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[pumenenne cymectsylommux npuGopos
CBY manoil u cpenmeli MowHocTH Ans ocBoeHMA
Gonee BHICOKOYACTOTHLIX AMANAIOHOB COMPAXKEHO C
pAaoM duIMYeckHX M TexHwueckux npobnem, ofy-
CNOBTHBAOWIMX CHHMEHHME 3(deKTHBHOCTH eKkT-
POHHO-BOJIHOBOTO B3aWMONEHCTBHA NPH NOBBIIIEHHH
paboueit wactotel. VcrpoiicTea AHPPAKUHOHHOM
INEKTPOHMKH NMOIBOJIAIOT OTHACTH PELIHTH 3TY 3a4a-
4y, onHako ux KI1J] taxxke cyluecrsenno cumkaeTcs
MPH YBENHYEHHH YacToThl renepauns [1, 2]. Bmecre
C TEM H3BECTHBI PEIYNLTATEI HCCNENOBAHMA, cBHIe-
TENLCTBYIOUIHE O BOIMOWHOCTH NMPHMEHEHHA OpO-
TPOHOB H NEHEPATOPOB AH(PAKUHOHHOIO HANYYeHHS
(TAH) B Gonee BLICOKOMACTOTHBIX IHANA3OHAX 34
cyeT (GOPMHPOBAHMA PAINHYHBIX CXEM YMHOKEHHS
YacToTsl [3-5].

lMonobuoro pona ycrpoficTea senaroTca He-
aBTOHOMHLIMH KonefaTe/ibHBIMH CHCTEMaMK (0aHO-
KackalHbIMH WIH MHOrokackamHbimMi), 3ddexTus-
HOCTL YMHOMKEHHA YaCTOTHI B KOTODLIX ONpefenseT-
€A napaMmeTpam# BHeIHero po3neHcTBHA W XapakTe-
PHCTHKaMH 3HeproobMeHa 3INEKTPOHHOTO MOTOKA C
BRICOKOYACTOTHBIM MONEM HA TAPMOHMKAX YACTOTHI
BXoaHOro curHana. JlocrosepHoe TeopeTHueckoe
HCCNENIOBAHKE YMHOMHTENLHLIX HIEKTPOHHO-BONHO-
BEIX CHCTEM, paboTalolmx B KOPOTKOBONHOBOI Yac-
T CBY-1Hanasona, BOIMOXKHO TONBKO B pamkax
MHOTOMEPHEIX Molenell B3aUMONEHCTBHA NOTOKOB
3APAMEHHBIX YACTHLL ¢ BRICOKOYACTOTHBIMH M CTATH-
HYCCKHMH NONAMH, MOCKONBKY B ManoraGapHTHLIX
npubopax ¢ oTHocuTensHo cnaboii doxycuposkoit
My4ka NONepeYHsIE CMEIIEHHA TpaeKTOpHil anexTpo-
HOB CYWECTBEHHO CKa3bIBAIOTCA HA IKCIUTYATALMOH-
HbIX XapakTepucTHkax. B CBA3M ¢ 3TUM akTyansHoi
AB/IAETCA 3a7a4a paipaboTKH TEOPHH YMHOMHTEned
YacToTel, B kKoTopoii yurens 3ddextn, 0bycaosnen-
HbIE MHOFOMEPHOCTBLI) [BHKEHHN INEKTPOHOB B
NpoCTpaHcTee B3aumoneHcTeus. [IpuMeHeHHe MHo-
FOKACKANHBIX YMHOXHTENEH YACTOTE NPHBOIMT K
YCNOKHEHHIO MOJIENH, HO PACIUHPAET BOIMOKHOCTH
YNpasicHHA napaMeTpaMH 3EKTPOHHO-BONHOBOM
CHCTEMBI.
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B nauHoll paGore paccmatpHBaetcs MHOro-
MEpHad HesMHeHHas Teopus ruGpuaHoro nByxkac-
KaJHOr0 YMHOMHTENR YaCTOTH C NEHTOYHBIM IEKT-
POHHBIM MOTOKOM, KOTOpLIH (opMHpyeTcs no Ton-
UIHHE HECKO/IbKHMH TMAPUHANLHBIMH TIOTOKAMH C
PAITHYHBIMH HAYANLHLIMH CKOPOCTAMH H NPHUE/TL-
HbiMH paccToaHnami. Ha penmumny mommocTw
BXOIHOTO CHIHANA HE HAKNANBLIBAIOTCH OrPAHHYCHHN,
noatomy B ofumem criyyae yywTwBaeTCE HeaHHed-
HOCTE 3JNEKTPOHHO-BONHOBOTO B3aMMonelcTBHA B
obomux xackanax.

MHOrONY4YKOBAA CXEMA YMHOKHTENS no-
IBONIRET B ONPENENEHHON CTENEHH KOMMEHCHPOBATHL
BLICOKOYACTOTHOE PAcCNOSHHE IMEKTPOHHOrO NOTOKA
H MOBBICHTE MOWHOCTD BBIXOAHOTO CHrHana [6].
B paGore [7] mna nosmiwenus 3dpdexTHBHOCTH
B3AHMOEHCTBHA B OPOTPOHe Ghina NpenoKeHa CHC-
TEMA MApUHATBHLIX MOTOKOB, PacMpeneneHHLIX Mo
LHPHHE MEKTPOHHOIO MywKa.

1. Mocranoeka 3apaun. PaccMarpusaetcs
ABYXKACKANHAA CXeMa MHOrOMepHOH 3MeKTPOHHO-
BONHOBOH cHCTEMbl O-THNA C HEPEIOHAHCHEIM Mo-
OYNATOPOM H PEIOHAHCHBIM BBIXOAHBIM YYaCTKOM
MPOCTPAHCTBA B3AWMONEHCTEBHA, HACTPOEHHBIM Ha
OQHY M3 BLICIUHX BPEMEHHBLIX TFAPMOHHK YaCTOTEI
BXOAHOro cHrHana. Cxema yMHOKHTENA ¢ COOT-
BETCTBYIOWIEA cuctemoll xoopaMHAT npescTaBneHa
Ha puc. 1. Kaxawmil w3 xackanos npencrasnser co-
Goil HeaBTOHOMHYIO CHCTEMY (BONHOBYIO WIH Kolie-
GaTenbHyio), NMpHYeM C paiiHYHBIM criocofom pea-
JNH3AUHH BHEWHErD Bo3aeHcTang.,
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Pue. 1. Cxema rulpuaHoro yMHOKHTER YACTOTH
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HcxonHblii CHrHaN NMoJaeTcs Ha BbICOKOYac-
TOTHEIM BXOJ MOZYJIATOPA, [J€ OCYIIECTBIAETCS CH-
JIoBasi rPyNMHUPOBKa 3JIEKTPOHHOIO MOTOKA U yCHIle-
HHE MOIIHOCTH. B pe3ynbraTe pe3oHaHCHbIH Kackan
BO30YKIaeTCA MOIYJIMPOBAHHBIM MOTOKOM 3JIEKTpO-
HOB, CNIEKTpPaIbHBIA COCTaB KOTOPOTO OMpENENseTCs
XapaKTepPUCTHUKaMH JJIEKTPOHHO-BOJIHOBOIO B3aUMO-
IEeACTBUSA B MOLYJIATOPE.

IMapameTphbl 3aMeAAOLIEH CHCTEMBI B BbI-
XOJHOM Kackaie TMOAOHMpaloTCcis B COOTBETCTBMH C
K03 DHIHUEHTOM YMHOXEHHS TakuM 0Opa3oM, yTo-
65l B3aUMOJEWCTBHE TMPOUCXOIWIO Ha HHU3IIEH Mpo-
CTPaHCTBEHHO# rapMOHHKE MOJIs.

B nmpeAcTaBNeHHOW CXeM€ NpPUMEHAETCA
JIEHTOYHBIH SJIEKTPOHHbIN MOTOK TOJNIIMHEI J, pa3ie-
NIEHHBIA B MonepeuHoM HampasieHud (ock Oz) Ha
napuuajibHele My4KH, KaXObli M3 KOTOPBIX HMEET
CBOIO HAYAIBLHYIO MPONOJIBHYIO CKOPOCTh V; (pHC. 2).

A 4

Puc. 2. CxemMa MHOTOCKOPOCTHOTO 3JIEKTPOHHOIO NMOTOKa

" ®aKTUYECKH B JaHHOM Clly4ae peansyercs
MHOTOIY4YKOBasi CXeMa NMpPOCTPaHCTBA B3aMMOIEHCT-
BHSA, B KOTOPO# MOXHO (OpPMHUPOBATh 3alaHHOE pac-
npefieJieHHe HauallbHbIX CKOPOCTEH B CHCTEMeE map-
LMaNbHBEIX MOTOKOB. B naHHO# paboTe OCHOBHOE
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BHHMaHHE YIEJIEHO CJIy4alo JTMHEHHOro pacrpezene-
HUS, KOTOpOE XapakTepusyercs (MKCUPOBaHHOMH
Pa3HOCTBIO HaYaJIbHBIX CKOPOCTEH CMEXHbIX Maplu-
aJIbHbIX ITy4YKOB: :

Av=v;, ,-v;, i=12,.,N-] 1)
rae i — NOpAAKOBBIN HOMEP, KOTOPBIi OTCYUMTHIBAET-
Csl OT OCHOBHOTO MaplMaJIbHOTO NMOTOKa, Gnukariie-
ro K IJIOCKOCTH 3aMeisioneii cucreMsl; N — oblee
KOJIMYECTBO NMApLHaJIbHBIX OTOKOB.

IMpocTpaHCTBO B3aMMOAEIHCTBHSA THOPUIHOTO
YMHOXHTENA 4acTOThl COACPXKUT Y4acTKH C pasiiHy-
HbIMH THIIAMH 3HEProoOMeHa MEXIy SIEKTPOHHBIM
MOTOKOM U BBICOKOYAaCTOTHBIM 1osieM. B cBs3u ¢ 3TiM
NpHU TEOPETUYECKOM MCCIIEIOBAaHUHM BO3HHMKAET HE0O-
XOJMMOCTb COBMECTHOTO NIPUMEHEHHUS IBYX MOJCIEH,
COOTBETCTBYIOHIMX HEPE30HAHCHOMY M PE30HAHCHOMY
3JIEKTPOHHO-BOJIHOBOMY B3auMoneHcTBHi0. OCHOBBI
TaKOro MoAxoja K aHalnu3y rHOpUIHBIX MPHOOPOB MM
U cyOMM auama3oHa, OCHOBaHHOrO Ha MNPOCTPaHCT-
BEHHO-BPEMEHHO} aHAJIOrMM BOJIHOBBIX M Kojeba-
TENBHBIX CUCTEM, H3JI0XKEHBI B pabore [8].

Hcnonb3oBaHWE MHOTONOTOKOBOH  3MEKT-
POHHO-ONTHYECKOH CHCTEMBI HE NPHUBOAUT K yBeJH-
YEHHUIO KOJIMYECTBA YPaBHEHHUI ABHKEHHUS 3IEKTPOHA
B BBICOKOYACTOTHBIX M CTaTHYECKMX TOJAX, IO-
CKOJIbKY M3Ha4YaJlbHO B MHOIOMEpPHOH TEOpPHH NpH-
MEHSIETC MHOTOCIIOiHas MOJENb MOTOKA 3apsKeH-
HBIX yacTvl. ITo3TOMy B KauecTBE MCXOAHOH HC-
TIOJIL3YETCS CAMOCOIJIaCOBaHHAs CHCTEMa ypaBHEHHiA
rUOpPUIHOTO YMHOXHTEJS YacTOThl ¢ MOHOCKOPOCT-
HBIM DJIEKTPOHHBIM Ty4koM [5].

B nepemennbix Jlarpanxa cucrema ypaBHe-
HUI JABH)KEHUS JJIEKTPOHA B HEPE30HAHCHOM MOZY-
JSTOpE JUIA i-r0 MapIHalbHOrO MOTOKA 3aMHChIBAET-
cs cienyomuM o6pasom:

* (Z)cos a; - CD,.,BCZ,.BZ (.f, Z)vx },

d.f - (Z)cos a,-J .

Ru ﬁ( 5,(6.2)+ L .2)

2 (,%Zj (6.2)iz - jBéZ)d«:

3JIEKTPOHOM -T'0 MAPLHUAILHOTO MOTOKAa MPOCTPAHCT-

> (0]
Ba B3aUMOJEUCTBHS IIMHOK L; f,; =— — 3MeKT-
\Z

i
POHHOE BOJHOBOE YHCJIO; @ — LHMKJIMYECKas 4acToTa
BXOIHOTO  CHrHaja; a; =0, +0bs+¢,+7:
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O=awt-0,,-¢y; F() n 7(6)— TEKyIlMe 3Haye-
HUA aMIUIHTYAbl ¥ (assl CHTHalla COOTBETCTBEHHO,

v:
b; =1—— — OTHOCHTEIbHBI} PACCHHXPOHU3M MEXIy
v

HAYaJIbHOH CKOPOCTBIO 3JIEKTPOHOB i-rO MapLHab-
HOrO MOTOKa ¥ ()a30BOH CKOPOCTBIO CHHXPOHHOMN C
My4YKOM TMPOCTPAHCTBEHHOW TapMOHHUKH 3aMeIIsio-

= @D 2
mei cucreMsl v; f,; = @, —< — UHKIOTPOHHBII
()

eB,
yron nposnera; @, = —>— UMKJIOTPOHHAS YacToTa;
m

€ ¥ m —3apai ¥ Macca I0KOs 3NIEKTpoHa; B, — no-
CTOSHHAsA COCTaBJIAIOIIAA HHAYKUMH (QOKycHpyrole-
r0 MarHUTHOTO MO, By(ﬁ,Z) u B,(¢, Z) - xoop-

AWHATHBIE KOMIIOHEHThI ()OKYCHPYIOIIEr0 MarHUTOCTa-
THYECKOro mosis (B OOIIEM Cilyuyae HEOTHOPOIHOIO).
Tloie MPOCTPaHCTBEHHOTO 3apA/ia HE Y4UTBIBAETCS.

B camocornacoBaHHON MOCTaHOBKE aMILTH-
TyAa ¥ (asa konebGaHMii HaXOLATCA W3 ypaBHEHHIl
BO30YXIEHHA MOJIA 3NEKTPOAMHAMHYECKON CHCTEMBI
MOJTyTHDOBaHHbIM 3JIEKTPOHHBIM NMOTOKOM. [Ipenrno-
JIaraeTcs, YT0 B MOIYJATOPE YCIOBHs BO30YyXIEHHS
KoNIeOaHuii BLINOHAIOTCA TONBKO HA MEPBOif rapMo-
HHKE 4acTOThl BXOAHOro curHana. Toraa ypaBHeHus
BO3OYXKAEHHS JUISl aMIUIATYAbl M $a3bl NONsA MPHBO-
JATCS K BULY

di:ﬁ(Alcosy—Azsinﬂ
d¢ 7o : 3)
dy G, =y
—— =——"-(4,cosy + A4, sin
25 = s A2cosy + Aysiny)
rae
2’!22
A4 = I ‘I’ycosai+‘l’z—2—.dﬁsina,~ dZ,dy,,
272,
A= Y sina; - —z—iz—icosa- dZ,do,.
2 y i z i 0%*%0
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3nec G, — Gespa3mepHsiii mapameTp 3¢deKkTHBHO-
CTH B3aWMoAeicTBus (aHanor mapamertpa Ilupca).
Hanuuve wHaekca i O3HayaeT 3aBUCHUMOCTb COOT-
BETCTBYIOLIETrO MapamMeTpa OT HayaJIbHOrO 3HAYEHMs
NIOTIEPEYHON KOOPAHHATEI.

Ha Hepe3oHaHCHOM y4acTke MpOCTpaHCTBa
B3aUMOJICHCTBUA aMIUIUTYa KoseGaHuii sBuseTcs
(yHKUMEH TPONONBHON KOOPAMHATH, M ee npo-
CTPAaHCTBEHHOE pacClpe/ie/IeHUe YCTaHaBJIMBAETCA
CaMOCOTIaCOBaHHBIM 006pa3oM B IpPOLIECCE IHEPro-
00MeHa MeXIy BBICOKOYACTOTHBIM MONEM M 3NEKT-
POHHBIM MOTOKOM. [TonepeuHoe ammaMTymHOE pac-
TNpENEIEHNE CHHXPOHHOM C Iy4YKOM MPOCTPAaHCTBEH-
HO# rapMOHHKH 3aNHLIEM TaKUM 06pasom:
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¥,(2)- sh[;BhH(zD—)Z)]’
w(2)- 2],

4)

rae B =—; D — nonepeyHslii pa3mep NpoCTpaHCTBa

<|e

B3auMoJeicTBuA. HayanbHele 3HaueHus s pemre-
HU# cuctemsl (2)—(3) npeactaBum Tak:

de,
= — = 0, P! a = PO’
dE |, £=0

rae P=20lgF. HauanbHble 3HaYeHUs MonepeyHoi

6 |5=0

KOOp/IMHATBI Z; BBIOMPAIOTCS MCXOAS M3 NEOMETPH-
YECKMX MapaMeTpOB 3JIEKTPOHHO-ONTHUYECKON CHC-
Tembl [9]. HavanbHas ¢asa y, orcuumTeiBaeTcs ot

(a3bl BXOOHOTO CHIHANA.

B  pesyneTate  3JIeKTPOHHO-BOJHOBOTO
B3aHMOJICHUCTBHS B MOLYJIATOPE HOPMUPYETCS SIEKT-
POHHBIN MOTOK, COAEPXKALLUMA CUTHAIBI HA OCHOBHOM
4acToTe M €€ rapMOHUKaX. AMIUIUTYIbl BPEMEHHBIX
TapMOHHK BBICOKOYAaCTOTHOTO TOKa OMNpEAENSAIOTCS
YPOBHEM MOLIHOCTH BXOIHOTO CHrHaNa, IJIMHOM
NPOCTPAaHCTBA B3aUMOMEHCTBUA, CONMPOTHBIECHHEM
CBA3M W [PYIHMH TNapaMeTpaMH HEPE30HAHCHOIO
KacKalia yMHOXXHTENA 4YacTOThl. J[OMOJIHUTENbHBIM
NapaMeTpOM SBJISIETCS PacCTpoiKa HayaJbHBIX CKO-
pOCTeii NapUHanbHBIX 3MEKTPOHHBIX NOTOKOB, BbIpa-
XKCHHE JUIA KOTOpOi# B Ge3pa3sMepHBIX MEPEMEHHBIX
npeobpasyercs K BULY

AD =@, b, - Db;. )
MonynuposanHbiii 3MeKTPOHHBIH NMOTOK NMOCTynaeT
Ha BXOJ PE30HaHCHOrO Kackala, HaCTPOEHHOro Ha
4acTOTy OIHOM M3 BBICHIMX TapMOHHMK BXOZHOTO
curHana. HoMep 3Toif rapMOHUKH n SBNAETCA KO-
a¢pduurenToM ymHOXeHHA. B nanHOM cryuae pea-
nu3yeTcs KosnebaTenbHas CHCTEMa C MapaMeTpHue-
CKHMM BHELIHUM BO3JENHCTBUEM.

VpaBHeHUA IBHKEHUS B BEIXOJHOM KacKaze
YMHOXHTENS OTJIMYAIOTCA OT CHCTEMBI (2) 4acToToit
CUrHaJla M 3alKMChl0 KOOPAHWHATHOM 3aBUCHMOCTH
aMIUTATY A6l kosieGanuii. B pamkax ucnosns3yemoro
NpUGIIMKEHUS BBICOKONOGPOTHOM 3NEKTPOIHHAMH-
YECKOW CHCTEMBI aMIUIUTYna F sBiseTcs MOCTOSH-
HOW BenMYMHONW B MaciTaGe BpeMeHM mpoJeTa
SNIEKTPOHA Y€pe3 NPOCTPAHCTBO B3aMMOICHCTBHA.
Kpome Toro, pukcuposanHoii sBsercs popma mpo-
JOJILHOM aMIUTMTYJHO#M Orubaromeil BbICOKOYaCTOT-
Horo nons f (6) [NonepeyHsle aMILTATYQHBIE OrH-
Gaiowwe (4) TpaHCHOPMUPYIOTCS B XapaKTepHbie st
TIOBEPXHOCTHO# BOJIHBI 3KCTIOHEHLMAIBHO YGBIBAIO-
mpe ¢yHkuun. CneloBaTeNbHO, B YPaBHEHHAX ABH-
KeHMA (2) 11 aHaH3a PE30HAHCHOTO Kackaja clie-
JYeT CHENaTh 3aMEHBI:

F(&)-> Ff(&), a— na, ¥, . > exp(-npHZ). (6)
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VpaBHeHUs: BO30YXIEHHA PE3OHAHCHON JMEKTPO-
JMHAMHYECKON CHCTEMBI MOIYJIMPOBAHHBIM 3JICKT-
POHHBIM TOTOKOM 3aMHCBIBAIOTCS Y€pe3 KOMIOHEH-
ThI CpeJIHEN KOMIUIEKCHOM KPYTH3HBI KoJie6arebHOM

xapaktepuctuku S(F, 7)= 5, (F.y)+ jS5(F.y):

S(F.1)= 05 16 jw @]-

rae j— MHHMas equHULA; 7 — 6e3pasMepHOe BpeMs;

G — napameTp 3¢ peKTHBHOCTH B3aUMOACHCTBUA WIH

BEJIMYHHA nonomm‘enmoifx oGparnoit cBszu [10];
no-

0=20——

T, Q- Harpy)erHasl N06pPOTHOCTb PE30HAHCHOM

— 3JIEKTPOHHOE CMEULIEHHE 4acCTO-

3/IeKTPOAWHAMUYECKOH CHCTEMbl Ha BO30YX1aeMOM
Tune KonebaHuil; @' — medcTBUTENbHAs 4aCTh KOM-
IUIEKCHOW PE30HAHCHOM 4acTOThbl BBIXOJHOIO Kacka-
na. CneayeT OTMETHTb, YTO sl YNPOIUEHHUs 3aMUCH
amniutyna v ¢asa konebaHuit 0603HauEHbl OJMHA-
KOBO Uil PasiMyHbIX KackaaoB yMHoxutens. dasa
Kone6GaHuii B BBIXOAHOM KackaJe OTCYMTBIBAETCS OT
¢$a3bl BBICOKOYAaCTOTHOrO TOKa, MOCTYMAOLIEro B
HEro M3 MOAYJIATOPA, T. €. PaKTUYECKU NMPEACTABIIAET
coboit pasHOCTb (a3.

TMomyyeHHas HeMUHEHaA CUCTeMa YpaBHEHHH
MO3BOJIET B paMKax MHOTOMYYKOBOW MOZeNH Haxo-
INTh BBIXOJHBIE XapaKTEPUCTHKH M TakuMm obpasom
OLIEHUTh BJIMSHME paclpelesiCHus HayajlbHbIX Ipo-
JOMBHBIX CKOPOCTE#i NapUuaIbHBIX MOTOKOB Ha 3dek-
THBHOCTb TMOPHMIHOTO yMHOXHTENA 4acToThl O-THMa.

2. Ananus pesyabtaToB. Camocornaco-
BAaHHAsA CHUCTEMa ypaBHEHHH 3JIEKTPOHHO-BOJIHOBOTO
B3aUMOZEIMCTBUA IS Pa3MYHBIX KackaJaoB rubpui-
HOTO YMHOXHTENs 4YacTOThl pelanach YHCIEHHO.
PacueThl NPOBOAWINCH Ul CPaBHUTEIbHO GOJIBIINX
YPOBHE MOIIHOCTH BXOJHOIO CHrHaja, KOria rnpu-
6nmKkeHHe ¢1aboro CUrHaia B MOAYJIATOPE ABJIAETCA
HenpaBoMepHbIM. (DAKTHYECKM paccMaTpHBaeTCA
Haubonee obwmii ciydaii, korna B 060MX kackagax
NpPOLECC 3JIEKTPOHHO-BOJIHOBOrO  B3aWMOJCHCTBUSA
ABJISETCS HEJTMHEHHBIM.

B kauyecTBe MNPOAOJILHOM aMIUIMTYIHOH
oru6aomeii BICOKOYACTOTHOIO MOJIs MCIMOJb30Ba-
nach Qynkums [aycca fg(é), COOTBETCTBYIOLLAs
npubopam Tuna opotpon-I'/IU [1], u kocuHycou-
nansHas QyHKUMA fc(é), COOTBETCTBYIOIIAs PE30-
HaHcHo#t JIOB:

2 5 2
£,(6)= w\/é exp —(570—5) ,

s
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- F(1-GS,(F,7))=0
e ™
—i +Aw+GS,(F,7)=0;

2 @ oy

: d/,’ exp[/(na,- + y)] do,dZ,dé, ®)

fe)= w/fm{%«f),

rae w— Ge3pa3MepHBbIii pauycC «IATHa» rayccuaHa
Ha HIDKHEM 3€pKajie OTKpBITOro pe3oHaropa. Pac-
CMOTpHM CHayaja rayccoBy ¢popmy orubaromei.

Ha puc. 3 nmpencrasiieHbl pe3yJibTaThl pac-
4eTOB 3aBUCUMOCTH MAaKCHUMaJIbHOW aMIUIMTY/b! Bbl-
XOJHOTO CHrHajia (Ha pe30HaHCHOM XapaKTepUCTHKE)
OT mnapaMeTpa paccTpOHKM CKOPOCTEH COCEAHMX
napuMaibHbIX My4koB AQD 11 pa3iMuHbIX 3HAYCHHUH
OTHOLIEHHUs paboyero TOka K MHHUMANbHOMY MYCKO-
Bomy I,/I;, (I, COOTBETCTBYET aBTOHOMHOMY pe-

1My paboThI BBIXOJHOTO Kackaza).

3O .03 s 12 .15 18
° AD/7m
Puc.3. 3aBUCHMOCTH MAKCHMA/BHOH aMILITY/bl BBIXOIHOTO

CHrHana OT MapaMeTpa pacc TPONKH CKOpOCTei MapLHalbHBIX
notokos, ®\b; =37, Po=-26 16: 1 — Iy/1,=0,9;2-2,5;3 -5

VpOBeHb MOLIHOCTH BXOJHOro curxana F

B JaHHOM Cily4ae ABJAETCH ONTHUMAJIbHBIM /IS Bbl-
GpaHHOro Kod(¢uuueHTa YMHOXEHHS HacTOThI
(n=4) ¥ COOTBETCTBYET MaKCHMaJbHON BbIXOIXHOMH
aMIUIATYJE U1 CUCTEMbI C MOHOCKOPOCTHBIM JJIEKT-
poHHbIM notokoM (AP =0). [IpuMeHeHHe MHOro-

MY4YKOBO! CXEMbl C Pa3IMYHbIMH HAYIbHBIMH CKO-
POCTAMHM MAapLUHATBLHBIX EKTPOHHBIX MOTOKOB I0-
3BOJIET MOBBLICUT 3()GEKTHBHOCTE YMHOXKHTENA,
T. €. YBEJIMUHTh aMILUIMTYOy BBIXOJAHOrO CHrHana Ha
yacTote nw. JINs NaHHOrO 3HA4Y€HWs MapameTpa
NPOCTPaHCTBEHHOTO PacCHHXPOHM3MAa W3MEHEHHe
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BeIMYMHbl A® NPUBOAMT K YBEJIMYEHHUIO aMILIMTY-
bl F' otHocuTensHO ciydas AD =0 Toibko Ans

Iy/ I, >1. OueBMAHO, 4TO JUIS BCEX PACCMOTpEH-

HbIX 3HaY€HMH OTHOWIEHUs paboyero Toka K MyCKo-
BOMY ONTUMAJbHBIA MapaMeTp pacCHHXPOHH3Ma
COCEIHUX 3JIEKTPOHHBIX MapUHUAIBHBIX MyYKOB, CO-
OTBETCTBYIOLIMII MAaKCUMAJILHOMY 3HAYEHHUIO aMILIH-
TYIbl BBIXOJAHOTO CHrHaja, NMPUMEPHO OAMHAKOBBIi
(A® ~ 7).

IlpumeHeHne B cuCTeMe Pa3HOCKOPOCTHBIX
NIOTOKOB 3apsKEHHBIX YacTHI| MO3BOJIET B OMpejie-
JIEHHOW Mepe KOMIEHCHPOBaTh BBICOKOYACTOTHOE
pacciioeHre Bcero nyuka B ueyiom [6]. Kak usBectHo,
paccroenye 0ObIYHO HEraTHBHO CKa3bIBaeTCs Ha 3¢-
(EKTUBHOCTH B3aUMOAEHCTBUA 3a CUET HEOAHOPOA-
HOCTH aMIUIMTY[HOrO pacrpeneneHus BbICOKOYac-
TOTHOTO MOJIA MO TONUMHE Myyka. ['paduku Ha
pHC. 4, a WLTIOCTPUPYIOT 3TO fABJEHHe. 31eCh Mpe-
CTaBJIEHO MPOCTPAHCTBEHHOE paclpeiesieHHe MOLY-
Jis aMIUIMTY[bl BBICOKOYACTOTHOTO TOKa IS TpeX
NapuuaibHeIX MOTOKOB C OJMHAKOBBIMU HayallbHbI-
MH CKOpOCTAMH (B BBIXOAHOM Kackane). L{u¢ppsr Ha
KPHMBBIX O3HayaloT Homep motoka. LlItpuxoBoit kpu-
BOIf 0003HaueHa aMIUIUTyqHAs OrMOaKoLas BLICOKO-
4aCTOTHOTO MOJIs fg(.f). ITo mepe ynaneHus ot no-

BEPXHOCTH 3aMeMfioulelf CUCTEMbl TMPOUCXOAUT
CHH)KEHHME TeMMNa rpyNNUpOBaHUA JJEKTPOHOB. B
06/1aCTH MHTEHCHBHOTO BBICOKOYAaCTOTHOTO MOJIA
TUIOTHOCThL CTYCTKOB 3-ro notoka Haubonbluas, a
OCHOBHOM moTok (6amxkaiimuii kK MOBEPXHOCTH 3a-
MEISAIOLIEH CHUCTEMBI) yXKe MpPaKTHYECKH MpeKpa-
THJI 3HEProoOMEH C MoJieMm.

Ha puc. 4, 6 npexncraBineHsl aHaJOTHYHbIE
3aBUCHMOCTH Ul ONTHMANbHOIO 3HAYeHMs mapa-
METpa PaCCHHXPOHHU3Ma COCENHUX My4koB AD = 7.
B stom ciyuae B npenenax «mnsTHa» rayccuaHa Mo-
NyNlb TOKa BCEX MapLMAIbHBIX MOTOKOB MMEET J0-
BOJIBHO OoONbIIOE 3HAaueHHe, TpuyeM (a3upoBKa
3JIEKTPOHHBIX CryCTKOB TaKoOBa, YTO OHHM OTHAIOT
JHEPrHI0 BbICOKOYACTOTHOMY mouto. CrenoBarens-
HO, pPeau3yloTCs yCJIOBHA AJA NoBbleHUus 3¢ dek-
TUBHOCTH B3aMMOIEHCTBUA.

BaxHo oTmeTHTh, 4TO B 00OMX paccMoT-
peHHBIX cnydasx (A®=0 u AD =7) HavaibHas
CKOPOCTb 3JIEKTPOHOB OCHOBHOTO MapLHaIbHOTO

noToka 6blj1a OJMHAKOBOH, OHAKO 3aKOHOMEPHOCTH
TPYNIHPOBKH 3TOrO MyYKa pasNuuHbl. ITOT pe3yJib-

Tat OGyCJ'lOBJ'IeH TEM, YTO B3aUMOJEHCTBUE KaXKIOro

napLHalbHOrO0 TMOTOKAa MPOUCXOOHUT C BHICOKOYAC-
TOTHBIM MOJIEM, XapaKTEPUCTHKH KOTOPOro (opMu-
pYIOTCS B MpoLecce B3aMMOIEHCTBHS C 3JIEKTPOH-
HBIM TIOTOKOM B LIEJIOM.

PacueTsl MOKa3bIBAIOT, YTO MOBBILIEHHE
MOIIHOCTH BXOJHOTO CHUTHaJla MO CPaBHEHMIO C Ofl-
TUMAJIbHBIM 3Ha4Y€HHEM Ui 3aJaHHOro Ko3(¢uiy-
€HTA YMHOXKEHHS MNpPHBOMMT K CYLIECTBEHHOMY

YMEHbILIEHHIO  aMIUIHTYAbI
BIUIOTb IO CPbIBa KOJIEOaHMI.

BBIXOAHOr0O CHrHajga

1,0

08
0,6 -
Ml
04

0,2 1

Puc. 4. TlpocTpaHCTBEHHOE pacnpenefieHHe MOAYIS BBICOKO-
YacTOTHOrO TOKAa /IS MapuManbHbBIX NOTOKOB: a)— AD =0,
Py=-26 1b; 6)— AD =7, Py=-26 nb

B CBf3M C 3THM NPEACTaBISET UHTEPEC HC-
C/ICIOBAHHE YMHOXHTENA C Pa3HOCKOPOCTHBIMH
3JIEKTPOHHBIMH MOTOKAMH UMEHHO B 3TOM PEXHME.
Pacuetsl npoBoawiuCh AN 3HAYEHHS MOIIHOCTH
BXOJHOrO curHana Fy =-20aB u AByx 3HaYeHui
napaMeTpa  MNPOCTPAaHCTBEHHOTO  PacCHHXPOHM3-
ma @b napuuanbHOro NoToKa, GmKaiiliero K rioc-

KOCTH 3amesioweit cuctemsl. Ha puc. 5 npencras-

- /4
JIeHBI pe3ynbTatel 1A @b, = s U TpeX 3HaueHHi

OTHOLIEHHS pabouero Toka K MycKoBoMy. 31ech mo-
BbllIEHHE (PPEKTUBHOCTH B3aHMOACHCTBUA B BBI-
XOIHOM KacKaJe YMHOXXHTeJA MpPH HMCIOJIb30BaHUM
NapuMaibHBIX MOTOKOB C Pas/IMYHBIMH HAYAILHEIMH
CKOPOCTAIMH Ha0JII0/1aeTCs HE TOJNBKO B PEXUME Mpe-
BbILICHHA paboyero Toka BCEro Mmy4yka Haj MycKo-
BbIM, HO M B pexxume [, /1, <1.
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1,0
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Puc. 5. 3aBUCMMOCTH MaKCMMaIbHOM aMIUTMTY/Ibl BBIXOJIHOIO CHI-
Hana ot napametpa A®, @b, =-n/3, Po=-20 1b: 1 - Io/1;=0,9;
2-25;3-5 > '

[Ipu cpaBHHUTENBHO OGONBIIOH MOIIHOCTH
BXOJIHOTO CHTHaJla B MOZAYJIMPYIOLIEM Kackale rpynm-
NUpOBKa IyYKa OKa3bIBACTCA BECbMA CYIIECTBEHHON
¥ Ha BXOJ PE30HAHCHOTO KackaJa IOCTyNaloT Mpak-
THYECKH C(OPMHPOBABLIMECH CTYCTKH 3JIEKTPOHOB.
[pu ABWKEHUH B BBIXOJHOM KacKajie MPOMCXOIUT
NpOLECC PasrpyNnupoBKH Myuka. DPPeKTHBHOCTH
3HeprooOMeHa MNpH TaKMX YCJOBUSX HEBENHKa.
Ha puc. 6, a npeAcTaBieHsl NPOIOJbHbIE pacnpene-
JIEHUst MOZYJiA BBICOKOYAaCTOTHOrO TOKA B PE30HAHC-
HOM KacKajie Uil ONTUMAaJIBHOIO 3Ha4€HHs napameT-
pa pacCHHXpOHH3Ma CKOPOCTEH COCEIHHX IyYKOB
(A® =1,127).

" B 3TOM ciydae 3HEpPruio BBICOKOYACTOTHO-
My TOJII0 OTHAIOT B OCHOBHOM 1-i M 3-i mapuuaib-
HblE TIOTOKH, MPHYEM IPYNIHUPOBKa 3-ro MOTOKa OKa-
3pIBa€TCA CUIIbHEE, YeM 1-ro (hakTH4ecKu peub UIET
0 IUIOTHOCTH 3MEKTPOHOB B CrycTkax). O4eBHIHO,
YTO TaKOe MepepacnpesieleHHe TIPYNIMUPOBKH MO
TOJIIMHE MHOTOCIOMHOTO ITy4Ka 00yCJIOBJIEHO 3aKO-
HOMEPHOCTAMH HEJMHEHHOr0 3JIEKTPOHHO-BOJIHO-
BOr0 B3aWMOJEHCTBMSA B HEPE30HAHCHOM MOJIYJIH-
pylomem Kackajie. Pe3yibTaThl pacyeToB MPOCTpaH-
CTBEHHOrO pacrnpefeNcéHHsA MOMYJs aMIUIMTY/bl BbI-
COKOYaCTOTHOTO TOKa, MPEACTaBIEeHHbIE Ha pHC. 6, 6,
COOTBETCTBYIOT 3HaYeHHI0O AD =37, Ui KOTOPOro
NPaKTHYECKH HACTYMAeT HACHILIEHNWE 3aBHCHMOC-
Tei F (Ad)). W3 rpadukoB CIEAyeT: OTMEYECHHOE
HachllleHHe 00YCJIOBJICHO TEM, YTO C BHICOKOYAcTOT-
HbIM TIOJIEM B3aUMOJEHCTBYET TNPEUMYIIECTBEHHO
TONBKO 1-i mapuuanbHbI MOTOK, HavalbHas CKO-
POCTb, KOTOPOTO OCTaeTCs TNOCTOSIHHOM TIpH U3MeHe-
HUHM NapaMeTpa pacCUHXpoHu3Ma A®. AHanoruyHas
cuTyauus HabmogaeTcs Ui Ciydas CPaBHUTEIBHO
60JIBIIOro 3HaUY€HUA NapaMerpa NMPOCTPAHCTBEHHOTO
paccunxpouusma (®,b,-=-37) (puc. 7).
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Puc. 6. 3aBUCHMOCTH MOZYJS AMIUIMTY[bl KOHBEKLIMOHHOIO TO-
Ka OT NpOJONbHON koopauHatsl: a)—A®=1,127, Po=-20 ab;
6) - AD =37 Po=-20 nb

0,6 -
0,5 -
0,4 1
F 0,3 -
0,2 1

0,1 -

Lsbesse 20050028310

AD/ 7

3,5

Puc. 7. 3aBUCHMOCTH MaKCHMAILHOH aMIUTHTY/bl BBIXOJHOMO
CHrHana yMHOXHMTeNs oT napamerpa A®, ®b, =-37, Po=-20 1b:
1-1/1,=09;2-25;3-5
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Konebanus B BBIXOZHOM Kackage He BO3-
Oy Ial0TCS MOHOCKOPOCTHBIM (AD =0) mnorokom

JJIEKTPOHOB Jax€ s 3HAYE€HUS HOPMHUPOBAHHOTO
ToKa [y /1, =5. YBennueHne pacCHHXpPOHH3Ma MeX-

Ay COCENHHMMM MapUHATLHBIMK OTOKAMH COMpO-
BOXIaeTCA BO30YyxneHueM KonebGauuii mans pasnnd-
HbIX 3HAYCHHWH OTHOMWEHHMA paboyero Toka K MycKo-
BOMY. 3/1€Ch, KaK U B PACCMOTPEHHOM paHee Ciy4ae,
Hanbonee CylIECTBEHHOE YBENMYEHHE MaKCHMallb-
HOM aMIUTMTY/bl BBLIXOJZHOTO CHIHala NpH H3MeHe-
HUM mapamerpa AQ Habmopaercs a1 3Haue-
Hus [/, =5. Dror pesynstar o6ycnoBneH Tem,
4TO MpH GOMbLIMX 3HAYEHHAX MOAYJ]S NapameTpa
NPOCTPAHCTBEHHOrO PaCCHHXPOHHU3MA <I')lb1 adpdek-

THBHO€  3JIEKTPOHHO-BOJIHOBOE  B3aUMOJIEHCTBHE
BO3MOXHO TOJIBKO B ClIy4yae HOCTaTOYHO GONBIION
aMIUTUTY/IBI BHICOKOYACTOTHOTO MOJIsi 3aMeUICHHOM
BOJIHBI.

Ecnu BhIxoaHO# kackaa yMHOXUTeNs mpen-
craBiisieT co60i pe3oHaHCHYIO Jlamity 06paTHO# BOJI-
Hel (JIOB), TO MakCUMyM MpOJONBHOM aMIUTUTYOHOM
orubaromeit fc(f) ¢bopmupyercs B Hawane mnpo-

CTPaHCTBa B3aUMOJEHCTBUA. B Takux yciosusx pea-
JIM3YIOTCS yCNoBUs 1A 3 (PEKTHBHOro 3HEprootMme-
Ha BBICOKOYACTOTHOTrO MOJIs PE30HAHCHOrO Kackaia
CO CrpyNIUpPOBaHHBIM B MOAYJATOPE 3JIEKTPOHHBIM
TNOTOKOM. J[eHCTBUTENBHO, B 3TOM Ciiydae copmu-
POBaBILHECSA CTYCTKH 3JIEKTPOHOB MOMANAIOT HA BXO-
A€ B PE30HATOp B MHTEHCHBHOE BBICOKOYACTOTHOE
nose. MakCuMyM BBICOKOYACTOTHOTO TOKa MpaKTH-
YECKH COBMNAJAET C MaKCUMYMOM IOJIA, YTO MPUBO-
IUT K YBENHYeHHIO 3((PEKTUBHOCTH B3aUMOIEHCT-
BusA. PacueTsl nokaseiBaioT, uto mis Fy =-401b

U3MeHeHHe napametpa A® NpaKTHYECKH HE CKasbi-
BAeTCS HA BEJIMYUHE MAKCUMAJIbHOW aMILTMTYIbl Bbi-
XOHOTO CHTHala yMHOXHTENS 4acToThl TpH
fgldey> k5. :

VBe/HYEeHHE MOLIHOCTH BXOJHOrO CHMrHaia
COMpOBOX/IaeTcss 6OJIEE HHTEHCHUBHBIM I'PYIIHPOBa-
HHEM 3JIEKTPOHHOrO MOTOKa B MOZYNATOPE W, Kak
CNENCTBHE, YCHICHHEM BJIMSAHUA paccTpoitkm AD
CKOpOCTeii CMEXHBIX MapUHabHBIX MOTOKOB Ha 3¢-
dexTuBHOCTE yMHOXHUTENs B uenom. Ha puic. 8 npen-
CTaBJIeHbl pE3yJIbTaThl pacyeTa 3anucm'aoc'1eﬁ Mak-
CUMaJIbHOW aMIUIMTY/bl BBIXOJHOIO CHrHajda oOT
HOPMHPOBaHHOro mapameTpa A® i pasiU4YHBIX
3HaYEHHWA OTHOLIEHUS paboyero Toka K MHHUMANb-
HOMY ITyCKOBOMY TOKY. pe3oHaHCHO# JIOB u xo3¢-
¢uureHTa yMHOXeHHA 7 =4. 31ech Takke Habmo-
HaeTcs MNoBbllIEHHE 3(P(PEKTUBHOCTH B3aUMOIEMCT-
BHSA 33 CYET NIPUMEHEHHS MHOTOMY4YKOBOH 3/IEKTPOH-
HO-OMTHYECKOH cHCTeMbl. OJHAKo, B OTIMYHE OT
I'IA, oTCyTCTBYET BbIpaXKEHHBI MaKCHMYM BBIXOJ-
HOM aMILIMTY /bl IPH yBEJTMUEHUH MapaMeTpa AD.

Crnenyer OTMETHTb, YTO MNPU YHUCJIEHHBIX
pacyerax JUIMHA MOAYJMpPYIOIUEro Kackana, Obuid

¢ukcupoBaHa. B Hepe3oHaHCHBIX 3JIEKTPOHHO-BOJI-
HOBBIX cHcTeMax O-THMNa ypoBeHb BXOIHOM MOLIHOC-
TH ¥ JUIMHA NPOCTPAHCTBA B3aMMOAEHCTBHSA, HA KO-
TOPO# IOCTHraeTCs MaKCHMaJlbHas aMIUIATYIa CHI-
Hana, sSBJAIOTCA B3aHMOCBA3aHHBIMH MapaMeTpaMu
[11]. ®akTHueckn yBennueHHe MOLIHOCTH BXOIHOTO
CHTHaJla MO3BOJIAET YMEHbIIATh d()PEKTUBHYIO [TH-
HY MOIYNATOpa M JOMOJHHMTENBHO MOBBILATH 3¢)-
(exkTHBHOCTh B3aHMONEHCTBUA 33 CYET HENMHEHHBIX
3 ¢peKToB.
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Puc. 8. 3aBHCHMOCTH MakcHManbHOM BBIXOIHOM ammintyast JIOB

oT napametpa A®, @by =-7/3, Po=-201B: 1 — Ip/I,=1;2-2;

3-4

0,0

BoiBoabl. PaspaGotaHa MHOromepHas He-
JIMHEHHas TeOpHs IBYXKacKaJHOTO rHGPHAHOrO yM-
HOXHTEJIE YacCTOThl C JICHTOYHBIM 3JIEKTPOHHBIM
TTy4KOM, KOTOPbI¥ COPMHPOBAH HECKONLKMMH Map-
LHAJIbHBIMM NOTOKaMH C Pa3IHYHBIMM HAYaIbHBIMH
ckopocTamHU. IIpoBeneHo uMcleHHOe MOIENHpoBa-
HHE CaMOCOIJIaCOBAHHOIO 3JIEKTPOHHO-BOJIHOBOIO
B3aHMOJICHCTBUS B HEPE30OHAHCHOM MOAYJATOpE M
PE30HAHCHOM BBIXOJIHOM KacKalle C aMILIUTYIHBIMH
Oru6alomKMH BBICOKOYACTOTHOTO MOJIS, COOTBETCT-
Byromumu I'JIN u pezoHancHoit JIOB. VcTaHOBNEHDI
3HAY€HHUS PACCHHXPOHHM3Ma CKOPOCTEN CMEXHbIX
NapUUaIbHBIX TIOTOKOB, IUIi KOTOPHIX peau3yeTcs
YBEJIMYEHHE aMILIUTY/bI BBIXOZHOrO CHTHalla YMHO-
XKATENA VIS pa3siMYHbIX 3HAYEHHH MOIIHOCTH BXOA-
HOTO CHTHaJa.

VYMeHBIIEHHE HAYalbHONH CKOPOCTH 3JIEKT-
POHOB B MapUMAbHEIX MOTOKAaX MO Mepe yAaJleHUs
OT MOBEPXHOCTH 3aMeUIAIONIEl CHCTEMBI TO3BOJISET
YaCTUYHO KOMIIEHCHPOBaTh BBICOKOYAaCTOTHOE pac-
CJIOEHHE ITy4Ka B LIEJIOM 3a CYET MepepacnpencieHus
BBICOKOYAaCTOTHOrO TOKa B TPOCTPAHCTBE B3aUMO-
JEACTBUA W YBEJIMYUTb aMILUTUTYAY BBIXOMHOIO CHr-
Haia B 1,5-2 pa3a. Haubonee cymecTBeHHOE MOBBI-
meHne 3(QQPEKTHBHOCTH MHOTOMyYKOBOTO YMHOXH-
Tensd HaOMONAeTCs Ui CPaBHHTENBHO MOIIHBIX
BXOJHBIX CUTHAJIOB, KOTIa OCHOBHYIO POJib B JHEPro-
oOMeHe Ha pa3IMYHBIX Y4YacTKaX MNpPOCTPAHCTBA

. B3aUMOJIEHCTBHS UIPAIOT HEIMHEHHbIE P QEKTHI.
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MULTIBEAM TWO-STAGE O-TYPE
FREQUENCY MULTIPLIER

E. N. Odarenko

Theoretical investigation of the frequency multiplica-
tion in the hybrid O-type electric vacuum device with multi-beam
electro-optical system is performed. Multidimensional nonlinear
theory of the two-stage electron devices with prolonged interaction
is used for analysis of the physical phenomena. Physical reasons of
the interaction efficiency enhancement due to forming of the par-
tial streams initial velocities distribution in the multilayer electron
beam are determined.

Key words: hybrid frequency multiplier, multidimen-
sional nonlinear theory, multilayer electron beam.
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