBIUMCIISIIOTCS
o popmyie [29]:

(1 —cos* X)dX .

T |db
6% =2r[b|E (22)
2k i ‘dx

Hcnonb3zoBanue 20-ronpubdmmkeHus YenmeHa-
DHckora TpedyeT Takke M pacueTa TPaHCHOPTHBIX
CEYEHMI YETHBIX MOPsIAKOB A0 20-T0 BKIIOUUTEIIb-
Ho. I KyJIOHOBCKOTO MOTEHIIMaIa U KOPOTKOAeH -
CTBYIOILIETO KYJIOHOBCKOTO MOTeHII1a1a, UCTIOJb3Y-
IOIIMXCS B JTaHHOU paboTe, 3TU CEYEHUsI MOTYT ObITh
BBIYMCJICHBl aHAJUTUYECKd B SBHOM BHIE. 3AeCh
TakXke C POCTOM IMopsiiKa ceYeHUs 00beM HeobXO-
JUMBIX aHAJTUTUYECKUX BBIYUCICHUI (haKTOpUaib-
Ho pacTeT. [Ipoiieaypa BbIYMUCIEHUS] TPAHCITIOPTHBIX
CEUYEHMU BBICIIUX MOPSIAKOB JIJIs KYJIOHOBCKOTO T10-
teHuurana u KKIT takxke MoxeT ObITb aBTOMATU3U -
poBaHa. [Ipuyem njs pelleHus 3Toi 3a1a4n MOXKET
OBITh UCITOJIB30BaHa J100as U3 yHuBepcalbHbIXx CAB.
Metoauka aHAUIMTUYECKOTO pacyeTa TPAaHCIOPTHBIX
CEUEHUI 92JIEKTPOH-3JEKTPOHHBIX CTOJKHOBEHUM
BBICIIMX MTOPSIIKOB ¢ MPUMeHeHHeM cucteMbl Math-
CAD onucana Hamu B [33]. st mpuMepa npuBeaeM
3IeCh BBIpAXKEHUS MIJI1 HECKOJBKUX MEePBBIX TPaHC-
MOPTHBIX CEUCHUIA: 1151 KYJIOHOBCKOTO MOTEHIIMaa:

("D/bo)2

6% =dnb? n|1+(r, /B, ) |-
e L L v

oy = %nbg x

5(rp /by +6(rp/by) +3(rp /by )
(1 +(’D/bo)2)3
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Gge=%nb02 15In 1+{Z£] - (23)

o
. 10 . 8 . 6 . 4 . 2
312 80| 2 | +110] 2| +60| 2| +15| -2
() ] ool ol ] 1o
SN ’
(rDJ +1
by

JJTA KOpOTKO)ICfICTBYlOH.ICFO KYJIOHOBCKOT'O ITOT€H-
nuasa:

g+l .1

EETRANEN
e 3(<:2+1)3 " _4(g2+§+1)(a2—g+1)
(&-1)

-

ee _ 22
oy =8mr,&

(232" +48c° +98¢* +48¢” +23)
- . (24)
(&)

Beipaxkenus (23, 24) comepxkaT Helorapud-
MUYECKHE YICHBI, KOTOPbIe TaKXKe KaK M KyJIOHOB-
CKUi1 JjorapucM SBISIOTCS (PYHKIIUSIMU CKOPOCTU
CTAJIKMBAIOIIMXCS YacTull 1 yxe npu I'~0,1 maroT
3aMeTHbI ~20% BKJIaa B TPAHCIIOPTHBIC CCUCHUS
M KOTOpPBIMHU 3ayacTyio mnpeHeOperaercs. Ilpume-
HEHME Pa3IUYHOTrO poja YIpPOIIEHUM, CBOMSIIIUXCS
K 3aMeHe BBIpaXe€HMI I0A 3HAKOM KYJOHOBCKO-
ro jorapudma Ux CpeaIHUMU IO MAKCBEJJIOBCKOMY
pacrpeieieHMI0 3HAaYeHUSIMM, U TpeHeOpekeHue
HeJlorapuMUYECKUMM WieHaMU TPUBOAUT K TIO-
SBJIEHUIO HE(PU3NUYECKUX PacXOAUMOCTE TpaHC-
MOPTHBIX KOA(POULIMEHTOB TIpUM  ONpeneeHHBIX
3HAYEHMSIX IapamMeTpa HeraeanbHOCTU. TpaHCcTopT-
HbI€ CEYEHUS BBICIIMX MOPSIKOB UMEIOT CTPYKTYPY
aHanornunyto (23) u (24). C yBenuueHUEeM MOpsi-
Ka 2k BbIpaxeHUs st c(egk)(yz) CTaHOBITCS OoJiee
TPOMO3ZIKUMHU, TIO3TOMY MBI TAK3Ke WX 311€Ch HE TIPH-
BomuM. C TTOMOIIIbIO METOJIWKU, pa3pabOTaHHON B

[33], mosydeHbl BbIpasKeHUS IJIsT S50 ( y2) 1o 20-ro
MOPSIIKA BKIIIOYUTEIIBHO.

4. AHAJIUTNYECKUM PACUET
KOMIIOHEHT TEH30PA ITPOBOJIUMOCTU
MOJIHOCTHIO MOHU30BAHHON
MATHUTOAKTUBHOMN IJIA3BMBI

Onpenenus U3 pelieHNs] KWHETUYECKOrO ypaBHe-
Hus bonbiMaHa (GyHKIMIO pacrpeneieHUs 3JIeKTPO-
HOB, MOXHO HEMOCPEICTBEHHO MEPENUTH K BBIYUCIIE-
HUIO KOMIIOHEHT TEH30pa MPOBOAMMOCTH IUIA3Mbl
oy - BenmuuHbl o, sBIAOTCA KOo3(hdULMEHTaMU
MPONOPLUOHATBHOCTY MEXIY KOMIIOHEHTAMU TOKa
J; uanexTpudeckoro noisd £, B3akoHe Oma [28]:
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J. =0, E,, i,k=123. (25)

ITo moBTOpSIOIIMMCS WHIEKCAM BBITTOTHSETCS
cymmupoBanue. C Ipyroil CTOpOHBI, BJIEKTpHUYe-
CKHMI1 TOK B IUTa3Me MOXET OBbITh BBIYMCIICH 4Yepe3
MepBBI MOMEHT (DYHKIHUM pacHpeneIeHus] 3JIeK-
TpoHoB [10]:

"
J=—e[7.£,(V.)d7, . (26)
0

Boeruucnss koadduimentsl pasnoxkeHus (10)
13 pellieHHUs CUCTeMbI ypaBHeHUI (11) 1 moacTapisst
MOJIy4eHHYI0 (PYHKIIMIO pacnpeneaeHus B Buae (7) B
BbIpaxkeHue (26), 1151 pa3IMYHbIX KOMIIOHEHT IIOT-
HOCTH TOKa UMEEM:

__neeT . __neeT .
x— Oxﬁ-]y_ Oy>
m, m,
neT
_ e
e m 0z (27)

e

Kak cnenyer u3 (27), 1 BBIMUCICHUST KOMITO-
HEHT TeH30pa IIPOBOAMMOCTH M3 BCero Habopa Ko-

s¢hduimentos P Bektopa Bo3myuieHus ¢, (V,) B
(10) mocTaTOYHO 3HATH TOJIHLKO KOMITOHEHTHI BEKTO-

pa Py, KOTOpbIE ONPEesIOTCS BBIPAKEHUSIMMU:

3 E ! ’
Oez:_ ‘ ZA&’ P()ex:_3_e ExA_OrO_EyA_Orl >
T A T A A
e 3e Al Ay
0y 2_?(Ex T'}‘Ey ? . (28)

IMoncrasnss (28) B (27) 1 cpaBHUBAsI MOJIy4eH-
HBIE€ COOTHOIIIEHUS C BRIpaXXKeHUSIMHU (25), IIsT KOM-
MOHEHT TeH30pa MPOBOJAUMOCTHA MarHUTOAKTUBHOM
TIa3Mbl TTOJYYHM:

Oy Oy 0
Sik = ny ny 0 ’ (30)
0 0 o,
3n,e? Ay
rae: 6, =—-——= — IPONOJIbHAs;
me
2 At 2 A
3n,e” Ay 3n.e” Aj
Oxx = DR
m, A m, A
' 3n,e A,
(0, =0,,) — TOMNEpeyHsbIe; G,, = T A
me
3n,e? Al
Oy = = (ny = —csyx) — XOJIJIOBCKUE KOMIIO-
m, A

e
HEHTHI TeH30pa IpoBoauMoctu. Onpenenurean A
n A’ UM€EIOT BUJI;

Ly Ly oLy

aclbo bnebiw | ah
Ly o L20 R
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A =
L, AolL, 0 L,0L,0L,0L,0..L,O
Ao, L, 0 L, 0 L,0L,0L,0L, .0 L,
L, 0 L, Ao, L,0 L.,0L,0 L0 ..L ,0
:0 LIO Al(DeLHOLIZO L130 LMO LIS 0 LIZO (32)

LZOOO IJZOI0 L2020 LZOSO L2040 LZOS 0 LZO 20 AZOO‘)e
0 Lyy0 Ly,0 Lyy,0 Ly, 0Ly 0Ly .- Ay Ly
(2n+3)!! ,
3necp A, =-—————, BEJIMUUHBL A, U A} — MH-
2"n!

HOpPBI COOTBETCTBYIOIIUX B3JIEMEHTOB B OIpPEAC/IM-
Telsix A u A’ . BBUIy TOro, 4To MHOI'ue 3JIeMEHThI
orpeaeanuTeas A' paBHBI HYJIIO MPU BBIIIOJHEHUU
YHCJIEHHBIX PACUYETOB €TI0 UCIOIb30BAHME OKA3bIBa-
eTcsl HeyJOOHBIM 13-32 BOSHUKHOBEHUS MAIIMHHBIX
HyJeii. [ToeaToMy B KOHEUHOM UTOTe MPU PELIEHUUN
CHUCTeMbl ypaBHeHUI (6) MPUXOAUTCS BbIpaXkaTh

X-KOMITOHEHTBI BCEX BEKTOPOB P’ yepes JIMHEelHbIe

KOM6HH3L[PIPI X y-KOMIIOHCHT, a 3aT€M I10JIy4YUB-
mMecd IBE€ CUCTEMbI ypaBHeHl/Iﬁ JUIA BEJIMYMH P}fx

u Py (n=0,1,..,

KOTO pelLleHHsI OUEeBHMIHA, TIOJYIArOIIMECs IIPY 3TOM
Ype3BbIUAfHO T'POMO3JIKHE BBIPAKEHUS 31eCh HE
npuBoadTcst. [TomyueHHsbie BoipaxkeHus (30-32) mo-
3BOJISIIOT PACCYMTATh 3aBUCMOCTH BCEX KOMITOHEHT
TEH30pa MPOBOIUMOCTH IOJTHOCThIO MOHU30BAHHOM
MarHMTOAKTUBHOM IIa3Mbl OT IapaMeTpa Heumie-
AJIBHOCTU M CTEIICHU 3aMarHMICHHOCTH.

5. YUCJEHHBIN PACYET KOMIIOHEHT
TEH30PA ITPOBOJIUMOCTH ITOJTHOCTBIO
MOHMN30BAHHOM MATHUTOAKTUBHOW
IIJTASMBI. OBCYKJIEHUE PE3VJIbTATOB

HpI/I BBITTOJIHCHUM YHCJIICHHBIX Pacy€TOB BbI-
YUCTAINUCH IIPUBCACHHDLIC 3HaA4YCHUA KOMIIO-

.
HEHT TEH30pa MPOBOAVMOCTU: G, =Gy /o, , TIe:
oy =3l /(8 Jm,e?) i:k=x,y,z. Jlts mommo-

CTbI0 MOHM30BaHHOW IUIa3Mbl 3aBHCUMOCTH BCEX
KOMITOHEHT TE€H30pa o, OT TePMOAMHAMUYECKUX
ImapaMeTpOB U HAIPSLKEHHOCTU MarHUTHOTO ITOJISI
MOTYT OBITh IIPEJCTABIICHBI B BUIC (DYHKIINIA OT IBYX
He3aBUCHMBIX 0e3pa3MepHBIX IMapaMeTPOB: HEHIe-
albHOCTM I M 3aMarHMYeHHOCTH ®,7,. [Ipuuem
XapaKTepHOe BpeM;{ 1, ompenensieTcs HopMynoit

Ty =4/, T3 8n,e*). OTMETMM, UTO MPOMOJIbHAS
KOMHOHCHTa aKTI/I‘{eCKI/I BCEr/a COBMAJAET C MPO-

BOAMMOCTBIO ITIJIa3Mbl 0€3 MarHMTHOro mosst [28].
Kak yxe ymomMmWHanoch, B HaCTOSIIEH paboTe Mc-
nosib3yercs 20-e mpuodaxeHre YenmeHa-DHceKora.
Tabmuma 1 mnmocTpupyeT CXOAMMOCTH ITpolecca
YenMeHa-DHCKOTa ¢ YBEJIMYEHUEM UMCIa YWIEHOB B
paznoxennu (10) Wi sHavenunit I'=0,01 1 o,7,=1.
Kak BuaHO u3 tabauupl, 11-e npubiaukeHue maet

20) pewath otaenbHO. Cxema Ta-
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Taomuna 1
KoMnoHeHTHI TeH30pa MPOBOAUMOCTH
Pasmep o - Oy
MaTpUIIbI

2 1,3323737 0,818828 0,618743
3 1,3422220 0,849491 0,616221
4 1,3465548 0,852242 0,615770
5 1,3481387 0,853154 0,616270
6 1,3487653 0,853681 0,616508
7 1,3490434 0,853933 0,616576
8 1,3491735 0,854045 0,616603
9 1,3493494 0,854077 0,616721
10 1,3495288 0,854147 0,616813
11 1,3495289 0,854153 0,616789

norpewrHocts ~107° w1 nponosnbHoit, ~107 wist
ronepeuHbIX 1 ~ 10~ I XOTOBCKMX KOMITOHEHT
TEH30pa TIPOBOIMMOCTH ITOJTHOCTHIO HMOHW30BaH-
HOM TIIa3Mbl. AHAJIOTMYHBIM 00pa3oM Tpoliecc
YernmeHa-DHCKOTAa CXOOUTCS W UTS APYTUX 3HadYe-
HUI TTapaMeTpoB HenIeaTbHOCTH ' 1 3aMarHUJIeH-
HOCTU ®,T,. BMecTe ¢ TeMm, cx0OMMOCTb mpouecca
YernmMeHa-DHCKOTa IS 3IEKTPOH-aTOMHBIX € —a
CTOJIKHOBEHHMI MOXET OBITh 3HAYUTEIBHO XyXKe
(puc. 1), ocobeHHO B TexX Ciydasix, KOrja ceyeHue
paccestTHUST He MOHOTOHHO 3aBHCUT OT 3HEPTUN. DTO
AMeeT MECTO, HaTlIpruMep, B TIa3Me MHEePTHBIX Ta30B,
IIie CeYCHNE e —a — PacCesTHUs MMeeT TaK Ha3bIBae-
MbIii MuHUMYM Pam3ayspa [22] (puc. 1).

coo ——
N 00O — — N W AW

)
(@)

0,3 ”
0 5 10 15 20 25

Puc. 1. CxogumocTb nipoiiecca YenmeHa-DHcKora st
Pa3IMYHBIX KOMITOHEHT TeH30pa MPOBOANMOCTH TJIa3MbI:

11— 4ucIio wieHos B pasnoxennu (10), 1- o, — none-
peyHas KOMIIOHEHTA, 2— G, — XOJUIOBCKAs KOMIIOHEHTA,

3-o,, — cXomuMocThb npouecca YenmeHna-DHcKora Uit
3JIEKTPOH-aTOMHBIX CTOJIKHOBEHUI B TJ1a3Me aproHa

Ha puc. 2 a—enipeacTaBiieHbI 3aBUCMMOCTH BCEX
KOMITOHEHT TEH30pa MPOBOANUMOCTH cs:k OT mapame-
Tpa 3aMarHU4YeHHOCTU ®,T,, HOPMUPOBAHHLIE Ha
o, : a) KyJIOHOBCKMH noteHuuai, I'=0,1; 60) kopot-
KOIEMCTBYIOIINI KYyJIOHOBCKMU ToTeHIuan, I'=1;
B) MHTEPIOJSLUS MO TPULETbHOMY TlapameTpy
MEXIy F, U Iy, I'=0,1;T) THTEPHOSILKSI 110 paan-
yCy 9KPaHMPOBAHUS MEXAY F U Iy, , ' =1. Mcronb-
30BaHN€ MHTEPIOJSIIUU BbI3BAHO HEOOXOIUMOCTbIO
pa3paboTKM IMPOKOIMATIA30HHBIX METOAMK pacye-
Ta BJIEKTPOIPOBOAHOCTH TUIA3MBI.
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Puc. 2. 3aBucuMoCTy IpUBEACHHBIX 3HAYCHUI

KOMITOHCHT
MOHMU30B

TEH30pa MpOBOAUMOCTHU IMOJTHOCTLIO
*
AHHOM IJIa3Mbl G OT IMapaMeTpa

3aMarHUYEeHHOCTU ®,T( A/ PA3IMYHBIX 3HAUEHUI
nmapaMeTpa HeuaeaabHOCTH I': @ — KyJIOHOBCKUIA

MOTEeHLUAIL:
KYJIOHOBCKUM

I'=0,1 ; 6 — KOPOTKOAEHCTBYIOLINIA
noteHuuan: I' =1; 6 — uaTepnONALMA

1o npuueasHomy napamerpy: I'=0,1:
2 — MHTEPIIOJIALMS 110 Paguycy 3KpaHupoBaHus: I = 1

MpuknagHas pagu
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Kak BumHO M3 puc. 2, TIpU MajbIX 3HAYEHUSX
napameTpa 3aMarHMYeHHOCTH ®,T, IUla3Ma IIo-
MpeKHeMY TTPOBOINT KaK M30TPOITHAsT cpea: Mpo-
JI0/IbHAS M TOMePeYHble KOMIOHEHTHI TEH30pa G
MPaKTUYECKM COBIAJAIOT, a XOJUIOBCKAsT MPOBOIM-

MocTh Majia. C poCTOM ®,T; TONEPEYHbIE KOMIIO-
HEHTBI G, W c;y MOHOTOHHO YOBIBAIOT OT MaKCH-
MAJILHOTO 3HaYeHHUsl G,, PN ©,T) =0 10 HyJIs 1pu
®,T) —> . DT0o yOblBaHME MMeeT nopsnok 1/H?
npu ®,7, <10" u npu ®,7,>10. Ipu Manbix u
npy GOJIBIIMX 3HAYEHUAX TIapaMeTpa ®,T, UMEETCH
MPAaBUJIbHOE ACUMIITOTUYECKOE MOBENIEHNE KOMIIO-

* * o
HEHT G,, ¥ G, , coBnaaiouiee ¢ popmynoii Ipye-

Jlopenna [28]:
Gzz (’OeTOGzz 0
2 2
1+(w,79) 1+(o,7) )
Gy =| ®,T00 (o
2 2 0
1+(0,7)"  1+(01))
0 0 c.

CucremaTuueckoe OTKJIOHEHHE OT TMOocael-
Hel HaOJromaeTcs IS IIPOMEKYTOUYHDBIX 3HAYCHU I

napaMeTpa  3aMarHU4eHHOCTH weroe(IO’l, 10).
OHo o00ycioBiaeHO KakK 3d@eKkraMu MexX4dacThud-
HOTO B3aWMOJEICTBUS, TaK W BKJIQJOM 3JIEKTPOH-
3JIEKTPOHHBIX CTOJTKHOBEHUIA.
XoJuUToBCcKasi KOMITOHEHTa c;x BO3pacTaeT
MPU MalbIX ©,T, MPOMNOPLUUOHATBHO HaMNPSKEH-
HOCTM MarHuTHoro nosis H , a npu o,t, >>1 yobI-
BaeT Kak 1/H , 94TO TakKe COOTBETCTBYET (hOpMYy-
jge (33). B obaacty TNpOMEXYTOUHBIX 3HAYEHUI

®,T, e(lO‘l, 10) TaKXe WUMEET MECTO CUCTEMATH-
yecKoe OTKJIOHEHHEe OT 3Toil (popmyinl. Ero mpu-
YUHOU SIBJISIETCS KOHKYpeHLUs 3(h(EeKTOB MexKya-
CTUYHOTO B3aMMOJIEMCTBUSI U 3aMarHUYEHHOCTH, a
TaK>Xe BKJIAJOM 3JIEKTPOH-3JIEKTPOHHBIX CTOJIKHO-
BeHuii. Korma o,t, <<1 HampsckeHHOCTb mond H
Maja U HE MOXET BbI3BAaTh 3aMETHBIN XOJUIOBCKUU
ToK. Ilpn ®,t, >>1 paanyc LMKIOTPOHHOW OpOU-

Thl F, <<F,,, YTO 3aTPYJHAET JApeii¢h) yacTuil B Ha-

MpaBIIeHUH, TIEPIICHANKYISIPHOM BEKTOPY [E,H },
M II03TOMY XOJIJIOBCKMII TOK CHOBAa OKAa3bIBaeT-

¢ MalbIM. B obGnactu 3HaueHUil ®,t, e(lO’l, 10)
MMEEeTCSI MaKCHMyM XOJUTOBCKOM ITPOBOIMMOCTH.
BTouke MakcuMyMa o, =o,, ~ ., /2. Popmyia(33)
JlaeT 3HaYeHUe MaKCUMyma Ipu o,t, =1. OnHako,
KakK MOoKa3bIBalOT pacueThl, OTKJIOHeHUs oT (33) Ha-
omomatorcest yxke ripu I'<<1 . B c1abo HempneanbHOM
IJ1a3Me 3TH OTKJIOHEHUS CBSI3aHBI C YIETOM BKJIaja
3JICKTPOH-3JIEKTPOHHBIX CTOJIKHOBEHMI. XOJIJIOB-

*
CKasd KOMIIOHCHTa Oy CUMMETPHUYHA KOMITIOHCHTE

c;x OTHOCUTEIbHO ocu abcuucc. KauyecTBeHHBII
BUJI 3aBUCUMOCTEH MONEPEYHBIX M XOJUIOBCKUX
KOMIIOHEHT TEH30pa IMPOBOAMMOCTU OT Mapame-
Tpa 3aMarHU4YE€HHOCTU COXPAHSAETCSI C U3MEHEHU-

€M IIapaMeTpa HCUICAJIbHOCTM M METOoHa pacycTa
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TPAHCIOPTHBIX CEUYEHUI, OMHAKO WMEIOTCS CYIIe-
CTBEHHBIE KOJIMYECTBEHHbIE OTIMYMs. BrIOpaHHbBIE
CMOCO0Obl MHTEPITOJISILIMY MEXIY 001aCTIMU cl1aboit
Y CWIbHOM HEMJeaaIbHOCTU BbI3BaHBI HEOOXOIMMO-
CTBIO TOJIYYEHUSI MPUEMIIEMBIX KOJMYECTBEHHBIX

3HAYEHUIi KOMIIOHEHT TEH30pa G, M MCKJIIOUEHUS
BO3MOXHBIX HE(U3NUECKUX PACXOAUMOCTENH KMHE-
TUYECKUX KoadduuureHToB ripu I'>1.

Ha puc. 3 npeacraBieHbl 3aBUCUMOCTU IIO-

* *
MEPeYHBIX KOMIOHEHT G,, (G,,) TEH30pa MPOBO-

JIMOCTH G, OT ®,T, ISl PA3IMYHbBIX 3HAYEHUIA T,
HOPMHUPOBaHHBIE HA G : @ — KYJOHOBCKUIl MOTEH-
nuai (orpaHuYeHMe cedeHus Ha 1y, ), 0) KKII (orpa-
HUYEHKME CeyeHUst Ha 7, ). CIUIOIHbIE JUHUK —
pelleHrue KMHETUYeCKOoro ypaBHeHMs1 BoibliMaHa,
IYHKTUPHBIE TUHUKU — pacueT 1o dopmyie dpyne-
Jlopenua (33), WITPUX-MYHKTUPHbIC JIMHUNA — y4yeT
3JICKTPOH-3JICKTPOHHBIX CTOJKHOBEHUM B MHOXU-
tessax (33).

P

1E-3 1E-2 1E-1 1E+0 1E+1

o
Puc. 3. 3aBucrMOCTY NpUBEACHHBIX 3HAYCHUI
MOIePeYHbIX KOMITIOHEHT TEH30pa IMTPOBOANMOCTHU
MJ1a3MBbl OT ITapaMeTpa 3aMarHUYeHHOCTH MPU Pa3JInIHbIX
3HAYeHUAX napamerpa HeupeanbHoctn: 1 — '=0,1;
2 — I'=1; 3 —I'=3; cruioiHble IMHUU — JaHHAs
pabota, myHKTUp — pacyeT no ¢popmye (33),
ITPUX-TTYHKTHP — yIeT JIEKTPOH-2IEKTPOHHBIX

CTOIKHOBeHU B (33): @ — KyJIOHOBCKUI MOTEHIINAIT,
6 — KKIT

W3 puc. 3 BUIHO, 4TO, KaK TOBOPUJIOCH BHIIIIE,
OTKJIOHeHUS OoT popmyiisl dpyne-JlopeHia Habr0-
JAIOTCS y3Ke TIPU MaIbIX 3HAYEHUSIX ImapaMeTpa He-
UIeaIbHOCTU. 3aMEeTUM TakKxXe, 4To B hopmyiie (33)
BJIEKTPOH-2JIEKTPOHHBIE CTOJIKHOBEHUSI YaCTUYHO
YYTEHBI IPY BEIYMCIICHUU IPOJOILHON KOMITOHEHTHI
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c;. Yuer BkJaga 3J€KTPOH-3JEKTPOHHBIX CTOJI-
KHOBEHUI1 B JIOPEHLIEBCKUX MHOXUTENISIX (DOPMYJIbI
(33) npu T'<<1 OPUBOAUT K TOMY, UTO PE3YJIbTAThI
pacuetoB no dopmyie (33) mMpakTUYECKU COBITaaa-
10T C pe3y/abTaTaMM, TTOJYYeHHBIMU ITyTeM PEIeHUS
KMHETUYeCKOro ypaBHeHus: (kKpuBbie 1). C poctom
ImapaMeTpa HEWACATbHOCT OCHOBHOE OTIWYNE OT
dopmyibl (33) cBI3aHO C B3aMMOIEMCTBUEM MEX-
oy yactuuamu (kpuseie 2, 3), u ¢opmyna pyne-
JlopeHua mepecraer ObITh TPUMEHUMON Jaxe
IocJie ee KOPPeKLUMU Ha TpeaMeT ydyeTa 3JIeKTPOH-
BJIEKTPOHHBIX CTOJIKHOBeHMI. CpaBHUBAsI COOTBET-
CTBylOIIIME rpauKu Ha puc. 3 a U 6, BUIUM TaKXe,

yto npu I'>1 3HaYeHUS KOMIIOHEHT cs*xx (c;y ),
BBIUMCJICHHBIE 11 KYJIOHOBCKOTO TOTEHIIMala,
OKa3bIBAIOTCSI 3HAYUTEIBLHO 0OJIbllIe COOTBETCTBYIO-
mux 3HayeHuit niass KKII. BeimoaHeHHOE paHee B
[13] cpaBHEHME ¢ SKCIEPUMEHTAIBHBIMU JAHHBIMU
[34-36] mst 11a3MBI 6€3 MATHUTHOTO TTOJIS TTOKA3aJI0,
yto pu I' >1 pacyeTHbIC 3HAYCHUS ITPOBOJMMOCTH,
MOJYyYeHHbIE METOIOM peIIeHUS KUHETUIECKOTO
ypaBHeHUsT BonbliMaHa 11 KyJIOHOBCKOTO TTOTEH-
[Majla ¢ OTPAaHUYEHUEM CEYEHUS Ha 7, OKa3aJIucCh
3HAUUTEJILHO BbIIIE 3KCIIEPUMEHTAIbHBIX. BMecTe ¢
TEM, UCIOJb30BaHUE KOPOTKOACHCTBYIONIETO KYJI0-
HOBCKOTO MOTEHIIMAJa ¢ OTpaHUYEHUEM CEUeHUS Ha
I, JaeT OJIM3KHUE K SKCTIEPUMEHTATbHBIM 3HAYCHUSI
MPOBOAMMOCTH IU1a3Mbl Tipu I'>1 . CreayeT oxXu-
J1aTh, YTO U B MATHUTOAKTUBHO IJ1a3Me, IMPU CpaB-
HEHUM C IKCIEPUMEHTOM, COOTBETCTBYIOIIME OTHO-
IIEHUST COXPAHSITCS ISl TTOMEePEYHbIX U XOJUIOBCKUX
KOMITOHEHT.

Ha puc. 4 npeacraBieHbl 3aBUCUMOCTH XOJUIOB-

CKOii KOMITOHEHTBI G, TEH30Pa POBOINMOCTH Gy
OoT ®,T, AJSl PAa3IMUHBIX 3HaYeHUH [, HOPMUPO-
BaHHbBIE HA G, : ) KYJOHOBCKMI moTeHuua (orpa-
HUYeHue ceyeHust Ha rp), 06) KKII (orpannuenue
ceyeHus Ha 7, ). CIUIOIIHbIE TUHUN — PELICHUE KU~
HETMYECKOro ypaBHeHUs bosibliMaHa, MyHKTUPHBIE
JIMHUU — pacyeT 1o popmyne Jdpyne-Jlopenna (33).
M3 pucyHKa BUAHO, YTO IJISI XOJJIOBCKOH KOMIIO-
HEHTBI c{;x HaOJI0JAI0TCS He TOJBKO KOJTNYECTBEH-
HbIe, HO ¥ HEKOTOPbIe KauyeCTBEHHBIE OTKJIOHECHUS
ot ¢opmyiasl (33). Ilpexne Bcero, 3To CMeEIICHUE
MaKkcCUMyMa G;x ¢ poctoM I' B CTOPOHY MEHBIIUX
3HAYEHUI NTapaMeTpa 3aMarHMYeHHOCTH ®,T, (Ha-
npskeHHocTH nosist H ). B To Bpemst Kak, corjiacHO
(33), monoxeHne MakcumMyma ®,t, =1 He 3aBHUCHUT OT
WHTEHCUBHOCTU MEXYaCTUYHOTO B3aUMOACHCTBUS.
OCHOBHOII TIPUYMHON, BBI3LIBAIOLICH CMeEIICHIE

MaKCUMyMa XOJIJTOBCKOM KOMITOHEHTBI o";x , SIBJISIET-
csl yBeJIMUEHUE S9HEPTUU KYyJIOHOBCKOTO B3aMOIETi-
CTBMSI MEXXY 3apsiiaMU TI0 OTHOIIIEHUIO K UX KUHE-
TUYECKOI dHepruM. Briiaa aeKTpoH-2J1eKTPOHHBIX
CTOJIKHOBEHMI B BEJIMUMHY CMEILEHUs] MaKCUMyMma
main. Kpome toro, ¢ yBenumueHueM I' abcoroTHast
BEJIMYMHA MaKCUMyMa c;x ObICTpO (MPaKTUYECKU
9KCITOHEHIIMAJIbHO) pacTeT. OCHOBHOM BKJIal B Be-

*
JVYUHY G, . TAaKXKE CBA3aH C POCTOM MapameTpa

HENMACAJTbHOCTHU, OJHAKO W BJIMAHHUEC OIJICKTPOH-
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2Koposa A.H., MyneHko U.A., XomkuH A.J1. PeLueHne KNHETUYEeCKOro ypaBHeHus bosbLmMaHa 47151 NOJIHOCTbIO MOHU30BAaHHOM ...

3JIEKTPOHHBIX CTOJIKHOBEHUWI 3/1eCh JOBOJBHO 3Ha-
YUTETHHO (CP. BEICOTY MAKCUMYMOB COOTBETCTBYIO-
WX CTIIONIHBIX M MTYHKTUPHBIX KPUBBIX Ha pHC. 4 a, 6.
Y4eT 3/IeKTPOH-3JIeKTPOHHBIX CTOJTKHOBEHUI BeIET

.
K 3aMETHOMY YMEHBLICHUIO G, .. TIPH JaHHOM T .

CpaBHuBas puc.4a) 1 0), BUIUM TAKXKE, UTO UCIIOb-
3oBaHue KKII (orpaHnuyeHue paguyca aKpaHUpOBa-
HUS Ha 1, ) IPUBOIUT K 3HAYUTEbHOMY YMEHbIIIE-

*
HHUIO G TIPU OAHUX U TEX K€ 3HAUYECHUIX [ .

yxmax
9

8

7

1E-4 1E-3 1E-2 1E-1 1E+0 1IE+1 @7, 1E+2

[

1E-4 1E-3 1E-2 1E-1 1E+0 1Et1  @,7, 1E2

Puc. 4 3aBucuMocTu npuBeAeHHBIX 3HAYEHU I
XOJUTOBCKMX KOMITOHEHT T€H30pa MPOBOIUMOCTHU
MJ1a3MBbl OT ITapaMeTpa 3aMarHU4eHHOCTH TP Pa3InIHbIX
3HAYeHUAX napaMerpa HenpeanbHocTu: 1 — '=0,1;

2 — I'=1; 3 — I'=3; crjIoLIHbIE TUHUU — JAHHASI
pabora, MyHKTUp — pacyeT 1o dhopmyJe (33):

a — kynoHoBckuit noreHuuan; 6 — KKIT

M3 aHanMza maccuBa YMCIOBBIX JaHHBIX 10
pacuety TeH30pa MPOBOJAUMOCTU MOJHOCTbIO UOHU-
30BaHHON TIa3Mbl MOXHO TakKXke YCTaHOBUTb IPH-
OJIMKEHHYIO 3aBUCUMOCTb CMEILEHUSI MaKCMMyMa
XOJUIOBCKO KOMIIOHEHTBI OT MapameTpa Heujae-
anpHocTu I' . Ha puc. 5 B nosysnorapupmMuieckoM
MaciiTabe M300pakeHbl 3aBUCUMOCTH MOJOXEHUS
TOYKM MakCHMyma &=(,T))  KOMIIOHEHTHI G,
oT I', MOJy4yeHHbIE U3 pPEIIeHUS] KUHETUYEeCKO-
ro ypaBHeHus1 bonblimMaHa: 1 — KyJIOHOBCKMIA MO-
TeHIMad, 2 — KOPOTKOACHCTBYIONIUI KYyJIOHOB-
ckuit moTeHMal. B mumpokoii 06jacTu U3MEHEHUS
I'=107 +1 3TH 3aBUCHMOCTH SIBJISIIOTCS TUHEHHBIMU
U MOTYT OBITb ONMCAHbI MTPOCTHIM COOTHOLLIEHUEM:
E=klgl'+b, tne k=-0,6; b=0,2 — w1 Kpusoii 1
u k=-0,89; b=0,28 — mist KpUBOIi 2.
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25 ~

0,001 0,01 01 r 4
Puc. 5. 3aBUCHMOCTb IMOJIOXKEHUS MaKCuMyMa
*
é = (OJe‘CO )max XOJIJTOBCKOM KOMITOHCHTBI ny TECH30pa

MPOBOAMMOCTHU OT TTapaMeTpa HEWJIeaTbHOCTH:
1 — kynoHoBckwuii moreHmman, 2 — KKIIT

3AK/IIOYEHUE

MeTon KMHETMYECKOTO YpaBHEHUS SIBIISICTCS
HanboJiee CTPOTUM MOAXOAOM K pacueTy KMHeTruJe-
CKMX KO3(p(PUILMEHTOB IUIa3Mbl, HE HaXOASIIEics
B IIEpEeMEHHBIX BHEIIHUX IIOJIsIX. Pe3ynbraThl, 1mo-
JIy4eHHbBIE 3TUM METOJIOM, MOTYT MCIIOJb30BaThCS
IIJIST KOHTPOJISI TOYHOCTU ITUPOKO TTPUMEHSIEMBIX B
MAaCCOBBIX BEIYMCJICHUSIX MHTEPITOJISIIMOHHBIX (pop-
MyJa. BEIOOp ompeneeHHBIX METOOOB YCTpPaHEHUS
pacxoauMOCTel TPAHCIIOPTHBIX CEUEHU pacCesTHUS
3apsKEHHBIX YaCTHIL ITO3BOJISIET IPUMEHUTH K pac-
YeTy 9JIEKTPOHHBIX KWHETUYECKMX KOA(PPDUIINEHTOB
IUTa3Mbl KWHETUYECKOe ypaBHeHne bonbiiMaHa.

B nanHoii paboTe BBITTOJTHEH pacyeT KOMIIOHEHT
TeH30pa IIPOBOAMMOCTH MOJTHOCTHI0 MOHM30BaHHO
TIa3MBI B TTOCTOSTHHOM BHEIITHEM MAarHUTHOM TTOJIE.
Boruucnennst npoBommimch ¢ ydyetoM 20-ro Ipu-
ommkeHus meroga YemMeHa-DHcKora. Y4eT CTONIb
3HAYMTEJILHOTO YMCJIa WICHOB Pa3IOXKEeHUs OKaXeT-
Csl HeOOXOOMMBIM B TaJIbHEMIIIEM TIPU BBIYUCICHUM
TeH30pa IIPOBOAMMOCTM 4YaCTMYHO MOHM30BAaH-
HOI m1a3Mbl. Pacuer CKOOOYHBIX MHTETpajioB ISt
2JIEKTPOH-3JIEKTPOHHBIX CTOJIKHOBEHUI BBITIOJIHEH
C MCIOJb30BaHMEM CO3JaHHOI aBTOpaMM CHUCTEMBI
aHAIUTUYECKUX BEIYHUCIIeHN Ha DBM.

ITpoananu3npoBaHbI 3aBUCUMOCTH IOITEPEUHBIX
M XOJIJIOBCKMX KOMIIOHEHT TeH30pa ITPOBOIMMOCTH
OT ITapaMeTPOB HEMJEATbHOCTHU 1 3aMarHUYEHHOCTH.
IToxazaHo, 4TO XapakTep MOBEACHUS ITONEPEYHBIX
KOMITOHEHT TEH30pa IPOBOJUMOCTH OIIPEICIISICTCS
KaK TepMOAMHAMUYECKON HEMIeaJbHOCThIO, TaK U
BKJIQJIOM 3JIEKTPOH-3JIEKTPOHHBIX CTOJIKHOBEHUIA.

YcTaHoBIEHA 3aBUCMMOCTD CMEIIIEHUST MaKCH-
MyMa XOJUIOBCKOIM KOMITIOHEHTHI OT ITapaMeTpa Heu-
neanbHOCTH. [ToKa3zaHO, YTO CMEIIeHNE MaKCUMyMa
XOJUIOBCKO KOMITOHEHTHI OIIPENesIsieTCsI B OCHOB-
HOM TepPMOJIMHAMMNYECKOM HeMAeaIbHOCThIO. Brico-
Ta MAKCHMYyMa XOJIJIOBCKOI KOMITOHEHTHI OITPEIeIsI-
eTCsI KaK HeMIeaJIbHOCThIO TUIa3Mbl, TaK U BKJIAIOM
2JIEKTPOH-3JIEKTPOHHBIX CTOJIKHOBEHUIA.

IIpn pacueTe KOMIIOHEHT TEH30pa IIPOBOIM-
MOCTH cJ1a00 HeujaeaJbHOM IIa3Mbl MpeaaracTcs
OorpaHMYMBaTL TPAHCIIOPTHOE CEUYEHME pacCesSHUS
Je0aeBCKUM PaguycoM, Uil CUJIbHO HeuaealbHOM
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TIa3Mbl — CPEIHUM MEXMOHHbBIM paccTossHueM. Uto
SKBUBAJICHTHO PELICHUIO 3aaUl paccesiHUsI BHYTPU
sueliku Burnepa-3eiitia. [TpubaukeHHy0 UHTEp-
MOJISILIUI0 MEXIy o0JacTsIMu claboil M CUIbHOM
HEeUJeaJbHOCTH MOXKHO OCYIIECTBUTh, HAIpUMeD,
npu nomoiuu cooTHouieHust (20). IMorpeniHocThb
STOM MHTEPHOSILIMU BBUAY C1aboil jorapupmuye-
CKOW 3aBUCUMOCTU OT MHTEPMOISILIMOHHOTO Paauny-
ca sKpaHUpoBaHUs (MIPULETBHOTO MapaMeTpa) He
npesbiaer 10% Boau3u I'~1/6 1 ObICTPO YOBIBaET
B 00JIaCTM MEHbIIMX 1 00JbIIuX 3HaueHuit T . [Toxa-
YepKHEM ellle pa3, uTo Ipolieaypa UHTEPIOISIIUN
BBITIOJTHSIETCST 0 YCPEAHEHMSI BCEX BBIPAXKEHUN B
KMHETUYECKOM YPaBHEHUU 1O CKOPOCTSIM.
EnnnooOpa3Hast hopMa ycpeaIHeHus Mo CKOpO-
CTSIM TTPU TIepexo/ie OT KUHETUYECKOTO YPaBHEHUST K
CHUCTEMe JIMHEMHBIX YpaBHEHUI U y4yeT HeJlorapud-
MUYECKUX YJICHOB B TPAHCMOPTHBIX CEYEHUSIX pac-
CesIHUsI BBICIIUX MOPSIAKOB YCTpPaHSIET U3BECTHbIC
He(pusuueckrue pacxoarMOCTU KUHETUYECKUX KO-
3G GULMEHTOB MPU HEKOTOPBIX 3HAUCHUSIX T .
Pabora BbeIMoOHEHAa Npu noaaepxkke MuHU-
crepcTBa obOpa3oBaHUsl M Hayku YKpauHel (HUP
«Teoperuueckue uccaeaoBaHUS U MaTeMaTUUECKOE
MOJEIUPOBaHUE TEPMOAMHAMUYECKIX U KUHETHUYE-
CKMX TMPOLIECCOB B HEUACATbHOM 1a3Me U TBEPIOM
Tesie»), Homep roc. peructpauuu 0110U001832.
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YECKO KMOEpHETUKU U MaTeMaTh-
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€BCKOI0 HallMOHAJIbHOTO arpapHoro
yHuBepcuteta. OO0JacTb Hay4YHBIX
MHTEPECOB: MaTeMaTUYecKoe Moje-
JIMpoBaHue KO3(PdUIIMEHTOB Tepe-
HOCa Heu/IeaqbHOM MJIa3Mbl.

XomkuH Asnekcanap JIbBoBHY, JOKTOD
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CraTTsl MpUCBsSIYeHA OOUYMCIICHHIO €JIEKTPOHHUX Ki-
HETUYHUX KOe(IlliEHTIB MJ1a3MU B 30BHIIITHHOMY MarHiT-
HOMY T10J1i 3 «HeJIorapuMiuHOO» TOYHICTIO i TOCTIIKEH-
HIO TIOBEIiHKM KiHETUYHUX KOe(IiLli€HTIB.
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HsIHHS bojbiiMaHa, cKOOKOBUMII iHTErpaj, eJIeKTpOIIpPO-
BiHICTB.
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The paper is devoted to the calculation of electron
transport plasma coefficients in an external magnetic field
with a «<nonlogarithmic» accuracy and study of the behavior
of kinetic coefficients.
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ITAMATHU A.Il. KOBTYHEHKO (1937-2012)

IleyanpHast BeCThb IIpU-
mna u3z Kuesa. Tlocne Ts-
XKEJI0M U TPOIOJKUTEIbHOMN
oose3nu 12 nexabps 2012 .
yILIed U3 XKU3HU KPYIHBIN
yueHblid, wieH [Ipesuanyma
AkageMuy Hayk IpUKIaa-
HOW  paIMOdJIEKTPOHUKH,
aKkageMuK AKaneMuu Hayk
BBICIIEM IIKOJBI YKpau-
Hbl, I€ACTBUTEIbHbIN YJIEH
Hplo-Mopkckoit AKkagemunt
Hayk (CIIIA), nokTop Tex-
HUYECKMX HayK, mpodec-
cop, 3acayXeHHBbI aesITelb
HAayKU U TEXHUKU YKParHBbI,
Jlaypeat I'ocymapcTBeHHOI
IpeMUr B 00JaCTU HayKU
U TEXHUKU, TeHEpaI-Mariop
B orcTaBKe Anekceii IleTpo-
sudy KOBTYHEHKO.

Anekceit  IlerpoBuu
ponuicst 20 wurons 1937 r.
B cT. Yno0Hoit KpacHogap-
ckoro kpas (Poccuiickas
®epepanus). C 1954 mo 2000 r. MpoXoaua CIyx0y
B Boopyxennbix Cunax CCCP u YkpauHbl. 3aKOH-
g1 BoeHHOe aBMAlMOHHOE YUYWIMINIE JETUYHUKOB,
BoenHoe pamnorexHuyeckoe yuyuiauile, BoeHHyIO
WHXEHEePHYIO PamdoOTeXHUYECKYIO aKaleMMIO IMPO-
TMBOBO3AYLIHOI OOOPOHBLI CTpaHbl MM. Mapiaia
Cogetckoro Coroza JI.A. 'oBopoBa.

ITocne okoHYaHMST aKaAeMUU TIPOXOIUI CITYXK-
Oy Ha pa3IWYHBIX JOKHOCTSX, B TOM YMCJE: Ha-
yaJlbHUKa Kadeaphbl, 3aMecTUTeIs HadaJbHUKa
XapbKOBCKOIo BoeHHOro yHupepcurera (XBY) mo
HayyHO!l paboTe, MEpBOrO 3aMECTUTENsI Hayajlb-
Huka XBY, nHavanpHuka IleHTpajibHOro Hay4yHO-
HcCenoBaTeIbcKOro MHCTUTYTa BoopykeHHbIX Cut
YKpauHbl, HaYaJbHUKA, TUPEKTOpa, a 3aTeM IJIaB-
HOT'O HaAyYHOT'O COTpYIHUKA LIeHTpaTbHOro HayYHO-
HCCIeNOBATEIbCKOTO MHCTUTYTa BOOPYXKEHUS U BO-
eHHOIi TexHUKM BoopyxxeHHbIXx Cuin YKpauHhI.

A.I1. KoBTyHEeHKO BHeC 0OJIbIIION BKJIAI B pa3-
paboTKy XU OOOCHOBaHME MEPCIEKTUBHBIX CHUCTEM
3¢eHUTHO-PAKETHOT'O BOOPYKEHMUS, X TEXHUIECKOTO
00/MKa M TeXHUYECKUX PEIIeHUil Mo peaau3aluu
HX CO3MaHUsI, TIOCTPOECHUE CTPYKTYP OOecCTeueHMS
MPUMEHEHUS TEePCIEKTUBHBIX CUCTEM PaKEeTHOIO
OpPYXUS.

KoBtyHeHnko A.Il. ObLI HEe TOJBKO OJECTSIIUM
nccaenoBaTesieM, YYeHBIM, HO U IIPEKPACHBIM YUu-
TeJeM, TIOATOTOBUBIIMM OOJBIIYIO TSSOy Iep-
CIIEKTUBHBIX HAyYHBIX M HAyYHO-TIENAaroruyecKux
KaipoB.
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3a TOCTUKEHUS B Teope-
TUYECKOM U IPAKTUYECKON
00J1aCTSIX CO3MaHUS IIEPCIIeK-
TUBHOTO PAKETHOTO BOOPY-
>KeHUsI oH yaoctoeH ['ocymap-
CTBEHHOM IpeMur B 00J1aCTU
Hayky U TexHuku. Emy mpu-
CBOCHO ITOYETHOE 3BaHUE «3a-
CIIYXXEHHBI AedTeslb HayKu
U TEXHUKU YKPauHbI».

IMapamiensHo ¢ ad-
(eKTUBHOII HAyYHOU U TIpe-
MOABATEbCKON  JIESITENb-
HOCTbIO OH MHOTHE TOJIbI
0e3BO3ME3IHO  Y4acCTBOBAI
B paboTe OOIIECTBEHHBIX Ha-
YUHBIX OpraHu3auuii: Akasie-
MMWU HayK BBICIIEH NIKOJIbI
VYkpaunsl, Hplo-Mopkckoi
Akagemun Hayk (CIIA),
AkaneMuu HayK IIpUKJIagHOMN
Paguo3IeKTPOHUKU. bymyun
yieHoMm Ilpe3uauyma sT1oOit
aKaJgeMUM U YJEHOM pelak-
LIMOHHOM KOJUIETMHU XXypHaJia
«ITpuknagHas paarodJeKTPOHUKA», BHEC BECOMBIMI
BKJIan B e€ pasputue. Kak uieH Briciieil atrecra-
muoHHoi komuccun (BAK) VYkpaunsl, npencena-
Teab DKenepTtHoro coBeta BAK YkpauHsbl 110 crie-
LIMaJIbHBIM MpobjieMaM OOOpPOHBbI, HallMOHAJIbHOI
0e301acHOCTA 1 00OPOHHO-IIPOMBIIIIJIEHHOTO KOM-
IUieKca YKparuHbl BO MHOTOM CIIOCOOCTBOBAJI YKpe-
TUIEHUIO 1 Pa3BUTHUIO HAYYHO-TEXHUYECKOTO MOTEH-
1uvaja YKpauHbI.

Emy ObuiM CBOMCTBEHHBI IJIyOOKasl MOPSII0Y-
HOCTb M 0OJIarOpOACTBO, ApyXKemooue, modpoTa
U 1IEAPOCTh, BHICOKOPA3BUTOE YYBCTBO TOBapUILE-
CTBa, HEM3MEHHAsi TOTOBHOCTb MOMOYb OOpaTHUB-
1iemMycs K HeMy 4esioBeKy. MHOTUX U3 Hac CBSI3bI-
Bain ¢ AsiekceeM IleTpoBUYE€M MHOTOYMCIIEHHBIE
Hay4yHbI€ U TEIUJIbIE IPY>KECKNUE OTHOLLIEHUS, U HaM
OyneT oueHb He XxBaTaTh ero. OH MYyXXeCTBEHHO 00-
poJics ¢ 6oJie3HbI0. [axe Oyaydyu TSKeJI0 0OJIbHBIM,
OH JI0 MOCJIEIHETO JHS HE MepecTaBajl aKTUBHO pa-
6otath. Ho, yBHL...

OH yuien U3 XU3HU, HO yCMeJ MHOTO CAeaTh
U B HayKe, W MeJaroruke, u B Jejax o0lIECTBEHHbIX
U yesioBeueckux. [TaMsaTh 0 HEM HaZ0JIrO COXPAaHUTh-
cs y BceX, KOMY ITOCYACTIMBUIOCH COIPUKOCHYTHCS
C HUM, C €ro paboTamu, C ero ydeHUKaMHu.

M Mbl, 01M3KO 3HaBUIME MHOTME TOMIbI 3TOTO
3aMeyYaTesIbHOTO YeJOBeKa, HaBCerna COXpaHuM Ia-
MSTb O HEM B HAIlIMX CEPILIaX.

Ilpesuduym AH TIP3,

Ykpaunckas nayuonaavuas
accouuauus «<Anmennsy,

dpy3vsa u koaneeu A.I1. Koemynenxo

MpuknagHas pagnoanekTpoHuka, 2012, Tom 11, Ne 4



INPUKIATHAA PAANODJEKTPOHUKA

HayuyHo-TexHn4yecKuii xXypHai

OTBETCTBEHHBI CEKPEeTaph

E. b. Hcaesa

Koppexrop

H. B. Epukx

IlepeBon Ha aHTTTUACKUIA SI3BIK

K. T. Ymusapos

KomnbroTepHbIil 113ailH U BepCcTKa

E. b. Hcaesa

PexkomennoBano 3acinanHsm biopo [pe3uaii AkaneMii Hayk NpUKIagHOT palioeeKTPOHIKU
(nmpotokon Ne 4 Bin 29.12.2012 p.).

PexomennoBano BueHoto panoio XapkiBCbKOro HalliOHaJIbHOTO YHiBEPCUTETY PajlioeIeKTPOHIKYU
(npotokos Ne 17 Bin 28.12.2012 p.).

Caimourso mpo aepxabHy peectpaiiito KB Ne 6037 Bin 09.04.2002 p.

2KypHaut BKIIoYeHM y crmcokK (paxoBux BumaHb BAK Ykpainu
3 TeXHIYHUX HayK
(nmocranoBa npe3uii BAK Ykpainu Ne 1-05/2 Bix 10.03.2010),
3 (pizuko-MareMaTUUHUX HAYK (hi3uKa)
(nmocranosa npe3uaii BAK Ykpainu Ne 1-05/5 Bin 1.07.2010)

Minmucano mo apyky 29.12.2012. ®opmar 60 x 84 1/s.
TMamip odcer. Ipyk ocer. YMmoB.-apyk. apk. 10,0. O6mik.-Bun. apk. 9,8.
Twupax 300 mpum. LliHa norosipHa.

BinapykoBano B TOB «IPYKAPHA MAIPU»
61024, m. Xapkis, Bys. OnbMiHcbkoro, 8. Ten.: (057) 717-41-79
www.madrid.in.ua, e-mail: info@madrid.in.ua



