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AJEKTPUYECKHE MOJISI U TOKU B MOJEJIU ITJTAHETAPHOI'O TEHEPATOPA.
I. IJIABHASI HEOJHOPOAHOCTDb PACMPEAEJIEHHSI CKOPOCTH BPALLLEHU S
MNJIASMEHHOH OBOJIOYKH

A. O. Coadamxkun, 0. B. Yyeyrnos

HMayuena posib audepeHInaNbHOCTH BpallleHHs NJ1a3MeHHONH 000JI0UKH NPH FeHepalii 3/1eKTPHUECKHX MoJleil |
TOKOB B MOJIEJIH TJIaHETApPHOTO reHepaTtopa. [1pecTaB/ieHbl pelieHkst MOJIEJIbHOM 3a/1auk 0 HEOJIHOPOIHOM BpallleHHH
NJ1a3MeHHOi 060JI0UKH COBMECTHO C HAMArHHUYEHHOI MJIaHETOM B JIBYX CJlydasix: Korja 060J104Ka MMEET MOCTOSTHHYIO
TIPOBOZMMOCTB H KOTJIa XOPOLLO MPOBOJsLIAst 060/10UKa CONEPKUT aTMOCHEPHBIH MPOMENKYTOK — Y3KHIl CJIOH C HU3-
KOH TMPOBOJIMMOCTbBIO. AHaJ/M3 MOJIyueHHbIX pelleHHil MO3BOJINI BbISIBUTh PsiJi 0COOEHHOCTEH MOBeeH!s MOJ0OHbIX
CHCTEM, B TOM UMCJIE 3aBUCHMOCTb pacrpeeeHuil MIOTHOCTH TOKA, SJEKTPUUECKOTO MOJIsi U BO3HUKAIOIErO Mpo-
CTPaHCTBEHHOTO 3apsijia OT XapakTepa I hepeHIHaNbHOCTH BpaLleH s JIa3MeHHOH 060JI0UKH H TapaMeTPOB aTMO-
ceproro npomexkyTka. [TokazaHo, uTo reHepaiiist ToKa MPOBOJUMOCTH TPOUCXOJUT B 06JACTSAX C “BbIHYKIEHHOH”
(HeyHHUMIOJNSIPHOH ) AU PepeHHaIbHOCTBIO BPallleHHs TIa3Mochephbl; B cylyuae CHIbHOH BbIHYKA€HHOH TH(hepeHiy-
AJIbHOCTH 3JIEKTPHUECKOE TT0JIE CTAHOBHUTCSI CYLIECTBEHHO OTJMUHBIM OT yHUNOJsipHOro Eg = —[v, B]/¢; B 06s1acTsix
C YHUIOJISIPHBIM BpallleHHeM sj1eKTpruuecKoe nodie nopsiaka Ep. B pamkax pacematpiBaeMoil Mojiesii BbIUMC/IeHa Be-
JIMUHHA 0G'BEMHOTO M MOBEPXHOCTHOTO 3apsila, NajJeHue HaMpsKeHUst Ha aTMOC(HEPHOM TPOMEXKYTKE KaK (DyHKLHS
TOJISIPHOTO yIJ1a, Clie/IaHbl OLLEHKH TIOJHOTO TOKa, LUPKYJIHPYIOLLETo B MJa3Moctepe, H TOKa, MPOTEKAIOLLIEro yepes
TJIaHeTY.

BBEJEHWE

B cBsi3u ¢ ucesenoBanueM Mmaruurocdep niaHeT nNpeicTaBasieT HHTepeC pacCMOTPEHHE MOJIE/IbHBIX J1eK-
TPOJMHAMHUECKHX 3aj1a, B TIOCTAHOBKE KOTOPbIX OTPaKeHbl OCHOBHbIE 0COOEHHOCTH (DOPMHUPOBAHHUS TIJIA3-
Mocdep U reHepalu 3JeKTpUuecKux nodJieil U TokoB. [Iponcxonsiye B Maruutocdepe npoueccsl OTauda-
10TCS1 GOJILIIMM Pa3HOOOPA3UEM U CJ0XKHOCTbIO. DTO CBSA3AHO C HAJMUHEM MPOBOJSIIEH CPe/lbl — MIa3Mbl
C HEOJIHOPOJIHBIM pacrpesie/ieHueM IVIOTHOCTH U aHU30TPONHEH TPOBOIMMOCTH, HA KOTOPYIO IeHCTBYIOT CH-
JIbl BA3KOCTH, CHJIbl, 00YCJIOBJIEHHbIE IPAJIMEHTOM JIABJIEHHUS], U JIEKTPOMATHUTHbBIE CHUJIbI BCJEICTBHE I'eHe-
palny KBa3HCTaLMOHAPHBIX TOKOB, 2JIEKTPHUECKUX W MArHUTHBIX MoJiefl. B o0liem cjiyyae Takue CHCTeMbl
OIMUCBIBAIOTCS 3J1EKTPOJAMHAMHUECKUMH U THIPOJMHAMHUUECKUMH YPABHEHUSIMU, B pAMKaX KOTOPbIX HE00X0-
JIMMO HCKaTb CaMOCOIJIaCOBAHHbIE PeLleHUst IS MOoJIl CKOPOCTeH, paclpesie/leHHsl 3JeKTPHUECKUX ToJiel U
TOKOB M BO3MYILIEHHSI MArHUTHOTO noJist. OJIHAKO 1151 HCCJIe0BAHUS XapaKTePHbIX yCPeIHEHHBIX TeueHHH BO
BHYTpeHHel MarHuTocdepe, 3aroJHeHHOH XOJI0AHOH J1a3MOH, MOYKHO HCIOJIb30BATh 3JIEKTPOIMHAMUUECKHH
MO/IX0J1, TaK KaK Ha PacCTOSIHUSIX TOP5IIKA HECKOJIbKUX PAJHYCOB IJIaHETbl OCHOBHYIO POJIb UTPAIOT 3JIEKTPO-
MarHUTHbIE CHJIbI M CHJIbI BA3KOCTH. B TO 2Ke BpeMsi H3BECTHO, UTO B MyiagmMocdepe MniaaHeT CylleCTBYIOT J10-
CTaTOUYHO TOHKHE CJIOH C MJIOXOH MPOBOJMMOCTbIO (B 3€MHBIX YCJOBHUSIX 3T0 atMocdepa). Ha 3Tnux yyactkax
nyiaamMocdepbl MOKET MPOUCXOJNTh 3HAUUTENbHOE TTaJIeHHe HATIPSXKEHHs], UTO B 3€MHbBIX YCJOBHSAX CIIOCOOHO
0Ka3aTb 3HAUYUTEJIbHOE BJIMSIHUE HAa aTMOC(EpHOe 3JIeKTPHUECTBO.

Tpannumonnasi Moaesb, 06bscHsOMAS 3P heKTb aTMOC(EPHOTO JEKTpUUECTBa, Obla1a chopMyJIHpoBa-
Ha MHoro JieT Ha3aJ Busbconom [1]. CorsiacHo 3Toi Mojie/H epBONPHUMHON aTMOC(EPHOro 3JIeKTpHUeCcTBa
CJIy?KUT TPO30Basi aKTUBHOCTb Ha HU3KUX IHpoTax. CpaBHUTENbHO HElaBHO B paboTax [2—5] 6bl1o o6patiieHo
BHHMaHHe Ha CyLLeCTBOBAHHE aJIbTEPHATUBHOTO (JOMOJHUTENBLHOIO) UCTOUHHKA aTMOC(EpPHOro 3J1eKTprHue-
CTBa — IJIJAHETAPHOI'0 3JIEKTPUUECKOTr0 reHepaTopa, 00yCJ/I0BJIEHHOTO HETBEPLOTe/IbHbIM XapaKTepoM Bpa-
1leHHs TJIa3MeHHOH 060JI0UKH Ty1aHeThl. B aHHOl paGoTe B KauecTBe MOJIEJH PeasbHOH CTPYKTYphI MJaas-
Mocdepbl paccMaTPUBAETCs 3JeKTPOAMHAMUUECKAs 3a1aua O BpallleHUH MIaHeTbl, 00/1a1atollel IUNoJbHbIM
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MarHUTHBIM T10JIEM, COBMECTHO ¢ quddepeHInanibHO Bpaliaiolieics niasmeHHoi o6omnoukoi. [Ipencrapie-
Hbl pelIeHHs] HECKOJbKUX MOJIEJbHBIX 3a/1a4, KOTOpble MPOSICHSIOT poJib U depeHIHaibHOCTH BpaLleHns!
B rpoGJieMe reHepaliy 3JeKTPHUeCKUX MoJiell 1 TOKOB B Myiagmocdepe.

1. MOCTAHOBKA 3AJJAYM, OBLLEE PELUEHUE UCXOAHbIX YPABHEHHUM

PaccmoTpuMm njiaHeTy B BHle TBEPOTENLHO BPALIAIOLIEroCs MPpoBosiliero mapa. MaruutHoe noJe nia-
HeTbl GyJleM CUMTaThb JIMMOJbLHBIM, @ OCb JIUNOJS TapaJljieibHOH OCH BpallleHusi mJaHeTbl. BoJblium npe-
MMYIIIECTBOM TIPH 3TOM SIBJISIETCS CHMMETPHSI HCXOJIHOH CTPYKTYPbI; KPOMe TOT0, Jist GOJIbIIMHCTBA TJ1aHeT
CoJIHeUHOl CHCTeMbI YTOJT MEK/1y OCbI0 MATHUTHOTO JUIIOJIsI M HarlpaBJieHHeM YTJI0BOH CKOPOCTH JIOCTATOUHO
MaJi [6]. B aTom ciiyuae B ccheprueckoit cuctemMe KOOpAUHAT (7, ©, ) MarHuTHOE 10Jie PaBHO

_2Mcos@ _Msin@

B
r 3 3

s Be )
rie M — nunoJibHblii MarHWTHBIH MOMEHT TJIaHeTbl, 7 — PaCCTOsIHME OT LIEHTPA MJIaHeTbl, © — MoJIsipHbIH
yroJi, OTCUMTbIBAeMbIH OT OCH BpalleHusi. [1nasmenHas o6osouka, Bpauaouascsi COBMECTHO C MJIAHETOH,
XapakTepuayeTcst yrloBOH CKOPOCThIO BpallleHus w(r, ©).

Bysem uckaTh cTaluMoHapHble pellieHnsl COOTBETCTBYIONLIEH a3UMyTalbHO CUMMETPHUHOH 3JIEKTPOIMHA-
MHUECKOH 3a/1auk. DJIeKTPOCTaTHUECKUH MOTEHLIMAJ ¢ B OKPYzKatolllel MyiaHeTy 00J1aCTH 3aluileM B CJie/ly-
totem Buje [2]:

Mw(r,©)sin?©
30(7”’ @) =
cr
rJie epBoe cJjaraemoe npejcTaByser co6oil 0606IIEHHBIR NMOTEHIMAN YHUNOJSPHON HHIYKIIMKU TeJsa, Bpa-
IAIOLIETOCsT B MATHUTHOM [10JI€ C YIJIOBOH CKOPOCThbIO w(r, ©), WU(r, ©) — noka npou3BoJibHAs (QYHKIIHS.
DJIeKTpHUecKoe MoJie onpeesisieTest BblpaxKeHHeM

+ ¥(r, 0), (1)

E = —Vy(r,0). (2)
3akon OMa u ypaBHeHHE HENPEPbIBHOCTH ONPe/e/IsoT JIOTHOCTb ToKa j [7]:
j=2(n0)(E+[v,Bl/c) +pv,  divj=0.

3nech X(r, ©) — TeH30p MPOBOJAUMOCTH CPEJibl, p — MJIOTHOCTb 06'béMHOTO 3apsina (Ag = —4mp). Cko-
pOCTb Vv OnpeJiesisieTesi JOKaJIbHOH YIJIOBOH CKOPOCTbIO BpallleH sl w. 3aMeuasi, UTO B 0CECUMMETPUUHOM CJTy-
yae div(pv) = 0, noJiyuaem cJeyoliiee ypaBHerue [8]:

div 8(r, ©) <E + [v, B] /c) ~ 0. (3)

CuuTas 15l IPOCTOTHI TEH30pP 3 U30TPOMHBLIM H OIHOPOJHBIM, H3 (3) MMeeM
divE = —div [v, B]/c. (4)

B akcuasbHO CUMMETPUUHOM CJlydae MOYKHO HAHUTH TOUHbIE pellieHus: ypaBHeHuH (2) u (4 ), KOTopble OMMu-
CBIBAIOT pacripe/leieHusl JeKTPHUECKHUX MoJiedl, TOKOB M 3apsi/IoB BO Bpalllatolleics nia3MeHHoH 060/10uKe
C OJTHOPOJIHOH ¥ U30TPOITHON MPOBOAUMOCTbIO [2].

[IpencraBum w B BUE CyMMbl (DYHKLUHMH wi U @ TaKUM 00pa3oM, uToObl /ISl @ BBINOJHSIUCH YCJI0BHS
YHUIOJISIPHOCTH. Pellienue /sl yHUIOJISIPHOTO TeUeHHsI eCTh

Oo=w(L), L=rsin"20, (5)
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rjie @ — TMPOU3BOJIbHAS (PYHKIIUS.
Jlnst wy, KoTopoe Mbl Oy/ieM Ha3blBaTh “BbIHYKIEHHbIM~ TeUeHHEeM, U3 YPaBHEHUH ISl 3JIEKTPHUECKOTO
noJsi (2) u (4) c yuérom (5) nosyuaem

. 0 [ Ow; 1 0 Ow
2
0—(r— — 30 =0. 6
s 8r<r 8r> + rsin@&@( a@> (6)
[Tpencrapasisi pyHKIMIO wy B BUle wi; = H(r)®(O), B ypaBHeHHH (6) MOKHO pas3/iesiuTh nepemeHHbie. Co-
OTBETCTBYIOILME BbipaXkeHust 1/1st pyHkumil H (r) u ®(©) npusenenbl B padote [2].
M3 Bcex peltienuit ypaBHeHust (6) /11 HAC MPEACTABJSIIOT HHTEPEC TOJIBLKO pelleHHs], He HMelolle 0CO-
OeHHOCTeH: 3 R
H(r)=CyrVe + Cor Ve, a=(1-1)(1+2); (7)
dP;(cos ©)
— (8)
d(cos ©)

rae [ > 2 — uesoe yncdsio, P, — nosnuHoMsl JIexkanapa nepsoro poaa, koHctanTel Cp 1 C 2 onpejiessitores
rpaHUYHBIMH YCJOBUSMH 3aaUH.
OxkoHuatesibHO JIst oTeHrasna p(r, ©) umeem [2]

olr,0) = LA 2 [ 2 ar, (9)

®(cosO) = C

cRL

YpaBHeHue (4) 1pH 5TOM Y10BJIETBOPSIETCS] aBTOMATHUECKH.

3ameTuM, 4TO MPU PacCMOTPEHHH MJazmMocdepbl, cocTosiliel U3 Habopa cepruecKuX CJa0EB C Pe3Ko
pasJIMuHbIMU CBOHCTBAMH, PACCMOTPEHHOE BhillIe YHUITOJISIPHOE pellieHre He0OX0JUMO JIOMOJHUTh pacrpese-
JIEHHEM 3JIEKTPUUECKOro MoTeHIMasa, CBS3aHHOTO ¢ HAKOMJIeHHeM 3apsijia Ha rpaHuilax pasaena. [Ipu stom
JIOTIOJIHUTEJIbHBIH TToTeHIMas (oTBevaromi ypasHeHuio Ap(r, ©) = 0), KoTopbii GyjieM Ha3biBaTh CBOGO/I-
HbIM pellieHHeM, HaXOIUTCSl METOJIaMH 3JIEKTPOCTATHKH [9] myTéM clMBaHUs pelleHnsl Ha TpaHuLiax pasena
C UCIOJIb30BAHUEM YCJIOBUH HEMPEPLIBHOCTH MOTEHIMANA U HOPMAJIbHOH KOMITOHEHTbI MJIOTHOCTH TOKA.

2. OJJHOCJIOMHASI MOJEJIb NJIABMEHHO#M OBOJIOUKH C OJJHOPOJHOM MPOBOAUMOCTbIO

B kauecTBe npocTefiliell MoJiesIM CTPYKTYPbl OKOJIOTJIAaHETHOH MJ1a3Mochepbl pacCMOTPUM i depeHtn-
a/IbHO Bpalllalollytocst 6€CKOHeYHylo 000JI04KY C IOCTOSHHOM NPOBOAUMOCTbIO op. [1ycTh nuianeta Bpaia-
€TCsl TBEP/LOTEJIBHO C YIVIOBOH CKOPOCTbIO wg M UMEeT MOCTOSIHHYIO POBOJMMOCTb 0g U paauyc R. ¥YrioBas
CKOPOCTb BpallleHHsI MJIa3MeHHOi 060J10UKH wy, (7, ©) npeanosaraercst 3aaanHoil. CoraiacHo BbllleCKa3aHHO-
My /ISl pellieHHst 3a1aui HeoOX0IMMO MPEACTaBUTb (DYHKLHIO wyp, (7, ©) B BHle CyNepPIO3ULIMH YHHITONSPHOTO
TeueHust wp (L) n GyHkumit wi (r, ©).

3anaaum TeueHue wy(r, ©) caenyolnm o6pasom. M3 nabopa pelenuit ypaBHeHus (6) orpaHHuUMCs 115
JlasbHel1Iero anaauaa QyHKuuer, oTseuaioliieil [ = 3: pelienue ¢ [ = 3 He COAEPKUT 0COOEHHOCTEH, UMeeT
MPOCTOH BHJL U YJIOBJIETBOPSIET €CTECTBEHHOMY YCJIOBHIO YETHOCTH MO MOJSIPHOMY YIJ1y ©, KOTOpoe cJeLyeT
13 CUMMeTpHH 3a1auu. Takum o6pasom,

Vit _ 10\ dP3(cos©)
(Clr + Cor ) d(cos®)

B peasibHOCTH pacripejiesieHne moJisi CKopocTeil BOIM3H MOBEPXHOCTH MJIaHEThI B 3HAUUTEILHON CTENeHH
JIOJI2KHO OTIPEJIEJISATHCS CHJIAMH BSIBKOCTH [ 2], T0STOMY €CTECTBEHHO CUMTATh, UTO wp (7, ©) J0/KHA YI0BJIe-
TBOPSITb PAHHUHOMY YCJIOBHIO

wp(R,0) = wo, (10)

A. O. Coadamxkur, 10. B. Yyeyros 485
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KOTOpPO€ O3HauaeT, YTO MpOCKaJb3bIBAHHUE MEXKIY MJIAHETOH W TJIa3MeHHOU 000JOUYKOH OTCYTCTBYET. Ha
6O0JILLINX BbICOTAX TaKXKe 6yﬂeM CUUTATb T€YEHHE TBEPAOTEC/bHbIM:

wp(r — 00,0) = Q. (11)

Kom6unmpys BbiHyxK/1€eHHOE TeueHHe wy (1, ©) 1 yHUNOJsIpHOE TeueHne Wy, (L) ¢ yuéToM rpaHHUHbIX YCJI0-
Buti (10) u (11), nosyuaem pacnpenesenne yrloBol CKOPOCTH MJa3MeHHON 060JI0UKH B BUJIE

V10
R 5 .92 5R -2
wp(r,©) = Qo + (wo — Qo) | | — 1——sin“® | + —sin“ O] . (12)
r 4 4r

3amMeTuM, 4To MOXKHO MpenoJaraTb MPOU3BOJbHOE COOTHOLLEHHE MEXKLY YIJIOBBIMH CKOPOCTSIMHU §20 1 Wy,
T. K. 9KCMIepUMEHTaJIbHbIE JIAHHbIE CBUJIETENLCTBYIOT O TOM, UTO B MJIa3MEHHBIX 000JI0UKaX 3eMJIU U JAPYTHX
MJIaHeT BO3MOXKHO CyrepBpalleHue, T. €. IBHKeHHe BePXHUX CJI0EB MaasMocepbl ¢ 60Jbliell CKOPOCTbIO MO
CPaBHEHHIO C HHKHUMH (cM., Hartpumep, [10]). [Tpodunu wy(r, ©) aJ1st pasHbIX cllyuaeB OTHOLLIEHHS YIJIOBbIX
cKopocTeil wy U €2 npeicTaBeHbl Ha puc. 1.

wp Wy < QO wp wO > QO
Wy e=90° Wo

// e=0°

1 1
____________ (_)=00
0=90°
| | | | | | I | | | | | | |
0 1 2 3 4 5 6 rR 01 2 3 4 5 6 rR

Puc. 1. PaccmarpuBaemble Teuenust wy(r, ©)

B cooTBeTcTBUHH C pacnpeae/ieHuemM U.)p(T’, @) HIIEM pEelIeHUE [JIs1 TOTeHIHaJ1a:

M
Q(r<R) _ P90 Gin20 + Ay + Ay Por? + Ay Pyr?,
cr

M M - Q B ByPy,  B4P.
Pr>R) wp(r, O) in2@ _ 2 (wo O)Rsin4(9+—0+ 2P 4Py

cr 8cr? r r3 ro
[ToTeHuman onpenesier sjeKTpUUecKre noJsi U ToKu npopogumocti™®. Kospduumentsr Ag, Az, A4, Bo, B2,
B4 HaxouM U3 yCJIOBUI HEMPEPLIBHOCTH MOTEHIIMAIA U HOPMaJIbHOH KOMIOHEHTHI MJIOTHOCTH TOKA Ha rpa-
Huue r = R.

st yno6erBa 3anucu 0603HAaUMM OTHOLIIEHHE TIPOBOJMMOCTEN KaK

b=oo/0op

* OTMeTHM, UTO MOMHMO TOKOB MPOBOJMMOCTH CYLIECTBYET €lllé U KOHBEKTHBHBIH TOK j = pv, KOTOPbIH 00yCJIOB/IEH NepeMelile-
HHEM 3apsijia BCJECTBHE BPALLEHHS MJIa3MEHHOH 0G0JI0UKH. DTOT TOK CO3Ja&éT JIOMOJHUTELHOE MOJIOUIaJNbHOE MATHUTHOE MOJIe,
OTHOCHTEJIbHO cylab0e BBUJy MAJIOCTH KOHBEKTHBHBIX TOKOB 10 CPABHEHHIO C TOKAMH TTPOBOJUMOCTH.

486 A.O. Coadamxkun, 10. B. Yyeyros
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1 BBeJIEM UHCJIeHHbIE KO3 (UIIMEHTHI

_10-2V10 ~2V10-5 ~ 200+6V10 210+ 4b
VT B ) 0 T TG4 TP T 21(3+20) 0 T T (54 4b)

C yuérom 31X 0603HAUEHHH 3alHIlIEM OKOHYATE IbHbIE BEIPAXKEHHUST JJIs TOTEHIIMAJA, IJIOTHOCTH TOKA H 00b-
€MHOro 3apsiia BHYTpH IJlaHeThl, r < R:

Muwy . o M (wo — Qo) 1 r? r
© o sin O + R 3+k20 2R2+k40 451 |
. M (wg — Q2 r r3
Jr = —Uo% <2k20P2E + 4k4op4ﬁ> ;
) M (wo — Qo) . r 73 35 ., Muwy
jo = UOT sin © cos © 3]{:20}—2 + k’40ﬁ 10 — 5 sin” © , po = — o 2
U B Tuiagmocdepe, r > R:
wa(r, @) . 92 5M (u}() - Qo) R . 4 M (u)o - Qo) R3 R5
© = — sin“ © — Sor? sin® © + B — kgpPgr—?, + k4pP4r_5 ,
. M (wo— Q) R! RS 2\/10RVI0+?
Jr = UPT 3k2pP2F+5k4pP4r_6+W( 2—P4) s
. M(wo—Q) . R* RS 35 ., SRVI0TZ
Jeo = UPT sin © cos © 3k2pr_4+k4pr_6 10 — ?Sln C] +WSID C) s
M (wo— Q) R* (2 40 18
= o) )2 2 p, Cp
po dreRP A3 Tar 2T 7t

_ V10-1
+<2\/§+8P2+20 2\/EP4>R }_MQOP

2.
7 rvV10—1 mers
I[OHOJIHI/IM 9THU pGSyJIbTaTbI Bpra)KeHI/IeM JIJ14 TIJIOTHOCTHU HOBerHOCTHOI‘O sapﬂﬂa Ha rpaHHue T = RI

1—bM (wo — Q) <20—4\/ﬁ 8\/ﬁ—20P>
_ 2l

P~ 8n R 512 2t s m (13)
3apsiji Ha TIOBEPXHOCTH MJIaHEThl BO3HUKAET H3-3a Pa3JIMuhsi CBOHCTB CPeJibl 110 pa3Hble CTOPOHBI OT rpa-
HHLIbI pa3jiesia: pa3jinule MpOoBOJMMOCTEN TJIAHEThI U Ma3dMocdepbl 00YCIOBJIMBAET BKJIAJL B OBEPXHOCT-
HbII 3apsijl OT CBOOOHOTO PEllIeHHs], a HAaJWuMe CKauKa MPOU3BOIHOH YIJIOBOH CKOPOCTH BpallleH!si TIPUBO-
JIUT K Pa3pbiBy YHUIOSAPHON yacT F,.. OTMETHM, UTO 3HAK pg OTpeIe/sieTcsi 3HAKOM BblpazkeHust wy — 2.
[Tpu wy < Qo (cynepspaliienune) nossipHbie 064acTH OYIYT 3apsiKeHbl MOJOKUTENBHO, @ IKBATOPHANbHAS
006J1aCTb — OTPHULATENBHO, T. K. Mbl TIPEJIIOJaraeM, YTo MarHUTHbIE MOMeHT M. 1 yryioBast CKOPOCTb Bpallle-
HUS TJIAHEThI W POTHBOTIOJOKHO HarpaBJeHbl. [1710THOCTL MOBEPXHOCTHOTO 3apsiia npu b < 1 Ha noJitoce
1 9KBaTOpe (CM. puc. 2)

CymmapHblii 3apsi1 BepxHelt noJycdepbl, KaK 1 BCel MOBEPXHOCTH MJIaHEThI, paBeH HyJ110. COOTBeTCTBYIOIAs
HalJIEeHHOMY peLlIeHHI0 KAPTHHA CHJIOBBIX JIMHUH 3JIEKTPUUECKOro MoJisl pe/icTaB/IeHa Ha pUC. 3, CTPYKTypa
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JIMHWH TOKa MokasaHa Ha puc.4. 37ech U nasee OylneM Ha3biBaTh 00J1aCTbIO TeHepalu Ty 06/1acThb MJias-
MEHHOH 000JI0UKH, TJle MOTEeHIMaJ CYLIeCTBEHHO OTJIMYaeTcsi OT BTOPOro cjaraemoro B (9), T. K. TOKH Npo-
BOJIUMOCTH MOPOKIAIOT TOJBKO HEYHUITOJISIPHYIO UaCcTh MOTeHIMaa (nepBoe caaraemoe B (9)) 1 cBoOGoHOE
petnenue. Takum 06pa3om, siCHO, UTO 00J1aCTb FreHepallik COBMAiaeT ¢ 001aCTbIO BbIHYKAEHHOH (HEYHUITO-

JISIPHOH ) M pepeHIIHaIbHOCTH TeUeHUS.
. E~Eg = —[v,B|/c (14)

Ps
—
\;\ 0=47,6" /
‘ ‘ ' YeqoBue (14) cooTBeTcTBYET 0OpallleHHI0 B HYyJb TOKa

™ <] S —,
15 30 45 60 75 90 105 120135150 165 180 B naunoit Mojenu auddepeHnanbHOCTh TeUeHHs 3a-
Puc. 2. HopmupoBaHHasi MJIOTHOCTb [OBEPXHOCT-  jagrcg napamerpoM s = Qo /wo. Caiyuail s = 1 cooTBeT-
HOro 3apsijia Ha rpaHuue r = R B cJjayvae CTBYeT TBEPIOTEILHOMY BPALICHHIO, 4 AH(bepeHIHaty-
M 7] wo, b < 1wy <€
HOCTb TeyeHHsl TeM 6odiblile, ueM 6oJiblle OTJanYHe S OT |.

Bue obsiactu renepaumu Teuenue wy(r, ©) = &p(L),
TPH 3TOM 3JIEKTPUUECKOE T0JIe

©, rpan

0=0° $=5

NI

0=90° R 0=90°

Puc. 3. CusioBble UM 37ekTpudeckoro nodist; b = 0,001, M 77T wyq

Jlerko BUzETH cJleflytolllie 3aKOHOMEPHOCTH MOBEeEHHsl JaHHOH cucTeMbl. B paccmarpruBaemom Teue-
Hu (12) BoIHYK/IeHHast IMhepeHIalbHOCTh CYIIECTBYET BIJIOTh JI0 BBICOT MOPSIIKA HECKOJLKHX PaiyCOB
TMJIaHeTbl, MO3TOMY 00J1aCTh F'eHepaLi MPOCTHPAETCS Ha 3HAUUTENIbHYIO BBICOTY. DTO MPOSIBJSETCS B TOM, UTO
TOKOBBI€ METJIH 3aMbIKAIOTCs1 HAa 6OJIbIIMX BbIcOTaX (M. puc.4). [Ipu 3TOM CTPYKTypa 3J1eKTPHUECKOTO 104151
CHJILHO 3aBHMCHT OT NapameTpa s (cM. puc. 3). B nepByto ouepesb, oTarure cayyaeB s < 1 M s > 1 COCTOUT B
TOM, YTO TIPH CyNepBpallleHuH HanpaBJeHne CUI0BbIX JIMHUA Tpu M 11 wq B 11€JI0M COBNAJAET C HAaMpaBJe-
HUEM BpallleHHsl YaCOBO# CTPeJIKH, a IpH § < 1 — Hao60poT. MOKHO 3aMeTHTb, UTO ¢ pocToM |s — 1| rycroTa
CHJIOBBIX JIMHUH N0JIs1 B 06J1aCTH reHepauuu pacTér. ATo o3HauaeT, uyto GoJiee ObICTPO Bpallaloulasics niaas-
Mocdepa, a TouHee cpea ¢ OOJbLINMY IpajiieHTaMu wi (7, ©), reHepupyetr GoJiee CHIbHbIE 3J1EKTPHUECKHE
noJist u, cjeoBaTebHo, 60JblIne TOKH. OTMETHM, YTO B 06JIACTH MaJIbIX YIJIOB © TOMOJIOTHS PellieHHi TTpH
s < 1us > 1 pasnuuaercs U BHe 00J1aCTH reHepaluu Gsarojaapst Tomy, uto npu © ~ 0 yHUNoJisipHoOe pe-
LIeHHe, NPONopLUMOHa/bHOE Sin ©, cTpeMUTCs K HyJ110. FIMeeTcst BblpaxKeHHOe CrylleHHe CHJIOBbIX JIMHUH TTPU
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O ~0u0O =~ 7/2, npy 3TOM M0Jie SBJSETCS MOUTH PaUaIbHBIM; 5TO TPUBOJUT K (HOPMUPOBAHHIO OJIMU3KOTO
K pajiMajibHOMY TOKa B 3THX MHTepBaJax yryoB npu r > R (cMm. puc. 4). Ha puc. 3 xopoliio BujieH ckauok F,
Ha rpaHulle 7 = R, KOTOpbIH TeM GoJiblile, ueM GOJIblIe S H MeHblle b (M UTO COTJIACYeTCsl C BhIpayKeHUeM J1J1s1
MJIOTHOCTH TIOBEPXHOCTHOTO 3apsiaa (13)).

XapakTepHbIMH 0COOEHHOCTSIMH TOKOBOH CTPYKTYPbI SIBJISIFOTCS] HaJIMUHe HHTEHCHBHOTO TOKa BJI0JIb T10-
BEPXHOCTH T = R, U3 KOTOPOTO JIMIIbL MaJiasi 4aCTh OTBETBJISIETCS] BHYTPb MJ1aHeTbl. OTMETHM, UTO TOTMOJIO-
TUsi JIMHUH TOKA He 3aBUCHUT OT Mapamerpa §, UTo JIErKO MOHATh U3 aHaJMTHUECKHX BbIpaXKeHUH s j, U jo,
oT )y 3aBUCHUT JHIIb 3HAUEHHWE TMJIOTHOCTH TOKa (B TOM UHMCJe W HarpaBjieHHe €ro TpOTeKaHUs:

0=0°

e - b=10,01
//
///—\

/ e
@D e

— e —

R 0=90°

Puc. 4. JIunuu Toka npoBoaumoctu. Hanpassenue Toka cootBetctByer ciydaro M 77T wg, s > 1

npu M 1T wp B cayuae cynepBpalleHus NoJsipHasi CocTaBJsitollast Toka B BepXHel noJgycdepe rnojuoxKu-

TeJIbHA, a IpU § < 1 — oTpullatesbHa; Npu s = 1 TOK MPOBOJMMOCTH paBeH HyJi0). B To xe Bpemst TokoBas

CTPYKTYpa BHYTPH IJIAHETHI U B 00JIaCTH reHepalii CyLIECTBEHHO 3aBUCUT OT OTHOLLIEHHS TIPOBOAMMOCTEH b.
Cy1iecTByeT XapaKTepHbli yroJ

0% ~ 47,6°, (15)

KOTOPbIH Npu b < 1 He 3aBUCHT OT NapaMeTPOB 3a/lauk; Ha 9TOH KOLIMPOTE TOKOBAsl MeTJIsl KacaeTcs OBEPX-
HOCTH IJIaHeTbl. DTOT YroJl OTBEUAeT CMEHe 3HaKa MOBEPXHOCTHOTO 3apsija (CM. puc. 2).
BerunciuM TOK, OTBETBJIAIOLIMICA B BEPXHIOIO 10J10BUHY MJ1aHeThl. s b < 1 nosyuum:
M wo — Q(]
Iy = 0,064 - QWQJO. (16)
c
[Ipu b < 1 TOK B nJ1aHeTe O4YeHb MaJl, IPUUEM JIMHUHM TOKa, MMONaAaIolle BHYTPb IJIAaHEThl, B 3TOM CJyuae
MPUXOJSAT K [IOBEPXHOCTH 1 = R 11pu oueHb MaJibxX yriax ©. B npeanosoxennu b < 1 BbIYHCIUM CyMMapHBbIi
TOK, POXOJISILIMII uepes ceuenne r € [R; 1,1R], © = ©*:
M wo — Qo
Ie =0,014 - QWQUP. (17)
c
Bripaxkenue (17) olleHMBaeT cyMMapHbIH TOK B IPUITOBEPXHOCTHOM CJ10€ MJ1a3Mocepbl; ICHO, uTo Npu b < 1
Iy < Ig; B 3TOM cayuae Ig sIBJsSieTCs TaKXKe OLIEHKOMH MOJIHOTO TOKa, LIMPKYJUPYIOLIETo B MylagMocdepe.
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Ha puc. 5 noctpoennl pacnpenenenusi o6bémHoro 3apsifa p npu M < 0; MeHbLIasi MJIOTHOCTb 3apsi-
Jla COOTBETCTBYET OOJbLIeH MJIOTHOCTH ToueK. HarnomMHuM, uTo 06bEMHBIH 3apsiL 00yCJI0BJIEH YHHIOJS PHBIM
MOTEHLMAJNOM, T. K. U151 cBoOoiHOTO petenust Ay = 0. CyMMapHbIil 3apsii MOXKHO Pas3J/i0KUTh Ha COCTaBIIsI-
IOLLHE:

1) 3apsiz, 06ycJ/10B/IeHHbIH BTOPBIM c/1araeMbiM B paBoii yacTu (9), cnajatowmuii kak 1/73; Bue o6nactu
reHepallrH MOoJIOXKUTEbHBIA 3apsijl COCPEAOTOUEH B MOJISIPHOH 06J1aCTH, @ OTPULATENbHBIH — B 3KBAaTOPH-
aJIbHOM;

2) 3apsij1, 06yCJIOBJIEHHBIH MepBbIM cjaraeMbiM B NpaBoil yacTu (9); OH CylIeCTBEHEeH TOJbKO BOJIM3U
MIOBEPXHOCTH IJIAaHETbI, B 06J1aCTH TeHepallnu, 1 MPosIBJISIeTCs KaK JIOKaJbHOE MepepacipejiesieHe 3apsiia

—q° —_0°
0=0 $=0,2 6=0 s=5

90°

0=90° R ©
Puc. 5. Pacnpenenenne o6bémHoro 3apsina, M 1| wg

Ha r106ajbHOM (hoHe, 00yCI0BJICHHOM HEBbIHYK/IeHHbIM MOTeHlHa oM. B ciyuae cynepspatleHust BOJIU3H
MOBEPXHOCTH IJIAHETHI B MOJISIPHOH 00/1aCTH 00pa3yeTcst OTpUllaTe bHbIN 3apsijl, a B 3KBATOPHAJbHON — 0=
JIOXKMTEJIbHBIN; 1P s < 1 nepepacrpe/iesieHre MPOUCXOIUT HAa000POT. BesinurHa 10MONHUTEIBHOTO 3apsija,
reHepupyemMoro BOJIM3H MOBEPXHOCTH, PACTET MPONOPILUOHABHO |§ — 1].

CyMMapHbI# 3apsijl CHCTEMbI paBeH HYJII0.

3. ABYXCJIOMHASI MOJIEJb MJIA3SMOC®EPBI C OJJHOPOJHOI NPOBOJUMOCTbIO B KAXKJIOM CJIOE

B paccmotpenHo# Bbillle 0JHOCJOHHON MOJEH TJIa3MeHHasi 000J10UKa CUMTalach OJHOPOIHO MPOBO-
ased. OaHako niaamocdepbl peasibHbIX MJIaHET YCTPoeHbl GoJiee ¢JI0xKHO. B yacTHoCTH, H3BECTHO, UTO
MPOBOJIMMOCTD M1adMocdepbl 3eMJIH, 0CTaBasICh H30TPOMHOM, SKCITOHEHIIMATBHO PACTET JI0 BBICOT MOPSIIKA
100 k™, a 3aTeM CTaHOBUTCS aHM30TPOIIHOM M MOCJIe PE3KOT0 U3MEeHEeHHsl MeHSIeTCsl He3HAUMTEIbHO BIJIOTh
10 BbicoT nopsizika 250 km [11].

B 5TOM pasjiesie Mbl yuTéM HEOIHOPOAHOCTb POBOAMMOCTH B BHJIE JIBYX CJIO€B: CJIOs TOJILIHHEI i ¢ TPOBO-
JIUMOCTBIO 0, = const, Bpalllalollerocsi TREpAOTENbHO COBMECTHO C MuiaHeTol (atMocdepbl ), U tuddepeHn-
aJlbHO Bpalllatolllerocs 6eCKOHEUHOro M1a3Moc(epHoro ¢Jlos ¢ MPOBOAUMOCTbIO 0, = const, PacroJ/oKeH-
HOTO Bblllle aTMOChepbl. [paHula pasaena cJoéB 10/KHa ObITh ChepuuecKoil BCeICTBUE TOTO, UTO TPOBOIU-
MOCTb He 3aBUCHT OT MoJisipHoro yryia. Kak u panbliie, 6y/ieM CuMTaTh, 4TO MJiaHeTa BPAIlAeTCsl TBEPA0TEIbHO
C YIJIOBOH CKOPOCTBIO Wy W HMEET MOCTOSIHHYIO MPOBOAMMOCTb 0 U paauyc R.
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Jlnis yno6¢TBa BBeéM Ge3pasMepHOe pacCTosiHUe - TAKUM 00pa3oM, UToObl Paiuyc MJaHeThl PaBHsICS
enunule: ¢ = r/R. Kpome atoro, BBe/1éM Ge3pasmepHbie KO3 PUILHEHTb h = E/R, R, =1+h, g9 = 04/00,
Gp = Ta/0p.

Pacnipenenennie ckopoctu B aTMOchepe peasibHOM MJIaHEThI JI0JXKHO OTIPEEISIThCS B OCHOBHOM BSI3KMM
TPeHHEM, MO3ITOMY MOJIOKUM, UTO aTMocdepa TBEPJOTENbLHO BpalllaeTcsi BMecTe ¢ IJaHETOH, T.e. B aTMO-
chepHOM NPOMEKYTKe

wa(r, ©) = wp.

Teuenuie w, (r, ©) npu & > 1+ h 3a1aAUM B TAKOM Ke BHJIe, KaK U B IIPEJIbILYLIEM pasjiese, T.e. pux > 1+h
cripaBe/yiBa dopmyJa (12) ¢ 3amenoit R/r Ha R,/x. [loctaBieHHasi 3a1aua OTJIHYAETCs] OT PACCMOTPEH-
HOH Bblllle OJIHOCJOHHON MOJIe/IM TOJILKO HasinureM atMocdepbl. Takum 06pa3om, CONOCTABUB JIBe MOJIEJH,
MOXKHO OYJIeT OTIpe/Ie/INTh XapaKTep BJAUSIHUS aTMocdepbl Ha Mpollecchl reHepali Toka. Pacecmarpupaemast
3ajlaua UMeeT TOUYHOe pelleHHe, KOTOpoe MOXKeT ObITb Hal/IeHO OMHCaHHbIM Bbillle crioco6oM. OHaKO BUJL
BbIpayKeHUH NI/ TIOJIEH U TOKOB JI0CTATOUHO CJI0XKeH. BBeném cemyronine yrpouaroime mpeinooKeHus,
M03BOJISIIOLLIME 3aMTHCATh Pe3yJ/IbTaThl AHAJIUTHUECKHX BbIUUC/IEHUI B 0003PUMOM BUJIE:
1) atMocdepa siB/sieTCs 10CTaTOYHO TOHKOH U 00J1aaeT MaJsioil POBOAUMOCTbIO:

h<l, g1, g<1; (18)

2) pOBOAUMOCTb MJIa3Mochepbl MHOTO GOJIblIIe TPOBOAUMOCTH MJIAHETHI:

Ip < 4o (19)

3) OTHOLLEHHE TOJILUHBI aTMOC(EpPBI U Pajnyca MJIaHeThl MHOTO GOJIbliie OTHOLLEHHST COOTBETCTBYIOLLMX
MPOBOJIUMOCTEI:
go < h. (20)

Ecsn paccmarpuBaTth miiaameHHyio 060/104Ky 3eMJsIM B paMKax JIBYyXCJIOHHON Mojiesid, To yeaoBus (18)—(20)
MO2KHO CUHTATh CJIEYIOLLIMMH U3 SKCIIEPUMEHTa/NbHbIX JaHHbIX. Yc/oBue (20) uMmeeT, KpoMe 3TOro, ellié 0J1HO
o6ocHoBanue. [1pu aHasn3e pe3yibTaToB UMCJAEHHOTO pacuéTa Mbl YBUAUM, UTO MIPH g > h MoBeeH1e IByX-
CJIOHHOH CHCTEMbI MaJIO OTJIHYAETCS] OT MOBEJEHHS] COOTBETCTBYIONIEH OJHOCJOHHON CUCTEMBI C TTapaMeT-
pom b = go/gp = 0o/0p. [TosaTomy, 11 Heee0BaHust 0COOEHHOCTEH, CBS3aHHbIX C aTMOC(EPHBIM CJI0eM,
HeoOX0IMMO, uToObI yesioBre (20) 6bIJIO BHIMTOJHEHO.

O6beaunum (18—20) B 0iHO yCJ0BHE:

gp < go < h < 1. (21)

Jloist yno6eTBa 3anucy BBeEM UHCJ/IeHHbIe KOS DUIMEHTbI

10 — 2/10 go R2 210 — 5 go RZ 10 — 21/10 R?
Ay = , Ay = — , By= —r—-—,
42 h 140 h 105 h
210 — 5 R* 210 210
By=—F—7—-- 2= ——0o3 Ri, Dy = R;l.

315 h’ 21
C yuérom 3THX 0603HaUEHHH TPUBEIEM BbIpaXKEeHHsI /IS OTEHIIMala U KOMIIOHEHT MJIOTHOCTH TOKa B TJIaHe-
Te, aTMocdepe u nagmocdepe npu ycaoBuu (21): npu x < 1 (BHYTpH MJIaHETHI )

M M -0 1
p = C;;; sin? © + % <—§ + Ay Pyz? + A4P4x4> ,
3 M (UJO — Qo) 3
Ir = —UOT (2A2P2$ + 4A4Pyx ) R
M -0
jo = 00% sin © cos © <3A2£C + Aga? (10 — 375 sin? @)) ;
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npu 1 < x < R, (aTMocdepa)

Y = ]wwosin26+M —1+BQP2 2_ L + ByPy $4—i )
cxR @’ z?

cR 3
. M (wo — Qo) 3 3 5
Jr = —UaT BQPQ 2r — g + B4P4 4x° — F s
M —Q 1 1
jo = aawsin@cos@ 3By — = |+ By (22— = 10—3—581n2@ ;
cR? x4 x6 2

npu z > R, (n1asmocdepa)

Muwy(r, ©) 5M (wo — Q) R

i 2 g M (wo - QO) Dy Py DyP,

2 4

4 R o0 8cr?R s © 4 cR 3 + 5 5
. M (wog — Q) [ 3DaPy  5D4Py 2 \/ERQ/EH o p

Jr = Op CR§R2 1'4 + ,CCG 71,\/E+2 ( ) — 4) ,

10+2
Jjo = apwsin@cos(% <3—D2 + Ds (10 - §81n2 @) + msirﬁ @) .
cR2R? x4 20 2 9 V10+2

Het Heo6xonMMOCTH BbIMMCHIBATh BblpaxkKeHUsl 1t 0ObEMHOIO 3apsifia, T. K. OH OINpelessieTcsl TOJb-
KO YHUITOJISIPHOH UacThblo noteHuurana. [locaentssi BbITISIIMT Tak Ke, KaK B OJTHOCJIOMHON 3ajade, TOJbKO
pOJIb 'paHULLbl TBEPJIOTENBHO BPALLLAOLLEHCS MJIAHETHI (110 OTHOLLEHHIO K YHUITOJISIPHOMY ITOTEHLHaJY ) Ternepb
Urpaet noBepxHoCTb & = R,. [TosTomy opmysibl 11 06BEMHOTO 3apsiia HMEIOT TaKOM »Ke BUJL ¢ 3aMeHOol R
Ha R,.

JIOTMOJIHUM 3TH pe3yJibTaThl BbIPaXKEHUAMH U151 TOBEPXHOCTHOI'O 3apsijia Ha TpaHulax ¢ = 1 uz = Ry:

1—go M (wg— 1 4
pgl):_ g0 (WO 0){<D2—|—£R§> P2+<D4—&> P4}’

dmh cR? 7

1 —2h M (wo — Qo) 10 R: 4+/10 h?
(Fa) — 0 "0 (Dy+ =R\ P+ (Dy— 2\ P+ " (P,—P)) y.
Ps ih 2 {( 2+21Ra> 2+< s = | Pat —— (P — Py)

[ToBepxHOCTHBIH 3apsi]i BO3HUKAET U3-3a PA3JIMUUSI CBOUCTB CPeJibl IO pa3Hble CTOPOHBI OT rpaHuiibl. Ha
rpanuie x = 1 3apsi 00yCa0BJAEH LEJUKOM pa3inyneM MPOBOAMMOCTH IJIaHETbl U aTMOC(epbl, Ha TpaHu-
ue x = R, 3apsi/l BO3HUKAET He TOJIbKO U3-3a CKauKa MPOBOJMMOCTH, HO M U3-3a pa3pbliBa MPOU3BOHON w,
KOTOPBIH OHa TePIUT NpU & = R,.

3 1) o (Ra) .. .
aMeTHM, UTO ps ' = —ps ~, IPUUEM CyMMapHbl# 3apsiil

D plse (22
OKa3bIBaeTcsl MOPsiiKa MOBEPXHOCTHOTO 3apsiia B OJHOCJO0HHON Mojesu (Bbipaxenue (13)). B To ke Bpe-
Msl B OJTHOCJIOHHOM CJlyuae Ha MOBEPXHOCTH TJIaHeTbl 00padyercs 3apsiji, 0 MOJYJI0 MHOTO MEHbIIUH, UeM
OTJ/I&NIbHO B3SIThle 3aPsijibl pgl) 1 péRa> (Bcuay h < 1).

Pesysibrat uncsieHHoro pacuéra B ciyuae go < h npuBeéH Ha puc. 6.

OTMmeTHM, UTO NPU yMeHbllIeHHH h 10 3HaUeHHH, OJIM3KUX K go, HY2KHO YUHTBIBATb UJieHbl opsiaka go/h,
KOTOpble OblJIM OMYIIEHbI TPH MOJyUeHHH TIPUBEIEHHBIX Bhillle popmyJ. [Tostomy B npenene h — 0 cymmap-
HbIH 3apsij (22) coBNajaeT ¢ BbipaxkeHUeM JIjisi TOBEPXHOCTHOTO 3apsijia B OJIHOCJOHHOM CJydae.
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[ToBepxHOCTHBII 3apsiz péRa) Ha BepxHell rpaHuLe atMocdepbl obpallaercs B Hyqb Ipu © = Op. 10T

yroJl COOTBETCTBYET TOUKE KacaHHsl TOKOBOH MeTJIM BepXHel rpaHulibl aTMocdepbl; Ha HUXKHEH rpaHuLe co-
OTBETCTBYIOIIHH yroa © = Og. B npubsmxenun (21) 3TH xapakTepHbie yIyibl paBHbI M He 3aBUCAT OT Mapa-
MeTpOB 3a/1auH:

Op ~ O = 51,1°. (23)

3ameTum, uTo yrJibl (23) MaJo OTJHUAIOTCS OT aHaJIOTMYHOro yriia (15), oTBeuatollero o JHoOCJ0HHON 3aj1aue.
Tem He meHee, oTaHuKe O — O™ 1 ©g — O OT HyJIl IPUHLMITHAJIBHO, OHO TOBOPHT O KaYeCTBEHHOM Pa3J/IHuMuH
mozeneil pu go < h. Ecsin He yuutbiBaTh ycsioBue (20), To ©p u ©¢ OynyT 3aBucetb oT h u ipu h — 0
NepexouTh B OF.

[IpoBeném comnocTaBJ/ieHre OJHOCJIOUHON U IBYXCJIOH -
HOU CTPYKTYP C TOUKHU 3PEHUSI paclpee/ieHHi sJ1eKTpruue-
CKOTO TMOJIs1 U TOKA MPOBOJIMMOCTH. ~

8
=
[Ipexxne Bcero 3ametum, uto 06J1acTh reHepauuu (06- 4 L/HRH >

h=0,01, go<h
Ry

JIACTh  BBIHYXKJIEHHOH U QepeHiHaIbHOCTH  TeueHH sl )

B JIAaHHOH MOJIeJIH MPAKTHUECKHU TaKasl Xe, Kak U B OJIHO- r} F(I?a’ll
cyofiHoM cJjyuae. [TosToMy KapTHHA 3J1€KTPHUECKHX MO- > \ o / ]
JIeH ¥ TOKOB Ha GOJIBILIMX PACCTOSHUSIX OT LIEHTPA MJIaHEThI Ps

COOTBETCTBYET OJIHOCJIOHHOH MOJIEJIH.

Tak »ke, KaK 1 B OJIHOCJIONHOM CJlyuae, CTPyKTypa JH-
HHI TOKA He 3aBHCHT OT MapameTpa s, KOTOPbIH ONpee-  Pyc. 6. HopMupoBaHHAs MIOTHOCTh MOBEPXHOCT-
JISIeT JIMLIb 3HaUeHHe MJOTHOCTH ToKa. KapTuHa cHioBbIX HOTO 3apsiia, gp < go; 8 > 1, M 1] wy
JIMHWH MeHsieTCst TIPH U3MEHEHHH S, B YaCTHOCTH, C POCTOM |s — 1| yBesMuMBaeTCsi ryCTOTa CHIIOBBIX JIMHUH B
006J1aCTH reHepalli, YTo COOTBETCTBYET YBEJIMUEHHUIO M0J151 U 60oJlee HHTEHCUBHOM reHepaliu Toka. OTMeTHM
BbIPA’KEHHOE CTYILIeHHE CHIIOBBIX JJUHUE TPH © ~ 0 1 O ~ 7/2; Npy 3TOM NoJie SIBJSIETCS OUTH PavaJbHbIM,
YTO TPUBOAUT K POPMUPOBAHMIO TTIOUYTH PaJIMAIBbHOIO TOKA B OKPECTHOCTH STHX YIVIOB ITPH & > R,.

T A T A I B
0 15 30 45 60 75 90 105120135150165180

0=0° 0=0°

=~ |}/
L

Puc. 7. CusioBble JIMHMK 3J1eKTpUYecKoro noas; go = 0,001; g, = 0,0001; h = 0,1; M 1T wq

Ha puc. 7 u 8 npescraB/ieHbl KAPTHHBI MOJIeH U TOKOB BHYTPH TJIAHEThI, B aTMOC(epe U B IPUTPAHHUHOH
o6siacti mtaamocdepbl. XOpoIIo 3aMeTHbI OTJIMUKS OT COOTBETCTBYIOIIMX CTPYKTYP OJHOCJIOHHON CHCTEMBI,
NpPUBEIEHHBIX HA pUC. 3 U 4.
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Hanuune atmMocdepHoro ¢jios TpUBOIUT K 3HAUNTEIbHOMY YMEHbIIIEHHIO TOKA BHYTpH MJ1aHeTsl. Ha kap-
THHAX JIMHUH TOKA 3TO TPOSIBJISIETCS B TOM, UTO B CJIyuae IOCTATOUHO TOJICTOr0 aTMOC(EPHOro NpoMexKyTKa (B
cMmblcaie (20)), naxe ecan go = gp, a6COJIOTHOE OOJIBLIMHCTBO JHHUI TOKA He Morajaer B JaHeTy. BaxHo,
YTO TOKOBasi CTPYKTypa ¥ 3HaUeHHe CYMMapHOTo TOKa B 06JIaCTH TJIaHETHI B OTJIHUME OT OJTHOCJOHHOHN CHCTe-
Mbl OTIPEJIE/ISIOTCS He MPOBOIMMOCTbBIO TJIAHEThI, 8 B OCHOBHOM MTPOBOJIUMOCTbIO aTMOC(EPHOTO MPOMEKYT-
Ka. MaJjioe 3HaueHHe o, MPUBOJUT K BOBHUKHOBEHHIO 3HAUNTEIbHOTO TIOBEPXHOCTHOTO 3apsiia Ha rpaHHilax
pasjiesia ¥ K OTCYTCTBHIO LIHPOTHOM COCTABJISIIONIEH TOKA B aTMOC(epe.

[IpuBeném BbipaXkeHHst 1J1i CyMMapHOTO TOKa, BTEKAIOLIEro B aTMochepy uepe3 BepXHIOI0 TPaHUILy:

(R+h)% M (wo — Q)

Ip, ~ 0,033 - 27 Ta, (24)
(&
¥ CYyMMapHOTO TOKa, MPOTEKAIOLIero uepes rniaHeTy:
R M (wg — Q
I ~ 0,033 27 % Mo =) (25)
h c
Tok, nporekalolinii B atmocdepe, MOXKHO HAUTH KaK pa3HOCTb BhipaxkeHn# (24 ) u (25):
M (wg — Q
In = I — I ~ 0,067 - 2r M@0 =) - (26)
C

e . Beipaxenue (26) ¢ TOUHOCTbIO 10 3aMeHbl 0, Ha 0
©=10 h=01R COBMajaer ¢ BbipaxkeHueM (16) 11t cyMMapHOro Toka, oT-
BETBJISIIOLIEr0Cs] B BEPXHIOIO TIOJIOBUHY TJIAHETHI B OJIHO-
CJIONHOM cJlydae. DTo He ciyuaiiHoe coBnaaeHue. Popmy-
Jia (16) nostyuena B npearnosioxkenun b < 1, a B 3ToM cJiy-
yae JIMHUK TOKA, MepeceKalollde MOBEPXHOCTh MMJ1aHETHI,
pacrpocTpaHsloTCs B OCHOBHOM B TIPUIPAHUYHOM CJI0€,
UTO U MPUBOJIUT K OJJMHAKOBOMY BHJly COOTHOILIEHHH (16)
u (26). Kpome Toro, BLIUHCJUM CyMMapHbIH TOK, MPO-
TeKaIolIMH B TPUrPAHUYHOM CJIO€ KaK UHTerpaJ oT jg 1o
i >k 0=90° MOBEPXHOCTH T € [Ra; 1,1R,], © = Op:

Puc. 8.JTunun Toka nposoaumocty; go = 0,001; Ig =~ 0,014 - ZTFMUp- (27)
gp = 0,0001; ~ = 0,01. Hanpassenue To-
ka cooTBeTcTBYeT cayuaio M 17 wg, s > 1 3ameTumM, uTo 3Ta PopMyJia COBMALAET C COOTBETCTBYIO-
1IMM BbipaxkeHueM (17), uTo siBJjisieTCs1 C/1e/ICTBHEM BbIOO-
pa OJIMHAKOBbIX MJ1a3MOCHEPHbIX TEUEHHH.

Boipaxkenus (24)—(27) nosyuennl B npeanosoxennn (21). VI3 cpaBuennsi hopmya (24) u (25) ¢ (27)
¢ yu€ToM ycJ/10BUs gp, < h cjlelyeT, uTo JIMIIb MaJlast 4acTb LMPKYJIHPYIOLLEro B CHCTeMe TOKA POHMKAET
B MIJIAHETY, T03TOMY 3HaueHHe Ig B 3TOM CJIyuae MOXKET CJIY>KHTh OLLEHKOH CyMMapHOTO TOKa B CHCTEME.

Hasnnuue craumonapHoro Toka B norsiolatollel cpeie npejnoJaraer cylecTBOBaHHe HEKOTOPOH 3JieK-
TPOJBHAKYILEH cHibl. B nanHoit 3anaue Tok cosnaér pacnpenenénnas IJC, oOycnoBiaeHHast BBIHYKIEHHOH
T epeHInanbHOCTBIO BpallleHusl M1a3Mocdepbl B MArHUTHOM [10J1€ TJIaHeThI.

M3-3a MaJocTH MPOBOJAMMOCTH aTMOC(epPbl OCHOBHAS YaCTb HAIMpsKeHHs B LIEMH MPUIOKEHa K aTMO-
chepHoMy poMexkyTKy. PaKkTHueckH, aTMoc(epHblil POMeXKYTOK MpecTaBisieT cob6oi chepuuecKHil KoH-
JIeHCaTop, BKJIOUEHHBIH B ry10OasibHyIO Lelb TaKUM 00pa3oM, UTo 3apsi Ha ero oOKJaaKax U pa3HoCTb M0-
TEHLMAJIOB 3aBUCAT OT MoJsipHOro yrya (cM. puc. 6). Takoe pacnpenesenre 3apsiza o6ecrneunBaeTcsi CTo-
ponueit DJIC. B cuy TOHKOCTH €J10s1 EMKOCTb 3TOTO KOHJIEHCATOpa BeJIMKA, UTO U 00bsICHSIET OOJblIHe 110
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CPaBHEHHIO C OJIHOCJIOMHDBIM CJIyuaeM 3HaueHHUsl TOBEPXHOCTHOTO 3apsijla Ha TPaHULIaX; MaJiasi IPOBOJUMOCTD
aTMocdepbl, 3aMoJHSIOIIEH KOHIEHCATOP, MPUBOIUT K MPUOJIHKEHHOMY PaBEHCTBY pgl)(@) ~ —pgRa)(@).
Takum o6pasoM, B npejnoJioxkeHuu (21 ) HanpsikeHue dp, NPUI0KEHHOE K aTMOC(HEPHOMY ITPOMENKYTKY, MPH
KaX/I0M © MOXKHO BBIUHCJIMTB 110 PopMyJie [JIsl VIOCKOT0 KOHAEeHCaTopa, 06pa3oBaHHOTO MPAaHULIAMH Pa3-
Jie1a, ¢ 3apsiioM Ha oOKJaaKax péRa)(@). Bbluncsienne ¢ B 3aBUCUMOCTH OT MOJISIPHOTO YIJ1a ¢ MOMOLLbIO
MOJIyueHHbIX (hOPMYJI [JIs TOTEHIMAA TIPUBOJIUT K TOMY 2Ke Pe3yJibTaTy:

~ 10 —2v10 M (wp — Q)

0@ 21 ‘R

(P +0,216Py). (28)

PagHocTtb notenuualnos (28) obpauiaercst B HyJb pu © = 51,1°. AToT yros coBnajaer ¢ yriom Og, npu
KOTOPOM o0palllaeTcsi B HyJlb pajdaJjibHasi KOMIOHeHTa arMocdepHoro Toka. MakcumalsbHoe 3HaueHHe J¢
JIOCTHrAeTCsl Ha MOJIOCE: Ymax = 2M (wo — Qo) /(TcR).

4. 3AKJIOYEHHE

B nannoii pa6oTe OblIM pacCMOTPEHbl OCECUMMETPHUHbIE CTALHOHAPHbIE 3J1EKTPOMHAMUYECKHE 3a/1a-
UM O BpalleHWH MJIaHeThbl, 00Jajatollel IUMOJbHBIM MarHUTHBIM T10JIEM, COBMECTHO C IHddepeHIna bHO
Bpallatollleiicst naasMmeHHol o6osoukoi. Ha ocHOBe paccMOTpeHHsT OIHOCJIOMHON U IBYXCJOWHON Mojiesel
nsiaamMocdepbl BbISIBJIEHBI Caleylolne 0COOEHHOCTH MOBEIEHUS MOAO0OHBIX 3JIEKTPOIMHAMUUECKUX CHCTEM:

1) B 06s1aCTSIX YHUIIOMSIPHOTO BpaLLeHHsl TOBEJEHHE CHCTEMbI ONpe/lesisieT HeBbIHYK/IeHHas! YHUIOJs1p-
Hast 4acThb MOTEeHIMaa, PU 3TOM 3jieKTpuueckoe noje E ~ —Ep = [v, B]/¢, TOK NpoBoAUMOCTH MPUOJIH-
3UTEJILHO paBeH HyJII0, 00 bEMHBIN 3apsii p ~ —MwPy/(mer?);

2) reHepaiidsi TOKa MPOBOJUMOCTH MPOUCXOJUT B 001aCTIX C BbIHYKJIEHHOH (HEYHUTIOJSIpHON ) npde-
PEHLMAJIBHOCTBIO BpallleHHs T/1a3Mocdepbl; B cjydae CHIbHOH BbIHYKJIEHHOH AU QepeHIInaNbHOCTH dJ1eK-
TPUYECKOE T10JI€ CTAHOBUTCS CYLIECTBEHHO OTIMYHBIM OT Eg;

3) XapaKTepHbIMH 0COGEHHOCTSIMH TOKOBBIX CTPYKTYp SIBJSIFOTCSI HaJIMude MHTEHCHBHOTO TOKA BJIOJIb
BepXHeH rpaHullbl aTMOC(epPbl UM MOBEPXHOCTH MJIAHEThl B OJHOCJAOHHOM cJjyuae (MpH 3TOM JIMLIb MaJiast
yacTb TOKa (NpH og << 0p) OTBETBJ/IAETCA BHYTPb) M MOUTH PaJHalbHOrO Toka 1npu © ~ 0 (Ha noJoce) u
© =~ 7 /2 (na skBatope). CylllecTBYeT XapakTepHbIi yros ©*, He 3aBUCSILINI B IPUHSATBIX TIPUOJIHIKEHHSIX OT
napameTpoB 3a/lauk, MPHU KOTOPOM TOKOBAs! METJ/Isi KacaeTcst MOBEPXHOCTH TJIAHETHI;

4) B 06/acTH reHepaldy NPOUCXOAUT 3HAUNTEJbHOE MepepacrpeseseHie o6bEMHOro 3apsjia Ha GoHe
YHHIOJIIPHOTO 3apsifa p = —MwPs /(merd);

D) 3HaueHHe CyMMapHOro TOKa, BTEKAIOLLEro yepes NoBepXHOCTb MJIaHEThI, ONpejiesisieTes, B IePBYIO oue-
pejib, MPOBOJAUMOCTBIO aTMOC(epbl BCJEICTBHE TOTO, UTO BBIXOIHOE HATpsKeHHe MJaHeTapHoro reHepaTopa
MPUJIOKEHO TVIABHBIM 00Pa30M K aTMOC(epHOMY MPOMEKYTKY KaK K yUacTKy IJ100a/bHOTO 3J1eKTPHUECKOTO
KOHTYpa ¢ HauOOJIbIIUM COTIPOTHBJIEHHEM,;

6) Ha rpaHMIIaX aTMOC(EpPbl BOSHUKAET 3HAUMTE/bHbIN TOBEPXHOCTHBIN 3apsia. PakTHuecku, atMocdep-
HBIH POMEXKYTOK MPeJICTaBJsIeT CO60H chepruuecKril KOHIEHCATOP, BKJIIOUEHHbIH B r106aJbHYIO 1IeMb TAKHM
06pasom, uTo 3apsijl Ha ero 00KJ/aaKax U Pa3HOCTb MMOTEHIIMAJNO0B MeXK/ly HHMH 3aBUCST OT MOJISIPHOTO YIJIa.

Pa6ora nojiepkana Poccuiickum gpoH0oM hyHIaMeHTa IbHBIX HCcieoBaHni, TpoeKT Ne 99—02—17745.
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ELECTRIC FIELDS AND CURRENTS IN A MODEL OF A PLANETARY GENERATOR.
I. SMOOTH INHOMOGENEITY OF ANGULAR-ROTATION VELOCITY OF PLASMA ENVELOPE

A. O. Soldatkin and Yu. V. Chugunov

We study the role of nonuniform rotation of a plasma envelope in the generation of electric fields and
currents within the framework of the planetary-generator model. Solutions of a model problem on inho-
mogeneous rotation of a plasma envelope together with a magnetized planet are presented. Two cases are
considered: the envelope of constant conductivity and the well-conducting envelope with an atmospheric
gap (a narrow layer with low conductivity). An analysis of the solutions allows us to reveal several features
of such systems, in particular, the dependence of the current-density, electric-field, and space-charge dis-
tributions on the nature of nonuniform rotation of the plasma envelope and parameters of the atmospheric
gap. We show that the current is generated in volumes where the nonuniform rotation of the plasmasphere
is “driven” (i.e., nonunipolar). In the case of strongly driven nonuniformity, the electric field becomes dras-
tically different from the unipolar field Eg = —[v,B]/c, while it is close to Ep in the regions where the
rotation is unipolar. The space and surface charges and the voltage on the atmospheric gap are calculated
as functions of the polar angle. The total current circulating in the plasmasphere and the current flowing in
the planet are estimated.
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STUDY OF LARGE-SCALE IRREGULARITIES GENERATED IN THE IONOSPHERIC
F-REGION BY HIGH-POWER HF WAVES

V. L. Frolov,! V.V. Chugurin,* G. P. Komrakov,* N. A. Mityakov,* E. N. Myasnikov,!
V.O. Rapoport,t E. N. Sergeev,* V. P. Uryadov,* F. 1. Vybornov,' V. A. lvanov,?
V. V.Shumaev,? A. M. Nasyrov,® I. A. Nasyrov,® K. M. Groves *

Experimental studies of the features of artificial ionospheric turbulence was performed at the “Sura” heating
facility in August 1998 using numerous diagnostic tools, such as scintillation, chirp-sounding, backscattering,
and stimulated electromagnetic emission (SEE) measurements, as well as sounding a HF-disturbed volume (DV)
by probing waves. It has been found that generation of strong artificial large-scale irregularities (ALSIs), which
manifest themselves through the F'-spread on ionograms, scintillations of the satellite signal propagated through
the DV, and amplitude fluctuations of the probing wave sounding the DV, is observed not only for an overdense
heating, at fo < for,, but also at higher frequencies fo > for, > fun (here fo is the pump-wave frequency,
for, is the critical frequency of the F>-layer for O-mode electromagnetic wave, and fun is the plasma frequency at
the upper-hybrid resonance height). This means that transfer of the pump-wave energy in the plasma due to the
development of thermal parametric (resonance) instability, rather than thermal self-focusing instability, plays the
key role in the ALSI generation in the case where the O-mode HF wave is used for the overdense heating. This
conclusion is also confirmed by the fact that the ALSI generation is suppressed in the gyroharmonic frequency
range, which is similar to the well-studied quenching of the downshifted maximum (DM) in SEE spectra. In this
paper, we discuss new ALSI features revealed by the measurements, as well as the limits by which one can control
the ALSI spectrum using complex pumping schemes.

INTRODUCTION

lonospheric modification by high-power HF radio waves has already been studied during for almost 30
years. The basic experimental data obtained in the measurements have been summarized in several special
issues of journals [1—6] and in many other papers cited extensively in these issues. The experiments per-
formed have shown that a powerful wave and plasma interact via a number of mechanisms. These can be
realized in the case of the overdense heating, in which different types of instabilities develop and, conse-
quently, artificial ionospheric turbulence (AIT) is excited. (The overdense heating refers to the case where
the pump-wave frequency is less than the critical frequency of the ionospheric Fs-layer). The AIT is mainly
induced in an ionospheric layer located in the vicinity of the pump-wave reflection height and can be divid-
ed into: (1) the low-frequency AIT (large-scale irregularities and small-scale field-aligned irregularities or
striations, ion-acoustic and low-hybrid waves, and variations in the electron and ion plasma temperatures
as well as in the electron plasma density) and (2) the high-frequency AIT (Langmuir, upper-hybrid, and
Bernstein waves).

In this paper, we focus on an analysis of the features of artificial large-scale irregularities (ALSIs) of the
electron density of scales | > A\g ~ 30 — 50 m, excited due to heating of the ionospheric F'-layer by pow-
erful HF waves. Here [ is the irregularity scale perpendicular to the geomagnetic-field direction and Ag is
the wavelength of the pump wave. Generation of ALSIs is one of the major discoveries in early experiments
using the Platteville heating facility [7]. ALSIs manifest themselves through the appearance of HF-induced
F-spread in ionograms, in scintillations of the satellite’s beacons and radio-star signals passed through the
disturbed volume (DV), and in amplitude and phase fluctuations of radio waves sounding the DV. Experi-
mental results regarding to ALSI features have been published in many papers (see, for example, [7—21]).
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The performed experiments have provided data on the ALSI spectral characteristics, temporal evolution of
the irregularities and diurnal variations of their features, spreading of the large-scale perturbations along the
geomagnetic field, and their horizontal movement due to ionospheric plasma drifts. Notice that the experi-
ments referred above have been performed for the most part with an ordinary wave for pumping and under
overdense heating condition where the pump frequency is lower than the ionosphere penetration frequency.

[t is generally accepted that the ALSIs are caused by the thermal self-focusing instability (see, for
example, [19,22—25]).

Despite the numerous investigations performed, there are a number of yet unsolved problems concern-
ing ALSI generation and evolution, such as:

(1) What is the reason for the ALSI generation at altitudes below 200 km where the thermal self-
focusing instability cannot be developed?

(2) What is the mechanism resulting in the ALSI generation at altitudes higher than the Fs-peak layer
for the overdense heating?

(3) What role is played by the mutual influence of the ALSI and striations in forming the artificial tur-
bulence spectrum?

(4) Why are striations often located inside large-scale plasma density depletions (see, e.g., [26,27])?

Indubitably, the answers to these questions have to lead to a new concept of the ALSI generation. It is of
great practical importance for the understanding of not only artificial turbulence features but the generation
mechanisms of the natural turbulence, as well.

In this paper, we study, first of all, the correlation between ALSI evolution and generation of striations,
which are developed due to the growth of thermal parametric (resonance) instability [19,28—30]. In addi-
tional, we briefly consider preliminary results concerning variations in the ALSI features in the case where
the pump-wave frequency is close to a gyroharmonic frequency or the square amplitude modulation of the
pump wave is used. The paper is organized as follows. In Sec. 1, we overview the experimental layout and
give a brief description of the diagnostic equipment used in our measurements. The experimental results are
presented in Sec. 2. Discussion of basic new features observed in the experiments and concluding remarks
are given in Sec. 3.

1. EXPERIMENTAL LAYOUT

The measurements discussed below were performed at the “Sura” heating facility located near Vasil’sursk
(geographic coordinates 56.13° N, 46.1° E; index I in Fig. 1) at about 110 km to the east from Nizhny
Novgorod, Russia. The experiments were performed on August 17—22 during both the day- (T =06:00—
10:00 LT, LT=UT+4") and nighttime (T = 22:00—01:00 LT) under quiet geomagnetic conditions, when the
3-hour planetary index of magnetic activity K, was of about 1—2 for the majority of measurements. The HF
heater was operated in the frequency range 4.3—5.8 MHz at the right-circular (O-mode) polarization. In
the frequency range used, the maximum effective radiated power (ERP) P.g was 80—150 MW, larger values
corresponding to higher fy. The following techniques were used to diagnose the AIT: (1) scintillation mea-
surements using satellite’s beacons; (2) ionosonde measurements; (3) oblique chirp-sounding of the DV;
(4) sounding of the DV by X-mode probing waves; (5) phase space-apart measurements of radio waves
scattered in the DV from artificial field-aligned irregularities, and (6) stimulated electromagnetic emission
(SEE) measurements. A schematic view of the experimental layout is shown in Fig. 1.

The satellite signal receiving system (index 2 in Fig. 1) is used to receive the 250-MHz beacon’s
signals from quasi-stationary polar satellites. The system is located near Kazan’ (geographic coordinates,
55.8° N, 48.3° E), so that the propagation path to a satellite crosses the heater beam in the F'-region. After
amplification and downshifting to a lower frequency of about 1 kHz, the signal is recorded on a tape. Later
on, this record is processed and analyzed. The spectral power of scintillations is calculated using the FFT
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technique. Moreover, satellite measurements allow one to study the growth and decay of electron-density
irregularities of scales I, ~ (0.03 — 1.2) km.

The oblique chirp-sounding technique is used
to study the modification of the ionospheric plasma-
density profile and the features of the F'-spread, both
induced by HF waves above the “Sura"facility, as well
as to control the natural ionospheric conditions. The
path Yoshkar-Ola (TX, index 3 in Fig. 1 ) —"Sura”—
Nizhny Novgorod (RX, index 4 in Fig. ) has a length
of 234 km. The Sura facility is located 30 km to the
south of its middle point. During the measurements,
one ionogram in the frequency range from 2.7 to
11.6 MHz was obtained in every two minutes. It
should be noted that the oblique chirp-sounding tech-
nique allows one to obtain information on different
AIT features, such as 1) the characteristics of both
large- and small-scale artificial irregularities [31], 2)
the formation of large-scale structures in the iono-
spheric disturbed volume and the properties of trav-
elling ionospheric disturbances manifesting them-
selves during ionosphere modification [32], and 3) the
features of artificial field-aligned scattering of the HF
waves by striations [33]. In addition, the chirp-sound-

Satellite
@,

~
) ’7§
(5][6] (11 [7]

Fig. 1. Experimental geometry and the measure-
ment techniques: the “Sura"facility located in
Vasil’sursk, near Nizhny Novgorod, Russia
(index 1); the satellite signal receiving system

ing technique yields information on the natural iono-
spheric conditions. Note also that routine monitor-
ing of the critical frequency fop, of the Fy-layer, as
well as natural and artificial levels of the ionospher-
ic disturbances, was performed by ionosonde located
in the vicinity of the “Sura"facility (index 5 in Fig. 1)
and operated in the 15-min mode.

The probing wave technique (index 6 in Fig. 1)
is used for sounding of the DV by low-power X-mode
probing waves radiated in the pulsed mode. The use

located near Kazan’, ~ 250 km to the east
from Vasil’sursk (index 2); the oblique chirp-
sounding technique in which a transmitter
(index 3) in Yoshkar-Ola, ~ 120 km to the
east from Vasil’sursk, and a receiving station
(index 4) in Nizhny Novgorod, ~ 110 km
to the west from Vasil’'sursk, were used; the
ionosonde (index 5), probing-wave technique
(index 6), and the stimulated electromagnetic
emission technique (index 7) deployed near the
Sura facility; and HF monostatic radar system

deployed in Zimenki, ~ 110 km to the west from
Vasil’sursk (index 8).

of the X-mode waves in the measurements allows
one to avoid the anomalous absorption inherent to
the O-mode waves (see, e.g., [8,13,34]). Sounding
of the DV by X-mode waves makes it possible to study the temporal evolution of 100—200-m irregu-
larities. This is made by measuring X-waves attenuation related to the scattering from these irregulari-
ties [35]. Moreover, HF-induced variations in the sky signal of the probing wave yields an information on
ALSI temporal evolution. It is important to note that an X-mode probing wave of frequency approximately
600 — 700 kHz higher than that of the O-mode pump wave was used in the measurements. Such a choice
allowed us to account for the difference in propagation of magnetoionic modes, so that their reflection levels
are approximately the same.

The stimulated electromagnetic emission (SEE) technique (index 7 in Fig. 1) allows one to study
the SEE spectral characteristics and temporal evolution of different emission components [36]. Using the
SEE technique, we can study the temporal evolution of both the high-frequency AIT [37,38] and meter-
scale striations [34,39]. Based on the fact that the downshifted maximum (DM) in SEE spectra is not
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developed if the pump wave frequency is very close to a gyroharmonic frequency, we can identify, with a
precision of a few kHz, the gyroresonance condition when fy = n f.., where fee >~ 1.34 MHz is the electron
cyclotron frequency in the F'-layer above the “Sura"facility and n is the harmonic mode number which is
equal to 4 in our measurements [40]. This method has been employed to study the ALSI features in the
gyroharmonic frequency range.

The HF monostatic radar system (index 8 in Fig. 1) is located in Zimenki near Nizhny Novgorod, ~
110 km to the west from the “Sura"facility. It consists of a HF pulse transmitter and a three-channel signal
receiving system with three spaced antennas equipped by digital systems for registration of amplitudes
and phases of the received signals. The system can be used for studying the following processes: (1) the
artificial field-aligned scattering from irregularities with scale lengths I} ~ 20 — 100 m, (2) both regular
and turbulent motions in the DV, and (3) the appearance of large-scale structures in the DV.

Together with the tools presented above, the bistatic HF radar including the Ukraine UTR - 2 radio
telescope used as the receiver [41] was employed in the measurements aimed at studying the features of
field-aligned scattering of HF waves from small-scale irregularities. However, the analysis of these experi-
mental data is beyond the scope of this paper.

Combined employment of the techniques available allows one to carry out a detailed study of the features
of both high- and low-frequency AIT and reveal their mutual influence. Below we present some results
obtained by means of these technical systems.

2. OBSERVATIONS

2.1. Measurements of 250 MHz satellite signal scintillations

For scintillation measurements, we used 250-MHz signals from beacons of quasi-stationary polar
satellites. Figure 2 (left column) illustrates the power-density spectra (PDS) of signal scintillations for 4
successive heating cycles corresponding to four upper panels. During these measurements, the pump wave
at frequency fo = 5828 kHz was radiated in the following mode: the on-state lasting 7 min was followed
by an off-state of 8-min duration. During the cycles started at 22:30 and 23:00 LT, all three transmitters
connected to a subantenna array radiated coherently and formed a pencil-type beam with a width of about
8°. In this case, the effective radiated power was about 150 MW ERP. During the cycles starting at 22:45
and 23:15 LT, only one transmitter with its antenna array was used for pumping with P ~ 20 MW ERP. In
this case, the beam has a knife-type diagram of width 8° x 26° elongated in the N—S direction.

Two spectra are represented in each panel, the more intense one (bold line) obtained within a few min-
utes after the pump-wave switch-on under steady-state conditions for the HF-induced turbulence. The
second spectrum (thin line) was obtained within 3 min after the switch-off of the pump when the ALSI
decayed significantly. In both cases, time intervals of about 3 min have been chosen for the spectral analysis
of the signal scintillations. It should be noted that high-frequency variations of the received signal were
smoothed using a low-frequency filter with the cut-off frequency of ~ 5 Hz, and then the signal was put
to the AD converter. For comparison, a power spectrum of satellite-signal scintillations due to night-time
natural irregularities is shown in the lowest panel. One can conclude that this spectrum has a power-law
form with a magnitude of the spectral index s ~ —2.4 in a frequency range 0.1 to 1 Hz.

If the component of the irregularity drift velocity perpendicular to the line of sight is known, frequency
scales in the spectra can be converted to scale lengths of the irregularities. In the absence of the spaced
measurements, this velocity component can be estimated taking into account the low-irequency saturation
scale of the power spectrum, which is due to the Fresnel filtering effect [42]: Vg, ~ 2lp1p ~ 30 — 70 m/s
(here vy ~ (0.02 — 0.05) Hz is the saturation frequency for the measurements represented in Fig. 2, Ip, =
VAz ~ 700 m is the Fresnel scale length, A = ¢/f = 1.2 m is the satellite-signal wavelength, and z ~
350 km is the inclined distance from receiving site to the disturbed volume). Note that in our measurements
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the minimum scale length of irregularities that can be distinguished in the spectra, is lyin = Var/Vmax =~
(20 — 30) m for vpax ~ 2 Hz.

[t is clearly seen from the data presented in Fig. 2 that a pronounced spectral maximum appears at a
frequency vmax =~ 0.4 and 0.7 Hz during the heating cycles started at 22:30 and 23:00 LT, respectively,
when the full power of 150 MW ERP was used for pumping. The values of v for these cycles were about
0.02 Hz (or Vi, ~ 30 m/s). Hence, this spectral maximum can be attributed to artificial irregularities of
scale lengths [} ~ 50 — 70 m, the size being very close to the wavelength Ao = 51.5 m of the powerful
wave. Note that the existence of such a maximum in the AIT spectrum was reported earlier in [35,17]
in which it was assumed to be directly related to the development of the thermal parametric (resonance)
instability. Such a well-pronounced spectral peak is absent if a lower pump power of 20 MW ERP is used
for the ionosphere modification, although the thermal instability remains well-developed and manifests itself
in SEE generation. The latter may indicate that the thermal parametric (resonance) instability does not
entirely determine the generation of strong ALSIs with [; ~ 50 — 100 m.

Using satellite observations, we can also determine typical growth (77) and decay (72 ) times for irreg-
ularities of different scale lengths. It has been found that, under night-time conditions, 71 ~ 15 — 30 s and
o ~ 15 — 20 s for ALSIs with [} ~ 50 — 100 m, while 71 ~ 40 — 90 s and 7o ~ 120 — 240 s for larger
irregularities with [} ~ 0.6 — 1.2 km. It is clear from these data that the ALSIs are not fully decayed during
the 3-min heater-off period after which the FFT processing of the received signal starts to be carried out,
and their residual level can exert an appreciable influence on scintillation power spectra obtained during the
pause in pumping. Based on the obtained data we can conclude that the off period of 10 min and longer has
to be used for measurements of the night ionosphere to insure a truly “cold start” for the ongoing pump
cycle. In the measurements presented in Fig. 2, such an influence is most pronounced in the last cycle
(T=23:15 LT) when ALSIs do not decay completely during the 8-min off period and the ionograms show
the existence of the F'-spread here (see Fig. 4e).

2.2. The X-mode anomalous attenuation

[t is well known that O-mode probing waves sounding the disturbed volume at frequencies close to
the O-mode pump-wave frequency undergo strong anomalous absorption [8,13,43], which results from
the scattering of electromagnetic waves into electrostatic (upper-hybrid) waves at small-scale field-aligned
irregularities (striations). Scattering of such a type is forbidden for X-mode electromagnetic waves due
to their reflection in the ionosphere below the plasma resonance regions [19]. However, their scattering
at artificial irregularities is also possible without such a mode conversion. The phenomenon of X-wave
scattering from HF-induced irregularities was first studied experimentally in [35]. It has been pointed out
that the scattering is determined by irregularities of scale lengths [; ~ 100 — 200 m and results in the X-
mode anomalous attenuation, whose magnitude can amount to 5 — 6 dB depending on the probing-wave
frequency and pump power. Quite naturally, the analogous scattering is also observed for O-mode probing
waves, which can be easily distinguished if their frequencies are well above the pump-wave frequency, which
is outside the anomalous-absorption frequency range [44].

Figure 3 illustrates the effect of anomalous attenuation of the X-mode. In these measurements, the
O-mode pump wave is radiated in the “7-min on, 8-min off"mode at frequency fo = 5828 kHz with
P = 20 MW ERP. Sounding of the disturbed volume was carried out using an X-mode probing wave
radiated at frequency f, = 6533 kHz in the pulse mode with a pulse duration of 100 us and repetition period
of 20 ms, so reflection heights for the pump and diagnostic waves were closely spaced. A gradual decrease
in X-wave amplitude was observed during time 7 ~ 40 — 50 s after the start of the pumping. It should be
noted that the value of 7; for higher pump power P ~ 150 MW ERP is shorter and amounts to 20—30 s.
[f the pump is switched off, the X-wave amplitude reaches again its unperturbed value for about 40 s. The
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Fig. 3. An oscillogram illustrating the effect of the X-mode anomalous attenuation for the probing wave at
frequency f, = 65633 kHz (second panel from the top). The pump wave of power P = 20 MW ERP at
frequency fo = 5828 kHz was radiated in the “7-min on, 8-min off"mode. The specified heating cycle
was initiated at T=22:45 LT on August 19, 1998 (see the top panel). The four lower panels represent the
behavior of the SEE at four frequencies f; = 5837 kHz (Af = +9 kHz, the NC* (narrow continuum)
frequency range), fo = 5818 kHz (A f = —10 kHz, the DM (downshifted maximum) frequency range),
f3 = 5804 kHz (Af = —24 kHz, the BC (broad continuum) frequency range), and f, = 5783 kHz
(Af = —45 kHz, the BC frequency range)

value of 75 ~ 30 — 60 s is typical for the night ionosphere, but it is somewhat shorter, of about 20—30 s, in

the day ionosphere.

Figure 3 clearly shows the development of strong and fast amplitude fluctuations of the X-mode probing
wave reflected from the ionosphere. The relaxation time of these fluctuations depends on their period g4 and
grows with this period from about 1—2 min for 79 ~ 2 — 4 s up to > 3 min for g > 4 s. Taking into account
the results of the satellite measurements presented in Subsec. 3.1, we can conclude that these fluctuations
appear as a result of the generation of ALSIs with scale lengths from 7} ~ 0.1 km to > 1 km.

The right column in Fig. 2 shows the spectral characteristics of these fluctuations measured on August
19, 1998 between 22:15 and 23:30 LT using the the same pump cycles as for the satellite measurements
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Fig.4. A sequence of chirp-sounding ionograms obtained on
August 19, 1998 between T=22:56 and T=23:30 LT,
which shows the development of the F'-spread. The pump
waves of powers P = 150 MW ERP (panel b) and P =
20 MW ERP (panel d) at frequency fo = 5828 kHz were
radiated in the “7-min on, 8-min off"mode. The heating
cycle was initiated at T=23:00 LT. The other panels (a, c,
and e) demonstrate ionograms for heater-off periods.

displayed in the left column of this figure. It is seen here
that, independently of the pump power, PSD values of the
X-wave fluctuation spectra at frequencies ~ 0.5 — 3 Hz,
obtained when the pump wave is switched on (thick lines),
are about 20 — 30 dB greater than the corresponding PSD
values of the natural-fluctuation spectra calculated in the
pauses of the pumping (thin lines). This gives an evidence
for a significant growth in the ALSI intensity in the range
l; > 50—200 m of irregularity scales, which also takes place
in the HF-modified ionosphere if P < 20 MW ERP (the en-
ergy flux at an altitude of 250 km is < 0.05 mW/m?). This
conclusion is in a good agreement with earlier results [17].
The fact that such strong irregularities are not observed at
P =20 MW ERP in the satellite measurements can be ex-
plained if the satellite—receiver path lies off the central part
of the disturbed volume.

It follows from the data presented in Fig. 3 that the X-
mode attenuation develops in a time that is a factor of 2
to 3 longer than the intensity overshoot for the DM and BC
emission components. With allowance for the dependence
of irregularity-development time on /| (see Subsec. 3.4), we
can arrive at the conclusion that the overshoot in intensity
for these SEE components should determine the develop-
ment of decameter irregularities with [} ~ 20 — 40 m.

2.3. Chirp-sounding measurements

Using the wide-band chirp-sounding technique with
high-frequency resolution, one can study some ALSI fea-
tures, as well. The measurements presented here were per-
formed at the path Yoshkar-Ola(TX)—*“Sura”—Nizhny
Novgorod (RX) of length 234 km, the Sura facility being lo-
cated about 30 km to the south from its midpoint. The chirp-
sounder radiated in the 2 min operation mode in a frequency
range 2.7 — 11.7 MHz with a sweep rate of 149 kHz/s. For
such an operation mode, the ionograms were measured ev-
ery two minutes.

Figure 4a shows a sequence of ionograms for measure-
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ments performed on August 19, 1998 between T=22:56 and 23:30 LT. These ionograms correspond to the
same time interval as the satellite measurements shown in Fig. 2. Here the pump wave was radiated at
fo = 5828 kHz alternately with P = 150 MW and 20 MW ERP in the “7-min on, 8-min off"mode. We can
see that after the switching on of the pump wave with P = 150 MW ERP (T=23:00 — 23:07 LT) strong
F-spread is developed for ~ 2—4 min, covering in the frequency range from 3 to 7 MHz both O and X traces
for the 1F; propagation mode. The F'-spread decays about 3 min after the pump switch-off. These times are
typical for night conditions. During daytime, the HF-produced F'-spread decays in a time not longer than
1 — 2 min. Figure 4 shows also the appearance of the F'-spread during the heating with P = 20 MW ERP
(T=23:15—23:22 LT); however, its development time is ~ 5 min and the intensity is much less than in the
previous case for P = 150 MW ERP. It should be noted also that a weak residual F'-spread was observed
up to the end of the 8-min heating pause (see panel e) after the heating cycle T=22:15—-22:22 LT.

2.4. Times of ALSI development and relaxation

The experimental data discussed above allow
one to determine the dependence of the typical time 1007

71 of ALSI development on the irregularity scale Ty st {H

length [, over the wide scale-length range [} ~ i

3m—1.2km. Satellite observations (see Subsec. 3.1) i %{H

reveal that typical development and relaxation times 1%, a~05

for ALSIs with; ~ 50 — 100 m are 7y =~ 15—30's 10

and 7o ~ 15 — 20 s, respectively, while the latter r

values are equal to 73 ~ 40 — 90 s and 7 ~ 120 — I %

240 sif I} ~ 0.6 — 1.2 km. Taking into account

the anomalous-attenuation measurements for the L N
X-mode probing wave (see Subsec. 3.2), we can 1 10 100 1000 10000
conclude that ALSIs with [, ~ 100 — 200 m grow l,m
during the typical time 7y = 20 — 30 s and decay Fig. 5. Averaged dependence of the typical ALSI develop-
during the typical time 7, ~ 20 — 30 s. Finally, ment time 7, on irregularity scale length I perpen-
SEE measurements yield the typical time ~ 3—5s dicular to the geomagnetic-field direction. The data
of DM development, which, according to [34], cor- were obtained under night-time conditions in mea-
responds to the growth time for 3—5-m striations. surements of: (i) SEE (for I, ~ 3 — 6 m), (ii) X-

mode attenuation (for I} ~ 100 — 200 m), and (iii)
satellite-signal scintillations (for [, ~ 50 — 100 m
and ~ 0.6 — 1,2 km)

The combined dependence of 71 on [, is plotted in
Fig. 5. It can be fitted by a power law: 71 o 9,
where the index o ~ 0.5. According to the obtained
experimental data, the dependence of 75 on /; in a
scale range from about 50—100 m to about 1 km can also be fitted by a power-law: 75 1°, where £ >~0.9.
Note that the data considered here have been obtained under night-time conditions. The results concern-
ing the temporal evolution of ALSIs are in good agreement with earlier experiments [17,34,44]. Since the
development and relaxation times for F'-spread are ~ 1 — 3 min (see Subsec. 3.3), we can conclude that
ALSIs with scale lengths of [} > 1 km have to play an important role for its formation.

2.5. Underdense and overdense heating

In this subsection, we study the ALSI features in the case where the irregularities are generated by a
HF powerful wave under the conditions of underdense (fo > for,) or overdense heating ( fo < for,). Dur-
ing these measurements, the relationship between fy and fyr, was changed to the opposite (at a constant
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Fig. 6. The oscillograms of an X-mode probing wave at f, = 5210 kHz and SEE at four frequencies f; =
4793 kHz (Af = +8 kHz, NCT frequency range), fo = 4776 kHz (Af = —9 kHz, DM frequency
range), f3 = 4762 kHz (Af = —23 kHz, BC irequency range), and f, = 4741 kHz (Af = —44 kHz,
BC frequency range) demonstrating the occurrence of SEE at ¢ = 160 s (7' =07:12:40 LT). In this
case, the plasma frequency at the height of the upper-hybrid resonance becomes lower than fyr, due to
the natural increase in the I critical frequency during sunrise. The pump wave of power P = 120 MW
ERP was radiated at frequency fo = 4785 kHz in “5-min on, 5-min off"mode starting at T=07:10 LT
on August 20, 1998

pump-wave frequency) in a few minutes during sunrise in the morning (sunset in the evening) due to the
natural increase (decrease) in the F5 critical frequency. The time of this variation was determined using SEE
with allowance for the following. (1) The DM develops even if fy is 100—200 kHz higher than fop, [45],i.e.,
it fun < fom,. This indicates that the DM is generated in the vicinity of the height of the upper-hybrid
resonance where the plasma frequency is fun = v/f¢ — f2. (2) The narrow continuum (NC) is generated
in the vicinity of the pump-wave reflection level only if fo < for, [39].
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Fig. 8. The oscillograms of the X-mode probing-wave signals at frequency f, = 5710 kHz for the fully under-
dense heating (fun > for,) recorded by the peak detector using both “moving” time window (panels
(a) and (c)) and the time window “fixed” for the first reflection of the probing wave (panels b and d).
The first, second, third, etc. pulses in panels (a) and (c) are, respectively, signals for the ground wave,
the first, second, etc. reflections of the pulse probing wave from the ionosphere. In this cycle the pump
wave is radiated at frequency fo = 5828 kHz with pump power P = 150 MW ERP in the “5min on,
5-min off"mode starting at T=00:40 LT. August 20, 1998

Our measurements show that a significant enhancement of the ALSI generation is observed with the
appearance of the DM and BC (broad continuum) in SEE spectra even if fo > for, and for, > fun-
This can be clearly seen in Fig. 6. In this case, where the pump wave at fo = 4785 kHz is switched on at
T=07:10:00 LT (which corresponds to ¢ = 0 in this figure), the generation of the DM ( fo = 4776 kHz) and
BC (f34 = 4762 and 4741 kHz) is distinguished against the transmitter noise level only starting with T=
07:12:40 LT. Within ~ 15 s after that, amplitude fluctuations of the X-mode probing wave ( f, = 5210 kHz)
appear, which result from the ALSI generation. The intensity and frequency of these fluctuations increase
with the SEE intensity or with enhancement of the development of thermal parametric instability. The fact
that these effects are related to ALSIs is justified by the value of the relaxation time of these fluctuations,
which is about 3 min. The SEE measurements represented in Fig. 6 show also that early growth in both
the DM and especially BC has a triggering character.

The measurements discussed above were accompanied by sounding of the disturbed volume by the HF
monostatic backscatter radar located in Zimenki, the receiving part of which was used for studying the
spectral characteristics of pump-wave signals reflected from the ionosphere or scattered in the disturbed
volume from the HF-induced turbulence. In the experiments reported here, the Sura facility was operated
at fo = 4785 kHz in a “5-min on, 5-min off"mode till T=07:30 LT and “7-min on, 8-min off"mode after
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Fig. 9. The steady-state SEE spectrum (panel a), power spectra of the fluctuations of X-mode probing wave
observed when the pump is switched on (bold line) and off (thin line) (panel b), and chirp-sounding
ionograms recorded when the pump wave is switched on (panel ¢) and off (panel d). The measurements
were performed on August 18, 1998 between 07:00 and 07:15 LT at pump power P = 150 MW ERP
and pump frequency fo = 5455 kHz, which is slightly above the fourth electron-cyclotron harmonic
frequency. The pump wave is radiated in the “7-min on, 8-min off"mode starting at 07:00 LT

that. The pump power was equal to P = 120 MW ERP during all the cycles excluding the cycle from 07:45
to 07:52 LT for which it was equal of 15 MW ERP. The results of spectral analysis of the received signals
in the vicinity of the pump frequency, performed for the time interval between T=07:20 and 08:15 LT, are
displayed in Fig. 7.

For the heating cycle performed from 07:10 to 07:15 LT, when the condition fu, > for, changes to
the opposite, fun < for,, at T=07:12:40 and the generation of both the SEE and ALSI starts to be ob-
served (see Fig. 6), no artificially-produced signals at the pump frequency were observed by the HF radar.
According to the SEE measurements, the values of fy and fyr, were close to each other during a heating
cycle lasting from 07:20 to 07:25 LT. In this case, wide Doppler spectra of signals in the frequency range
from ~ —3 Hz to ~ +2 Hz near the carrier occurs during the pumping. These spectra exhibit two main
peaks at frequency shifts (0.2 — 0.4) Hz. During the heating cycles 07:30 — 07:37 and 08:00 — 08:07 LT
when fo > for,, rather wide Doppler spectra are detected again. However, no pronounced double-peak
structure was clearly seen during the cycle 07:30—07:37 LT, contrary to others cycles. The Doppler spectra
have quite a different form for the heating cycle 07:45—07:52 LT for which the pump power is only equal to
15 MW ERP. In this case, narrow Doppler spectra with a single maximum are observed, which is related to
the first reflection of the pump wave from the ionosphere. The data presented demonstrate that if the pump
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Fig. 10. The steady-state SEE spectrum (panel a), power spectra of X-mode probing wave fluctuations ob-
served when the pump wave is switched on (bold line) and off (thin line) (panel b), and chirp-sounding
ionograms recorded when the pump wave is switched on (panel ¢) and off (panel d). The measurements
were performed on August 18, 1998 between 07:30 and 07:45 LT at pump power P = 150 MW ERP
at pump frequency fo = 5435 kHz, which is very close to the frequency of the fourth electron-cyclotron
harmonic. The pump wave is radiated in the “7-min on, 8-min off"mode starting at 07:30 LT

power exceeds 20 MW ERP, strong large-scale turbulence is developed under the overdense heating con-
dition, which leads to a significant modification of HFF-wave propagation in the disturbed volume. It is clear
that the HF radar can be used for studying the fine structure of the disturbed volume. However, a detailed
analysis of results obtained here is beyond the scope of this paper.

We performed also the analysis of the ALSI generation in the case where the ionospheric conditions
are changed from the overdense to underdense heating at night and found the following. (1) As in the
previous case, the generation of strong ALSIs is observed up to fom, =~ fun. (2) The spread on ionograms
is distinctly weaker if fo > fom, > fun, compared to the case where fo < fom,. Moreover, in comparison
with the daytime conditions, a weak but quite pronounced modification of the upper ionosphere was also
observed at night when fop, < fun. We call such a condition fully underdense heating. It is illustrated in
Fig. 8 in which probing-wave pulse signals were recorded in two different ways: (1) using a peak detector
with a “fixed” time window (panels b and d), we registered amplitude variations of the probing-wave signal
only upon its first reflection and (2) using a peak detector with a “moving” time window, which means that
the clock time for the peak detector is slightly different from the clock time for a probing wave transmitter
(panels a and ¢), we registered the full probing wave signal structure. In the latter case, the first, second,
third, etc. pulses, respectively, correspond to the ground wave, the first, second, etc. reflections from the
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Fig. 11. The steady-state SEE spectrum (panel a), power spectra for X-mode probing wave fluctuations ob-
served when the pump wave is switched on (bold line) and off (thin line) (panel b), and chirp-sounding
ionograms recorded when the pump wave is switched on (panel ¢) and off (panel d). The measurements
have been performed on August 18, 1998 between 08:00 and 08:15 LT at pump power P = 150 MW
ERP at pump frequency fy = 5400 kHz, which is slightly below the forth harmonic of the electron-
cyclotron frequency. The pump wave is radiated in the “7-min on, 8-min off"'mode starting at 08:00 LT

ionosphere. During the heater-on period, the shape of the probing-wave pulse reflected from the ionosphere
(panel a) shows the appearance of multi-ray propagation. On the contrary, almost one-ray propagation is
observed in the heater-off case (panel ¢). Such a multi-ray propagation tends to increase faster amplitude
variations of the probing wave reflected from the ionosphere, which is reliably detected on the oscillogram
(see panels b and d).

[t should be noted that the results obtained for the fully underdense heating are somewhat different from
those presented in [46]. In particular, we observed ionospheric-plasma modification at night even under
quiet ionospheric conditions.

2.6. Gyroresonance heating

Study of the AIT features in the case where the pump frequency fy is close to the fourth harmonic of
the electron-cyclotron frequency 4 f.. was performed on August 18, 1998 between 07:00 and 10:00 LT. In
these measurements, the pump wave was radiated in the “7-min on, 8-min off"mode beginning in 0 min
0 s of an hour, and the pump frequency was changed from cycle to cycle by 10—20 kHz steps near 4 fce.
The effect of quenching of the DM in SEE spectra in a frequency band of ~ 5 kHz [40,47] was used to
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determine the gyroresonance condition. In Figs. 9—11, three groups of experimental data are represented:
(1) fo = 5455 kHz exceeds 4 f.. (Fig. 9), (2) fo = 5435 kHz is very close to 4 f.. (Fig. 10), and (3) fo =
5400 kHz is lower than 4 fce (Fig. 11). Each of the data sets includes SEE spectra (panel a), power spectra
of amplitude fluctuations of the X-mode probing wave (panel b) obtained when the pump wave is switched
on (bold line) and off (thin line), and chirp-sounding ionograms obtained during the pump-on (panel c) and
pump-off periods (panel d).
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Fig. 12. An example of the QPAO on the X-mode probing wave (f, = 5435 kHz) in the case where the pump-
wave frequency is equal to fo = 4785 kHz (P = 120 MW ERP). The pump wave is radiated in the
“7-min on, 8-min off"mode starting at 23:45 LT on August 21, 1998. The behavior of the SEE at fre-
quencies f; = 4792 kHz (Af = 47 kHz, upshifted maximum (UM) frequency range), fo = 4777 kHz
(Af = —8 kHz, DM frequency range), and f3 = 4763 kHz (Af = —22 kHz, BC frequency range) is
shown in the three lower panels

The SEE spectrum for fo = 5455 kHz (Fig. 9, panel a) shows a well-developed BUM (broad upshiited
maximum) with the BUM peak frequency at frequency shift Af ~ +45 kHz relative to the pump-wave
frequency and a rather strong DM at Af ~ —10 kHz with Ipyy ~ —70 dBm (dBm is intensity in dB
reckoned from the level of 1 mW). According to [48], we can conclude that the pump-wave frequency is
approximately 40—50 kHz higher than the fourth gyroharmonic frequency. The chirp-sounding ionogram
(panel ¢) shows the development of a rather strong F'-spread. Its growth and decay times for this heating
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cycle are about 2 and 1 min, respectively. If the pump wave is switched, one can see the strong (10 —
25 dB) enhancement at frequencies ~ 0.4 — 4 Hz in the power spectrum of the amplitude fluctuations of
X-mode probing wave at f, = 6068 kHz (panel b), which corresponds to ALSIs with [ ~ 50 — 200 m (see
Subsec. 3.2).

Figure 10 demonstrates the AIT features for fo = 5435 kHz, which is very close to 4 f.. In this case,
there is an evidence for a strong suppression of the DM generation (Ipy ~ —89 dBm) and the existence
of the BUM with its peak frequency at the frequency shift Af ~ 417 kHz [48]. In this case, the ionogram
(panel ¢) shows the development of a considerably weaker F'-spread compared to the previous case, as well
as moderate (about 10 dB less) enhancement of power spectra of amplitude fluctuations of the X-mode
probing wave. [t is necessary to note that the HF-induced anomalous attenuation of the X-mode probing
wave sounding the disturbed volume is not observed here, whereas it is well developed in two other cases
where fo > 4fce or fo < 4fce.

Figure 11 demonstrates the AIT features for fo = 5400 kHz, which is 20 — 25 kHz lower than 4 f..
In this case, there is evidence for the presence of a double DM (DM; and DMy) with Ipy, ~ —66 dBm
and absence of a BC (broad continuum) in the SEE spectrum [36]. Here the ionogram (panel ¢) shows
again the appearance of the strong F'-spread, which is developed 2—4 min after the start of pumping and
decays in ~ 2 min after switching off the pump. The power spectra of the X-mode probing wave show
some enhancement of the amplitude fluctuations compared to the case where fy ~ 4f..; however, this
enhancement is not as strong as for fy = 5455 kHz.

The presented data show that if the pump frequency coincides with the gyroharmonic frequency ( fo ~
4 f.e in our case), in addition to the suppression of the small-scale striations, a significant attenuation of
the ALSI generation is observed, being manifested in: (1) diminution of the F'-spread intensity, (2) disap-
pearance of the anomalous attenuation of X-mode probing waves, and (3) weakening of the HF-induced
fluctuations of the X-mode wave amplitude in the frequency range Fy ~ 0.4 — 4 Hz. This indicates the
influence of the striations on the generation of strong ALSI in the I} ~ 50 — 200 m scale range. Based on
the data obtained, it should be specially noticed that the kilometer-scale irregularities, which are responsi-
ble for the appearance of the F'-spread (see Subsec. 2.4), exhibit a suppression of their intensity, which is
weaker than that for irregularities of scales I; ~ 50 — 200 m. The disappearance of faster fluctuations of the
probing wave amplitude is circumstantial evidence in support of this. It can be considered as further proof
of the fact that the strong ALSI with [} ~ 100 m and kilometer-scale irregularities are produced due to
different generation mechanisms.

In addition, some experimental data have shown that there is an asymmetry in the dependence of ALSI
features on the pump frequency relatively to the gyroharmonic frequency as it was earlier found in [49,50].
However, new detailed experiments are needed to make more definite conclusions.

2.7. lonosphere modification using the square modulation of pump-wave intensity

Earlier experiments have shown that the use of a square intensity modulation of the pump wave results
in suppression of the generation of decameter striations at the modifier modulation frequency Fioq >~ 0.1 —
0.5 Hz [12,51]. To study the influence of modulated heating on the ALSI features, we used transmissions
with different pulse repetition periods from 7" = 20 s to 100 ms for two values of Q = T'/7,: Q = 2 (e.g.,
10-s on, 10-s off) and @ = 4 (e.g., 5-s on, 15-s off). Here 7, is the pump-pulse duration.

The experiments performed have shown that, as the modulation frequency increases, the retardation of
the ALSI development and a decrease of their intensity at @@ = 2, and, conversely, an increase of efficiency of
the ALSI generation at @@ = 4, are observed. Taking into account these results and the fact that the typical
growth time for ALSIs is about a few tens of seconds (see Subsec. 3.5), we conclude that an interpulse
period longer than a few of seconds is enough for noticeable accumulation of the perturbations responsible
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for the ALSI generation. It has also been found that stronger suppression of 100—200-m scale irregularities
compared to that of kilometer-scale ones is observed by square intensity modulation of the pump wave. The
performed measurements have shown some opportunities to control ALSI spectral characteristics by virtue
of complex timing of pump-wave operation.

[t should be emphasized that the observations presented here represent only an initial effort aimed at
deeper understanding of the ALSI generation. It is clear now that more experimental work is needed to
complete these studies.
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Fig. 13. An example of the QPAO on the X-mode probing wave (f, = 5435 kHz) for pump-wave frequency
equal to fo = 4785 kHz (P = 120 MW ERP). The pump wave is switched on for 10 s at 20:08:48 LT on
August 20, 1998 after a long pause in pumping. The behavior of the SEE at frequencies f1 = 4776 kHz
(Af = =7 kHz, DM frequency range), fo = 4763 kHz, and 4741 kHz (Af = —22 kHz and 44 kHz,
respectively, BC frequency range) is shown in the three lower panels

2.8. Features of artificial low-frequency quasi-periodic amplitude oscillations

of X-mode probing waves reflected from the ionosphere

In addition to the anomalous attenuation of the X-mode probing waves and HF-induced random varia-
tions of its amplitude related to the ALSI generation, the features of which have been considered above, the

514 V. L. Frolov, V. V. Chugurin, G. P. Komrakov, et.al.



Tom XLIIT Ne 6 Hssecmus syzos. PAITHODHI3HKA 2000

X-wave reflected from the disturbed ionosphere shows the generation of low-frequency quasi-periodic am-
plitude oscillations (QPAO ) with beat frequency of F}, ~ 0.5—3 Hz. An example of the QPAO is represented
in Fig. 12 for two time intervals including the start (¢t = 0 s) and end (¢ = 420 s) of pumping at frequency
fo = 4785 kHz with P = 120 MW ERP. Sounding of the disturbed volume by the X-mode probing wave
is carried out in this heating cycle at f, = 5435 kHz (the second oscillogram from the top). Moreover, the
SEE behavior at frequencies f; = 4792 kHz (A f = +7 kHz, upshifted maximum (UM) frequency range),
foa=4777kHz (Af = —8 kHz, DM irequency range), and f3 = 4763 kHz (A f = —22 kHz, BC irequency
range) is also shown in this figure (the three lower oscillograms). For the data presented in Fig. 12, it has
been found that QPAO begin to be detected within ~ 250 ms after switching on the pump, and their fre-
quency reaches its maximum Fy, ~ 2 Hz after ~ 5 — 7 s of pumping at the stage of DM intensity growth,
whereas Fy, ~ 0.4 Hz at the end of the 7-min heating cycle. It is noteworthy that the QPAO are almost
absent (not more than one oscillation is observed) after the pump-off period. The QPAO generation at a
rather short pumping time for the unsaturated AIT, when the ALSI is not yet produced, is shown in Fig. 13
in which it is clearly seen that the QPAO relaxation may last for half a second.

Summing up our basic experimental findings, we may shortly formulate the following QPAO empirical
model:

1) QPAOs begin to be detected within ~ 0.07 — 1 s after switching on the pump depending on time
of day, pump power, sounding frequency f5, and the relation between fy and fop,. It has been found that
their generation is observed even if fo > for, and fun < for,, so that the upper-hybrid resonance is
excited in the ionospheric plasma. In this case, however, the QPAO may appear with a delay time of a
few seconds. Generation of the QPAO was not observed if fu, > for,. Under optimal conditions, when
fz =~ fo+ 0.7 MHz and the reflection levels for the O-mode pump wave and X-mode probing wave are
closely located, the QPAO is accompanied by a growth in the DM and suppression of the ponderomotive
part of the NC emission component. It is important that the QPAO generation is also observed if the X-
mode probing wave is reflected far below the upper-hybrid resonance level for the pump wave.

2) QPAOs are most pronounced if pumping lasts for a few to tens of seconds. As a rule, their ampli-
tude decreases with the development of the X-mode anomalous attenuation and appearance of the strong
X-wave amplitude fluctuations due to the ALSI generation. We have to note that the HF-induced fluc-
tuations may significantly mask the residual level of the QPAO under steady-state conditions for the AIT
development, which can be exhibited against the background of the fluctuations as a temporal occurrence
of quasi-periodic oscillations at frequencies Fj, < 1 Hz.

3) For high-power heating under night conditions and for f, ~ fo 4+ 0.7 MHz, the beat frequency
reaches the maximum F}, ~ 3 Hz practically after switching on the pump; it drops by a factor of two or
more simultaneously with the development of the X-mode anomalous attenuation. During daytime or at low
pump power (P < 20 MW ERP), the amplitude and frequency of the beats may increase after switching
on the pump for a few to tens of seconds up to the maximum values, and then they decrease again. The
frequency Fy, decreases significantly (for instance, from 2—3 to 0.5 — 0.3 Hz) if the ionospheric conditions
are changed from the overdense to underdense heating but fu, < for,.

4) After the end of a long-time heating under the optimum condition when f, ~ fo + 0.7 MHz, the
QPAQO, if they can be distinguished against the background of the artificial fluctuations of the probing wave
amplitude, are observed, as a rule, for no longer than 1—2 s (see Fig. 12). As a rule, the process of their
relaxation is seen more clearly for a short-time pumping when the ALSI are not yet developed (see Fig. 13).
In this case, however, their relaxation time is of about 350 — 500 ms only.

Note that similar QPAOs have previously been observed in [44,52—55]. Nevertheless, a plausible expla-
nation of this phenomenon is still absent. In explaining the QPAO features, we have to take into account
their basic characteristics which are as follows:

a) A mechanism that is suggested for their generation must be related to the HF-induced upper-hybrid
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turbulence since there is a direct correlation between QPAO and SEE features, including their generation
for the underdense heating. It excludes the influence of the standing-wave pump structure (the Airy function
structure) on the formation of QPAO, as it was assumed in [53].

b) We must also exclude, for the QPAO generation, the commonly considered resonance interactions
of electromagnetic waves with plasma since the oscillations are produced for probing waves of both O- and
X-polarization.

¢) Since the probing wave frequency range, in which the generation of the QPAO is observed, is about
1 MHz, they are also produced outside the plasma-resonance region located in a layer between the heights
of pump-wave reflection and upper-hybrid resonance. This excludes also the possible influence of plasma-
profile modification due to ponderomotive and thermal plasma expulsion from regions with a strong upper-
hybrid plasma-wave turbulence.

d) The very short relaxation time excludes the direct influence of HF-induced large-scale variations of
both the plasma-density profile and electron temperature on the QPAO generation mechanism. Moreover,
it has been pointed out that the generation of the ALSI leads to their suppression.

e) Since the pulse-mode radiation for the probing wave was used in our measurements and its am-
plitude for the first reflection was only recorded using the time-window system, the beats are not due to
superposition of the sky and ground waves or multiple reflections, as is often assumed for CW waves.

This brief consideration makes it clear that more theoretical and experimental work is needed in order to
gain an insight into the mechanism of QPAO generation. Undoubtedly, such a work is of crucial importance
for understanding the AIT features as a whole.

4. SUMMARY AND CONCLUSIONS

We have presented experimental data regarding the ALSI features obtained by means of different diag-
nostic tools, such as scintillation, chirp-sounding, backscatter, and SEE measurements. The basic results
may be summarized as follows:

1. It has been found that strong ALSI can be excited even for the underdense heating if the plasma fre-
quency at the upper-hybrid resonance height, fu1, is lower than the Fy-layer critical frequency (in
other words, the upper-hybrid waves can be excited in the ionosphere by O-mode pumping). This
indicates that small-scale irregularities (striations) are of great importance for the generation of such
large-scale irregularities. For fully underdense heating (when fun, > for,) under quiet ionospher-
ic conditions, no modification in the day ionosphere was observed, whereas pronounced ALSIs are
generated at night. In contrast to the previous case, we shall classify them as weak ALSIs. It is clear
that the striations are inherent to the mechanism of their generation.

2. Several mechanisms of strong ALSI generation have been resolved based on the experimental data.
According to studies performed earlier [11,15,16], ALSIs with [} ~ 300 — 600 m are produced in the
vicinity of the pump-wave reflection level due to the development of thermal self-focusing instabili-
ty. It is most likely that larger irregularities with [, > 1 km result from the amplification of natural
irregularities due to ionospheric plasma heating, as was assumed in [16]. Another mechanism is re-
sponsible for the excitation of the irregularities in a rather narrow scale range [, ~ 50 — 200 m. It has
a higher threshold than in previous cases. Most probably, these irregularities are HF-produced due
to large-scale nonlinear structuring in the ionospheric F'-region [56] for which the striations play a
crucial role. That is why these irregularities are not effectively generated when the pump frequency is
close to the gyroharmonic frequency and the striations are strongly suppressed. Due to their features,
these irregularities may be classified as artificial intermediate-scale irregularities.
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3. The first studies of ALSI features were performed in the case where the square intensity modulation
of the pump is used. We found that pulse heating leads to stronger suppression of 100—200-m scale
irregularities than of kilometer-scale ones. There exists additional evidence for two mechanisms of
ALSI generation. The performed measurements have shown some new opportunities to control the
ALSI spectral characteristics using complex timing for pump-wave operation. However, new mea-
surements are needed before we can establish the key parameters determining such a control.

4. It is shown that the combined use of satellite, SEE, and X-mode anomalous-attenuation measure-
ments allows one to study AIT temporal evolution in a wide scale length range from a few meters to a
few kilometers.

5. New, more detailed analysis of the artificial low-frequency quasi-periodic amplitude oscillations
(QPAOs) of X-mode probing waves reflected from the ionosphere have been performed. In spite of the
large body of data available, up to now no adequate theoretical interpretation of this phenomenon has
been presented. We note here the following key problems. On the one hand, a mechanism of QPAO
generation has to include the HF-induced upper hybrid turbulence whereas, on the other hand, we
have to exclude the resonance interactions of the electromagnetic wave with the plasma at the stage
of their generation since the oscillations are produced for waves of both O- and X-polarization not
only in the vicinity of the resonance layer but also rather far from it. It is not yet understood why
process leading to QPAO generation in a wide altitude range both below and above the pump-wave
reflection level has so short a decay time. Clarification of the nature of this process is very important for
understanding AIT features as a whole, since such usually observed strong variations of plasma char-
acteristics in a wide height range must exert a strong influence on other wave—plasma interactions.
We also remind the reader that the nature of rapid quasi-periodical oscillations, observed in the pump-
wave signal reflected from the ionosphere for pumping durations 0.02 to 0.5—3 s [34,44,53,54] at the
stage before the development of thermal parametric (resonance) instability, remains to be solved.

Our observations represent new efforts aimed at examining the coupling between a HF pump wave and
a plasma with respect to the ALSI generation. Summing up the results of the performed measurements,
it is clear that, in addition to the thermal self-focusing instability studied in great detail before, other non-
linear processes and phenomena related to ALSI generation have to be involved to explain the available
experimental data. To elaborate and improve the empirical ALSI model, we plan to perform a comparative
study of their features in the case where both O- and X-mode pump waves are used for modification of
the ionospheric F-region. Measurements using X-mode pumping give us new opportunities to study the
peculiarities of ALSI generation, when resonance wave—plasma interactions in the vicinity of the pump-
wave reflection level are forbidden, and to separate more comprehensively different mechanisms in the case
of O-mode pumping. It is also necessary to carry out new measurements focused on the analysis of the
dependence of ALSI features on the pump power, as well as to determine in more detail the ALSI charac-
teristics in the case where the pulse mode for pump-wave radiation is used. New, interesting results are yet
to be obtained in these fields of study.
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YK 621.371:526.2+551.526+528.811+551.501

MCCJIEJJOBAHUE BJIUSIHUS ATMOCPEPHOM TYPBYJIEHTHOCTH
HA ®OPMUPOBAHUE TEPMUYECKOM MJIEHKA B MOBEPXHOCTHOM
CJIOE BOAbl H AMHAMHUKY TEINNJIOOBMEHA BOJA—BO34YX
MO UBMEPEHUSAM TENNJIOBOI'O PAAUOU3JTYUYEHUSA

K. Il. [aiikosuu

Ha ocHoBe paanomeTpuuecKuX H3MepeHHH TelI0BOro PasHou3JyueH s BOJHOM cpellbl Ha AJIMHAX BOJH 2,3 U 5 MM
BBINOJIHEHb] MCCIEI0BAHKs IMHAMHKH TEII0- U MacConepenoca uepes rpalully pasjesia BOLa—BO3/yX, CBA3aHHOH ¢
TypOYJIEHTHOCTBIO BO31yXa. BoccTanosiena iuHaMuika reMnepaTypHoro npoulis B BOJIe, a TakKe TeMJIoBOro MOTOKa
uepe3 rpaHully pasfesa cpe. Onpeje/ieHbl COCTaBJIsIIOLIME [I0TOKA Tellla, CBsI3aHHble C UCapeHHeM H TerJIonpo-
BOJIHOCTbIO, H CKOPOCTb MCMApEeHUs C eIMHMLbI MoBepxHocTH. MccenoBatbl BapHaliy TOMIMHDBI BA3KOTO MOJACJI05
B BO3JlyXe, CBA3aHHble C TypOYJEHTHOCTbIO. BbluMc/IeHbl CTaTHCTHUECKHE XapaKTePUCTHKH BapHaLlMil TeMepaTypb
BOJIHOH [0BEPXHOCTH. YCTAHOBJIEHO, UTO B YCJIOBUSIX M3MEPEHUIl 3TH BapHALMH CYLLLEECTBEHHO [IPEBOCXOIUMIH TypOy-
JieHTHbIE (DJTYKTyalHH TeMIepaTypbl BO3Lyxa

BBEJEHHWE

B psine pa6or [1—6] pasButa Teopusi pajMoOTENJIOBOrO 30HAMPOBAHUS CPeJl, OCHOBAHHASI HA COBMECTHOM
pelleHrd ypaBHeHUH TeMIoNpPOBOIHOCTH U MEPeHOCca TEeMJOBOTo pajrnousiydenusi. [TosyueHHble cOOTHOLIE-
HHUS1 TO3BOJISIIOT 110 OJIHOBOJIHOBBIM H3MEPEHHUSIM AMHAMUKH SIPKOCTHOM TeMIepaTypbl TENJI0BOrO PaHOU3Ty-
UeHHst TIOJIYNPOCTPAHCTBA B (PUKCHPOBAHHOM HarpaBJIeHHH OMPENEsiTh BOJIOLUIO TPOPUIIS TeMIEPATypPhl
B CpeJie M TEMJIOBOro MOTOKA Uepes rpaHuLLy MoJynpocTpaHCeTBa. DTH COOTHOLLEHHUS OblJIM YCIELIHO TpUMe-
HeHbl B HCCJIeI0BAHUSX TEMJIOBOTO PeXKMMa IPyHTa MO U3JyYeHHIO B CAHTHMETPOBOM JIMANa3oHe JUTMH BOJH U
MOTPaHUUHOTO CJI0s1 aTMOC(EPBI [0 IMHAMHUKE H3JIyUeHHsl B LLIeHTPe JIMHUU MOTJIOLLIEeHUST KHCJI0PO/1a, Ha JJIHHE
BOJIHBI & MM [, 6].

WccnenoBannsi BO3MOXKHOCTEH paliOMETPUH BOJHOH Cpe/ibl MPOBOANIUCH BHAUaJe MHOTOBOJHOBBIMH
METO/IaMH B JJaBopaTOPHbIX YCJIOBUAX. B uacTHOCTH, ObLT BOCCTAHOBJIEH CTALMOHAPHDIH [JIYOUHHbBIN TeMIe-
paTtypHbIil TpoUIb BOJIHOH cpelpl [3, 7], a TakKe onpeiesieHa AMHAMUKA MPOQUJIST TPU TIPOXOKIEHHH BHY-
TpeHHUX BOJH [8]. B 3THX paboTtax npodusib TeMnepatypbl BOCCTAHABIMBAJICS U3 pellieHHs] HEKOPPEKTHOTO
MHTEerpasbHOTO YpaBHeHusi Ppejarosbma 1-ro popa mjisi SPKOCTHOH TeMmrepaTypbl MeTOl0M THXOHOBA.
B npuHumne, aHaJorHUHbIA MOJAX0A MO ObITh MPUMEHEH M /ISl UCCJEI0BaHUs IMHAMUKH TeMIepaTypHOro
pexKrMa, BO3HHUKAIONIeH MPH HeCTAllMOHAPHBIX TPAHUYHBIX YCJOBHUSIX, OJIHAKO YIMOMSIHYTbHIH BbIllIe OJJHOBOJI-
HOBbII METO/1 C TOUKH 3pEHHS] PellieHHsT 3a/1auM sIBJISIETCS KOPPEKTHBIM, @ ¢ TOUKH 3peHHsT KalUOPOBKH M KOM-
MaKTHOCTH aHTEHHbI M PAJIMOMETPUUECKON CUCTEMbI HE TOJIbKO KapAHHAIbHO G0oJiee TPOCTHIM, HO U UMEIOIIUM
XOpOLUINe NMepCreKTUBbl MPUMEHEeHHs! B HaTYpHbIX ycJs10BHsIX. [Tosatomy B[9, 10] Ha ocHOBe panroMeTpHuecKHUX
M3MepeHHil BpeMeHHOH 3aBUCHMOCTH TEINJIOBOr0 pajou3yueHust BOJAHOH Cpelbl Ha JVIMHE BOJHbBI 5 MM Bbl-
MOJIHEHbI JJaG0paTOpPHbIe UCCIEIOBAHUS BOBMOXKHOCTEH PaJIMOMETPUUECKOTO KOHTPOJIS IMHAMUKH TEMNJI0- U
MaccorepeHoca yepes rpaHully pasjesna Boja—Bo3ayX. [1pu 3Tom Oblii MosyueHbl cielylolide pedyabTaThl.
BoccranoBiiena nHaMHKa TeMriepaTypHOTro NpoduJist B BOJIE M B BO3JlyXe, a TaKXKe JAHHAMUKA TEMJIOBOTO MO-
TOKa yepes rpaHully pasjesa cpell, CBsidaHHasi C HCKYCCTBEHHOMN TypOyJ/in3alinell BO3/lyXa Hajl TOBEPXHOCTbIO
BOJIbl. Pasjie/ieHbl cocTapisiiolMe OTOKA TeMJIa, CBS3aHHbIE C UCITapeHHeM M TerI00OMeHOM, H onpe/iesieHa
CKOPOCTb HUCMapeHHs ¢ eIMHHLbI ToBepXHOCTH. [losyueHo ypaBHeHMe /151 onpeseseH sl TOJLUIMHbI BSI3KO-
ro MOJICJI0S B BO3/IyXe MO BeJHUMHE TEMJIOBOTrO MOTOKA U BOCCTAHOBJIEHA TMHAMHUKA TOJIIIMHBI STOTO CJI0S B
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YCJIOBUSIX 9KCIIepUMeHTa. TOUHOCTh BOCCTAHOBJIEHHST TIPOHIIS TeMITEpaTypbl, ONpe/ieIéHHAs TyTEM CpaBHe-
HHUsI C pesyJsibTaTaMu NpsiMbix U3mepenuii, coctaBuia 0,07 K. MccesenoBaHo BiusiHie KOHBEKLMH (pa3BUTHE
TEPMHKOB B 0XJIaXK1a€MOM TIOBEPXHOCTHOM CJI0€ ) U TypOYJIEHTHOCTH BOJHOH CpPeJibl Ha IMHAMHUKY TEINJ0BOTO
M3JIyueHH sl U Ha TOYHOCTb MHTEPIIpPeTalii STOH AMHAMHKH.

AKTyallbHOCTb HCCJIEJIOBAHUI TEMJIOBOTO PeXKUMa MOBEPXHOCTHOTO CJIOSI BOJIbI C TOJIIMHON HECKOJIBKO
CAHTHMETPOB CBsI3aHa C TeM 06CTOSITEIbCTBOM, UTO TEMIIEPATYPHBIH IPaHEHT B STOM CJIO€ ONpe/esieT TeM-
JIOOOMEH MeXKJy OKeaHOM M aTMocdepol, a MpuMeHeHHe KOHTAKTHBIX METOJIOB, 0COOEHHO JJIs U3MepeHUH
JIMHAMHKH OBbICTPOINPOTEKAIOIIMX MTPOLIECCOB, 3aTPYAHEHO U NPUBOJUT K BO3MYLIEHHIO TApaMeTPOB H3Mepsie-
Mo#t cpefib [11].

Paspa6orannbiii B [9, 10] moaxon 6bla1 peasu30BaH U B 9KCIEPUMEHTaX Ha OTKPHITOM BO3JIyXe, IJle IMHA-
MHKa TerooOMeHa u GOpMHUPOBAHHE TEPMUUECKON MJIEHKH B BOJIE ONPEJIeNISINCh €CTeCTBEHHON TypOyIeHT-
HOCTBIO aTMocdepHoro Bo3yxa [ 12]. PeaysbraThl, noJiydeHHble HA OCHOBE aHAJIM3a IAHHBIX ITHX H3MEPEeHHH
Ha JYIMHAX BOJIH 2,3 U 5 MM, U COCTaBJISIIOT COJlepXKaHKe JaHHOH paGoThl.

OTMeTHM TaKxKe HCCJIeNIOBAHUS BJIMSIHUSI TEPMUUECKON TIEHKH HA paJdOMeTpUUeCcKHe M3MEPeHHsl Ha
JUTMHE BOJIHBI O MM B jlaGopatopHbix [ 13] u Mmopekux [14] yesoBusix. B pa6ore [13], kak u B Hammx pabo-
tax [9, 10], Habmonanack AMHAMKUKA IPKOCTHOH TeMIepaTypbl BOJbl, HO B HeGOJBIIION KIOBETE U MPH 0XJa-
KJIEHUH B KOHTaKTe ¢ OKPYXKAIOILMM BO3/yXOM, TeMIepaTtypa KOToporo Obla CylleCTBeHHO GoJiee HU3KOH,
ueM y Bojbl (Ha 510 K).

1. PAIUOMETPUYECKHUE U3MEPEHUS

W3amepenus usayuennsi BoaHOMN cpebl [12] npoBoauamch Ha yeTaHOBKeE, COCTOSIILEH U3 KIOBETHI ¢ BOJIOK
paamepom 2x1,5x0,2 M, paAMOMETPOB Ha JVIMHAX BOJIH 2,3 U 5 MM H KOHTAKTHBIX IaTUMKOB TeMIE€PaTypbl BOJIbI.
HomuHasibHast uyBeTBUTEIbHOCTD paanomMerpos coctasJsia 0,01 K npu nocrosiHHoil Bpemenu | ¢, HO ¢ yué-
TOM TeMrepaTypHbIX (DJIyKTyaluil poHa peasibHOE 3HAUEHHE YyBCTBUTENLHOCTH cocTasisio 0,03 <+ 0,05 K.
[lluprHa auarpaMMbl HalpaBJEHHOCTH PYNOPHO-CKaJSAPHBIX aHTEHH, PacroJ/loXKeHHbIX Ha BblcoTe | M Hax
MOBEPXHOCTbBIO BOJIbl, COCTABJSIIA OKOJIO H°, T. €. TISATHO JMarpaMMbl HANPaBJEHHOCTH HA BOJHOH TOBEPX-
HOCTH UMeJio anameTp okosio 10 em. Pasmep kroBeTbl oGecrieunBas TpebyeMyto rOpU30HTAbHYIO OJTHOPOL-
HOCTb Ha MacluTabe AUaMeTpa MsTHA JMarpaMMbl HAMPaBJAEHHOCTH U MaJIOCTb TOJILUMHBI BSI3KOTO MOACJ0s
0 CpaBHEHHIO ¢ pa3MepaMu cucteMbl. [Tocsentee yesoBue HeoO6X0MMO, UTOObI TpeHeOpeub TOPU30HTAb-
HbIM T€PEHOCOM TerJla U BOJASIHOTO Mapa uepe3 Kpasi KIOBeThl [0 CPaBHEHHIO C BepTHKa/lbHOH 1nddy3uer B
nozcJoe. Kann6poBka uamepeHui sipKoOCTHO!N TeMnepaTyphbl 11, TPOBOMIACH MO CAMOH U3MepsieMOlH BOJIHOH
cpesle TpH JABYX pasd/anuatouinxcst npumepHo Ha 10 K remnepatypax (omHopoaHoe pacrpejesieHde TeMme-
patyphbl B KloBeTe JIOCTUraeTcs rnepemerinBanieM ). [IocTOSHCTBO U 0OIHOPOJHOCTL TeMIiepatypbl GOHOBOIO
U3JIyueHHs], a TaKxke e€ OJIM30CTh K IPKOCTHOH TemIiepartype BoJbl 00eCceUnBaJCh H3MEPEHHUSIMH MO/ OT-
pakarolM 3KPaHOM, UTO MPUBOJHT K MPAKTHUECKHU MOJHON KOMIEeHCalMu Kov(hdullneHTa oTpaxkenuss R ot
BOJIHOH TIOBEPXHOCTH, a cr1ocoO KaJMOPOBKH, KOTla 3TaJ0HHAsl IPKOCTHAs TeMIiepaTypa roJiaraetcst paBHoH
Temreparype BoJibl, peasnusyet ycaoue R = 0[9, 10]. 91o no3Bosisyio Npu H3MepeHUsIX J0OCTUIHYTh TOUHOCTH
npuBs3kU T}, K NOKa3aHUSIM TEPMOMETPA, CPAaBHUMOH ¢ (JIYKTYallHOHHON UYBCTBHUTEJIBbHOCTBIO paJHOMeTpa.

Tonuwmna ckun-cJ105 hopMHUPOBAHHUS TEMJIOBOTO PAIUMOU3JydeHH s Ha IJTHHE BOJIHBI O MM COCTaBJISIET OKO-
710 0,15 MM, a Ha e BosiHbl 2,3 MM — okoJio 0,1 Mm. [1pu pe3kux rpaauenTax remneparypbl, HabJ/01a10-
LIMXCS B TEPMHUECKUX MJIEHKAX, OTJIHUME SIPKOCTHOH TeMrepatypbl oT nosepxHocTHoil nocturaet 0,3 K, uro
IBJIETCA JOCTATOYHO OOJIBLIOK BEJIMUMHON 110 CPABHEHHUIO C Pea/M30BAHHON UyBCTBUTEJILHOCTbIO H3MEPEeHHH
1 He M103BOJISIeT IPH HHTepIpeTaldl CUMTATh IPKOCTHYIO TeMIlepaTypy paBHOM oBepxHOCTHOH. M3Mepenust
Ha JUIMHE BOJIHBI O MM CYLIECTBEHHO JIyullle MOAXOASAT /ISl paIuOMETPHH BOJIHOH Cpeibl, TOCKOJIbKY 9Ta UIMHA
BOJIHbI PACIIOJI0XKEHA B CAMOM LIEHTPE CHJIbHOH M0JI0CHI MOTJIOLLIEHHST MOJIEKYJIbl KHCJIOPOAA, IJle IPKOCTHAs
Temrepartypa (poHOBOTO aTMOC(epHOro u3nyueHust 6IM3Ka K TeMrepartype oKpyzKarolero Bosayxa. ToJiyHa
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cJ101 popMHpPOBaHHs (POHOBOrO H3JTyueHHst aTMocdepbl cocTabisieT 0kos0 250 M, eé Bapuallii He IPEBOCX0-
JISIT BeJIMUMHBI TeMIepaTypHbIX uiykryatmi. Ha niune Bosinbl 2,3 MM Ha poHOBOE M3J/1yueHHe U ero Bapualllu
CYLI1eCTBEHHOE BJIUSIHHE MOTYT OKa3biBaTh obJiaka. TpeGoBaHus K KanuOPOBKE U YCJIOBHSIM U3MEPEHHH B 3TOM
cJlyuae CyLIeCTBEHHO KEcTue, MOITOMY JUIMHA BOJIHBI 2,3 MM HCI10J/1b30BaJach JHIb B YaCTH SKCIEPUMEH-
TOB, TJIaBHBIM 06pa30oM JJIsl CpaBHEHHUS C pe3ysbTaTaMH U3MEPEHHH Ha JJIMHe BOJIHBI O MM. Bce namepenus
BBINOJIHSAJINCH B 6€300J1a4HYI0 MIOTOLY.

2. ONPEJENEHUE JUHAMHUKHU TENNJIOOBMEHA BOJbl U BO3YXA
NoJ1 BJAUSIHUEM ATMOC®EPHOM TYPBYJIEHTHOCTH

[lesib paboThl cocTOsI/1a B UCCAEI0BAHUH AMHAMUKH TEMJIOBOTO PexKUMa MOBEPXHOCTHOTO CJI0s1 BOJIbI, BO3-
HUKAIOILeH MO/ BJAUSHUEM €CTeCTBEHHOH TypOyJeHTHOCTH BO3/yXa Hajl €€ MoBepXHOCThIo. B nexomHom co-
CTOSIHHM BOJIa B KIOBETE HAXOJMJACh B OTHOCHTEJbHO YCTOHUMBOM TENJOBOM paBHOBECHH ¢ aTMocdepoi,
KoTopoe (POPMHPOBAJIOCH COMHEUHBIM HArpeBoM, 6aJaHCOM U3JIYUEHHOTO U TTOTJIOLIEHHOTO TEMJIOBOTO H3JTy-
UeHHsl, UCIIapeHHeM U TerJIonpoBOIHOCThI0. [lajsee B Bojie MyTEM nepeMellIMBaHus CO3/1aBaoCh OJHOPOIHOE
pacrpesiesieHie TeMIEPATyphbl, COMHEUHOE U3/TyueHHe IKPAHUPOBAJIOCH U HAGJIIONAJICS TTPOLIECC OXJIaXKAeHNS
BO/Ibl B IpOLLECCE HCTAPEHHsT U TeMJ00OMeHa ¢ BO3/LyXOM M0/1 ONPee/ISIOLMUM BAHsSIHHEM TypOYJ/JIeHTHbIX Ba-
praumi ckopocTH 06/lyBa MOBEPXHOCTH (9KPAHUPOBKA MPAKTHYECKH UCKJ/IIOUAET MPOLIECC JIyUHCTOTO TeMNa0-
oOMeHa Tpu MaJIol pa3HHulle TeMIEPATyp BOJIbI K 9KpaHa ). Takasi CHTyallusi B U3BECTHOH CTENeHH aHaJIorHuHa
npoueccy oxJaxK1eHHsl BOJIbl B CTOsiYeM BOJI0OEMe, KOTOPbIH CBsI3aH € MOsIBJAeHHEM 00J1auHOCTH.

[1pu Bapuaumsix cKopocTd TypGYy/JEHTHOTO JIBHXKEHHST BO3/yXa CHJIbHO (JIYKTYHPYET TOJIIMHA BSI3KOTO
MOJCJI051 HaJl BOJHOH MOBEPXHOCTBbIO. 3/1eCh BSI3KUH MOJCJONH MOHUMAETCsl B MMAPOJAMHAMHUECKOM, a He B
CTaTHCTHUYECKOM CMbICJIE, T. €. CUNTAETCS, UTO TyPOYJIEHTHOCTh HEMPEPLIBHO MEHSIET TOJIILIMHY 3TOro cJjosi. B
BSI3KOM T10JICJI0€ peasiu3yeTcs JaMUHapHOe TeueHHe, a NepeHoc TeMJla U BOJSIHOIOo napa, sIBJSIoLerocs Ma-
JIOW TIPUMECHIO, OCYIIECTBIISIETCS Yepe3 MeEXaHU3M MOJIEKYISIPHOH T y3uH (MPH CTATUCTHUECKOM MOAXO0/IE
noJiaratoT, 4to KosduureHT TypOyaeHTHOH 11 Py3Un yMeHbIIAeTCsl BHYTPH BSI3KOrO MOJCJ051 10 3HaUe-
HUS1 KO3 HLIMeHTa MOJIEKYISIpHOH Mn(dy3un y moBepxHoCTH ). [lepeHoc B BI3KOM Mojc/ioe onpeessiercs
rpajMeHTaMu TeMIepaTypbl M KOHUEHTPaLMH BOJITHOTO Napa MexK/ly BOJHON MOBEPXHOCTbIO M BEpXHeH rpa-
HHULIEH BSI3KOTO NOJIc/1051. Bhillle 3TOH rpaHulibl peaan3dyercs pexxum TypOyaeHTHON [uddysnn, KoaDpuiineHT
KOTOPOH MHOTO G0Jiblile Ko3duimenTa 1M ysnn B BA3KOM MOJCI0€. DTO MO3BOJISET CUNTATh, UTO BECH Me-
penaj TemrepaTtypbl U KOHUEHTPALMK BOJTHOTO Mapa OT 3HAUeHUH STHUX BEJMUUH Y BOAHOH MOBEPXHOCTH J10
MX 3HaUEHHH B OKPY»KalOLLeM BO3/lyXe OCYILIECTBIISIETCSI MMEHHO B BSIBKOM Moic/10€e. Takum o6pa3om, Moje/b
BO3JIyLLIHON CPeJibl HAJl [IOBEPXHOCTbIO BOJIbI SIBJSIETCS ABYXCJIOHHOM.

$lcHo, uTO MOCKOJIbKY pasMep MsiTHA AHArpaMMbl HAMPABJAEHHOCTH TMPeBbIIIAeT BHYTPEHHUI MaciiTab
TypOYyJIEHTHOCTH, a BpPeMsl MHTEerpupoBaHusi OodJibllie, YeM NepHojl HauboJiee ObICTPBIX (JIyKTyaln#, BJAUSHHE
BpPEMEHHOTO U MPOCTPAHCTBEHHOTO CMEKTPOB aTMOC(epHOil TYpOyIeHTHOCTH OylIeT OrpaHUueHO CO CTOPOHBI
BBICOKHX 4acToT. TeM He MeHee, pe3yJ/ibTaThl JabopaTopHbiX HccaenoBanuil [9, 10], ocHoBaHHble Ha cpaB-
HEeHWH BOCCTAHOBJIEHHON TMHAMUKHM TEeMIepaTypbl ¢ TAaHHBIMH MPSIMbIX H3MEPEHHH, MOKAa3bIBAIOT, UTO TAKOH
MOJIXO0/1 T03BOJISIET OMUCHIBAThL MpoLiece TernyooOMeHa ¢ G0JbLIONH CTeNeHbI0 TOUHOCTH. DTO CBS3AHO C TEM,
YTO MHEPLIMOHHOCTb Npoliecca NporpeBa BOJHON Cpejibl CryaXKUBaeT BJHsIHUE ObICTPBIX (hJIyKTYaLUH, TePHOJL
KOTOPBIX MeHblIIE, UeM BpeMsl HHTETPHPOBaHHS.

CusibHble BapralldK rpajdeHTa KOHUEHTPALMK BOJASIHOTO Mapa B BSI3BKOM MOJCJ0€, MPONopLUHOHAJbHbIE
BapUalysIM TOJIIMHBI TOCJIEHET0 BCJIEICTBHE TypOYI€HTHOCTH BO3/yXa, IPUBOJIAT K BapHALMSIM TIOTOKA BO-
JISTHOTO napa (McrnapeHust), a cJe/loBaTe/IbHO, U K COOTBETCTBYIOLIMM BapHalMsIM MOTOKA TerJa, CBSI3aHHOTO
¢ ucriapeHueM. To xKe camMoe MOXKHO CKa3aTb U O IpajIMeHTe TEMIEPATypbl B BA3KOM TOJIC/I0€, BapHaALUIMU
KOTOporo o0ycJ/ioB/IeHa IMHAMUKA KOMITOHEHTbI [I0TOKA TerJla, CBSI3aHHOH ¢ TeMJIoNpPOBOHOCTbIO. Pedysbra-
TOM sIBJISIeTCsT OBICTPOE OXJIAXkK/IeHHe MOBEPXHOCTHOTO CJI0ST BOJIHOM CpPeJibl, COOTBETCTBYIONIAS 3TOMY OXJa-
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YKIIEHUIO IMHAMHUKA SIPKOCTHOH TeMIEPaTypbl TEMJOBOrO PaUMOU3JyUeHHs PETUCTPUPYETCST YyBCTBUTEbHbI-
MU paadomerpamu. [Tocsenyowuii aHainu3 1M03BoJIsieT BOCCTAHOBUTD JIeTa/k TeNyio- U MaccooOMeHa yepes
rpaHuLy pasjesa BO3LyX—BoJa.

V3mepeHHast BpeMeHHasi 3aBUCUMOCTb PaJiiOsiPKOCTHOH TeMriepaTypbl T (t) Ucrob3oBanach JJisi BOC-
CTaHOBJIEHHSI TTOJINOBEPXHOCTHOTO Npohuisi Temnepatypbl 1'(z, t) B noJynpoctpanctse z < 0 ¢ OHOPOIHON
TeMIepaTyponpoBOHOCTLIO a? W KO3 (HIMEHTOM y TIONIOLIEHHS TeMJI0BOTO M3/TyYeHHs! U3 COOTHOLLEHHS],

MOJTy4eHHOTO TTyTéM COBMECTHOTO PellleHHs] ypaBHEHHH TEMIOMPOBOIHOCTH U MepeHoca uamyuenusi [4—06:

t

22 dr
T(zt) = / To(7) (=2) exp [_4a2 (t— 7)] s
1 ! , 2;2 dr

Wurerpasn Bo BropoMm csaraemoM (1) st z < 0 MO2KHO B3$ITb 110 YaCTSIM:

rien= [ nines[-is] [ (i) - v

Jlnist reMniepaTypbl NOBepXHOCTH 2z = 0, 1711 KOTOPOH BbipaxkeHue (2) HecnpaBeIInBO, HMeET MecTo hop-
MyJ1a

t t

1 , dr - 1 s dr
0 =10+ 35 [ T =T+ g [0 - 1) =y = ®

TensioBo#i MOTOK uepe3 rpaHully pasjesa cpejl ornpeesseTcsi NIPOU3BOJHON 10 BpeMeHH OT SIPKOCTHOM

Temnepatypsl [4—6]:
t
d
Tt 470 [ T~ | (1)

Jt) = —
Q m(t—1)

a?y
—0o0
rie k — K03 HUIHEHT TEMJIOMPOBOHOCTH.
[Torok Teria J(t) B pamKax paccMaTpUBaeMOH MOJIE/IH MOXKHO MPEJICTABUTh B BUJIE CYMMbI MIOTOKA 3a

CUér HCIlapeHHrs1 U MOTOKa, CBsAA3aHHOTO C MOJleKleHpHOl;’I TEMJIONTPOBOJHOCTBIO B BAASKOM IMOACJIOE:!

dgq qa — q(0 T,-T(0
= o0, A 2T IO )

dT
4 g
1 dz

J(t) = Jg(t) + Jp(t) = —rpD 1
z=0 z

z=0

e ¢ — KOHIUeHTpalus (yae/bHasi BJaXKHOCTb ) BOJSTHOTO Napa, KOTOPbIH sIBJSIETCS B JJAHHOM CJlyyae MaJiok
NPUMeChI0, 7 — yJle/ibHas TernJoTa napooOdpasoBaHHsl, p — MJIOTHOCTb Bo3ayxa, Dy — Ko3(duLMeHT aud-
(ysun BOJAAHOrO napa, ¢, — yJe/bHast TelnJI0éMKOCTb BO3/lyXa MPH MOCTOSIHHOM JaBJIeHHH, d — TOJILLHHA
BSI3KOTO TIOJICJI0S1, ¢, U T, — KOHIUEHTpAl|s U TeMrepaTypa B TypOyJI€HTHOM CJIO€ BO3JlyXa Bbllllie BS3KOTO
noacJos. [TnotHoets Boznyxa p = P/(R,T), rie P — naBienue, R, — ra3oBasi OCTOsSIHHAs BO3/yXa.
O1ieHKM NOKA3bIBAIOT, UTO YCTAHOBJIEHHE JIMHEHHBIX TIPOQUJIEH TeMIepaTypbl U KOHLEHTPALIMH BOJSTHOTO
napa B BSI3KOM MOJICJI0€ TOJIUIMHON 2 MM MPOUCXOJUT 3a XapakTepHoe BpeMsi okoJ1o 0,2 ¢, 4To 1Mo3BoJsieT
CUMTATh IPAJIMEHThI TEMIIEPATYPbI U KOHIIEHTPALMH B 3TOM CJI0€ TOCTOSIHHLIMU. COrJIaCHO TEOPUH UCTIAPEHHUST
KOHILIEHTpALIMsi BOJSTHOTO Mapa y MOBePXHOCTH BOJbI ¢(0) MPH HAJIMUWK OTTOKA OTJIMUAETCSI OT HACBILLIEHHON
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KOHLIEHTPALIMH ¢s, OTIPE/eSIIOLIEliCs TeMIepaTypoi Ha rpaHulle pasjiesa Cpejl, HO MOXKET ObIThb BblpaKeHa
uepe3 HaChIlIEHHYIO KOHIIeHTpaluio. TakuM 06pa3oM, Bce mapaMeTpbl (5) ONMpeessiioTest TOJbKO TMHAMUKOH
TeMmrepatypbl BojHOH noBepxHoctH. B [9, 10] nokasaHo, uto (5) CBOAMTCS K KBAJpaTHOMY YpaBHEHHIO OT-
HOCHTEJILHO TOJILLMHBI BA3KOTo noacJ1os. [1pn sTom 06a KOpHSl ypaBHEHHUs] UMEIOT (DU3HUECKHE CMbICJI, HO B
YCJIOBUSIX OOBIYHOH aTMOChepPhl peasn3yeTcs caydail, KOTOPbIH COOTBETCTBYET HAUOObIIEMY M3 HUX.

CuaienyeT 3aMeTUTh, UTO aJl€eKBATHOCTb OMHUCAHHOTO METO/1a OCHOBAHA Ha MPUMEHUMOCTH YpaBHEHHSI TeM-
JIOTIPOBOJIHOCTH, HCMOJIb30BAHHOTO MPH BbIBOJIE UCXO/HBIX cooTHoweHui. B [9, 10] nccnenoBano Biusinue
KOHBEKIHH U TypOYJEHTHOCTH B BOJHOH Cpejie Ha TMHAMHUKY TElJOBOro H3JydeHHsl U HHTeprpeTaluio Hame-
peHuil. B yactHocTH, NpH CHIBHOM MCMAapeHUH C MTOBEPXHOCTH B XOJIOHOH MJIEHKE uepe3 HEKOTOPOe BpeMst
JIOCTUTaeTCsl KpUTHUEeCKoe unuco Pesies, onpezessiollee ycTOHUUBOCTh €€ TeMIiepaTypHoOil CTpaTH(HUKALIUH,
rocJie Yero pa3BMBAETCsl KOHBEKTHBHOE JIBU’KEHHE — OMYyCKAEeTCsl TePMUK. B onMcaHHbIX sKcrepuMeHTax B
YCJ0BUSX c1a000 TypOyeHTHOCTH uncsio Pejiesi, HempepbIBHO KOHTPOJIMPYEMOE M0 BOCCTAHOBJIEHHOMY T€M-
nepaTypHoMy NpoduJio, He MPEBbIIAN0 KPUTHUECKOTO 3HAUEHH S, U KOHBEKIIUS HE Pa3BUBA/aCh.

Ha puc. | npeacraB/ien npumep H3MepeHHOH TMHAMUKH IPKOCTHOH TeMIepaTypbl Ha JIJIMHE BOJHBI O MM
BMeCTe C BOCCTAHOBJIEHHBIMH 10 3TOH IMHAMHKE 3aBUCUMOCTSIMU TeMITePaTypbl BOJHOMN Cpejibl HA Pa3J/IHUHbIX
ray6uHax. bosiee monrpoGHO pesysibTaT BOCCTaHOBJEHHS TEMITEPATYPbl MOXKHO BUJIETh Ha pHC. 2.

YcnoBusi u3MepeHHi COOTBETCTBOBAJIM COJIHEUHON 6e306/1auHOH 1orojie co caabblM BETPOM, KOTOPbIH
BpeMEeHaMH crajaJj 10 WThjs. Bo Bpems namepenuii, pesysbraThl KOTOPBIX TPUBE/IEHbI HAa puC. | 1 2, BeTep
MeHsics caenytotiuM o6pazom: oT 0 10 50 ¢ — cKopocTh BeTpa Oblja MOUTH TMOCTOSIHHA M COCTaBJsijia
57 m/c; o1 50 110 90 ¢ BeTep cTHX 10 MoJHoro WwTkAst; ot 90 10 160 ¢ — oueHb c1abblil BeTep co CKOPOCThIO
03 m/c; ot 160 10 190 ¢ BeTep cthx 10 nosuoro wrus; ot 190 1o 200 ¢ — ckopocTh Betpa 5-+7 M/c; oT
200 110 250 ¢ — c/1a6blil BeTep o CKOPOCThHIO 0KOJI0 3 M/C.

K. T.K
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Puc. 1. lunamuka sipkocTHO# Temnepatypbl Tt Puc. 2. lunamuka TtemnepatypHoro mnpoduis
Ha JUIMHE BOJIHBI O MM M BOCCTaHOB- XOJIOJHOH TepMHUeCKOH MJIEHKH, BOC-
JIeHHbIE M0 9TOH AMHAMUKE 3aBUCHMOCTH CTAHOBJIEHHAS! 10 H3MEPEHHON AMHAMHU-
TemIepaTypbl BOJHOH Cpefibl y NMOBepX- Ke SIPKOCTHOI TeMIepaTypsl (cM. puc. 1)

HOCTH U3 GopMyJibl (3) U Ha ryyOHHAX
I MM 1 1 c™m u3 hopmyuibl (2)

Ha puc. | 1 2 BujiHO, Kak pe3kre U3MEHEHHsI TeMIlepaTypbl Ha MOBEPXHOCTH BOJIbI C BO3PACTAIOLINM 3a-
nagjiblBaHueM nepeaatorcs B 6oJee riyOboKHe CJI0H, TJie OHU MOCTENEHHO CrJIayKUBAIOTCS U MePEXOJISAT B MJ1aB-
Hoe MoHKKeHHe Temrepatypbl. COOTBETCTBYIOLIAS AMHAMHKA MOTOKA TerJia uepe3 rpaHully pasjena Boja—
BO3JlyX, onpefienénHas u3 (4), mokasaHa Ha puc. 3.

OTH pe3yJibTaThl MOKA3bIBAIOT, UTO TEMJIOBOK MOTOK UCIMBITHIBAET OUeHb ObICTPbIE U CHJIbHbIE BApHALIHH.
M3 (5) MOXKHO onpeneuTh IMHAMUKY TOJIIMHBI BA3KOTO MOJICJI0s], MOCJE Yer0 MOXKHO BBIUMCJIUTL KOMIO-
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HEHTBI TIOJIHOTO TEMJIOBOTO MOTOKA, CBSI3aHHbIE C MCMAapeHHeM M TernJoOOMeHOM. DTH KOMIOHEHThl TaKxKe
noKasaHbl Ha puc. 3. BuaHo, uTo BaMsiHHE Mpollecca UCNapeHus siBJsieTcs onpeaensomum. B redenue nep-
BbIX 60 ¢ MOTOK J jlocTHras 3HaueHWH, MoJyueHHbIX B JJaGOPATOPHBIX IKCIIEPUMEHTAX C HCIOJb30BAHHEM
00/1yBa 1MoBepXHOCTH BeHTHJIsITOpoM [9, 10], HO moTOM ypoBeHb TypOYJIEHTHOCTH BO3/lyXa Pe3KO CHU3HJICS U
rpaueHT TeMIepaTypbl B 06pasyoleics MaéHKe 0Ka3aJcs HeJI0CTaTOUHBIM J/1s1 TIPEBbILLIEHHUS] KPUTHUECKOTO
uncsia Pesiest M pagBUTHs KOHBEKTHBHOTO TEPMUKA.
[TosryunTh OLIeHKY TOYHOCTH MPEACTABJIEHHOTO Me-

TOJa BOCCTAHOBJICHHS] JIMHAMHKH TElJIOBOrO MOTOKA  Bym2

MOKHO Ha OCHOBE UHCJIEHHOrO MoJieinpoBannst. M3 (4) 4ot
BH/IHO, UTO METOJl HEUYBCTBUTEJIEH K aOCOJIOTHBIM T10- -
TPELIHOCTSM H3MepeHHsl SIPKOCTHBIX Temnepatyp. Ec- 300+
JIU TIPENOJIOKUTD, UTO CJIyUYaHHbBIH 1IyM HE KOppeJu- -
POBaH HAa BPEMEHH MHTErpUpPOBaHHUs, TO Aas peanuzo- 200
BaHHOH uyBcTBUTEMbHOCTH (0,03 K) cpennsst morpetn-
HOCTb OMpeJlesieH|sT TeIJoBOro I0TOKa COCTaBJIs-
et okoJsio 15 %. MakcumasbHble HabJTI0IaeMble B 9KC-

100r,

=

MepUMeHTe 3HAUEHHUsT MOTOKA COOTBETCTBYIOT Meperna- 0 V100 150 T V200 ¢,c 25
ny temrepatyp okoJsio 0,7 K B nuiénke tosumHon 1 Mm
(TIpH JiHeiHOM NpodHJIe), UTo sBAsieTcs BechbMa pea-  F1¢. 3. [lHaMika TenjoBoro notoka u Asyx ero

KOMITOHEHT, Oﬂpeﬂ,e.}]éHHaﬂ o JHMHaMHKe

JIMCTUUHOHN OLLEHKOH C TOUKH 3PEHHS1 U3BECTHBIX Mapa- .
SIPKOCTHOH TeMriepaTtypbl (M. puc. 1)

MeTpoB TepMHuecKuX MEHOK [11]. [lanHble, npeacTas-
JIEHHbIE Ha PUC. 3, COMVIACYIOTCS U C pe3yJibTaTaMU 13-
MepeHHI cpe/IHero MoToKa TerJia, KoTopble ONpe/le/si/InCh 110 OCTbIBaHHUIO BOJbI B KioBeTe [13]. OTcyTeTBHe
aJIbTepHATUBHOTO crioco6a u3MepeHn# ObICTPLIX BapHallMil TEMJI0BOro MOTOKA COCTABJISIET BazKHOE I0CTOUH-
CTBO Pa3BUTOTO METOJ1a, HO 3aTPY/IHSET TOATBEPKIEHHE MOTyUeHHbIX 3/IeCh Pe3yJIbTaTOB HE3aBUCHMbBIMH H3-
MepeHHsIMU. B sintepartype (cM., Hanpumep, [ 13]) BbicKa3blBaslMCh NPeIozKEHUS OLLeHHBATh TEMNJI0BOH MOTOK
M0 Pa3HOCTH SIPKOCTHBIX TEMIepaTyp BOJHON Cpe/ibl, ©3MePEHHBIX Ha IBYX Pa3JHUHbIX YacTOTaxX (Harnpumep,
Ha 60 I'Tiu u B MK nuanasone). CiieyeT oTMETHTB, UTO MOMUMO MOTPELIHOCTEN, CBSI3AHHbIX C HEJIMHEHHO-
CTbIO TIPOHUIIS TEMIIEPATYPHI, TAKOH MeTOJ1 Gy/IeT BeCbMa UyBCTBUTENEH K TOUHOCTH COTJIAaCOBAHUS H3Mepe-
HUH B pa3/iMuHbIX KaHanax. Tak, npu paccorsiiacoBanuu B 0,1 K, uto cjieayet cuuraTh BecbMa TPYAHOLOCTH-
»KUMBIM YPOBHEM MPH YuéTe Bcex (hakTopoB, MOTPELIHOCTb ONpe/ie/eH sl TEMNJI0BOro NOToKa COCTaBUT OKOJI0
300 Br/m2 .

[Tepexos 3HaueHHsI TEMJOBOTO MOTOKA Yepe3 HYJb Ha 75-i1 v nocJie 150-i ceKyH bl He MOXKET ObITh 00b-
SICHEH B PaMKax paccMaTpHBAaeMOl MOJIeJH, MOCKOJbKY 00€ KOMIIOHEHThI TT0JIHOTO 110TOKa BCE BpeMs Mo-
JIOXKHUTELHBI (BO3/LyX X0JI0/iHEee BOjibl TpubauuTesnbHo Ha 3 K). O6aacTn oTpuliaTeIbHbIX 3HAUEHHH MOTOKA
MOTYT ObITh CBSI3aHbI C HETOUHOCTbHIO MOJIENIH, B KOTOPOH MpeHebperaeTcsi MHepIel yCTaHOB/IEHH T IMHEHHBIX
npocuJielt Temrneparypbl U KOHLEHTPALMK BOJSTHOTO 1apa, B cjyyasix, Koraa ToJLHHA BA3KOT0 MOJCJ0sT Cy-
111eCTBEHHO Bo3pacraet. Ha puc. 4 npencrasiena BoccTaHOBNEHHAS U3 BbIpaXKeHus (H) AMHAMUKA TOJIIHHBI
BSI3KOTO MOJICJIOS].

Bapuauuu TosIMHBL BS3KOTO MOJCJA0ST MOJHOCTbIO OMPEAESIOT MPOLECChl TeMJIo- U MaccoooOMeHa B
paccMaTpuBaeMblx ycsoBHsiX. [Ipu aTOM cKopocTb TypOyJieHTHOro 06/lyBa MOBEPXHOCTH, OT KOTOPOH 3aBH-
CHT TOJIILIMHA MOJCJO0S, IBJSIETCS peasbHbIM Peryanpytoumm gakropoM. B ycosusx ciaboro BeTpa, yepe-
JIyIOLLLEroCsl € MOJIHBIM LITHJIEM, TOJILIMHA BSI3KOrO MOJCJ0S1 OKasajach B LeJoM 0oJblile, UeM B YCJIOBHAX
JadopaTtopHoro sKkcnepumenta [9, 10], rie npu 06yBe MOBEPXHOCTH BEHTUISITOPOM OHA COCTABJIsIIA OKOJIO
2 MM. 3HaueHHs1, peBblLIatoLne 4 MM, KOTOpPblE COOTBETCTBYIOT I€PHOIAM CTHXAHHUS BETPa, Ha pUC. 4 He ro-
KasaHbl, MOCKOJIbKY, KaK y?Ke 0TMedasioch, B 3TOM CJIyuae yxKe HeJlb3sl IpeHeOperaTh MpH aHajau3e BpeMeHeM
YCTAHOBJIEHHUST JIMHEHHOTO MPOQUJIS B BI3KOM MOACIOE.
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Puc. 4. Bapuauuu ToJiuHbl BS3KOTO MOJCJOS Puc. 5. McnapeHue ¢ efHULbI MJIOWIAAN MO ek -
B BO3JlyXe, OTpe/eaEHHbIe M0 TMHAMUKE CTBHEM aTMOC(EPHOH TYpOYJIEHTHOCTH

SIPKOCTHOH TemIeparypbl (M. pHc. 1)

VHTerpupys KOMINOHEHTY MOTOKA TeMJ1a, CBSI3aHHYIO C HCITapeHHeM, H HOPMHUPYs €€ Ha yJIebHYIO TeMIoTy
napoo6pasosanus [9, 10], erko onpenesutb IMHAMUKY UCTIAPEHHS] C €IMHHLbI MJIOLLA/IH:

S

mg(t) =

t
/ J.(t) dt' (6)
0
CooTBeTCTBYIOLIME PE3Y/IbTAThI TPEACTABJEHbI HA PUC. D.

3. CPABHEHUE PE3YJIbTATOB U3MEPEHUI HA IBYX JJIMHAX BOJIH

MamepeHust Ha IMHE BOJIHBI 2,3 MM, KaK y»Ke 0TMeUaJioCh, BbIMOJHSJIUCH IJIABHBIM 00Pa3oM Jist CpaB-
HeHHUsI ¢ pedyJsibTaTaMH, MOJydeHHbIMU Ha JUIMHE BoJiHbl 5 MM. Ha puc. 6 npenctaBsaena 1MHaMUKa IPKOCTHBIX
TeMIepatyp Ha JUIMHAX BOJIH 2,3 U 5 MM Ha KOPOTKOM BPEMEHHOM HHTEpBaJie, a TaK:Ke pe3yJsibTaThbl BOCCTa-
HOBJIEHHS IMHAMUKH TeMIepaTypbl TOBEPXHOCTH U TeMIepaTypbl Ha IJiyOuHe | MM 10 JaHHBIM Ha KaxK10# U3
JUTUH BOJIH.

3 puc. 6 MOKHO BHJIETh, UTO PAa3HHUILA BOCCTAHOBJIEHHBIX 3aBUCUMOCTEH TeMIepaTypbl YKJaAbIBA€TCS B
paMKu olIMOKKM BoccTaHoBJeHus1, onpenenéntoi B [9, 10]. [TorpemiHocTh BocCTaHOBJIEHHSI TTOBEPXHOCTHOH
TeMmrepatypbl He Oblyla paHbliie onpeeseHa Hi SKCIepUMeHTaNbHO (M3-3a TPYAHOCTEN MPSIMbIX U3MepeHHUH,
C KOTOPBIMH MOXKHO OblI0 Obl COTIOCTABUTL PE3yJIbTaThl BOCCTAHOBJIEHHS ), HU TEOPETHUECKH, TIOCKOJIbKY B
hopMyJ1y BOCCTaHOBJIEHHSI TOBEPXHOCTHOH TeMMepaTyphl (3) BXOAUT MPOU3BOJHAS 110 IKCITEPUMEHTAIbHBIM
JaHHbIM. Tak 4To mpeacTaB/ieHHbIe HA pUC. 6 3aBUCHMMOCTH MO3BOJISIIOT MOJYYHTh Pa3yMHYIO OLIEHKY TaKoM
NOrpeLHOCTH, KoTopas cocTasJser 0,1+-0,2 K.

M3amepeHnsi Ha JBYX JJIMHAX BOJIH TIPEJCTABJSIOT W CaMOCTOSITe/bHBbI HHTepec. Jleso B Tom,
uyto B [15, 16] nosyuena cdopmysia, cBsi3bIBaIOLIAsT TMHAMUKY SIPKOCTHBIX Temriepatyp Ty U T TEMJIOBOTO
M3JTyU€HHs CPeJibl Ha JIBYX PA3JIHUHBIX UTHHAX BOJH A1 U Ao:

¢
1
Tio(t) = ETbl(t) + / T (7) ( - B) V2l | —— — 20 e(120)°(t=7) erfc(yoa vt —7)| dr, (7)
ge! ga! m(t—1)

—0o0

e y1 U Y2 — KO3(PHULMEHTHI MOTJIOLIEHHS U3JyUEHHsT HA KaXKJI0H U3 JUIMH BOJIH. Ha puc. 7 npeacrapJens
JIlaHHble M3MepeHUH IHHAMHUKHU SIPKOCTHBIX TeMrepaTyp Npu A1 = 2,3 MM U A2 = 5 MM U pe3yJbTaThl UX
B3aMMHOTO BbIUMCJIEHHs TT0 popmyqie (7).
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BunHo, 4to pesyJibTaThl BbIUKMCJEHUS] TUHAMUKH SIPKOCTHOH TeMIepaTypbl Ha JJIMHE BOJIHBI 2,3 MM M0
JIAHHLIM M3MepeHHH Ha JIJIMHE BOJIHBI O MM M HA000POT BIOJIHE YIOBJETBOPUTENLHO COTJIACYIOTCST MEXK]TY
Cco00H.

K.

T, K
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(z=—0,1cm)
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307,2 L L | | | 307.2 | | I | | |
"0 2 4 6 8 ¢, 10 "0 2 4 6 8 10
’ t,c
Puc. 6. JlunamMuka sipKOCTHbIX TemIlepatyp, U3- Puc. 7. MiamepeHust IMHAMUKH SIPKOCTHBIX Temrepa-
MepeHHbIX Ha JJIMHAX BOJH 2,3 MM TYp, U3MEPEHHbIX Ha JUIMHAX BOJIH 2,3 U O MM
(1TpUXOBasi JJUHUSA) U O MM (CIJIOLIHAS (>KMpHasi U TOHKAasi CTJIOLIHbIE JIMHHH COOT-
JIUHHUS1), U Pe3yJbTaTbl BOCCTAHOBJIEHUS BETCTBEHHO) W pe3yJibTaTbl UX COBMECTHO-
JIMHAMMKH TeMIepaTypbl MOBEPXHOCTH H ro BbluMcJeHus no dopmyse (7): kupHas
Temreparypsbl Ha riyOuHe 1 MM no paH- LITPUXOBAS! JIMHUS COOTBETCTBYET BblUHCJIE-
HbIM Ha KaxK10¥ U3 JJIMH BOJIH Huto Tho ueped Th1, TOHKAsH LITPUXOBAS JIH-

HUS — BbluMcJ/ieHuto T, uepes The

4. CTATUCTUYECKUI AHAJIU3 BAPUALIUIA TEMIIEPATYPbI BOJHO MOBEPXHOCTHU

WHrepec npencTaBisieT uccae0BaHHe CTATHCTHUECKUX CBOMCTB BapualMil TemIepaTypbl BOJHOH MO-
BepxHocTH. Ha puc. 8 npuBeieHbl pedysibrathl pacuéra KosdduiienTta aBrokoppessuud Ry (7).

Ha puc. 9 noctpoeH kBaspaTHblil KOpeHb U3 CTPYKTYPHOH (DYHKIIMH TeMIepaTypbl BOAHOH MOBEPXHOCTH,
HOPMHPOBAHHbIH HAa BEJIMUMHY CpeHEKBaApaTHuHbIX Bapuauunidi o = 0,44 K. Ecsin ucnosibzoBath Mojienb
“3amMopozkeHHOH TypOyJseHTHOCTH” Telsiopa, TO BpEMEHHYIO KOPPENsILIMOHHYI0 QYHKIMIO HA pUcC.8 U Bpe-
MEHHYI0 CTPYKTYPHYIO (DYHKIIMIO Ha prcC. 9 MOXKHO paccMaTpUBaTh KaK COOTBETCTBYIOLIME MTPOCTPAHCTBEHHbIE
(bYHKLMH ¢ aprymeHToM p = V7, e V — cpenHsisi CKOPOCTb BeTpa B PU3EMHOM cJioe. Bpemsi 3atyxaHusi
KOPPEJISIIHOHHBIX CBsI3ell Ha pUC. 8 TPUMEPHO COOTBETCTBYET BpeMeHH MepeHoca BHElHero Maciuraba Typ-
GyenTHoCTH (mopsiaka 100 M) co cpeHeii ckopocTbio BeTpa (0KoJ10 5 M/c).

PesysibTathl NOKa3bIBAIOT, UTO CPeHEKBAPAaTHUHAST PA3HOCTb TeMIIepaTypbl BOJHON MOBEPXHOCTH, U3-
MepeHHOH B JIBa MOMEHTA BpeMeHH, BO3PACTAET C POCTOM MHTepBaJia MKy STUMH MoMeHTamu. [Ipu 7 > 25 ¢
oHa craHoBHTCs GoJiblie 1 K, uTo cyliecTBeHHO npeBblliaeT ypoBeHb (JIyKTyalui TemrnepaTypbl Bo3ayxa,
BeJIMUMHA KOTOPBIX 3a TaKoe ke BpeMsi cocTanJsiaa okoso 0,05 K (o naHHbIM namepenuii guykryatnii co6-
CTBEHHOTO TEMJIOBOIO M3JyueHHUsi aTMOC(hepbl paJMOMETPOM Ha JUIMHE BOJIHBbI O MM). OueBHIHO, UTO 3TOT
3¢ heKT CBsI3aH C OMpeeNAoNIUM BAUSHUEM BapualMi CKOPOCTH MCMApPeHHsl Ha BapHallid TeMIepaTyphbl
BOJIHOH MOBEPXHOCTH 10 CPABHEHHUIO C BJMSIHUEM TerJooOMeHa MexKay BOAOH W BO3yXOM 3a CUET TemnJso-
MIPOBOJIHOCTH.

MHTepecHO OTMETHTD, UTO XapaKTepHOEe BpeMsi KOPPeJSLMK Bapralliii TeMrepaTypbl BOJHOH MOBEPXHO-
CTH MPUMEPHO COBMAJIaeT C BPEMEHEM YCTAHOBJIEHHSI XOJIOJHOH TePMHUECKOH MJEHKH B TypOYJM30BaHHOM
BOJIHOH cpefte (okosio 10 ¢), onpenenénnom B skcrepumente [9, 10]. OTciona MOXKHO cjiesiaTh BBIBOJI, UTO
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MPH HAJMUYKHU BOJIHEHUS UJIH TeUeHHs], TypOyJU3yIOLIHMX TOBEPXHOCTHBIH CJIOH BOJIbI, XOJOAHAS TepMHUeCKast
nyIéHKa B OJIM3KUX K HAGJIOAABLIIMMCS B 9KCIIEPUMEHTE YCJIOBUSIX MO BJAUSHUEM aTMOC(hepHOH TypOyJIeHT-
HOCTH JIOJI2KHA HCTIBITHIBATH ObICTPBIE U CHJIbHBIE BapHallii, KOTOpPble PUBOJST U K COOTBETCTBYIOLLEH PO~
CTPAHCTBEHHON HEOTHOPOIHOCTH CTPYKTYpPhI MJIEHKH. Bapuauyu 3aBUCST OT BJIa;KHOCTH BO3/1yXa U PA3HOCTH
TemIepartyp BOJbl M BO3/lyxa. Tak, BapHauuu J0J/LKHbBl YMEHbLIAThCS, KOTJIA BJAXKHOCTb BO3JlyXa Hajl BOJHOH
MOBEPXHOCTBIO NPUOJIHKACTCS K HACBHILLEHHOH, a TeMIiepaTtypa — K TeMIlepaType BOJbI.

D
1,0 2,0
Rp L
0,8/ 1,61
0,6 1.0l
0,4 i
0,8¢
0,2+ .
0,4
5 10 15 20 N) ‘ ‘ ‘ ‘ ‘
—0.9t T, c 0 10 20 30 40 50
’ T, ¢
Puc. 8. KoadduuueHT aBrokoppeisitiiid Bapua- Puc. 9. KBagpaTHblil KOpeHb H3 CTPYKTYPHOH
LMK TeMIlepaTypbl BOJAHOH NOBEPXHOCTH (byHKLMHU TeMIepaTypbl BOJHON MOBEpX-

HOCTH, HOPMHUPOBAHHbIH Ha AUCIIEPCHIO:
Dy = \/([To(t +7) — To(t)]?) /or

5. 3BAKJIOYEHUE

OcHoBHO# pedysbTaT paboThl COCTOUT B TOM, UTO BIEPBbIE YAAJ0Ch MOJTYYHTh HOBYIO (PU3MUECKYIO MH-
(hopmalmio o nporeccax Tenno- i MaccoobMeHa MexX/y BOJHOH MOBEPXHOCTbIO U aTMOC(epoil Mo IMHAMHKE
TEMNJI0BOro paauonssydenus. Boceranoniena aunamuka npoduJisi Temrneparypbl B TOBEPXHOCTHOM CJ10€ BO-
JIbl TIOJI BJUSIHUEM aTMOC(ePHOH TypOy/IEHTHOCTH B YCJOBHSX CJ1ab0ro BETPOBOTro 06/yBa, TPUBOJISIIETO K
00pa3oBaHUIO XOJIOJHOW TepMUUeCKOH MJEHKH 3a BpeMs nopsjaka 10 c¢. BocctaHoBsieHbl GbICTpble Bapua-
LMK TEMJIOBOrO MOTOKA yepe3 TPaHMLY pasjielia cpell U ero OCHOBHBIX COCTABJISIIOLLMX, CBSI3aHHBIX C MPO-
1leccaMH MCnapeHust U TErJIoNpPOBOHOCTH. AHa/M3 U3MEHEHHs! TOJILMHbI BSI3KOTO MOJCJIO0S TI0J] BJUSIHUEM
BeTpa MokasaJjl, UTo OHa MoJiBeprKeHa pe3kuM Bapuauusim. [locsentee onpenensier eé peryupymoliyto poJb
B poliecce TenjaooOMeHa, MOCKOJbKY COCTaBJISIIOLLME TTOTOKOB TEMJIOThl U HCTapsIIoLLerocsl BOJASIHOIO napa
006paTHO MPOMOPLMOHANBHBI TOJIIMHE MOACA0s. FccenoBanbl cTaTHCTHUECKHE XapAKTEPUCTHKH (KOS hH-
LIMEHT KOPPEJISILIMK U CTPYKTYpHast (DYHKLIUS ) TEMIIepaTypbl BOAHOH MTOBEPXHOCTH. YCTAHOBJIEHO, UTO B yCJI0-
BHUSIX SKCTIePUMEHTa Bapuallii MOBEPXHOCTHON TeMIepaTypbl BOJIbl Ha MOPSIIOK MPEBOCXOIUIN PIYKTyallun
TeMIepaTypbl OKpYyzKatolLero Bo3jyxa.

PesyJibTaThl oKasaju NPUMEHUMOCTb PaJIMOMETPUUECKOTO METO/1A [/l UCCIe0BAHUS IMHAMUKH TEMJIo-
o6MeHa aTMocdepbl ¢ BOJHOH MOBEPXHOCTbIO, YTO JIAET BO3MOXKHOCTb MOJYUHTb LEHHYIO (PU3HUECKYIO0 HH-
(hopMaLMio 0 MPOTEKAHUH ITOTO MPOLECCa B Pa3/IMUHbIX PUPOHBIX YCIOBHUSIX (B MPECHON U COJEHOH BOJIE;
NPH Pa3/IUUHBIX COOTHOLIEHUSIX TEMIEPATYPhl BOJIbI H BO3/lyXa, a TAKXKe MPH PA3JMYHON BJAAKHOCTH BO3JLYy-
xa). OcoOblii HHTepeC MpeacTaBJsgeT HCCJel0BaHHe TPOCTPAHCTBEHHOH CTPYKTYPbI Mpoliecca TenjaoooMeHa,
B UYACTHOCTH, MPOCTPAHCTBEHHOH M3MEHUMBOCTH TOJILIMHBI BSIBKOTO MOJAC/O0S. [10-BUAMMOMY, MOXKHO 0XKH-
JlaTb Pe3KHX M3MeHEeHHH TOJILIMHbI BS3KOr0 MOJC/A0s Ha MacluTabax B JIECSITKH METPOB, & BO3MOXKHO U Ha
MeHblIMX MacuTadax. ATo CBUIETENbCTBYET O CHJIbLHOH HEOJJHOPOJHOCTH MOTOKOB TelJa U BOJSHOTO Tapa
B aTMoCepy ¢ BOJHON MOBEPXHOCTH, KOTOPbIE, B CBOIO OUepe/lb, A0JKHbI OKAa3bIBaTh BJMSIHHE HA MPOLECCH
atTMocdepHOi TypOyJEHTHOCTH U KOHBEKIIMH.
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AHajioruHbIe UCCIeIOBAHUS TMHAMUKH TETJIOBOTO H3JIydeHHs JIPYTHX THIOB MOJCTHJIAIOLIENH MOBEPXHO-
CTH TaKXKe MOTYT J1aTh UHTePECHbIe Pe3yJIbTaThl O criellUKe UX TernnooOMeHa ¢ aTMoCchepori.

Agrop 61aronapen A. B. Tpoutikomy 3a nomoliib B poBeJIeHHH SKCIIEPUMEHTOB.

Pa6ota 6bina BoinosiHeHa npu noaiepxkke POOU, rpant Ne 96—02—-16514.
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WucturyT pusnku [Toctynuna B penaxuuto
mMukpocTpyktyp PAH, 16 neka6ps 1999 r.
r. H. Hosropon, Poccus

USING MEASUREMENTS OF THERMAL RADIO EMISSION TO STUDY THE INFLUENCE OF THE ATMOSPHERIC
TURBULENCE ON THE FORMATION
OF THE THERMAL FILM IN NEAR—SURFACE WATER LAYER

AND THE DYNAMICS OF AIR-WATER HEAT EXCHANGE

K. P. Gaikovich

On the basis of laboratory measurements of radiobrightness evolution of water at wavelengths 2.3 and
5 mm, the dynamics of temperature profile and heat flux through water—air interface related to the atmo-
sphere turbulence have been determined. Two components of the heat flux related to evaporation and to
thermal conductivity have been retrieved which made possible to determine the evaporation rate and the
viscosity sublayer depth. Statistical parameters of the water surface temperature variations have been cal-
culated. It was obtained that the temperature variations on the water surface were much larger than the air
temperature variations.
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YK 533.951

O PACITPOCTPAHEHHWH 3JIEKTPOMATHUTHbBIX BOJIH B BOJIHOBOIE
C PAIUAJIbBHO CHMMETPUYHOU HEOJHOPOJHOCTbIO BbICOTbI
BEPXHEH CTEHKH

JI. [1. Koean

HccenenoBano BjHsiHME MJIAaBHOTO B MacliTabe JJIMHbI BOJIHBI paaMansbHO CUMMETPHUUYHOTO BO3MYIIEHHUST BbICOTDHI
[1JIOCKOI'0 BOJIHOBOJIa Ha T10J1€ BEPTUKAJIbHOI'O 3JIEKTPUUECKOI'0 AUIIO0JIs, nomeni€HHoro B BosiHoBojI. Halineno ananu-
THYECKOE BbIpa>K€HHE JIJIs1 TIOTEHLIHaJ/la Fepua NpH pacrioso2KEHUH TUI0J1s1 U TOUKH HaO6J1l0/IeHHs1 Ha Hel/lCKpl/IBJ]éHHOI;I
CTE€HKE BOJIHOBOJ1A.

B paGore paccmarpuBaercst TpéxmepHas 3ajaua 0 BO30OYKJIEHUM M PACPOCTPAHEHUH JIeKTPOMAarHUT-
HbIX BOJIH B IJIOCKOM BaKyyMHOM BOJIHOBO/JI€ C HCKPUBJIEHHOH cTeHKoi. [Ipennonaraeres, 4To ayIMHA BOJHBbI,
U3JlyyaeMOH MCTOYHUKOM B CBOOOJHOM MPOCTPAHCTBE, MEHbIIIE TOPU3OHTAJNBLHOTO MaclliTaba HCKPUBJIEHHUS
CTEHKH BOJIHOBOJIA, HO 0O0Jbllle YABOEHHON BbICOTHI BOJHOBOJA B OTCYTCTBHE Bo3MylleHus. [1pn usyuenuu
BJIMSIHUS TAKUX HEOJHOPOJHOCTEH HA 3J1€KTPOMATHUTHbIE T0JIs1, CO3/IaBaeMble MOMENIEHHBIMH BHYTPb YKa-
3aHHOTO BOJIHOBOJIHOTO KaHaJ1a IMMOJIbHBIMU HCTOYHUKAMH, MPeJICTaB/IsieT HHTepecC MoJyueHne pedybraTta B
KOMMAKTHOH aHAJUTHUECKOH (DOpMe, MOCKOJbKY 9TO He TOJBKO YIPOIIAeT BbIYUCEHHE aMIIUTY bl ¥ (Pasbl
CHUrHaJIa B TOUKe NMPUEMa, HO U M03BOJISIET OLLeHUTb NapaMeTpbl BO3MYLLIEHHUsT BEPXHEH CTEeHKH.

OTMeTHM, UTO HENOCPe/ICTBEHHOE HCIO0Jb30BAHHE T€OMETPOONTHUECKOTO MPUOJHKEHHUS Uil PELlIeHHUs
Mo1I00HBIX 3a/1a4 BO3MOKHO TOJILKO B CJlydae, KOTJla BbIITOJIHSIETCS YCJI0BHE MaJlOCTH XapaKTepHOro MacliTa-
6a 06J1aCTH, CY111eCTBEHHOH JIJ151 OTPAXKEHHUS BOJIHbI OT HCKPUBJIEHHOH CTEHKH, 110 CPABHEHHIO C TOPU3OHTANb-
HbIM Pa3MepoM Bcell BO3MYLIEHHOH 30HbI. DTO 0O3HAUAET, YTO BMecTe ¢ TpeGOBaHHEM MJIaBHOCTH BO3MYLILIEHHUS
B MaclilTabe JJIMHbI BOJIHbI (HOPMUPOBAHHON Ha 27 ) HAJ1araeTcsi BeCbMa CyleCTBEHHOE OrpaHUUeHre Ha Be-
JIMUMHY YIJ1a NaJleHus BOJIHbI Ha BO3MYLIEHHbIH y4acTOK CTEHKH BOJIHOBO/IA.

YroObl H36eKaTh TAKOrO OFPaHUUEHHs], B CTaThe Npejiaraercsl IPUMEHUTb METOJL KOH(POPMHBIX Mpeos-
pa3oBaHui 15t 0ToOpaKeHusi TpEXxMepHbIX 06beKTOB. B pesysbrarte nenosib3oBaHust [aHHOTO MOIX0/1A B Ipe-
00pa3oBaHHON CUCTEME KOOPAUHAT MPOUCXOJUT BhINPSIMJIEHHE HEPOBHOM rpaHulibl. OJIHOBPEMEHHO B ypaB-
HeHUH [esibMroJibla, 3aMTMCAHHOM B HOBBIX MT€PeMEHHbIX, BO3HHKAET 3D EKTUBHBIE HEOTHOPOHbIH KOI(PhH-
LIMEHT MPeJIOMJIEHHS], CBOHCTBA KOTOPOTO OTIPEIEISIIOTCS BUJIOM UCXOHOTO BO3MYLIeHHs rpaHulbl. [Ipu 3TOM
COXpaHsieTcsl CBOHCTBO MJIaBHOCTH U3MEHEHHsI TPOCTPAHCTBEHHON HEOJTHOPOAHOCTH KO3(huleHTa npeaom-
JieHus1 B Macuitade JJIMHbI BOJHBL. B cujly Toro, uTo BbICOTa BOJIHOBOJIA OKA3bIBAETCSI MHOIO MEHbLIIE, UeM
BePTHKaJIbHbIH MaclTad H3MeHeHHUsT JTaHHOTO KO3((HUIIMEHTa TPEOMIIEHHUS, MOXKHO NpeHebpedb 3aBUCHMO-
CTbIO CBOWCTB CPeJibl BHYTPU MPeoOPa30BaHHOTO BOJHOBOJAA OT BbICOThI. C yUETOM MPHUHATHIX YCJAOBHH 3TO
03HayaeT, 4To Jyisl IPUMEHUMOCTH reOMETPOONTHUECKOTO MPUOJIHKEHHS Terepb J0CTATOUHO TOJBKO YCJIOBHUS
MJIABHOCTH BO3MYLIEHHSI CPe/ibl BHYTPH BOJHOBOJA (C TaKMM »K€ TOPH30HTAJbHBIM MaclTabom, 4To U
Y HEOTHOPOJIHOCTH BBICOTbI TPAHHLbI B HCXOAHBIX KOOPJHHATaX ) B MaclliTabe HOPMUPOBAHHOMN JJIMHbI BOJIHBI.

Panee, B pa6ote [1] KoHopmHbIe 0TOOpaKeHHsT UCMOJb30BANUCH /IS ONPeJIeIeHHUsT T10JIs1 B BOJIHOBOJIE
CO CKauK00Opa3HOH HEOJHOPOJHOCTBIO UMITeIaHCa HUXKHEHN CTEHKH, MPU HAJUUMH KPUBOJUHEHHON MpaHHULIbI
Mexk1y 06JIaCTSIMU C Pa3JiHuHbIMU UMIelaHcamu. B pabore [2] TeM 2ke MeTo10M OblJI0 HalIEHO pellieHne 3a-
Jlauk 00 WU3JIyueHHH TOUEUHOTO BEPTHKAJLHOTO 3JieKTprueckoro aunoJs (B3J1), momMeniéHHOro B BOJHOBOJL
C NJ1aBHOM B Maciutabe JJIMHBI BOJIHBI PaHajbHO CHMMETPUUHON HEOJTHOPOIHOCTbHIO BBICOTHI. B [2] Bblunc-
JIEHHsI TPOBOJIMJIUCD MPH YCJIOBHH, UTO HCTOUHHK M TOUKA HabJltoleHHs1 HaxoasTcsl B 3oHe PpayHrodepa 1o
OTHOLIEHHIO K HCKPUBJAEHHOMY y4acTKy BepXHell TpaHulbl BOJHOBOAA. Touka HabJoeHHs peinoaraaach
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yIaJ€HHOH OT 1I€HTPa HEOJHOPOJIHOCTH HA PACCTOSTHHE TIOPSIKA HECKOJIbKUX TOPU30HTA/bHBIX MaciiTaboB
00J1acTH UCKPUBJIEHHUS, Gylarofapsi ueMy nNpaBoMepHo OblJI0 UCKaTh pelleHre B G0PHOBCKOM MPUOJIHAKEHHH.
BwmecTe ¢ TeM pu BbIUMC/IEHHH T0JIs1 HETOCPEICTBEHHO B 00J1aCTH HCKPUBJIEHUS HEOOXOIUMbBI IpyTHe, 6oJee
TOUHbIE MeTO/Ibl pacuéra. [TosTomy B 1aHHOi paboTe, NOMUMO HCTOJb30BaHKs (KaK U B[2]) MeTo1a KOHDOPM-
HbIX 0TOOpaXKeHH, B TpeoGpa3oBaHHON CHCTEME KOOPAUHAT MPUMEHSIETCS] METOJL T€OMETPUUECKOH ONTHKH.

PaccMoTpuM MI0CKK# BOJIHOBOJL C HleasibHBIMKM IpaHuLiaMU. Byniem cuntath, 4to AJiMHa BOJIHBI A, H3JTy-
yaemoil B cBOGOHOM MPOCTPAHCTBE HCTOUHMKOM B Buae B/l TakoBa, uto B BOJHOBOJE BHICOTOH h OyjeT
pacrpocTpaHsTbCs TOJNbKO HU3LLAsi MOJIA.

[Tyctb B Touke R ¢ Koopaunatamu (rg, 7, zp) B UHJIHMHIPHUECKON CHCTEMe KOOpaUHAT (cM. puc. 1) pac-
noJiozkeH BAJL ¢ MMo/IbHBIM MOMEHTOM pp, @ Pajiiyc-BeKTOp TOUKH HAaGJIIO/IeHHs ¢ KOOpAHaTaMu (7, @, z)
o603HaunM Kak R. Bbicota rpanuiibl 3anaérest ypaBHenueM z = h — f(r). 3nech h = const, a pyHkuus f
OMMKCHIBAET UCKPUBJIEHHE TPAHUIIbI BOJHOBOIA. [1pH 3TOM MoJsiaraem, uTo BITOJHSAIOTCS COOTHOIIEHHS

[2A>2h>>a, (1)

rjie | U a — COOTBETCTBEHHO XapaKTepPHbI rOPU30HTabHBIN MaciuTad u amniutyaa gyHkuuu f(r). Hanee
OyJIeM HCXOJIUTh U3 TOTO, UTO BBITIOJHSIETCS HEPABEHCTBO 7'g > [ (T. €. HCTOUHUK HAXOJUTCS BJIAaJIM OT 06J1aCTH
HeOIHOPOAHOCTH ). OTMETHM, UTO TOUKA HABJIIOJIEHUS] MOYKET HAXOJIUThCSI HEMOCPEICTBEHHO MOJL HCKPUBJIEH-
HbIM YUACTKOM FPaHHULbl. Y TOUHSISI BBEAEHHbIE OrpaHUueHus], OyleM CUNTaTh, UTO UMEET MECTO HEPABEHCTBO
kol > 1, tne kg = 27/, siBaisitoliieecsi HEOOXOIMMbIM YCJIOBHEM TIPUMEHHMOCTH F€OMETPOONTHUECKOTO MPH-
OJIHXKEHHUS.

OnHako, KakK y»e 0TMeuaJsoch, He cTaHeM Tpebo-
BaTh BbIMOJHEHHUS MPUHLMIA JIOKAJIbHOCTH, MPU KOTO-
pOM BO3MOKHO HEMOCPEACTBEHHOE MPUMEHEeHHe TPHU-
OJIMXKEHHST KacaTesIbHOH MJIOCKOCTH. MIHBIMH cJloBaMH,
cuntaeM, uto Bennunna (koRe)'/? cos 0, rie R. — pa-
JIMYC KPUBU3HbBI JIUHUK TPAHHIIbI, A 6 — yroJi najieHusi
BOJIHBI Ha JIOKAJIbHBIH YUaCTOK TMOBEPXHOCTH, MOKET
ObITb MeHbllIe HJIK MOPSIIKA €HHHUIIbI.

B nanbHeiiniem 6ynem noJsaraTb, UTO UCTOUHHUK H
TOUKa HAOJIIOEHHST HAXOASITCSI HA HUXKHEH CTEHKE BOJI- (T, T, %0) ¢ $.9
HOBOJIa, B CHJIy 4ero B aprymentax BektopoB Ro u R 0 1]
BBICOTHI 29 M 2 PaBHbI HyJI0. B mjockoMm BoJiHOBOME )

MpH 3aJaHHBIX YCJOBUSIX HEBO3MYLUEHHBIH MOTEHIIM-

an Tepua sanuuiercs kak IIp(Ro, R) =~ AHéz)(k‘op).

Po
dmigqwh’ p =1+ 12— 2rorcosp —
paccTosiHHe OT MCTOYHMKA JI0 TOUKHM HaOJI0JIeHHS],

|
|
|z
|

3aech A =
Puc. 1

H(g2)(k:0p) — yHkuus XaHKeJisi BTOPOTo poja HyJe-
BOTO TOPSIJIKA, €9 — 3JEKTPUUECKas MOCTOSIHHAS, w — 4YacToTa WanyueHus. BHauasie npeamnosoxum, 4to
¢ = 0, T. e. TOPU30OHTAJIbHAS TIPOEKLHUS LIeHTPA HEOTHOPOJAHOCTH MPUXOAUTCS HEMOCPEACTBEHHO Ha MPSIMYIO,
coenunstoltyo B3I u Touky Habt01eHHS.

[1pu 3a1aHHBIX OTpaHMUEHHSIX MOXKEM YTBEPKAaTh, UTO OCHOBHOH KoMroHeHTo# BekTopa lepua IT siBsi-
eTcsl BepTHKaJIbHast cocTabastiowas: IT = Iz (ewm. [3]), 4151 KoTopoii BbinoJHsieTes ypaBHenHte [enbMrosibla

Al + K211 = g (2)
C I‘paHW—IHbIMH YCJIOBHUSAMHA
oIl
-—— =0 ) (3)
9z la=h—f(r)
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oIl
— =0/ . (4)
0z z=0
3neck ¢ = pod(Ro, R/ (4 micow), 6(Ro, R) — TpéxmepHasi nenbra-(yHKUUST OT KOOPJIUHAT UCTOUHMKA U
TOUKH HabJIto/IeHHs1; onepaTop Jlansaca B LIMIIMHIPHUECKON CHCTEeMe KOOPAMHAT 3aMMCbIBAETCS B BUJIE
2 10 1 9 0?

A= o T rag T o2

BAEMOM CJlyuae OKa3bIBaeTCs CYIIeCTBEHHO MEHbIIUM
N i T /oo 10 CPABHEHUIO C JIPYTHMHU CJlaraeMbIMH B JIEBOH 4acTH
\ ) Ni “ / |1' ' ypaBHenust (2).
_ a JLnist yripoliieHust 3a1aud NpUMeHHM, Kak 1 B pabo-
( / | Te [2], koHdopmHoe npeoGpasoBanue Buaa & = &(u),
A | u = 1+ 1z, &€ = r1 + 21, IPU KOTOPOM B JI0OOH
MUVIOCKOCTH ¢ = const HCKPUBJIEHHAS BEPXHSIsl CTEHKA
z = h — f(r) NepexojuT B peryJisipHyto rpaHuily BOJI-
HOBOJIa, ypaBHEHHE KOTOPOH B HOBBbIX KOOpJHHATAX 3a-
MHUCHIBAETCS 0YEBUIHBIM 00pa3oM: z1 = h (cM. puc. 2).
B pesysibrare rpannunblie ycaosust Heiimana (3) u
(4) ocranyrcst 6e3 M3MeHeHMs, a ypaBHeHHe [enbM-
roJiblia (2) ¢ yuérom BBeJIEHHbIX YCJIOBHI npeoOpasy-

7 [Ipu sToM csiaraemoe 7-292I1/0¢? B paccmaTpu-

Puc.2

eTCsl B COOTHOLIEHHE
9% 92 n ol n2 211
noees ., v k2n?Il = qn?. 5
or? + 023 + r1 0T + r2(ry, 21) g2 + ko an ()

3nech I = (r(ri, z1), ¢, 2(r1, 21)), n = |du/d€|. I1pu 3anucu TpeTbero ciaraemoro B (5) yuteHo, U4TO B
CHJTy CBOHCTB KOH(OpMHOro oto6paxenus d/0r = n~! 9/0r1. Kpome Toro, npu BBEIEHHBIX OrpaHHUEHH-
T

X IPABOMEPHO MPEACTaBJICHHE T = / n(ry, z1) dr}. [Toc/eanee paBeHCTBO 3alKILIEM B BULE T' = 74,71,
0

rJie Ny, — CpejiHee (B CMbIC/Ie TEOPEMbI O CpeJIHeM ) 3HaueHue n(ry) Ha OTpe3Ke UHTerpupoBanus. TakxKe 0T-
meTuM, uto OI1/0ry ~ —ikoll. [lasnee, MocKoJIbKY BBeIEHO ycaoBHe [ < 7¢, TO, KAK HETPYIHO MOKA3aTh,
Besmunna n2r=2(rq, z1) 0211 /8¢? Mana 1o CpaBHEHHIO ¢ APYTHMH caiaraeMbiMi B ypasrerun (5). TTostomy
MOXKEM CUuTaTh 7~ 2(r1, 21) ~ 1]

I/ICHOJII)SYH YKa3aHHbI€ HpI/I6JII/I)KeHI/I${, noJiyyaem cJjaeayrouiee COOTHOLEeHHe:

o> 1 9 1 92 82

—+ = IT + kgn2Il = 6

l@r%—i_rl o + — 8¢2+ + kgng qn (6)
3necb ng = n(ry, z1)g(r1, z1),rae g = (/1 + ! { ! — ! } Heonnopoanocts kosddu-
A Tty = L 2G2S = Fort (e, z0)me  n2(r,z0) ) OO

LIMEHTA TIPEJIOMJICHHS 1y B COOTHOLIEHUH (6) paiuaabHO CUMMETPHUHA, TOCKOJIBKY 1y HE 3aBUCHT OT a3UMy-
TaJILHOTO yrJa ¢.

CoryiacHo pa6ote [4] npu BbinoJiHeHHH yeJioBuit (1) konbopMHoe npeoGpasoBanue &(u), nepeBosiiee
MCXOJIHBIH BOJIHOBOJL C UCKPUBJIEHHO BepXHEH CTEHKOH B BOJIHOBO/L TOCTOSIHHOK BBICOTBI h, 3aMHULLETCS KaK

—u+—/f { )}dt

532 J1.I1. Koean



Tom XLIII Ne 6 Hazsecmus syzos. PAIITHOPHIHKA 2000

a oOpaTHoe oToOpaXKeHne — B BHIE

vt b T ron[EE-0a,

NpUUEM

+oo
! ™ —2 ﬂ-(t B f)]
= =1-— tYech™ | ———| dt.
(O] = )| = 1= 5 [ e T
—0o0
Ecuiu BbinosiHsieTcst HepaBeHCTBO exp(—ml/(2h) < 1 1 pH 3TOM BbICOTA 2] TOUKH HAOJII0JIEHHST 10CTa-
TOYHO MaJia, Tak uTo Im & = z1 < h, TO

n(ri,z1) = n(ry,0) = 1— f(r1)/h.

st 60g1bIIKX 21 3PHEKTHBHBIN KOS(PUIMEHT MPpesoMIeHHsT MOXKeT ObITh 3anucaH B Buae n(ry, h) ~
~ 1— f(r1)/h + hf"(r1)/3. Otciona caenyer, uto npu 0 < z; < h MakCHMyM H3MeHeHHsi KO3 H-
uMeHTa npesomenus n(ry, z1) B Npejesax BCero BOJHOBOAA cocTaBgsieT okono ah/(31?) < a/h < 1
(MOCKOJIbKY MAKCHMYM W MMHUMYM MOJLyJIsl PEryJsIsipHO# (DYHKIIMH JAOCTHTAlOTCsl Ha rpaHULax JMo6ok o6Ja-
CTH, He MpeBbIIAIoNIeH 30Hy aHaJIUTHUHOCTH). [IpeHeOperkeHne TaKoH BeJHUMHON MPUBOJUT MPH BBIUHC-
JIEHUSIX K OIIMOKe 01 B (pa30BOI 3aBUCHMOCTH TI0JyUEHHOTO pellleHHs, MaJIoi 110 CPABHEHHIO C eIMHHULIEN:
0 ~ 4rah/(3\) S 2a/l < 1 (31€ech yureHo, uto 3p(eKTHBHBIH FOPU3OHTAJBHBIA JUAMETP HEOJAHOPO/1-
HOCTH cocTaBJisieT 0KoJ10 21). [ToaToMy MOXKHO ToJiarath, 4To MPOUCXOJUT TajleHHe IIMJIHHAPHIECKOH BOJI-
Hbl HA LMJIMHAPHUECKYIO HEOTHOPOAHOCTD ¢ KOS(M(DULIUEHTOM MPEJOMJIEHUS 1g(T1, 21 ff ), 3ABUCSILLIM TOJIb-
KO OT pajuyca r1. 3Jech napameTp zjeg — (PQEKTHBHO® 3HaUeHHe BRICOTH z1. Ecan vVAD < h/2, rie
D = |z — 2"|, TO 21 o OTIPE/IENIIETCS KaK BbICOTA CePeIHbl PPEHENEBCKOTO 00BEMA: 21 off = \/E/2 Ecau
xe VAD > h/2,To 2| o PABHO MOJNOBHHE BLICOTHI BONHOBOAA: 21 off = h/2. 3jlech & = " — MI0CKOCTD
HayaJbHbIX YCJIOBHIL.

B rakom ciyuae npu 3ajiaHHbIX OrpaHHUEHHSIX pEllIeHHe JUIsi T10JIs1 B TOUKe HAOJIOIeHHsT He H3MEHHTCS,
ecJ/Ii rpeHeOpeyb CYyLIECTBOBAHMEM CTEHOK BOJIHOBOJA M CUHTATh, UTO TPOUCXOJMMT MajJieHHe BOJIHbI

2/(mkop(r1)) exp(—ikop(r1) +im/4) B cBOGOAHOM NPOCTPAHCTBE HA HEOJHOPOIHOCTDb Mg (71, 21 off ) KO-
(uLMeHTa pesIoMJIeHHs], 3aJaHHYI0 Ha 6eCKOHEUHOM HHTepBajle —oo < z1 < +00. (Tak Kak noJie najaroien
IJIaBHOMH MO/JIbl BHE HEOJHOPOJHOCTH HE 3aBUCHT OT 21, TO, NIpeHeOperasi 3aBUCHMOCTbIO OT 21 B BbIPA’KEHHH
JUIsl g, B UTOTe MosTydaeM, uto I11/8z; = 0 Bo BeéM npeoGpa3oBaHHOM BOJHOBOJIE, B TOM uHc/e MpH 21 = 0,
z1 = h. CiiefioBaTe/IbHO, FPAHHUHbIE YCJIOBHSI BBITOJHSIOTCS aBTOMaTnyecku. ) [Tostomy, HecmMoTpst Ha yeJ10-
BUe \ > 2h, 3/1eCb MOXKHO HCII0JIb30BATD MOHATHE “J1yu” U IPUMEHSTh BeCh anmnapat MeTo/1a reOMeTpHUeCKOoH
OTITHKH.

Kak jierko BHieTh, TpaeKTOpPHs paCpoCTpaHEHHUs Jiyua MPOXOUT YePe3 0Ch CHMMETPHH HEOIHOPOHOCTH,
COBIA/IAIOLLYIO C BEPTHKAJBHON 0Cblo z1. CJlefl0BaTe/IbHO, TIPH BbIUMCJIEHHH MOTeHIMasa [epua yist npoxo-
JSILIErO 10 TAKOH TPAEKTOPHH Jlyda MOXKHO OTPaHHUMTLCSI TPACCOBBIM MpUOJIHKeHHeM. Tak Kak reomeTpuue-
CKHI1 LIEHTP (hpeHesIeBCKOro 00bEMA JIEKHT B MJI0CKOCTH y = 0 (MJIH, UTO OJIHO U TO XKe, B TWIOCKOCTH y1 = 0),
TO TPH BbIUKCJIEHHH MOTeHIMasNa [epia MoxKeM 3aMeHHTb 7 Ha & W 71 HAa x1. OTMETHM, UTO MPULIENbHbIH
napameTp /st JaHHOTO Jyua paBeH HyJ10. B urore corsacho [5] Mojy.ib notenumasna lepua B Touke HaGJir0-
JIeHHsI OTIpe/iesIsieTCst KaK MPOU3BeeHre aMIJIMTY bl Najaioliei Boabl v/2/(mko (x — 0)), tie xg = —ro, B

OTCYTCTBHE HEOJIHOPOIHOCTH Ha JIOMOJHHTENBHBIN GaKTOp pacXoguMocTh 1/ /ng (1, z1cff)-

3ajaaum NaI0CcKOCTb HauasbHbIX YCJIOBHIH, B KOTOPOH MoJie Majaiollel BOJHbI el He UCTTbIThIBAET BJIHSI-
HUSI HEOJHOPOJHOCTH, Kak ! = —2[. 3/1ech x1 — ocb aGCclmce B 1€KaPTOBOI cHCTeMEe KOOPAUHAT (1, Y1, 21),
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NpUUEM 1 = T coS ¢, y1 = r sin¢. B cuiy yenoBus |zo| = ro > [ 11pu BIUMCJIEHHH T10JIs1 B TOUKE HaGJII0-
JIEHHsT MaJIAioIILyl0 BOJIHY BHE 06JIaCTH HEOJHOPOJHOCTH MOYKHO CUMTATh JIOKAJBHO TMJIOCKOM, 06J/1a1aiolei
(has3oBbIM MHO2KHTeJIEM BUaA exp(—iko (x — xg) 4 im/4) = exp(—iko (x" — xg) + im/4) exp(—iko (z — x"))
¥ MeJJIEHHO MeHstiolieiicst aMiuTyioi v/2/ (ko (x — z0)).

[Tepeiiiém K BbIUMCIEHHIO0 GAa30BOT0 MHOXKHTE/IsI. TpaeKTOpHsi pacCMaTPHBAEMOro LEHTPAJIbHOTO Jiyya B
nepeMeHHbIX (21, Y1, 21) NPOXOIUT NpH y1 = 0 oT Touku M (zy,0, 2) 1o Touku M (x1,0, z1), npeoGpasyto-
lieiicst mpu 06paTHOM repexojie K KoopauHatam (x,y, z) B M(x,0, z). [TosTomy (ha3oBblil MHOKHTE/b MPH

X
BBE/IEHHBIX OrpaHUUEHHUsIX 3amnuiercst B BUje exp(—iko(zy — o)) exp —iko/ 1 n(z), z1ex) do) + i7r/4>.
OTMeTHM TaKxKe, UTO HalJICHHBI pe3yJibTaT M3MEHHTCST Ha MaJIyIo 110 cpaBHeHEH}o ¢ a/l BeJMUKHY, ecsiu 3a-
MEHHTb 1y (21, 21 off) HAa Ng(x1,0). B utore nonyyaem

i ~ V2 Aexp(—iko(x — o) + im/4)

1
~ IIH(R ,R T 7
ko ($—$O)ng(rlazleﬁ) o(Ro, R) ng(T’hO) "

rie [Ty — norenuuan [epua B HeBO3MyLIEHHOM BOJTHOBOJIE.

OLeHUM COMHOXKHTEJb ¢, BXOASILIMI B BhIpaxKeHHe 11s ng. Mexons us cootnowennit a < 1, kol > 1,
noJiyuaem, uto ecan v, 2 1, 70 1 — |g| =~ a\/(Ir1). B sToM ciyuae mojysb pasHocth |1 — g| ~ a/(4korh) no
TMOPSIZIKY BEJIMUMHBI MHOTO MeHblIIe OTHOLIeHHS a/h, OTIPeeIsIOIero OTJAHYHe OT eAMHHIIBl BTOPOrO COMHO-
YKUTeJIs B TIPaBOM YaCTH rocJieiHero npubJ/n:kénHoro pasenctsa B (7). Ecankery < 1,10 |[1—g| ~ a/(kolh)
TaKKe 3aBeJIOMO MHOTO MeHbllie a/h. B uTore npuxoauM K BbIBOJLY, UTO PH BBEAEHHBIX OrPaHHUEHHSIX BCEr1a
MozKeM nosiarath g = 1 1 ng = n. Takum o6pasom,

1

V/n(rg,0)

OueBuJIHO, UTO B 5TOM BbIpaxKeHUH COMHOXKHUTeNb 1/1/n (71, 0) XapakTepuayet ocJabeHne aMIIMTY/Ibl N0JIs1
BCJIE/ICTBHE HCKPUBJICHHUS BEPXHEH CTEHKH BOJIHOBOJA.

Jlanee paccMoTpUM 3aj1auy NpH KOHKPETHOM Tpodu/ie UCKPHUBJIEHHST BEPXHE TpaHHMllbl BOJHOBOAA, 110-
Jlarasi, uTo

I ~ Iy (Ro, R) (8)

7‘2

fr)y=aexp| -5 . 9)
21
B cuny niaBHocTH Bo3MyllleHusi OyneM TipeHeOperath pasauuvem mexay f(r1) u f(r). B stom
cayuae f(r1) =~ a exp(—r?/(2(?). Oumobka, BO3HUKAIOWIAS BCIEACTBUE TAKOTO TPUOJINMKEHHUS], TP Bbi-
uMcJIeHHu 1 He npeBbicHT Beanunny a?/(lh) < a/h. Torna Ha MaJbIX M0 CPABHEHUIO C h BHICOTAX MOJLYJIb
In(r1,21)] = 1 — (a/h)exp(—r?/(2(?)). B To xe BpemMs BONM3H BepXHell CTeHKH coracHo [4] n(ry, z1) ~
2 2 2,2
a ry h hery
~1——exp|—=Lt )1+
n P\ T 32 T 31
B pesyJibrate nckoMblit BeKTOp [eplia 3anmuiercst B HCXOAHBIX KOOPJHHATAX KaK TPOM3BEJIEHHE pelleHH s
I 15t HEBO3MYIIEHHOTO CJ/yuast Ha (YHKLHIO OCaab e HHs:

r2

a
M~T1h(Ro,R) [ 1+ = exp o

5% (10)

,H,O CHUX ITOp npearnodJiarajocChb, 4To0 LEHTP HEOJAHOPOAHOCTH MPOCUMPYETCsI Ha NPSAMYIO, COEAUHSIOLLYIO UC-
TOYHHK H TOUKY HaOJIOAeHUS. Ecau 370 He Tak u YKa3aHHasi NpoeKlHrs nonagaet B TOUKY, yﬂaﬂéHHy}O oT
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HauaJia KOOpJIMHAT Ha paccTosiHUe d B MEPIeHAUKYJISPHOM K Tpacce HalpaBJeHUH, TO C YUETOM MJaBHOCTH
UCKPUBJIEHUS] BEpXHel rpaHuLibl B MacluTabe JVIMHbI BOJIHbBI NPUOJIMKEHHO MOJYUHM

2 d2
II ~ Iy(Ro, R) |1 + %eXp <_L>

212

Orclona cyefyert, uTo BJAUsIHAE BO3MYILIEHHS TAKXKe SKCITOHEHIMAbHO YObIBAET NPH YaJeHUH LIeHTPa ropH-
30HTAJIbHOH MPOEKLHH 00J1aCTH HEOJHOPOIHOCTH OT TPAEKTOPHH PaCTPOCTPAHEHHs JTyya.

Tax:ke oTMeTHM, UTO MPOBENEHHBIE PACCYKAEHUS COXPAHSIOT HCTHHHOCTD MPHU Mepexojie OT palralbHOTO
BO3MyILeHHsT f(r) BLICOTbI BOJIHOBOJIA K HCKPHUBJIEHHIO BUJIa f (), KOT/Ia HCKJIOUaeTCst 3aBUCHMOCTh IPoruta
BepXHeH CTeHKH OT KOOpAMHATHI y. B 3ToM ciyuae pedysbraT GyzeT TakxKe 3anucan B Bujze (10) ¢ 3amenoi
[ePEMEeHHOH 7" Ha .

Jlasiee npUMeHUM TOJTyueHHbIE Pe3ysbTaThl 71 olleHKH nosist BA]1, moMeméHHoro B MJIOCKHH BOJHOBOJ
3emssi—HoHocdepa ¢ UCKPUBJIEHHO! BepXHel CTeHKOH, Ha KOTOPOH BBIMOJIHSIETCS] TPaHHUHOe yesoBue (3).
Bynem cuntath, uTo peryssipHoe 3HaueHHe h BbICOThI BOJIHOBO/A paBHO 70 KM, B TO BpeMst Kak dyHKiwms f(r),
onpenessioulasi popmy nporuba, sagaérest popmydon (9) ¢ I = 200 km. Kpome toro, nosaraem, uro ajiu-
Ha BOJIHBI A, W3siyuaemasi ykazanubiM BIOJ1 B cBoGoHOM mpocTpaHcTBe, paBHa 150 KM, a ropu3oHTasbHOE
yaaJeHue o AUN0Js OT LeHTpa HeopHopoaHocTH coctadsieT 1 000 km. (OTMETHM, UTO MpU YKa3aHHbIX 3HA-
YeHHsIX MapaMeTpoB 3a7aun MpUMeHeHHe MJ0CKOH MOJIe/IH BOJHOBOIHOTO KaHaJ/a sIBJISIETCSs IPAaBOMEPHBIM. )
Torna n/1st BO3MOKHBIX 3HAUEHHH aMIINTY bl Tporu6a a = 1020 KM Ko9((HULIHMEHT YCUIEHNS aMIJIUTY/1bl
noJist B 06J1acTH nporuéa MoxKeT 10X0auTh 10 1,1+1,2. ITpn pacnosiozkeHun TouKH HaOJI01eHUST HAa HU2KHEH
CTEHKe BHE TOPU30HTAIbHON MPOEKIMH 06JIACTH UCKPUBJIEHHUS €€ BIUSTHUE TPU MPUHSATBIX COOTHOLLIEHUSIX Ta-
paMeTpoB 3KCIMOHEHUHAIbHO ObICTPO yObIBAET.
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YIIK 535.36

PAJUOJIOKALUMOHHBIE YPABHEHUS B 3AJAYE OBPATHOI'O PACCESIHHUS
PAIJUOBOJIH

O.H. bepreapom, A. 1. [lomexun

B pa6ote na/iokeH MeTO/1 MoJTydeHHsT CBA3H MEXK/Ly OJJHOKPATHO PACCESIHHBIM CHTHAJIOM H (hypbe-CHeKTPoM (JIyK-
TyaLHil IU3/1eKTPHUECKOH MPOHULIAEMOCTH CPeJibl C yU€TOM TOro, UTO PacCEeUBAIOLLUH 00BEM ONpee/IseTCs auarpam-
MO¥i HarpaB/eHHOCTH aHTEHHbI U He siBJisieTcst MaJjibiM. C OMOLLbIO STOr0 METO/1a MOJIyUeHO Ppaio/I0KaLlMOHHOE ypaB-
HEHHe, CBsi3blBalolllee BPEMEHHOH (ypbe-CreKTp pacCcessHHOTO CHrHaja ¢ NPOCTPAHCTBEHHO-BPEMEHHBIM CHEKTPOM
ayKTyaUui 1U3JeKTPUIECKOH MPOHUILAEMOCTH. TakKe M0JyueHO CTaTHCTHUECKOE PaIMOJIOKALMOHHOE ypaBHEHHe
CBsI3bIBAIOLILEE CPEJHECTATHCTHUECKYIO CIIEKTPaJIbHYI0 MOLIHOCTb PACCESIHHOrO CHIHAJsa CO CHEKTPaJIbHOMN MJIOTHO-
CTbIO (DJIIYKTYyaLMH IM3JIEKTPHUECKOH NMPOHULAEMOCTH 6e3 OOLIENPUHSATOrO NMpUOJIHKEHHS MaJloCTH pajadyca Mnpo-
CTPAHCTBEHHON KOPpPeJIALIMH HEOJHOPOJHOCTEH 10 CpaBHEHHUIO ¢ paarycom Ppenes.

BBEJEHWE

B ocHoBe pasyiMuHbIX CMOCOOOB HATHOCTHKHM HOHOC(EPHI (MeTO/1a HEKOTePEHTHOTO pacCesiHUS pajito-
BOJIH [1], paccesiHusi Ha UCKYCCTBEHHBIX HEOJHOPOJHOCTSX [2]), aTMocdephbl (Me3octepHo-cTpaTochepHO-
TporocdepHOro 30HAMPOBAHHUSA [3], MAAPHON TMATHOCTUKH aTMocdepbl [4]) U APYTrUX CPelL JIEKHUT METON
06paTHOTO paccesiHusl PaAHOBOJIH Ha (JIYKTyalMsIX AMJEKTPUUECKOH NPOHHIIaeMOCTH cpefibl. OCHOBY 3THX
METOJIMK COCTABJISIET PalMOJIOKAIIHOHHOE (palapHoe, JUIapHOe) YpaBHEHHE, KOTOPOE CBSI3bIBAET CPEHION0
CMEKTPaJIbHYI0 MOLHOCTb PACCESIHHOTO CUIHAJ/Ia CO CTATUCTHYECKON XapaKTepUCTHKOMN (JIyKTyalni In3J/1eK-
TPUUYECKOH MPOHUIIAEMOCTH CPeIbl — HX CMEKTPaJbHON MJAOTHOCTHIO 1, 3-5].

CraHzapTHBIM METOJIOM MTOCTPOEHH ST CTATHCTHUECKOTO PaH0JIOKALIMOHHOTO ypaBHEHHUSI SIBJISIETCS yCpe/l-
HeHHe CIMEeKTPaIbHOH MOIIHOCTH (MM KOPPENSLUMOHHOH (DYHKIMH MPUHATOrO CHUrHAJA) C UCTOJb30BAHUEM
IBYX npubmikenuit. [TepBoe 13 HUX, MpUOIHKEHHE OJJTHOKPATHOTO paccesiHUsl, TPUMEHUMO B cJiyuae, KOrjia
(hJIyKTYaluu T3JeKTPUUECKOH TIPOHUIIAEMOCTH MaJibl, @ pacCesiHHOE ToJie 3HAUUTeNIbHO cJlabee naatollero.
Bropoe npubimxkeHue — npubinKeHHe MaJoCTH pajlyca NPOCTPAHCTBEHHOH KOPPEJISILIMH HEOJTHOPOIHO-
cTell Mo cpaBHEHHUIO ¢ paanycom Ppenensi.

3ajaua 0JIHOKPAaTHOTO paccestHUsl 3JIeKTPOMAarHUTHOH BOJIHBI IOCTATOUHO XOPOILIO U3yueHa, KOraa Mpu-
EMHHUK ¥ TIlepeJlaTulK HaXOAATCs B JlaJbHel 30He pacceuBaTesisi, T.e. €0 pa3Mepbl MeHblile paauyca Ppe-
Hesisl. B 3TOM ciiyuae MOXKHO MOJIYUMTb MPOCTYIO JIMHEHHYIO CBSI3b MEXK/Y PACCESTHHBIM CHTHAJIOM W MPO-
CTPAHCTBEHHBIM (Dypbe-CIeKTPOM HEOJHOPOMHOCTeH Ge3 CTaTUCTHUECKOro yepenHenus [6, 7]. OaHako npu
JIMCTAHLIMOHHON JIMaTHOCTHKE MPOTS?KEHHBIX CPeJl pa3Mep pacceuBatollero oobEéMa orpejiessieTcs nepece-
UeHHeM JIMarpaMM HanpaBJeHHOCTH aHTEHH. DTO He MO3BOJISIET UCMOIb30BATh MPUO/HKEHHE MATOCTH 30H-
JupyeMoro o6béma [6] 1J1st mostydeHus: paio/IoKalliOHHOTO ypaBHEHHs], CBSI3bIBAIOLLETO pacCesiHHbIH CHUrHAJ
C MPOCTPAHCTBEHHO-BPEMEHHBIM CTEKTPOM (PJIYKTyallil [U3AeKTpuuecKoi npoHuaemoctu. [lostomy npu
MOJIydeHHH CTATHCTHUECKOTO PaIi0JOKALIHOHHOTO YPABHEHHUS HCTIOJb3YETCs yCpeHeHHe MOLLHOCTH TPHHSI-
TOTO CUTrHaJsa ¥ MPUOJHKEHHE MAJIOCTH pajiiyca MPOCTPAHCTBEHHOH KOPPEJSIIUU, UTO TO03BOJIET 000OIIHUTD
pe3yJ/IbTaThl pellieHHst KJIacCHUeCKO 3a/1aul paccesiiusl BOJIHbI Ha OJIHOH MaJIoil HEOJHOPOJIHOCTH Ha 3ajiauy
paccesiHust 0T HaOopa HEKOPPEJUPYIOLIMX MaJIbIX HEOJHOPOAHOCTEH [, 6, 8].

B pa6ore nosiyueHo pajrosioKalMOHHOE ypaBHeHHe, CBSI3bIBalOlllee BPEMEHHOH CIEKTP paccessHHO-
ro CHUrHaJia ¢ poCTPaHCTBEHHO-BPEMEHHBIM CIIEKTPOM (PJIYKTYaLUil IU3JI€KTPUUECKOH TPOHULAEMOCTH JIJIst

536 O.A. beprneapom, A. I1. [lomexun



Tom XLIII Ne 6 Hazsecmus syzos. PAIITHOPHIHKA 2000

cJlyuasi OJIHOMO3UIIMOHHOTO 30HAMpOBaHus. JlanHoe BbIpaxkeHue noJyueHo 6e3 TPaaULMOHHOTO MPEoo-
YKEeHHsl 0 MaJIOCTH Pa3MepoB 30HAMPYeMOro oOGbéMa H, MO CyTH, OTUCHIBAET paccesiHie Ha MPOTSKEHHOM
pacceuBatesie. PaccMoTpeHa celeKTHBHOCTb paccesiHusl MO BOJHOBBIM BeKTopaM, o60011alonias ycaoB1e
Byabha—Dbparra.

B paGore nosyyeHo cTatucTHUeCKO€e PaH0JOKALMOHHOE ypaBHEHHE ISl Carydasi OJIHOMO3UIIHOHHOTO 30H-
JIMPOBAaHHUS, CBSI3bIBAIOLIEE CPEJIHIOI0 MOIIHOCTb PACCESTHHOTO CUTHAJIA CO CMIEKTPaJIbHOH MIOTHOCTbIO (JTyK-
Tyallil 1U3JeKTpUUeCcKol MpoHuiaeMocTu 6e3 061IeNPUHATOrO MPUOJIMKEHNS MAJTOCTH pajiyca poCTpaH-
CTBEHHOH Koppesisiuuu HeoiHopoHocTei. [TosyueHHoe ypaBHeHHe HMeeT GoJiee IHPOKYIO 06/1aCTh TPUMe-
HUMOCTH, UeM H3BECTHOE YpaBHeHHUe [, 6], MoJiyueHHOe B MPEJoJI0KEHHH MAJOCTH pajidyca NPOCTPaHCTBEH-
HOM KOpPeJISILIMK 110 CPaBHEHHIO ¢ paanycom Ppenesnsi.

1. HICXOJHOE YPABHEHUE

PacceMoTpuM 01HOMO3UILIMOHHOE 30HIMPOBaHKE B paMKax MPUOJIMKEHHUsT OTHOKpATHOTro paccesinust. B ka-
yecTBE MCXOJHOTO MPUMEM U3BECTHOE JIJIS TOTO CJIydasi BbipaXKeHue J/Isi KOMIJIEKCHOH orubatomiei mpuHsi-
Toro curHana |1, b, 6] (¢ TOUHOCTBIO JIO HECYIIECTBEHHBIX JI/IsT JaJIbHEHIIEr0 PACCMOTPEHHST MHOXKHUTENEH ):

u(t) = /H(t, r)g(e,)e(t —r/e, r)ei%or dr de,, (1)

rnee, =r/r, H(t,r) = o(t)a(t —2r/c) — BecoBasi pyHKHs, o(t)  a(t) — COOTBETCTBEHHO BPEMEHHOE OK-
HO MPHéMa 1 KOMIJIEKCHAst ornbaloliiast H3/lyuaeMoro CHruaJa, mpuuém OKHO H CUrHaJ Y3KOTOJIOCHb! H KMEIOT
nogiocbl {AQ,, AQ,} < wp, wy — Hecywias yactota, ko = wo/c, g(er) = fi(er) fs(er)ls [er, [er, Li]] — nna-
IPaMMHBII MHOXKHTEb, T1Ie fi(e,), fs(e,) — aMarpamMmbl HarpaBJeHHOCTH aHTEHHBI Ha Mepeauy U puém, 1,
1y — UX noJispU3alHOHHbIE MHOXKHTEJH, €(t, T') — (JIyKTyalnn 113/1eKTPUUeCKOH MPOHULLAEMOCTH, ¢ — CKO-
pocTb cBeta. Boipaxkenue (1) nosyueHo B MpeanooKeHnH, 4To paccerBalolnil 00bEM HAXOAUTCS B 1a/lb-
Heil 30He NMPUEMHO-TIepe/Iatolieli aHTeHHbI, Ha paccTostnud R > D?/)q, e D — xapakTepHble pasmepbl
AHTEeHHbI, A9 — JUIMHA BOJIHbI M3JlyyaeMOoro curHasa. [eomeTpus 3ajaun paccestHusi P OJHOMO3HLIHOHHOM
30HMPOBAHUH TIPHBE/IEHA Ha PUC. | a; aHTeHHA pACIoJoKeHa B Hauaje KOOPAMHATHOH CHCTEMBbI.

o)

Puc. 1. [eomerpusi skcnepumeHTa 1o o6paTHOMY pacCestHH1Io
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CHrHaJ TakxKe MPOXOJUT PUJBTPALIMIO TPH TPUEME, KOTOPYIO Mbl He GyjIeM 3alUChiBaTh B sBHOM Bujie B (1),
HO yUTEM JIajiee MPH Mepexojie K CreKTpagbHOMY MpeaCTaBJIEHHIO.

Ypashetue (1) onpesesisier ¢Bsidb MeXKJLy TPUHUMAEMbIM CHTHAJIOM M (DJIYKTyallHsIMU CPEJIbI U, 110 CYTH,
B 3ajlaue 30HIMPOBAHHUS SIBJISIETCS] YDABHEHHEM paIMOJIOKALIMU JIsi CUTHAJIOB, a He JIJisi 0ObIYHO paccMaTph-
BA€MbIX MOIIIHOCTHBIX XapaKTePUCTHK. S1ipo H W AHarpaMMHbIH MHOXKHTEb g OTIPEE/ISIIOTCS TapaMeTpamMmu
U3Jydatoried 1 npuémMHoi cucteM. Slapo H npu 3ToM onpeessier 1ianas3on GJiyKTyaldi € o BpeMeHH | pac-
CTOSIHHIO, IAIOLINH BKJIaJ B paccesiHHbii curtas. [1pu 0 HOMO3HIIMOHHON MOCTAHOBKE SKCIIEPUMEHTA 30H/11~
poBaHue BeJETCst (GDUHUTHBIM CHrHaIoM a(t),t € [0, T, ¥ NPUHSATHIN CUrHAJ aHAJIM3HPYETCsT B QUHUTHOM Bpe-
MeHHOM OKHe o(t),t € [T, T5], npuuém 171 > T'. CienoBaTtesibHo, sapo H o6sanaetT GUHATHBIM HOCUTEJIEM
10 MPOCTPAHCTBEHHO! 1 BPEMEHHOMH MepeMeHHOH, MOJI0YKEeHHe KOTOPOro B KOOPMHATAX J1aJbHOCTb—BpeMsl
npuBeieHo Ha puc. 16. JlnarpaMMHbIE MHOXKHTE/Ib g ONPeJIe/isieT 00J1aCTh HaMpaBJeHHI H3JTydeHHsT U TPHEMa
pacCcesiHHOTO CHrHaJia.

2. CBSI3b PACCESIHHOIO CUTHAJIA C TPOCTPAHCTBEHHBIM ®YPbE-CIEKTPOM HEOJJHOPOJHOCTEM

B nannom pasnesie mpezctaBieH pa3paboTaHHbBI HAMH METOJ MOJyUeHHsl CBSI3HM CIEeKTpa paccessHHO-
ro CHrHaJIa ¢ MPOCTPAHCTBEHHBIM CIIEKTPOM (JIYKTyallnH AU3JEKTPUUECKON MPOHUIIAEMOCTH Cpelibl. 3aiaua
noJiydeHusi NogoOHON CBSI3H JI/Is CJlydast MaJibix paccenBartesieil paccMoTpeHa B [7, 8], B 1aHHOH paGoTe noJy-
yeHa 1oj06Hast CBsi3b 6e3 OrpaHuueHHtst Ha pa3Mep 30HIHPyeMOoro o6'bekTa. B ocHOBe MeTo/1a JIEXKHT Tepexoj
OT 3aJlaul pacCesiHUs Ha MPOCTPAHCTBEHHbBIX HEOJHOPOIHOCTSIX K PACCESHUIO HA OTJ/IE/IbHBIX TPOCTPAHCTBEH-
HbIX (Pypbe-rapMOHHKAX STHX HEOJHOPOAHOCTeH. KX BKJIA/Ibl BBIUMC/ISIOTCS METOJIOM CTallMOHAPHOH (ha3bl 1
CYMMHUPYIOTCS.

B pamkax 60pHOBCKOT0 NpUGJIMAKEHHST OCHOBHBIM (hU3MUECKHM MeXaHH3MOM (hOPMHPOBAHKSI CHIHAJIA 51B-
JIIETCS paccesiHue Ha OTpe/ieIEHHBIX TPOCTPAHCTBEHHBIX (Pypbe-rapMoHnKax €. [losTomy yno6HO cpasy Bbl-
JIeJINTh CBSI3b PACCESIHHOTO CHTHAJIa CO CIIEKTPaIbHbIMK XapaKTePUCTHKAMH CPeIbl:

, dkd
u(t) = /H(t, re(t —r/c,k)eRor [ (k, r) . , (2)
(2m)?
rJie BblJIeIeH HHTErpasl Mo eMHHUHOM cdepe
I(k,r)= /g(e,,)eikr de,. (3)

Wurerpas (3) nporopuyoHaseH aMIJIMTyJle CUrHaJa, pacCessHHOro Ha OTIeJNbHOH MPOCTPAHCTBEHHOH
rapMOHMKE, U COJIEPAKHUT OBICTPO OCHUIMPYIONLyto (hyHKIMIo. CorsacHo [5, 7, 8] mpeano/sioxKum, 4To OCHOB-
HbIM MEXaHU3MOM $IBJIsieTCs1 GPITTOBCKOE paccesiiie  HaHOOJbLINH BKJIA B pacCesiHHbIA CHTHAJ Jal0T MPO-
CTPaAHCTBEHHbIE TAPMOHUKH (DJIYKTyallH CPEJIbl C MOJLyJIEM BOJIHOBOTO BEKTOPA MOPSIIKA YABOEHHOTO MOJLY.JIst
BOJIHOBOTO BEKTOpa Majaiollieil BoJiHbl. PaccTosiHUs, ¢ KOTOPBIX MPUXOJUT CUrHAJ, OIpeessitoTest supom H
¥ HaxoJATCsl B JlajibHel 30He aHTeHHbI. [103TOMy Npou3BeeHHe BOJHOBOTO UHC/IA HA PACCTOSIHUE SIBJISIETCS
60JIbLINM MTapaMeTPOM U Ja€T BO3MOKHOCTb BbIUMCJIUTD JIAHHBIH HHTErpaJjl METOJIOM CTalliOHapHOH dasbl [9],
YCJIOBUSI IPUMEHUMOCTH KOTOPOTO Mbl 0OCY/IUM MO3KeE.

[TonpiHTerpanbHoe BbipaykeHne B (3) HMeeT JIBe cTallOHAPHbIE TOUKH, HHTETPUPOBAHHE B OKPECTHOCTH
KOTOPBIX BHOCUT OCHOBHO# BKJIaj B MHTerpaJj. OHU OMpeesiioTesl ypaBHeHHeM

e, = tey, (4)
riie e, = k/k, 1 B iepBoM npuO/IHzKEHHH HHTerpaJl (3) paBeH CyMMe BKJIAJIOB OT CTallMOHAPHBIX TOUEK:

I(k,r) = 2mi V(k,r)[g(—er)e™™ — g(ex)e™], (5)
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e
V(k,r)=1/(kr). (6)

Bennunna V' Meer cMbIcJ1 yryioBOTO pa3mepa “cuHgasHoi” o6/acTH, faioliel OCHOBHOMN BKJIa/ B aMITIH-
TyJly paccesiHusi Ha MPOCTPaHCTBeHHOH rapMoHuKe (3). Takum 06pa3om, OCHOBHOH BKJIaJ1 B HHTerpad (3) 1aioT
cuH(asHble 06/1aCTH MPOCTPAHCTBEHHBIX TAPMOHMUECKHUX PEILIETOK, UMeIolIe BUJL TPYOOK, BBITSHYThIX BIOJb
HarpasJieHUs1 BOJIHOBOTO BekTopa. Hanpassenue Ha 3TH 06J1acTH onpejiesisieTcs yeJ0BUeM MapasliebHOCTH
Jlyua 3peHusl ¥ BOJJHOBOTO BeKTOpa (4), a UX yrjioBas lIMpuHa onpejessiercs (6). YrioBoi pa3mep cuHdasHOH
06J1aCTH COOTBETCTBYET MOMepeuHoMy IPOCTpaHCTBEHHOMY pasmepy Ry = v/ Ar — pamnycy ®penensi.

PaccestHHbII CUTHAJ SIBJISIETCS CYNEPTIO3UIIMEN BKJIAIOB OT/IEJIbHBIX TIPOCTPAHCTBEHHBIX rapMOHHUK. [To-
craBasis (5) B (2) v nepexojist K YaCTOTHOMY MPEJICTABJEHUIO TI0 BCEM TepEMEHHBIM, TT0JlydaeM pajdoJioKa-
LIHOHHOE YpaBHEHHE, CBSI3bIBAIOLIIEE CTIEKTP MPUHIATOrO CHrHaJa (1ocJie mpoxoxaeHust puibrpa h(w) B npu-
€MHOM YCTPOHCTBE) CO CIIEKTPOM HEOJHOPOAHOCTEN Cpe/ibl:

u(w) = h(w) /Hk(w — v,k —2ko —v/c)e(v, k)g(—ek)%, (7)

rie
Hy(w, k) :/Mei(“’t_kr) dtdr. (8)
r

B (7) onyiieHo BTopoe cjaraemMoe, KOTOpoe UMeET TaKo# e BUJL, KaK U nepBoe, Ho ¢ Hy(w — v, —k —
—2ko—v/c). Tak Kak pyHkuns Hy(w, k) yakonosiocHa 1o k (CM. HH2Ke), apryMeHT —k — 2k — v/ ¢ JIeXKHUT 1a-
JIEKO 3a TIpeJieIaMH €€ M0JIOChI, H BTOPbIM CJlaraeMbIM MOXKHO rpeHebpeub. [TockonbKy sinpo H (t, 1) pUHATHO
1o 060UM apryMeHTaM H TOXKJIECTBEHHO paBHO HyJito NpH 7 = 0, TO BbIpaxkeHHe (8) He UMeeT 0COOEHHOCTEN.

[Tosryuennoe pamuosiokallioHHOE ypaBHEHHE (7) TPUMEHMMO, KOTJIa SKCMOHEHIIHANbHbIH MHOXKHUTE/b B
UHTerpaJie (3) MeHsIeTCsl 3HAaUUTENbHO ObICTPee, UeM MHOXKHUTE/H BHe 3KCMoHeHTH [9, 10]. DTo paBHOCHIBbHO
YCJIOBHIO MaJIOr0 U3MeHeHHsl IMarpaMMbl HarpaBJeHHOCTH aHTEHHbI Ha yrJiaX Mopsiika pa3mepa CHH(pa3HoH
o6nacti (6). B paccmatpuBaeMoMm ciiyuae ykazaHHoe ycJoBHe 3anuchiBaetcest B Buie /A/r < A/D, copna-
JIAI0IIEM C YCJIOBHEM JaJibHEH 30Hbl aHTEHHBI:

D?/\ < 7. 9)

[TockosbKy 3T0 ycs10BHE OrpaHMUMBAET MPUMEHUMOCTb MCXOHOTO BbipaxKeHHus (1) st paccesiHHOrO cUr-
Hasa, To (7) siBJsieTcs CreKTpaibHbIM MpeacTaBjaeHreM (1) 6e3 10onoJHUTENbHBIX OTpaHUUeHH Ha 06J1aCcThb
MPUMEHUMOCTH.

PaccmoTtpum 6oJiee 1eTanbHO CBOHMCTBA TOJYY€HHOTO PaJHOJOKALIMOHHOTO ypaBHeHus (7). DTo Bbipa-
»KeHHe yCTaHaBJIMBAET JIMHEHHYIO CBSI3b MEXK/Ly CIIEKTPOM PacCesiHHOTO CUTHaJla U POCTPAHCTBEHHBIM CIeK-
TpoM (HJIYKTyalui 1M3JeKTPUUECKON MPOHULAEMOCTH cpelibl. K13 Hero $IBHO BUIIHBI CeJIEKTHBHbIE CBOHUCTBA
paccesiHus, ornpejessiolide 06JacTb MPOCTPAHCTBEHHO-BPEMEHHbIX (ypbe-rapMOHHUK, JAOLIHX OCHOBHOH
BKJIAJL B paccesiHue.

JlnarpaMMHbIil MHOXKHUTENb g(—ey) OTpeiesisieT CelleKTHBHOCTD Tpollecca pacCestHust 1o HarpaBJ/IeHUsIM
BOJIHOBBIX BEKTOPOB IPOCTPAHCTBEHHOTrO crekTpa iykryauuit. CorsiacHo (7) HauOoJbILIMI BKJIaJL B pacce-
SIHHBI{ CHTHAJ BHOCSIT MPOCTPAHCTBEHHbIE TAPMOHUKH CPeJibl C HAMPaBJAEHUSIMH, OTpe/e/isieMbIMU 3epKaJib-
HBbIM OTpPa’KeHHeM JHarpaMmbl HaNPaBJEeHHOCTH aHTEHHbI B 06/1aCTh BOJIHOBBIX BEKTOPOB, UTO 0006111a€T H3-
BECTHOE yCJIOBHE 3epKajibHOCTH paccesnus [11, 1.2, ctp. 203]. HeficTBuTesbHO, B (1) BXOAUT MHOXKHTENb
g(e,), onpeessioLIMii CTBOP HANPaBJIEHHH, B KOTOPBIX JIeXKAT HEOJHOPOJHOCTH pacCenBalollero oobeéMa.
B (7) BxoauT MHOXKHTENb g(—€y,), ONpeesioliil CTBOP HAaNpaB/eHHH BOJHOBBIX BEKTOPOB, JIAIOIIMX BKJaJL
B paccesiHue, U 9Ta (DYHKIHS €CTh 3epKasibHOe oTpaxkeHue g(e;).
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SInpo (8) onpenensieT ceseKTUBHOCTb MPOLIECCA pacCesHUS MO BOJHOBBIM UUCJAM U 4AaCTOTAM WM 3aBH-
CHT TOJILKO OT (hOPMbI 30HMPYIOLLEr0 UMITYJIbCa, TPUEMHOTO OKHA U (huJIbTpa. MOKHO MOKA3aTh, UTO MpPH
Y3KOTOJIOCHBIX CTMIEKTPaX 30HMPYIOLIEr0 HMITYJIbCca U MPUEMHOTO OKHa 3(h(heKTUBHOE SIPO TaKKe OyIeT y3-
KOIMOJIOCHO 10 060MM apryMeHTaM: ero IIMPHHA 10 YacToTe MO MOPSAKY BeJHurHbl OyaeT paBHa AQy =
~ AQ, + AQ,, a no BoJHOBOMY uucy npumepHo Aky ~ AQy/c. Heo6xonumo 3aMeTHTb, UTO 00bIU-
HO MPHUHSATHII CHIHAJ aHAJIM3UPYIOT B HEKOTOPOH CPaBHUTEJILHO y3KOH moJioce yactot A€y, onpeensieMoit
¢buabTpom h(w). Takum oGpazom, sipo (8) coBmMecTHO ¢ h(w) BblAe/sIET Y3KYI0 00/1aCTh BOJHOBBIX UHCEJ
CpeJibl, yuacTBYIOUIMX B paccessHd. OHa cocpeioToueHa BOJIU3H YABOEHHOTO BOJHOBOTO YHCJIa 30HIHPYIO-
11ero curxaga 2kg, 4To COOTBeTCTBYeT yeioBuio Byabda—Dbparra[5], a umpuna sTo# obyactu onpejessiercs
IIMPUHOH CTIeKTpa TnepeaaTtouHor pyHKIMH A€y, U CeKTpaMK 30HAMPYIOLIEro CUrHAJA U IPUEMHOTO OKHA:

Ak = Aky + AQy, /e. (10)

Hasnunune dunbrpaimu h(w) COBMECTHO € Y3KOTOJOCHOCTbIO 3 (EKTUBHOTO sijipa MO YacTOTe MPUBOJUT
K cesieklnn Kosiebanuit €(v, k) B o6sactu yactot MpuHoi AQ) = cAk.

JlaHHble cBOWCTBA ABJSIOTCS 000011eHHeM ycgoBust Bysbdha—Dbparra Ha cjyuail IHCTaHIMOHHON Jina-
THOCTHUKH HeCTaMOHAPHBIX HEOJHOPOHBIX Cpe/l ¢ YUETOM (OPMbI 30HUPYIOLLIETO CHTHAJA, TPUEMHOTIO OKHA
1 OUJBTPALIMH.

CeJIeKTMBHOCTb Tpolecca paccesiHist B 00J1aCTH BOJIHOBBIX YHces (T.e. BblaeJeHHe (hypbe-rapMOHUK
HEOJIHOPOJIHOCTEH, AIOLIMX OCHOBHOH BKJIA/ B IPUHSITBIA CUTHAJ ) [Isl CHTHAJIOB B CJlyuae MaJblX pa3MepoB
pacceuBaTeJisi XOpoLIO H3BeCTHA [7, 8]: BKJ1a/L B pacCesiHHbIN CUrHa/ 1a€T eIMHCTBEHHAs POCTPAHCTBEHHAS
rapMOHMKA CTeKTpa (JIyKTyallli ¢ YABOEHHBIM BOJHOBBIM YHCJIOM 30HIUPYIOLIEH BOJHBI.

B paccmartpuBaeMoil HaMH 3ajlaue paccesiHusl Ha POU3BOJIbHBIX HEOJHOPOJIHOCTSIX [10Ka3aHO, UTO OCHOB-
HOH BKJIAJL B PACCeSHHbII CHIHaJ JAéT yxKe He OJHa NPOCTPAHCTBEHHAs FapMOHMKA, a Liesblil Habop Ta-
KHX FapMOHUK. BOJIHOBbIE BEKTOPbI FAPMOHHMK 3TOTO [aKeTa JiexKaT B CTBOPE HalpaBJeHUH, oNpeie/sieMOM
OTpaKeHHeM JIMarpaMMbl HAMPABJAEHHOCTH AHTEHHBI, @ UX aOCOJIOTHBIE 3HAUEHHSI COCPENIOTOUEHbl B Y3KOH
o6JiacTh BOJIM3H YABOEHHOIO BOJIHOBOIO UMCJIa 30HAUPYIOLLEH BOJIHbL. PasMepbl 9T0i 06J1aCcTH ONpeae/soT-
C51 CyMMOH T10JIOC CMIEKTPOB 30HAUPYIOLIEro CUrHaJa, BPEMEHHOTO OKHA MpUéMa U MpuéMHOTo GuIbTpa.

[Tosryuennoe paanosioKauHoHHOE ypaBHeHHE (7) MOXKET ObITh MCIMOJIb30BAHO /ISl aHAJIM3a PaCCesTHHbIX
CUTHAJIOB, & HE TOJIbKO HX CTATHCTHUECKHX XaPAKTEPUCTHK.

3. CTATUCTUYECKOE PAJUOJIOKAUMOHHOE YPABHEHHE

B naHHOM pasjesie noJydeHo pajiroJoKalMOHHOE YpaBHEHHe [lsl IPOU3BOJIbHBIX PajMyCcoB MPOCTpaH-
CTBEHHOH KOPPeJISILIMK HEOJHOPOIHOCTEH H PAaCCMOTPEHBI YCJIOBHUS €r0 MPUMEHHMOCTH.

Wenonb3yst ucxoanoe ypaBHenue (1), ToCTpouM BbipakeHue Jijisi CPeJHECTATUCTHUECKOH CHEKTPaIbHOM
MOLLHOCTH PACCESIHHOrO CHUrHaJIa (C TOUHOCTBIO /10 MOCTOSIHHBIX MHOYKUTEJIEH ):

(T—R) dI‘ de’T
r2R2 ’

lu(w)|? = /W(r, 7,7 — R)g(e;)g*(er)®(r — (r — R)/c,r,r — R)eiwei%0 (11)

rmeer = R/R, W(r,7,p) = /o(t)a(t —2r/c)o*(t—T1)a*(t—7—2(r—p)/c) dt — BecoBas dyHKuMs, 3a-

BHCSIILAs JIULIb OT (DOPMbI CHTHAJIA U TIpHéMHOTO OKHa, P(7, 1, p) = €(t,r)e*(t — T,r — p) — cTauMoHapHas
KoppesisiidoHHasi GyHKLMS (JIyKTyaluil A13JeKTPHUECKON MPOHHIIAEMOCTH, p — KOPPEJSILMOHHbIH pajuyc,
T — BpeMms KoppeJssiuuu [11].
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[Ipumennm K Bbipaxkenuto (11) nanoxkeHHyio B npeapliylileM pasjesie MEeTOAUKY, JIJIsl Yero rnepeniém K
CHeKTPaSLHOMY NPEJICTABAEHUIO TO/IbIHTErpabHbBIX (DYHKIMH MO0 PA3HOCTHLIM apryMeHTaM:

+_py drdR dk dv

enier Y

lu(w)]? = /W(r,w — v, 7 — R)g(e,)g*(er)®(v, 1, k)e™ (rR)/ceik (r—R) giZko (
Bujno, uto unrerpa (12) MoXKHO BBIYHCJHTD METOIOM CTAalMOHAPHOH (Dasbl M0 eR, Kak 3T0 OGbLIO cJie-
JIaHO B NpeJiblaylieM pasjese. [1o e, nHTerpas MoKHO TakxKe BBIUHCJUTb STHM METOJOM B MPEJIOJ0KEHHH,
UTO CreKTpaJsibHast IOTHOCTh (PJIyKTyaLn# 113/1eKTprUuecKoi nporuiaeMmoctd ® (v, r, k) (mpoctpaHcTBeHHO-
BpPEMEHHOM CMEKTP HX KOPPEeSIMOHHON yHKIMH) cjabo MeHsietcs o r. Kputepuu ciaboil ©3MeHUHBOCTH
Mbl TpUBeEM 1o3:ke. TakuM 06pa3oM, MHTErpUPYsl 110 € g U €, METOJIOM CTallHOHAPHOH (asbl, MOJyyaeM:

o = - [ 2 e x

X O (v, —egr, k)eiy (r=R)/cgi(2ko—k) (r—R) qk

dek dv

Uro6bl ynpocTUTh Bblpaxkenue (13), cienaem 3ameHy nepeMeHHbIX p = r — R, BBel1éM 0603HaueHHe

W(r,w,p)

WQ(TawnO) = 7"(7“ - ,0)

(14)
Y Mepei/IéM K ero crieKTpasibHOMy NpejcTaBieruto. [lepexos K crnekTpam He NpeacTaBisieT TPyAHOCTeH, Mo-
CKOJIbKY B oOsacTu, rae W oranueH ot HyJsl, 3HameHaTte b (14) He oGpaliaercs B HyJb (3TO CJeyeT U3
paccMOTpeHHbIX paHee cBOHCTB sinpa H(t,r)). B pesysbrare nosyyaeM craTHCTHUECKOE PaHOJIOKALMOH-
HOe ypaBHEeHHe, CBsI3bIBAIOLILEE CPEIHION CMIEKTPAJbHYIO MOIIHOCTb PACCESHHOTO CUIHAJA CO CMEKTPalbHOM
MJIOTHOCTBIO (JIYKTyalluil M3JeKTPUUECKOH MTPOHUIIAeMOCTH 6e3 CTaHIaPTHBIX [D] orpaHuyeHnH Ha pagryc
NPOCTPAHCTBEHHOH KOPPEJISILIMK HEOJHOPOIHOCTEH (€ yUETOM (DUIILTPALIMH ):

— 9 9 dv

lu(w)]? = —|h(w)| /Wg(r,w — v,k —2kg —v/c)|g(—eg)|” (v, —exr, k) dk dey, drw . (15)

[Ipoananusupyem noJyueHHoe pajlosoKallHOHHOE ypaBHEHHE.

O6nacTb MPUMEHUMOCTH MOJyYeHHOTO BbIpaxKeHus (15), moMUMO orpaHUueHHH, YKAa3aHHBIX B TPEJIbIILy-
11leM pasjiesie, OrpaHMUMBAETCsl CpellaMH, /ISl KOTOPBIX CTeKTpalibHast MJOTHOCTb (DJIyKTyaUHi cjabo MeHs-
eTcs TpU U3MEHEHUH HampaBJeHHs paauyca-BeKTopa r Ha yroJ rnopsiaka \/)\—/r ITO COOTBETCTBYET TOMY,
UTO CpeJIHeCTaTHCTHUECKHEe CBOHCTBA Cpejibl ¢/labo MEHSIIOTCS B IPOCTPAHCTBE HAa PACCTOSIHUSIX MOPsiIKa pa-
juyca OpeHesns.

CeJieKTHBHbBIE CBOUCTBA PACCEsIHUS SIBHO BbljleJIeHbl B OJYUEHHOM PaH0J0KALIMOHHOM ypaBHeHuu. Jlua-
rPaMMHbBIF MHOXKUTEJIb g OMpesiesisieT CeeKIMI0 Kak HarpaB/ieHHH BOJHOBBIX BEKTOPOB, TaK M MPOCTpPaH-
CTBEHHBIX HaTpaBJIeHHH, CBSI3aHHBIX ycsoBUeM (4 ). JleficTBUTEIbHO, B BhipaxkeHHH (15) Mbl Beceryia MoxKem
NPOU3BECTH 3aMeHy MepeMeHHbIX €, = —ej, PUBO/SIILYI0 BhipaxkeHue (15) K apyroit hopme 3amucu, B KO-
TOPO# IBHO BblJle/I€HA CeJIeKLHS [0 IPOCTPAHCTBY:

lu(w)|? = |h(W)|2/WQ(T,w — v,k —2ky—v/c) |g(er)|2 O(v,r, —e k) dkdrdv

@ (16)

[Tpoussenenue dynkunn Wa(r,w, k), KoTopas 3aBUCHT OT (GOPMbI 30HUPYIOLILErO CHrHAMA U TPHEMHO-
ro okHa, u |h(w)|? onpenensier cesekTHBHbIE CBOACTBA PACCESTHUS MO BOJHOBBIM UMC/IAM, PACCTOSHUSM H
yacroram. [lnpuna Wy no 7 onpesiessieT 06J1aCTh AaJbHOCTEN OT pajgapa, (GOPMUPYIOLIMX PACCESTHHBIA CHI-
nas. Ulupuna Wa no k (coBmecTtHO ¢ huibTpoM h(w)) onpeessieT 06/1acTh BOJTHOBBIX YHCEJT CMIEKTPATIbHOM
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MJIOTHOCTH (JIyKTYyalnH, AaI0LIHX OCHOBHOH BKJIaJl B paccesinne. dT1a 06J1acTh COCpeoTOUeHA BOIU3H YIABO-
€HHOTO BOJIHOBOTO UMCJia 30HJMPYIOLLEH BOJIHBI, UTO COOTBETCTBYET ycJjoBuio Bynbda—Dbparra. [lupuna
3TOH 06J1aCTH 10 MOPSIJIKY BEJHUMHBI ONUChIBaeTcst BoipaxkeHuem (10).

4. OBCY)KJIEHUE MOJIYYEHHBIX PAJMOJIOKALMOHHBIX YPABHEHUH

PaccMoTpuM OT/IHUHMST MOJIyYeHHOTO HAMH PaHOJIOKALIHOHHOTO YpaBHEHHS] OT OOBIYHO MPHUMEHSEMOTO
ypaBHeHUsl paanosioKauud [5). st ynpouieHus aHanusa OyaeM paccMaTpUBaTh paccesiHue B Cpejie Co cTa-
LIMOHAPHBIMKU HeosiHOopoaHOoCTIMH @ (v, 1, k) = 0(v)P(r, k). B 3TOM Cciiyuae nosryueHHoe HaMH pajuoJIoKa-
[IMOHHOE YpaBHEHHE MPUBOJUTCS K CJIEIYIOLIEMY BHILY:

@P = | Walr,w,k — 2k0)®(r, —e,k) |g(e,)[2 L

2mr?

(17)
CrangapTHOe pajiMoNIOKallMOHHOE ypaBHEHHE MIPH STOM UMeeT B [D, 6]

Wl = [ Walr, )00, ~2ecko) lg(en) 5 (18)

rne Ws(r,w) = r—2 / o(t)a(t — 2r/c)o*(t — T)a*(t — T — 2r/c)e™T dr dt.

M3 noJiyueHHOro paanosoKallMoOHHOro ypaBHeHust (17) ciienyer, 4To BKJ/Iad B paCCesiHHbI CHIHAJ J1AK0T
He TOJIbKO MPOCTPAHCTBEHHbIE TAPMOHUKH C BOJIHOBBIM UMCJIOM 2kg (Kak caeayeT u3 (18)), a nakerbl Takux
rapMOHHK C BOJIHOBBIMM UHCJaMu k BOMM3H 2ko: |k — 2ko| < Ak. llupuna sToit o6aactn onpenesiercs
dynxunert Wa(r,w, k) u paBia Ak = (AQy, + AQ, + AQ,)/c.

Taxkum 06pasom, U3 MOJyUeHHOr0 PaJH0JIOKALIHOHHOTO YPABHEHHUS CJIe/lyeT, UTO CMEHOH 4aCTOTbl 30H/U-
PYIOLLEro CHIHAJA wo MOXKHO U3MEPUTb POCTPAHCTBEHHBIN CIEKTP CTALMOHAPHBIX (DJIYKTyaLMil AM3JIeKTPH-
4ecKOH MPOHHLIAEMOCTH C pa3pelieHHeM M0 BOJHOBBIM unc/1aM He Beille Ak = (AQ), + AQ, + AQ,)/c.
3 cTanaapTHOro xKe pajno0KallMOHHOTO ypaBHEHHsI CJlelyeT, UTO M3MepeHHe IPOCTPAHCTBEHHOIO CIIeKTpa
BO3MOXKHO C J1I0ObIM pa3pelleHneM Mo BOJTHOBOMY UHCJTY.

M3 cpaBHeHMst TakxKe cjlelyeT, 4yTO HauOOJIbIIHE OTJHUMS MeXKy CTAHAAPTHBIM M MOJyYeHHbIM HaMH
paJMOJIOKALMOHHBIM YPAaBHEHHEM MPOSIBJSIOTCS TPH HAJTMUHHM PE3KUX H3MEHEHHH CeKTPaIbHON JIOTHOCTH
t1yKTyauuii B 3aBUCUMOCTH OT BOJIHOBOTO uucia. JIyist nylaBHbIX 3aBUCUMOCTeH (HarpuMep NpH CTeNeHHOM
crniektpe & ~ k™ ¢ n ~ 1) 1 y3KOMOJIOCHBIX 30HIUPYIOLIHUX CUrHAMax pasnuune mexkay (18) u (17) necyie-
CTBEHHO.

PaccmoTpum npumep, Korja crekTpajbHast IOTHOCTb (DJIyKTyallil pe3KO MeHsIeTCsl B 3aBUCUMOCTH OT
BOJIHOBOTO uucsa. [TycTb mpocTpaHCTBEHHBIH CrIeKTp (UIyKTYyalHil COCTOUT U3 €IMHCTBEHHOTO Y3KOro MHKa
npu k = kj, a uacToTHbIN criekTp (JyKTyalHil AM3JeKTPUUeCKON MPOHUIIAEMOCTH LIHPOK MO CPaBHEHHIO
¢ wupuHoi Wa(w). Pusruecku 370 03HauaeT, 4To (JIYKTyallid HEOJHOPOIHOCTEH HMEIOT GOJILILION Pajn-
yC MPOCTPAHCTBEHHON KOPpPeJIALMH, PH 5TOM CTaHAAPTHOE PAJAMOJIOKALMOHHOE ypaBHEHHE HelpPUMEeHHMO
[1, 5, 6, 8]. Ls1st KaueCcTBEHHBIX OLIEHOK MOXKHO MPUHATb ®(w, 1, k) = $p(w)d(k — k).

[TosyueHHoe HaMKu pajMo/OKALMOHHOE ypaBHeHHe (15) B 3ToM cJ/yuae npuHUMaeT BUJ (C yU€TOM TOro,
yTo noJioca crnekrpa Po(w) sHaunTesbHO Hpe, yeM nosoca Wa(w))

Do((k1 — 2ko) ¢/2)Wa(w, k1 — 2ko) [g(—ex, ) %, (19)

2 ——
WP~ 5

rae Jist A0CTaTOYHO KOPOTKHUX (HO CpaBHEHHIO C 7“0/6, rjae ro — pacCTosiHue 10 CcepelMHbl pacCeuBalollero

06béma) curHana u npuémuoro okna Wy(w, k) = [ |o(w — v —ke/2)* la(v)? dv/ré = F(w — ke/2)/r¢.
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N3 storo Boipaxkenusi u (19) BuaHo, 4To MakCHMyM creKTpajbHOH MolHOCTH (19) Gyner pacnosioxeH B
OKPeCTHOCTH TOukH w = (k1/2 — ko) ¢, a ero mMpuHa GyJeT ONpelessiTbCsl MOJIOCOH CreKTpa MPUEMHOTO
OKHa ¥ 30H/IMPYIOLIEro CHTHaJIA.

Takum 06pa3om, UaCTOTHBIH CIIEKTP MPUHATOrO CHTHAJMA OKA3bIBAETCS V’Ke YaCTOTHOTO CrieKTpa CrieK-
TPaJIbHOM MJIOTHOCTH U OTIPEeseTCs HCKIIOUUTENbHO (DOPMOH 30HAMPYIOLIEro CUrHAla U TPUEMHOTO OKHA.
[1pu 3TOM UaCTOTHOE CMellleHHe crieKTpa GyIeT MPOTOPILHOHAJBHO Ppa3HUILE MOJTy el BOJTHOBBIX BEKTOPOB kg
¥ k1 /2. JlaHHOe cy)KeHHe CTeKTpa MPUHSATOr0 CUrHaJla 1o CPaBHEHHIO CO CTIEKTPOM KoJieGaHHil CpeJibl U 3aBU-
CHMOCTb YaCTOTHOTO C/IBMTa OT YACTOThI 30HIMPOBAHHUS B CJydae pacCesiHusl Ha OT/IebHON rapMOHHUECKOH
pelléTKe He OMUChIBAETCS CTaHAAPTHBIM PaMOJOKAIMOHHBIM ypaBHeHHeM [1, 5, 6, 8]. DkcnepumeHTanbHO
noo6HbIH 3¢ heKT HabM0IaeTCs TPU paoaKyCTHUECKOM 30HAMpOBaHuH aTMocdepsl [12], korna pacces-
HHE MPOUCXOUT HAa KBA3HMOHOXPOMATHYECKOH aKycTHUeCKo# BoJiHe [13].

5. 3AKJIIOYEHHUE

B pa6ote n3noxeH MeTOI OJTyueHHsT CBSI3H pacCesTHHOTO CHTHaJIa CO CMEKTPaJbHbIMKM XapaKTepUCTHKA -
MH Cpe/ibl, CyTb KOTOPOTO COCTOMT B Mepexojie K PACCMOTPEHHIO pacCesiHUs Ha MPOCTPAHCTBEHHBIX FAPMOHH -
Kax CpeJibl U MPUMEHEHHIO METO/Ia CTAllMOHAPHOH (ha3bl /151 BHIUUCJIEHHS BKJIAJI0B OT/IEJIbHBIX FaPMOHHUK.

k

- 2ky- Ak

2ky+ Ak

9(-ey)

Puc. 2. [eomerprueckasi MHTepripeTalusi paccesiHus

Ha ocHoBe nmpeiiokeHHOro MeTo 1a MoJIydeHO pajrooKallMoHHOe ypaBHeHHe (7), CBs3biBaloliee Gypbe-
CTIEKTP PacCesiHHOTO CHMTHajia M MPOCTPAHCTBEHHO-BPEMEHHOH (ypbe-cnekTp (JIyKTyaluil 1u3/eKTpHue-
CKOMl TIPOHUIIAEMOCTH B CJIyuae, Korja paccerBaresib 3aHuMaeT 6oubliioil 00béM. [Tokazano, 4uTo 0CHOBHOH
BKJ1aJl B paccesiHie JaloT MaKeTbl MPOCTPAHCTBEHHbIX FAPMOHHUK € C BOJHOBBIMH UHC/IaMu TTopsijika 2ko + Ak,
rne Ak onpenensiercst (10). CTBop HanmpaBJjieHUH BOJIHOBBIX BEKTOPOB OTpeEJesieTcsl 3epKajbHbIM OTpa-
YKEHHEM JiMarpaMMbl HallpaBJeHHOCTH aHTeHHbI. [eoMeTpHUecKasi MHTEpIIpeTalils paccesiHus MpUBe/ieHa Ha
puc. 2. O6s1aCTh IPUMEHUMOCTH MOJYUEHHOTO BbIPayKEHHUsI COBMAIAET ¢ 00J1aCThIO TPUMEHUMOCTH HCXOIHOTO
BbIpayKeHHs B TIPOCTPAHCTBEHHO-BPeMeHHOM 3anucH (1), T. e. moJrydeHHOe BbipaxKeHue (7) siBJIsieTCs aHalo-
rom (1) B criekTpasibHO#l 06s1acTu. [TosyueHHoe pamuoioKallHOHHOE ypaBHeHHe siBJisieTcst 06001eHneM dhop-
MyJl JUIsl MaJiblX paccenBaTesiedt [7, 8] Ha paccenBaTesd MPOU3BOJILHBIX pa3MepoB. B 3agauax quarHoCTUKK
cpen ypaBHeHHe (7) MOXKeT ObITb MCTOJb30BAHO J/IS aHAJIM3a HETMOCPECTBEHHO CHUIHAJIOB pacCesiHus, a He
TOJIBKO HX CTATHCTHUECKHUX XaPAKTEPUCTHK.
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B pa6ote Tak»ke rmoJiyueHo CTaTHCTHUECKOE PAJHOJIOKALIMOHHOE ypaBHeHHe (15) 6e3 TpajuuoHHOro or-
paHHueHHsI HA MaJIOCTh Pajilyca MPOCTPAHCTBEHHOH KOPPEJISILIAA HEOJHOPOHOCTEH M0 CPaBHEHHIO C pany-
com ®Ppenessi [2—6]. YpaBHeHMe cripaBeLIUBO AJI51 CPEJl, CPEIHECTATUCTHUECKHE TapAMETPbl KOTOPBIX c1abo
MEHSIIOTCSl Ha pacCTOSIHUSX nopsiaka paaryca Ppenessi, a pajryc Koppessiuy npoussoJieH. JlaHHoe orpa-
HUUEHHe uallle BCEro BBIMOJHSIETCS TPH 30HAMPOBAHUH PeaJIbHbIX CPell, MOCKOJIbKY CPEIHECTATHCTHUECKHE
napameTpbl Cpejibl (CeueHHe paccesiHusl, CKOPOCTh Jipeiica U T. 1.) 06bIUHO MJIABHO MEHSIIOTCS Ha MaclluTabe
nopsiaka paauyca @penens. [IpogeMoHCTPUPOBAHBI OTJWUHS MTOJYYEHHOTO PAJHOJOKAIIMOHHOTO ypaBHEHUS
OT 0ObIYHO PUMEHSIEMOTO.
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VIHCTUTYT COJTHEUHO-3eMHOM (DU3UKH [Toctynuia B pefakiuio
CO PAH, r. Upkyrck, Poccusi 17 Hosi6pst 1999 1.

RADAR EQUATIONS IN THE RADIO WAVE BACKSCATTERING PROBLEM

O. 1. Berngardt and A. P. Potekhin

We present a method for finding the relation between the singly scattered signal and the Fourier spectrum of di-
electric permittivity fluctuations of the medium with regard to the scattering volume which is controlled by the antenna
pattern and is not small. Using this method, we found a radar equation which relates the temporal Fourier spectrum of
the scattered signal and the spatio-temporal spectrum of permittivity fluctuations. We also obtained a statistical radar
equation to relate the statistically average spectral power of the scattered signal and the spectral density of permitivity
fluctuations without the conventional assumption that the spatial correlation radius of irregularities is small compared
with the Fresnel radius.
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PACCESIHUE MJIOCKOM BOJIHbI HA PELUETKE HEJTIMHEHHBIX HATPY30K
HA UIEAJIbHO MPOBOASILLLEM 3KPAHE, MTOKPbITOM CJIOEM JIU3JEKTPUKA

Jl. B. Cemernuxuna

MeTo/I0M HHTErpasibHbIX YPaBHEHUI! pellieHa 3aj1aua PacCesiHusl IOCKOH BOJIHBI PELETKOH HeIMHENHbIX HArPY30K
Ha 9KpaHe, NOKPBITOM CJIOEM OJIHOPOJHOTO U3J1eKTPHKA. UHC/IeHHO HCCeIoBaHO BIHMSIHHE TapaMeTPOB MOKPbITHS Ha
KO39((hULHUEHTb! OTPAXKEHUs PELIETKH Ha OCHOBHOH 4aCTOTE M TPETbeH rapMOHHKE Majlatollieil BOJIHBI.

BBEIJAEHHUE

[Tpo6sieMbl 3/1eKTPOMArHUTHOH COBMECTHUMOCTH PaH03JeKTPOHHBIX CPEICTB yrayOJsoTCsl ¢ LIHPOKUM
BHEJIpEHHEM B MPAKTHKY aHTeHH ¢ HeJuHelHbIMH Harpy3kamu (AHH). Henunneiinbie sgdexTsl B aHTeHHAX
MOTYT MOPOXKAATHCSI, BO-MEPBbIX, HEJIMHEHHBIMU dJ1eMeHTaMH, (PYHKIIMOHAJIBHO BXOSILIMMH B COCTAB aHTEH-
Hbl (HarpuMep B aHTE€HHAX-BBIMPSIMUTENSX [1], aHTEHHAX ¢ YMHOXKEHHEM UYacCTOThbl, CMECUTENbHbBIX aHTEH-
HaX, aKTHBHbIX (ha3UPOBAHHBIX aHTEHHBIX pelléTkax [2]). Bo-BTOpbIX, He/iMHelHble aHTeHHble 3(PPeKTb MO-
ryT 6bITh 06YC0BJIEHBI KOHCTPYKIIHEH aHTeHHBI (G0JbIINM UMCJIOM KJIeMaHbIX UM CBAPHBIX COeUHEHNH ) [3]
WJIM HeOJIaroNpHUSITHBIM PEXKHUMOM paboThl aKTHBHBIX 3JieMeHTOB B aHTeHHe [ 1]. [Tpu npoektupoBanun AHH
KaK MHOTOYaCTOTHOTO M3J/TyuaTesisi OCHOBHOM SIBJISIeTCS 3a/1aua YMeHbIIIeHHs Tapa3uTHOTO HeJIMHEHHOTO pac-
CesIHUSI M, BMECTE C TeM, MOBbILIEHHS €€ SHepreTHUeCKUX XapaKTepUCTHK B PexKMMe U3J1yUeHHsl Ha OCHOBHOH
¥ KpaTHBIX YACTOTaX.

Takum 06paszom, akTyasibHbIM SIBJISIETCS TOUCK MyTeH YMeHbIIIEHH S TaPA3UTHOTO HEJTMHEHHOTO pacCesiHUs
Ha yacToTax rapMoHuK. PaccMoTpuM pelienne 310 npobJeMbl 1Jisl pacceuBaTessi B BUJIE MTPOCTOH MePUOIN-
4eCKOH IBYMEPHOH PELLETKH.

1. MOCTAHOBKA 3AJJAYH

PaccMoTpuM oiHONIepHOIMUECKYIO PeIUETKY HeJIMHEHHBIX Harpy30K, MPEICTaB/ISOILMX COO0H y3KHe HeJlH -
HeilHble L1eJH, PACTOJOoKeHHbIe Ha M/leabHO MPOBOJIsILEH MIOCKOCTH (paccMaTpuBaeM JByMEPHYIO 3aj1audy,
BCe MapameTpbl KOTOPOH He 3aBUCST OT KOOPJAHUHATHI ). PeléTka siB/sieTcsi nepuoMueckKoi 1o y ¢ nepuo-
JIOM d, Ha KaxKJIOM repruojie uMeetcst M HeJIMHEHHBIX HAarpy30K WHPHHOU Ay, tiem = 1,..., M. 3anaum
BOJIET-aMrepHylo xapakrepuctuky (BAX) nesmueiinoi narpysku B Buje [4]° = S0 (a,u” + b, du” /dt),
rae P — crerneHb MoJHHOMA, ¢° M U — TOK Uepe3 HarpysKy U NpUJI0KeHHOe K Hell HanpsiKeHue, a, U b, — Ko-
3 HULMEHTHI, OTIpeie/sieMble 3J1eKTPOPU3MIECKUMHU CBOHCTBAMU HArpy3KH. [17ocKocTh MoKpbITa cjioem oji-
HOPOJIHOTO JIM3JIEKTPUKA ToJLIMHON b (puc. 1). Petiérka Bo3Oyxaaercsi njaockoi H-noJsipu30BaHHON BOJI-
HOH UacToThl w, Najatoller noj yraom 6 uz obaactu Vi Ha CTPyKTypy.

Tak Kak uccseyemasi CTpyKTypa COLEePKHT 3J1eMEHThI C HeJIHHEHHBIMU CBOMCTBAMMU, CIIEKTP PacCesHHO-
0 3JIEKTPOMArHUTHOTO 110J1s1 OY/IeT COJIepKaTh COCTABJISIIOIIME HA YACTOTaX BbICIIMX rapMoHUK. Onpenesnm
noJie B o6Jactsix Vi u Vo Ha yactorax nw. sl 5TOro npuMeHUM MHTerpajibHble COOTHOLLIEHHUSI /151 roJiel [5]
B oOsactsix Vi u Va. B kauecTBe BcromoraTe ibHbIX BbiOepeM 3J1eKTpoMarHuTHbie moJisi (D MIT) E;‘“l’l, H)
EN? H)?, B030y»K/1aeMble HUTbI0 CHH(A3HOr0 MarHWTHOIO TOKa, Napas/ie/bHON OCH & U PaCHoJoKeHHON
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B Touke p(y, z) COOTBETCTBeHHO obJsactu Vi u Vo,

z EN' H'! — nodie, yioBieTBopsiioliee rpaHAuHO-
I My yegiosuio (I'Y) E’xg} = 0 npu z = 0 (Ha rpa-
jy HuLe pasaena obaacteil Vi u Vi), Ep?, HIW? —
noJie, ynosJersopsioilee ['Y E,]Y[L?’f = 0 mnpu
v, z = 0; —b(z = —b— 1UI0CKOCTh 3KpaHa), T. €. 3TO
rnoJie B 6ECKOHEUHOM MJI0CKOMaPaJIeIbHOM BOJI-
Ay, HOBOJIE. YUTEéM, UTO HarpaBJieHHsl BCIIOMOTraTe/b-
HBIX TOKOB COBIA/IAI0T C OPTOM i, U TOMECTHM TOU-
Ky Hab/oeHnst p(y, z) Ha MOBepXHOCTH z = +0
1_ (nepemeriasi eé u3 obaactu Vi B obmactb Va).
d n=-1, B 3toM cisiyuae [isi COOTBETCTBYIOLIMX 0OJacTelt

MOJTyUHM

Puc. .
B0 = [GOB - as - [ R =0, (1)
Sj1 y'
H) (p) = / TuZHY2 (2 = 0)dy + / T2 (2 = —b) dy/, (2)
Yy Yy

e jn'" — MJIOTHOCTH 3/JIeKTPUUECKOrO U MATHUTHOTO TOKOB CTOPOHHHX HCTOUHHKOB, BO3OYK/IAIOLIUX 1110~
CKYIO BOJIHY; Jhg > — MJIOTHOCTH MATHHTHBIX TOKOB, TEKYLHX [0 MOBEPXHOCTAM 2 = =0, Sj1 — ceueHue
06'béMa HCTOUHMKOB MJIOCKOCTBIO (yz). B BblpaxkeHuu (2) Hy»KHO yuecTb, UTO MarHUTHbIE TIOBEPXHOCTHbIE
Toku J) nipu 2’ = —b CylIeCTBYIOT TOJIBKO B Mpejiesiax HeJIMHeNHbIX Harpy3ok. [TockoibKy mpu z = 0 BbI-
nonnsiores TY HSY (p) = J28%) (p), To mpupasHuBast (1) 1 (2) npnt z = 0 u yunTbIBasK, uTo Jop = —Jnz

(T. K. HOpMaJii HallpaBJIEHbI B ITPOTUBOIIOJIO2KHbIE CTOpOHbI), [MoJIyuynum

/ Iioe (HYHZ = 0)+ HY2 (2 = 0)) dy'— / Iy HW2 (2 = —b)dy = / G TER P TH ) A (3)
Y y S;

M, 1 M,2
rne ‘]7]\{[1235 = dJnz = —Jnx -

00 Ym+Ay/2 5 .
& M M, _
Bropoe ciaraemoe B sieBo#i yacTH (3) MOXKHO 3arucartb Kak / DomaeH e dy', Tae Yy,
m=—00 Jy;, —Ay/2
KOOp/IMHATa cepelMHbl m-il Harpy3ku. C yuéToM TOro, UTo NapamMeTpbl CHCTEMbl He 3aBUCST OT KOOPAUHATHI ,

['Y na xaxnoit m-i HeIMHENHON HATPy3Ke HMEIOT BUJL [ 6]

3 _ M 2 M M 3 M M M
J’r:;my - Aym Anm‘]nmz+Aym Bnm Z Jsme(n—s)mx+Aym Cnm Z J(n—q)mx Z J(q—s)m:c‘]sm:v ) (4)

S=—00 gq=—00 S§=—00

rie A, = a1 + inwby, By, = as + inwbs, C), = as + tnwbs. [Tomenlasi Touky HabJ/01eHHS B BbIpaKeHHH (2)
Ha MOBEPXHOCTb KaXKJI0H HeJIMHEHHON HArpy3ku v npumensisi ['Y (4), nojyuuM HeJiMHeHHble UHTerpajbHble

546 Jl. B. Cemenuxuna



Tom XLIIT Ne 6 Hssecmus syzos. PAITHODHI3HKA 2000

ypaBHEeHHs BUJa

Aym Anm‘]rl\z/[mac + Aym nm Z smacJ(n s)mx + Aym nm Z J(n q)mzx Z J (g—s) m:c‘]ym:v =

S§=—00 gq=—00 S§=—00

yu+Ayu/2
- / Jrl\;[12xHx7x2 dy/ + Z / nyxHx&2 dy,? (5)
! :_Ooyu_Ayu/2

rnem=1,2,....
YpaBuenus (3) u (5) npencTaBsior co60il 6€CKOHEUHYIO CHCTEMY HEJTMHEHHBIX HHTErPabHbIX ypaBHEHUH
(CHWMY) nanHoii 3apaun.

2. NIPUMEHEHHUE YCJ1IOBUS NEPUOJAUYHOCTHU

[TockoJsibKy Bce mapameTpbl paccMaTpUBAeMOH 3aJ1aud HHBApPUAHTHbI MO OTHOLIEHHIO K CJBHTY Ha Lie-
JIOE€ UHCJIO MIEPUOJIOB TI0 ¥, PellleHHe 3a/laul, OUEBUIHO, MOKHO CBECTH K aHAJIM3Y OJIHOTO TepHoja Pelér-
Ku. [IpUMeHnM yCJIoBHS TTIEPHOMYHOCTH (TOKH Ha N -M Meprojie MOXKHO MPeJICTaBUTh Kak JN (y — Nd) =
= J¥ exp [~iNtL]; J¥, — Tok na HyneBoM mepHoe, tL = k,1dsin@ = nkidsin @ — napamerp ®aoke)
1 popmyaty cymmupoBanust [lyaccona [7]. Hanpumep, nepBoe ciaraemoe B JieBoil yacTH (3) npeo6Gpasyercsi

K BULY
27Tl—t1
; oo oo [ () )
[ s | s 2
0

; +
n12ac tWpid = Inll

[ 2nl —th ,
o exp |—i | ——— | (¥ — )
ko d a

- v,
1Whnad 2 Tn2l

_l’_

TIe Yp — KOOpJAMHATA BCIIOMOraTeJbHOrO TOKa, TOUKA O3HAUaeT, YTO TOK OepéTcs Ha HyJIeBOM IMepHOLe pe-
IWETKH, THJIbJla — YTO MHTErpupoBaHUe BEAETCS M0 KOOPAMHATAM HYJIEBOTO Mepuoja (B AajbHellleM 3TH
3HaKH omyckaem); k12 U Wi o — MOCTOSIHHbIE PACIIPOCTPAHEHHS M XapPAKTEPUCTHUECKHE COMPOTHUBJIEHHS

B o0aacTax Vi 2, Yp1,20 = \/ (2l —tL)2/d? — k2, - OcTasibHbIE TOBEPXHOCTHbIE HHTErPAJIbl IPeobpasy-
I0TCS1 aHAJIOTUYHO.

B ciayuae maneHuss mMJOCKOH BOJIHBI C aMILIUTYA0H MarHuTHOro ToJist Hp MOXKHO TI0Ka3aTb, UTO

/ Wt (yVHY dS" = 2Hg exp|—ikyy sin 6)].
1

Taxkum o6paszom, pelieHne 3aaul MOYKHO CBECTH K aHAJIU3Y OJIHOTO MEPHO/Ia PEIIETKH.

Paccmorpum petienne CHUY (3), (5) metogom MomeHToB. B KauecTBe GasucHbIX QyHKIMI s HEH3-
BECTHBIX TOKOB BbIOepeM KYCOUHO-TIOCTOSIHHbIE (DYHKIIMH, TPUUEM TOK Ha HEJIMHEHHOI Harpyske GyjieM Cum-
TaTh MOCTOSIHHBIM B TIpeJiesiax 3Toi Harpy3ku (Ay,, < A/30, rie A — JJHHA BOJIHbI ), a HA TOBEPXHOCTH 2 = ()
npuMeM

(6)

M _J Thee(Wn) = Troans Y € yn = Ayy/2;
lew(y) -

0, Y ¢ yp = Ay, /2,

rie Ay, = Ay < \/30; y, — cepenuHa 7-ro yuacTka pasoHeHHs.
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B kauectBe npo6GHbIX BeiOepeM d-pyHkunn. Torna CHUY (3), (5) cBomMTCS K CHCTEMe HeTMHEHHbIX aJl-
re6panueckux ypaBHenuii (CHAY ) Buna

N
M 00 —b0 1
El Jlevzpnvn Z uzlon/m] an?
v=

Ay, A, Jxm+Aym N S :”n_smwy% i Z (n—gyma: % (7)

S§=—00

0
x Z Jéwq_s)mx smx Z H‘T’Of_lﬁmb + Z 12v2pnvm =0,

S§=—00

rmen=1,2,...,N,m=1,2,..., M. Kosccduunenrsi CHAY umeior Bu1

00 kn1 Ayv > 1 kna Cth(7n2lb) . A A .
- T v 2 _An v Yn)l
Ao = ad 2\ Tar gz B [ A/ i (=00

P00 kn2 Ay 1
e 7J2Wn2d = oo Tn2l Sh('yanb)

p_b_b _ k'n2 Ayu = Cth('yn2lb)
e Z2Wn2d TYn2i
l=—00
o9
0—b kna Ay, 1

= — —————sinc(A,; Ay, /2) exp[—iAn (Yo — ym)],
Prnom Z2Wn2d S~ Y2t Sh(’}’nQZb) ( 1Y / ) p[ l(y Y )]

F,%n = /J,NIHCTH,ML’1 dS" = — (6,1 + 8y,—1) Ho exp[—ikn1yy sin 6],
Sj1

sinc(Ay Ayu/2) exp[—ily (yu - yn)]v

sinc(Ap Ay, /2) exp[—iMn (Y — Ym)],

rie Ay, = (27l — t1)/d, sinc(z) = sinz/z; 6, +1 — cumBos Kponekepa.

3. KOO PULUHUEHTbI OTPA)KEHUS

Paccmotpum Kosdduumentsl otpaxkenuss IMIT npu nageHnu niockoi BoJHbI Ha PeLIETKY HeJIMHEeHHbIX
Harpy3oK, pacroJ/ioKeHHbIX Ha TOKPBITOM CJI0EM JIM3JIeKTPUKA HeabHO MPOBOASIIEM TJIOCKOM 3KpaHe. Jlis
3TOTO ONpeJIe/IuM paccesiHioe roJie B o61actu Vi u3 siemmbl Jlopenua ajist paccesiHubix noJiefi [5]. Beibepem
B KauecTBe BCIIOMOraTe/bHOTO 1oJie, BO30YyK1aeMoe HUTbI0 MarHUTHOTO TOKA B BEPXHEM MOJYPOCTPAHCTBE
C ujeasbHO NpoBojsieil rpanuiedt. Toraa paccesiHHoe MoJie ONpeiesuM Kak

Haia:(p) = /H%:;}E;}Ly dyl +/ an:er ! dylv

/ /

Y Y

rae E} — KoMIjleKcHas aMILIMTyda 3JeKTPHUYECKOro I0Jisl, 11aalollero Ha CTpYKTypy, J) o, — MOBEpX-
HOCTHbI€ TOKH, TeKyllue 1pu z = 0; 3HaueHUs1 ITUX TOKOB Ha MePHOJie PELIETKH CUMTaeM U3BECTHBIMU B BULE
(yHKLMI (6) ¢ aMIJIMTY1aMH, BbluMcJeHHbIMU 1TpH petieHun CHAY (7).

Onpenenum Ko3(ULHMEHT OTpazKeHHsI CTPYKTYpbl TpH ¢y = 0, 2 = 0 Ha OCHOBHOH YacToTe /151 HyJIeBOH
mombl Paoke kak RY = (Ho + H,,)/Hp, a Ha yacToTe n-il rapMOHMKH 1151 [-ii pacnpocTpaHsioleics
NPOCTpaHCTBeHHOI rapMoHuKH PJioke Kak Rl = /Hy. Torna nosyuum

nl:c

1

N
RY=1- Wi dHy cos Z Jp12nz Ay sinc(ky sin 0 Ay, /2) expliAno(yn)],
n=1
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N
k
[ 1 . .
R, = m Z Ipr2na Ayy sinc(Ay; Ay, /2) explidn (yy)]-
n=1
4. XAPAKTEPUCTHUKHU PACCESHUS
JIs1si 0JIHOZJIEMEHTHON PELIETKU HeJIMHEHHBbIX Harpy3oK (M = 1), umeroiux napametpbl BAX a1 =

= 0,0183, az = 0, ag = 0,00375 1 pacnoJyoKEHHbIX HA UJ1eaJIbHO NPOBOAALLEH NJIOCKOCTH, ITOKPLITOH CJI0EM
JM3JIEKTPUKA € i = 1, MpoaHaIM3UPyeM 3aBUCHMOCTH Ko(uLMenToB oTpaxenus pewérku |RY|, |[RY| ot
yrJia ¢ najieHusi BOJIHbI, AU3JIEKTPUUECKOH MTPOHUIIAEMOCTH €, TPOBOJAUMOCTH ¢° U TOJILIMHBI b IX3JIeKTpHUe-
CKOTO TTOKPBITHSI.

3aBUCcHMOCTH MOjLyJell KO3(D(HULIMEHTOB OTpaXKeHHst HyJieBOi Mojibl PJioKe OT yryia najieHust BOJHbI PH
e = 1;2,56;4,5 npu 0® = 0;0,1; b/A = 1/15u d/\ = 0,15 nokasanbl Ha puc. 2, 3. Hasnuune nussekTpu-
UECKOT0 ¢JIosi 6e3 MoTepb, MOKPLIBAIOLIETO PEIIETKY, TPUBOIUT K YBEJUUEHHIO KOI(PQHUIIHEHTA OTPaXKeHH s
HYJIEBOH MOJIbl HA OCHOBHOM 4aCTOTE B ILIMPOKOM YIJIOBOM CEKTOPE, TPUUEM 3TO YBeJHUEHHE U STOT YIJIOBOH
CeKTop TeM Gouiblile, ueM Bbillle . [Ipu e = 4,5 Takasi CTPyKTypa OTpaKaeT Ha OCHOBHOH 4acTOTe MpakK-
THUECKH KaK MjleasbHO MPOBOJSIIMI 3KpaH (pHc. 2a, 3a), MOCKOIbKY KO3 HUIIMEHT OTParKeHHsl CTPEMHUTCS
K 1. OHOBpeMeHHO yMeHblaeTcst KO3DUIMEHT OTpaXKeHHs1 Ha 4acToTe rapMOHUKH (pHuc. 26, 36), 6oJee
CYILIECTBEHHO — TIpH OOJIBIINX €; B HEKOTOPBIX YIJIOBBIX CEKTOPAX €ro CHIXKEHHe cocTasJsieT okoso 20 1b.
Haumenblune snauenust | RI| MMeeT npu CKOMb3SALIUX YIVIaX MaJeHust Ha PEIETKY, IPHUEM KaK JUIsl PEETKH
C MOKPBITHEM, TaK 1 Ge3 Hero (B 5ToM ciiyyae | RS| Ha COTHH fetn6es1 MeHblile, YeM MPH HOPMAJILHOM NaleHHH
BoJIHbI). Hesnuerinble cBoiicTBa Harpy3ok npu 6 > 80° MOKHO MPaKTHUECKH HE YUUThIBATb.

Taknum o6paszom, npu yraiax najgenust > 80° paccmaTpuBaemasi CTPyKTypa UMeeT oTparkaTeJsibHble CBOM-
CTBa HJleasIbHO TIPOBOJISILILEH MJIOCKOCTH.

Munumymbl | RI| cOOTBETCTBYIOT yrviam najieHusi 6, pyu KOTOPbIX HAGMIONAETCS MAKCUMAJIbHOE TIOJI0-
ILIEHHE T10JIsT B CJI0€ IM3JIEKTPHUKA Ha coOTBeTCTBYIOLILeH yacToTe. [Tockoubky rnpu d/A = 0,15 BbIcLIie MOJIb
OTCYTCTBYIOT MPH JIIOOBIX 6, TOTEPH SHEPTHH HA YACTOTE TAPMOHUKH 0OYCJIOBJIEHbI KOJIeGAHUSIMH, BO3HUKA-
IOLUMH B JIM3JEKTPUUECKOM ¢Jl0e. DTO ciieyeT u3 rpadukos | RY(6)|, nokasannbix Ha puc. 26, 36 U paccuu-
TAHHBIX MIPU PA3JIMUHBIX 3HAUEHUSIX MPOBOAUMOCTH ciosi o° = 0,01. Yuér norepb NMPUBOAUT K CryIaXKHUBA-
HHUIO 9KCTPEMYMOB, a MpH GoJbLIKX MoTepsix (o > 0,1) 3KCTpeMyMbl MOJHOCTbIO HCUE3al0T (M3 CpaBHEHHS
puc. 26 u 36 BuaHO, utTo npu € = 2,56 1ast 6 ~ 66° |R(0)|s2—0.1/|R3(0)|s>=0 = 20 nB. B To xe Bpemst
HaJIMuHe MOTePb MOXKET 3HAUMTENILHO YMEHBIINTb KOSPPHUIMEHT OTpaxKeH sl PElIETKH Ha OCHOBHOH 4acToTe

1,20-.‘-----.- 10—3_ 1
[Ry] IRS| =1
0,99 et =g 10?4
€=2,5
_5 - -
0,98 10
10—6 -,y
0,97 —
10
PR
0,96 pat| 58
49
%015 30 45 60 72 90 0015 30 4 6 75 %
» Tpaj
a) s I'P. 6) 0, rpax

Puc.2
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(cm. puc. 2a, 3a), U Ipy MEHBIMX € 3TO CHUKeHHe HoJiee 3HaunTebHO. Hanpumep, npu e = 2,56 a5t 6 ~ 81°
[R(O)|o—0.1/|RY(0)]6—0 = 2.4 1B

Kak caienyer 13 panee u3ydeHHbIX CBOHCTB HEJIMHEHHBIX HATPY30K [4], NpH yBeJIMUeHHH aMIIMTY/Ibl Taja-
toutero noJist Hy v Kospuumenta ag BAX kosdduiument orpaxkenust Ha OCHOBHOH 4acTOTe OCTAETCs HEU3-
MEHHBIM, a Ha 4YacTOTe FAPMOHHUKH CYLLLECTBEHHO PACTET, UTO MO3BOJISIET [OJYUHTb CPABHUMBbIH M0 BeJIMUHHE
yposenb |RY| n | RY| npu ykazaunubix 6.

PaccmoTpuMm Tenepb 3aBUCMMOCTH KO3(D(HUIIMEHTOB OTPaKeHHUs1 OT £ Mpu oTHoleHnu b/\ = 0,1; 0,233,
nokasauHble Ha puc. 4. Kak csiesyer u3 ananusa rpadukos | RY ()| na puc. 4a u yc/10BHii, IPH KOTOPHIX BO3-
HUKAIOT YETHbIE TOBEPXHOCTHbIE H -BOJIHBI HA IM3JIeKTPHUECKOM cJloe [8], 3HaueHHsI €, IPH KOTOPbIX rpadu-
kn | RY(e)| nmeroT 0co6eHHOCTH (H3ruObl WM SKCTPEMyMbI ), COOTBETCTBYIOT TAKUM b/, IPH KOTOPBIX BO3-
HHUKAIOT ouepe/iHble U€THble [ -BOJIHbI, IePEHOCSIIHEe SHEPTHIO BLOJb CJI05 IH3JeKTpUKa. Haunbosee uétko
CHIXKeHHe Ko3(dulineHTa oTparkeHusi BuaHo npu b/A = 0,1, € ~ 6,67 (uétHasi BosiHa ¢ HomepoM N = 0),
aTtakke b/A =0,233,e ®2ue ~ 11,7 (Boseic N =0u N = 1).

Ha uactore TpeTbeil rapMOHHKH C yBeJiHueHHeM b/ \ OBEPXHOCTHbIE BOJIHbI BO3HUKAIOT MPH MEHbILIMX €,
(Npu TeM MeHbLIMX €, ueM GoJblie b/\), B pesy/bTate HaG/IIOAETCs CYLIECTBEHHOE yMeHblienue |RY| mo
CpaBHeHUIO C PelI€TKOH 6e3 CJ1051 3a CUET TOTO, UTO UACTh SHEPTHH MepeHoCUTCs BoJb cJios (puc. 46). Ha-
npumep, nipu b/ A = 0,233 3HaueHus1 €, IPH KOTOPBIX BO3HUKAIOT BOJIHBI ¢ N = 0 1 N = 1, COOTBETCTBYIOT

-3

1, = -
0 I R __E_T——" |R%(|) e=1
0 Vo = [ 4l B -
|R1| -lu-l--,...- €=..4,3‘~-~ [ 10 £=2.56 \\
6:2,56 ‘\‘ . ‘ _5-----_-’-..’_.
0,9 N . ’ 10 — . -~ . :,._ﬁb._ o ]
\% \- M -l \s-l,-- S
A2t A} 105 =~ ? \
SV M4 )
0.8 + 10 F
\d
10 8-
0,7 10°
"0 15 30 45 60 75 90 0 15 30 45 60 75 90
tl) 9, rpanx 6) 9, rpan
Puc. 3
1,00
R E T[T bIx 63
0,99 —* = = b/A=0,233
) /b/)\=0,1
i | -
0,98 !
0,97 ’
,96 10 |
1,00 3,33 5,67 8,00 10,33 12,67 15,00 1,00 3,33 5,67 8,00 10,33 12,6715,00
a) € ) €
Puc. 4
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nIaBHOMY yMeHbllenuto |RY|, a € nisi Boam ¢ N = 2; 3;4 — munumymanm |RY|. B 10 ke Bpemst st Tex &, npu
KOTOPbIX | RY| cHUMKAeTCs1, MPOUCXOMT Nepepacipeie/ieHHe SHEPrud Ha UacTOTy FapMOHHKH, YTO PUBOJUT
K N0stBJIeHHI0 9KCTpeMyMoB dyHkimn | RS (¢)|. Onnako sHauenust | RG] B TOUKax SKCTPEMyMOB He MPEBbILIAIOT
UX BEJIMUMH JIJIst PeLIETKH Ge3 MOKpbITHst (& = 1).

Takum o6pasoM, 17151 JIIOOBIX € TIPH JII0OOH TOJILIMHE IM3JEKTPHKA MOKPbITHE YMEHbLLIAET OTPaXKeHHe pe-
IIETKK HA YaCTOTe raPMOHUKH MOYTH MPH BCEX YIJIax MajIeHHsl.
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yHuBepcurer, I. Taranpor, Poccust 16 nros1a 1999 1.

SCATTERING OF A PLANE WAVE BY A NONLINEAR LOAD ARRAY
ON A PERFECTLY CONDUCTING SHIELD COVERED BY A DIELECTRIC LAYER

D.V.Semenikhina

The problem of plane wave scattering by a nonlinear load array on a perfectly conducting shield covered
by a homogeneous dielectric layer is solved by the method of integral equations. The influence of the coating
parameters on the array reflectivity at the fundamental and third harmonic of the incident wave are studied
numerically.

Jl. B. Cemernuxuna 551



2000 Hssecmus syzos. PAITHODHI3HKA Tom XLIII Ne 6

YK 621.372.832

MCCJIEJOBAHUE COBCTBEHHbIX BOJIH KOMIJIAHAPHOM JIMHUM NEPEJAYHY
C UCITOJIb3OBAHHUEM METOJA YACTUYHOI'O OBPALLLEHUS OTTEPATOPA

A. C. Apeghoes, B. B. Koaukos, B. A. Heearnos

[Tpencrassena npolesypa 4acTHUHOTO oOpallleH sl CUHTYJIsIpHOrO UHTerpasna Kol u nHrerpasa ¢ sorapudpmu-
yecKOH 0COOEHHOCTDIO, ONMPEeJEHHbIX HA KOHEUHOH COBOKYMHOCTH OIpaHHUEHHbIX HHTepBaJoB. Ha ocHoBe 1aHHOM
NpoLeypbl IOCTPOEHA 3/1EKTPOIMHAMHYECKAs MOJeJIb SKPaHHPOBAHHON KOMIIJIaHapHOH JiuHuK nepenayu. [Tpusene-
HbI Pe3YJIbTAThl PACUETa CMEKTPAJbHBIX XapAaKTePUCTHK U pacripe/ie/ieHHH 1oJist COOCTBEHHBIX BOJIH CTPYKTYPHI, 8 TaK-
K€ JIaHHbIE M0 CXOAMMOCTH MPUOIMKEHHOTO PelLleHHs!.

BBEJEHHWE

BouJibliioe KOJIMuecTBO 3aau NPUKJIAHOH 3J1€KTPOIMHAMUKH MOXKET ObITh COPMYJIMPOBAHO B TEPMUHAX
BEKTOPHbBIX CHHTYJISIPHBIX HHTErPaJIbHBIX YPaBHEHUH MEPBOTO POJIa, ONPEIEIEHHBIX HA Pa3PbIBHBIX 06JIACTSX.
TakoBbl, HarpUMep, 3aj1auk 0 COOCTBEHHBIX BOJIHAX CBSI3aHHBIX 11€JIEBbIX U CBSI3aHHBIX MOJOCKOBBIX JIMHU
nepenauu, 3ajaun 1MPpakMu 3JeKTPOMArHUTHBIX BOJIH Ha iMadparmax B MpsiMoyroJibHOM BOJITHOBOJIE, MMe-
IOLMX HECKOJIbKO LleJied, HccenoBaHie AUPPAKLUK MJIOCKUX 3JeKTPOMAarHUTHBIX BOJIH HA YaCTHYHO Me-
TaNJIM3UPOBAHHOM OECKOHEUHOM JH3JEKTPUUECKOM LIMJUHAPE U T. 1. B KaxK10M 13 nepeuncyieHHbIX cydaeB
3J1eMEeHTHI s1/Ipa HHTErpaJbHOro orepaTopa MpeacTaBJsiioT coboit 6eckoHeunble psijbl. [losToMy npumenenue
K COOTBETCTBYIOLIEMY YPABHEHHIO MPOEKIIMOHHOH CXeMbl Wl KAaKOro-JAuG0 MHOTO MeToJa MPUOJIHKEHHOTO
pelienust TpebyeT yceueHus psijoB B sape. [TocsenHee o3Hauaer 3aMeHy CHHIYJISIPHOTO siipa OrpaHUueHHOH
¢yukuueil. Ho, kak u3BecTHo [ 1], pellieHne MHTErpasbHOTO ypaBHEHHUsI IEPBOTO POJia C OrPaHUUEHHBIM SIIPOM
npejcTaBisieT co60il HEKOPPEKTHO MOCTaBJeHHYI0 3a1auy. B pedysbrate npubimkenHoe pellieHne oGpeTaeT
HEeyCTOHUMBOCTL U MPOSIBJISIET OTHOCHTENLHYIO CXOJUMOCTD [2].

A deKTUBHBIHA MyTh MPEOOJEHUST YKa3aHHBIX TPYAHOCTEH 3aKJ/II0UAeTCs B YaCTHYHOM 0OpallleHUH HC-
XOJIHOTO MHTErpaJjIbHOTO orlepaTopa H rnepexojie K ypaBHeHHI0 BToporo poja. C HCroJib30BaHHEM JIaHHOH Me-
TOJIMKH ObLJIO HCCAE0BAHO GOJbIIOE KOJUUECTBO 3J1EKTPOJAHHAMHUECKUX CTPYKTYD [3, 4]. OHako 10 HacTo-
SIIIIETO BPEMEHH HCCJIEIOBAJIMCH JIMIIL T€ 3a7aul, KOTOpble TIOPOXK/IANN CUHTYJISPHbIE HHTErpasibl, Orpeie-
JIEHHbIE HA HerpepbIBHbIX 06/1acTsiX. CHATH JaHHOE OrpaHHUeHHe SIBJSETCS Le/Iblo HAaCTosIIIelH paGOTh.

1. YACTUYHOE ObPALLUEHUE UHTETPAJIOB

HyCTb V — koneunast COBOKYIIHOCTb HenepeceKamuuxcsi orpaHi4eHHbIX HHTEPBaJIOB Ha MHOXKECTBE
JIeHCTBUTEIbHBIX YUCET:

L
V= U Vin, (1)
m=1
rmae
Vin = [Um1,um2],  m=1,2,...,L;
’Um2<v(m+1)17 m:1,2,...,L—1. (2)

552 A. C. Apeghoes u Op.



Tom XLIIT Ne 6 Hssecmus syzos. PAITHODHI3HKA 2000

Byzem npemnosarats Takxke, uto 06JacTh V' pacroJiaraercst BHyTpu untepsasa [—1,1]. Onpenenum Ha V'
CHCTeMbI (DYHKIIHI
Ti(am + bpv), v € Viy;
T(m) — 1\Um mU), my
() 0, v € V\Vin;

U(m)(v) _ { Uz(am + bmv)’ v e Vm;

i 0, v € V\Vip,
rie:=0,1,...;m=1,2,..., L; T; u U; — mHorousieHbl YeOblIEBA TEPBOTO ¥ BTOPOTO POJA, BEJUUHUHbI Gy,
H by, 0J00paHbl TaKMM 06pa3oM, UToObI JIHHEHHAs! 3aMeHa MepeMeHHbIX v = (& — Gy, /by, NepeBouIa

vHTepBaJl Vi, B €IMHUUHYIO OKPECTHOCTb HyJst [—1, 1]:

_ Um2 + Um _ 2
Uy = =, m = -
Um2 — Uml Um2 — Uml

CucreMmbl hyHKLMI Ti(m) n U™ oproroHasbHbl Ha V' ¢ Becamu 1/Q(v) u Q(v), rie

7

1-— (a1 + bl’U)2, v eV
Qv) = :

\/1 — (CLL + va)Q, v eV,

¥ TIOJIHBI B TIPOCTPAHCTBAX (DYHKIIMH, KBaJPATHUHO HHTErPUPYEMbIX Ha V', ¢ COOTBETCTBYIOLIMMHU Becam Me-
pamu. DTH paKThl CJIEYIOT U3 COOTBETCTBYIOIMX CBOCTB MHOrouieHoB T; u U; Ha uHTepBase [—1, 1].
PaccmoTpum cuHrysisipblii uHTerpas Kotu

o R ) 3)

v —v
v

rie v € V. Buienum B spe unterpana cunryaaphyio K5 u peryaspuyio K uacru:

(' —v)"t = KBl v) + KM (' v),

T0JIOXKHB
L
' —-v)™h (v)e U V3
K[S] (’Ul, U) — m=1 I
0, (v,v) e VA U V2
m=1
rne V2 =V x VuV?2 =V, x V,, — npousseieHust COOTBETCTBYIOLIMX MHOXKeCTB, m = 1,2, ..., L. [Ipu
TOM HHTErpaJ (3) MpuMeT BHUL
/K v’ v) dv:——/K’"]fuv (W) dv' + f(v). (4)

[IpencraBum npousseeHue () B BUe psiia

L 0
! PIPICREAT (5)

m=1 i=0
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1 BOCIOJIb3yeMCsl MPOEKIIMOHHOH CXeMOH, yMHOkKas (4) Ha U](Tl) (V)Q(v),rtnem=1,2,..., L;j=1,2,...,
¥ MHTErPUPYSsI MOJyYeHHOE PaBEHCTBO Ha MHOXKecTBe V. C yuéTOM passiorKeHHsl

L 00
KB, 0) =23 b, Y T (U ()
m=1 n=1

BhIpakeHue (4) npeoOGpasyeTcsi B CHCTEMY PABEHCTB

T pm) (m) Il (m)

2bm(‘0j - 7T/U [/K v, 0)e(v') dv }dv—l—/Ujl(v)Q(v)f(v)dv, (6)
|4 Vv

rmem = 1,2,..., L;j = 1,2,.... [lonctaHoBka B (D) BbIpaKeHUH 1151 KO3DPUIHEHTOB gol(m) u3 (6) npu-

BOMT K cJieAytoueMy HHTerpajJbHOMY COOTHOLLIEHHUIO!

%/K[S](v/,v)Q(v/) (/ KM (u, v)(w) du) dv’ —
\%4 \4

L/Kchmeﬁﬂdﬁwi, (7)
1%

1 & m)
v)mz::l@

rne v € V. JIBoiiHo# unterpad B (7) yno6HO MPUBECTH K BUILY

l/K[S](v' v /K[r u,v') du] dv' =
™
1%

L
m+bmv')? —1
= Z Tém)(v) Z I;) ( ) —sign(k —m / Vam + bmt’) (v') dv’

v —wv
m=1 k=1,
k#m

Taxkum o6pazom, MPUXOIUM K popMyJie YacTHIHOTO 0O palleHnst uarerpada (3):

o(v) = 1 i T(m)(v) b iﬁ —/ sign(v' —v) v/ (am + bmv')2—1 K 0)p(@') dv’| —
7TQ(’U) - 0 meI bi m m ’

\%4

(/MMKmeﬂwmi,@>
Vv
rie v € V. Jlns uHTerpada ¢ jorapupmMuueckoi 0COOEeHHOCTbIO

%/ln !v’ — fu‘ ) (v’) dv’ = g(v), (9)

v
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rie v € V, aHasornuHbM 06pa3oM MOKeT ObITh MoJydeHa c/aeayiolas popMyJsa YaCTHUHOTO 0GpallleH s :

L ANt gy [P gm0
Y=o | 210 | e V/ o o0 *
+ ln(b27nl;m) / (1 - To(m)(v’)>ln (]am + b’ | 4+ (am + bv')? — 1) (') dv' — (10)

\%

— /sign(v’ — )V (am + bv")2 = 1 KW 0)p(0) do' | + / QUWKB(W' v)g' (v') dv’
\%4

v

[IpoeKIHOHHBII aIrOPUTM pellieH|sT HHTerpasbHbIX YpaBHEHHH BTOPOro pojia, noJydaeMbiX Mpu nomoli (8),

(10), Takke yno6HO pa3BuBaTh Ha OCHOBe Oa3uca Ti(m).

CJienryer OTMETHTB, uTO B [5] npuBeaeHa dopmyJia oJiHOro oOpatieHusi uuterpada (3). OnHako eé uc-
MOJIb30BAHKE TIPU PEILIeHUH 3JeKTPOANHAMUUECKHUX 3a/1au OKa3bIBAETCS 3aTPyAHUTENbHBIM. [lesi0 B TOM, 4TO
MHOXKHTENb 1/Q(v), pUcyTCTBYIOLIMI B (8) M yuUTbIBAIOLIMH 0COOEHHOCTH HEM3BECTHOH (YHKIIMH Ha rpa-
HULAX HHTEPBAJIOB Vi, SIBJSETCS OJHOBPEMEHHO BecoM sl Hasuca Ti(m). Kpowme Toro, HeornpenenéHubie
MOCTOSIHHbIE go(()k) B (8) siBasitorcst KoadduieHtamn Pypbe B pa3sioKeHuu (H), UTO CyILIeCTBEHHO obJerya-
€T UX OlleHKY. UTo KacaeTrcsi COOTBETCTBYIOIIMX 3J1eMeHTOB hopMyJibl 06pallleH s, OTTMCAHHOM B [D], TO OHM
N0/106HBIMH CBOHCTBAMH He 00,/1a1a10T.

2. MATEMATHYECKASI MOJIEJIb KOMINJIAHAPHOW JIMHUU NEPEJAYM

[IpumMeHUM 1peuIoXKeHHYI0 MPOLeAypy YacTHUHOIO y
oOpallleHnsl HHTErpaoB K pacuéry KOMMJIaHApHON JIMHUU Y5
nepenauu (KJIIT), nonepeunoe ceuenre KoTopoii npeicTas- @

JieHo Ha puc. 1. Ha noBepXHOCTb AM3/I€KTPUUECKON MOJ-
JIO2KKH (06J1acTh 2) HaHeCeHbl TPH MJ1eabHO NPOBOJsLINE
6eCKOHeUHO TOHKHe 1oJ10cKH. CTpyKTypa noMelleHa B npsi- 7Y%
MOYTOJIbHBIA MeTa/lJIMueCKUil SKpaH, MOTepH B KOTOPOM 7 /55/
TaKxKe YUMThIBaThCs He OyayT. [1pu sTOM He cTaHem orpa-
HHUMBATb PACCMOTPEHHE YCJI0BHEM 3ePKaJbHON CUMMETPHH
TOMEePeyHOro ceueHust JIMHUHU Nepeiaul.

CuHryJ/IsipHOE HHTerpaJjibHoe ypaBHEHHe MepBOro poja o !
3anuceiBaercs wisg KJIIT caenyrommm o6pasom: z @ Ly TgpTr1 Ty To1yq 0

Y

o

/G(m’,a:)e(sc') d2’ =0, (11) Puc. 1.
X

rie x € X. O6sactbio onpesesiennst (11) siBysieTcsi NOBepXHOCTD LLeJel:

2
X = U [xmlame]-

m=1

HeusBecTHbiilt BEKTOD e(x) COAEP2KHUT KacaTeJIbHble COCTaBJIsSIOLLINE HaHpﬂ}KéHHOCTH 9JIEKTPHUECKOI'O MOJIs1
Ha meJidx:

(@) = Bl(r,) = - Ealayn), ea(e) = Eala, ).
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AnemenTsl fiipa B (1 1) onpenensitores caenyrommm o6pasom:

Gi (', Z ~Yni1 c08(Bnz’)Cin (),
(12)
1
G (¢',2) = - Yo220i2 + 2 Z Yniz cos(Bn’)Cin () |
n=1
rnet = 1;2,
_ ™ v | sin(Bhz), 1=1;
Bn = a Cm(ﬂf) - { COS(ﬁnl'), i=2,
n = 1,2,...; 6;; — cumbos Kponekepa, Y,,;; — 3/1€MeHTbl TeH30pa aJAMHTAHCOB ITOBEPXHOCTH YaCTHYHOH

MeTaJlIM3alliy, CBs3biBalollne KO3 puimeHThl Oypbe B pasjioyKeHUH KOMIIOHEHT MJIOTHOCTH TOKA J.p, Jzn
U KacaTeJbHbIX COCTABJSAIOUINX HANPSIKEHHOCTH 3JIEKTpUUeCKoro nosi E.y, Eyy B MJIOCKOCTH ¢y = yp 10
cUcTeMe TPUrOHOMETPUUECKHUX (hYHKIIMI, OTIpeIeIsieMOl pa3MepoM SKpaHa:

Jz0 = —Yo22Ez0,
( Jzn > _ < Ynll Yn12 > ( Ezn >
an Yn21 Yn22 _Eam .

Besnunnbl Y,;; onpenessioTes 4acToToi BOJIHBL, pa3MepaMu U (hM3HYECKUMH NapaMeTpaMu JIH3JeKTpuye-
CKUX cy10éB 1—3 (puc. 1) 1 y10BJIETBOPSIOT CJENYIOIIUM NPeNebHbIM COOTHOLLIEHHUSIM [3]:

lim Ynn/n = tl, lim nYnQQ = t3,
n—00 n— oo

lim Y9 = lim Yoy = to, (13)
n—oo n—oo

rie t1, to U t3 — HeKoTopble KoHCTaHThbl. [locTpoenue ypaBuenus (11) nna KJIIT npoBoautces anasoruyno
BBIBOJly HHTETPaJIbHOTO YpaBHEHHUsI TIEPBOT0O PoOjia JI/Isl BOJHOBOJHO-111E/1€BOH JIMHUU Tlepeaau [3], mosTomy
nopoGHO HA TOM OCTAHABJMBATBLCS 3/1€Ch HE HMEET CMbICJIa.

3ameHa aMUTaHCOB Yy,;; B (12) MX aCHMITOTHYECKUMH BBIPaXKEHHSIMH B COOTBETCTBHH ¢ (13) nospoJisier
BbIJI€JIUTh CHHTYJISIPHBIE YACTH 3J1eMEHTOB sijipa ypaBHeHust (11):

S () — t1/m sin(f1x)
1{ } ~ G {2}( @) { —t2/a }COS(ﬁlw/)—COS(ﬁlx)’

[s] by e/ ") — cos(Brx
Gy G{ @) ={ T iz eos(he) —cos(in)

npu x — 2. Pagnaras tenepb QpyHKIUIO G(x’, X) Ha CUHTYJISIPHYIO U PEryJIipHYIO YacTH

G’ z) = Gl 2) + GV, )
¥ TPOU3BOJIST 3aMeHy MepeMeHHbIX
v =cos(f1z), v =cos(Bia’),

OpPHMEHTHPOBAHHYIO HA HCMOJIb30BAHHE OPTOrOHAJIbHBIX MHOTOUJIEHOB, TPUBOIMM ypaBHeHue (11) K caenyto-
1ieMy BUJ:

/P[S}(U’,U)(Aé(vl))dv’ = /I:’[r](vlav)é(vl) dv’, (14)
\%4

|4
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rrev € V. 3nech

. 1/ (W—v)t . t1 ¢
Bl 1) = = _ 1 12
P (U’U) 7T< 0 ID|U—U‘> t <t2 t3>’
[r] roy_ 2 . W -t
P =25 T @)
n=1 (15)

[r] / _ l —toIn2 Y01 — to )
P2{;}(U ,v) B s { Yb22 — 13 In2 +2 Z nYn22 — 3 Tn(v )Tn(v)
KOMHOHQHTbI BeKTOpa é 3aJ1a0TCA COOTHOUIEHUAMHU

- _a 1 I ~ -1 5 (¢
é1(v) = ;\/1—_—1}2 z( arccos v yl) éa(v) = ﬁ m(; arccosv,y1> .

Jlast o61actu onpenenenus ypaBHenus (14 ) ncnonb3oBanbl o603Hauenus (1), (2) npu L = 2, rie

Um1 = coS(1T3-m)2),  Vm2 = coS(B123-_m)1)-

Jlanee Ha ocHOBaHUM HHTETPasIbHBIX peobpasoBanuii (3), (8) u (9), (10) npousBoaurcs yactTuuHoe o6pa-
llleHHe CHHTYJIIPHOTO orlepaTopa, JeHCTByIoLLero Ha BekTop t€(v) B JieBoil uactu (14). [Toayuaemoe B pe-
3yJibTaTe HHTErpasibHOe ypaBHEHHE BTOPOTO POJia pelliaeTcsi MPOEKIIMOHHBIM METOJIOM HAa OCHOBE Pa3JI0XKEHH s

~ o m
3JIeMEHTOB BeKTopa €(v) no cucteme dyHKimit T;

2  Nnm
G50 =5 2 O 4T, (16)

rie j = 1;2. [1pu 5T0M B psinax (15) coxpaHsiioTest caraeMble ¢ HHAEKCOM 7, He TPEBbIILAIOLIAM HEKOTOPOTO
11JIOT0 MOJI0XKUTebHOTO uncaa M. Hamu pean3oBan paBHOMEPHBIH MPOLIECC MOCTPOEHUS MPUOJIHKEHHOTO
pellieHust, Koraa JJisi peCcTaB/eH s MoJisl Ha KaxK/I0H U3 11eJ1el HCMOoJb30Bal0Ch OIMHAKOBOE KOJIHUECTBO
6a3UCHBIX PYHKIMI:

Ny =Ny =N.

3. AHAJIU3 YUCJIEHHDBIX PE3YJIbTATOB

OnucaHHbIi BbILLIe arOPUTM OblJ1 HCTTO/b30BAH MPH HCCJ/IeI0BAHUH ITOCTOSIHHBIX pacnpoCTpaHeHHs co0-
ctBeHHbIX BoJiH KJIIT co cioenyomymu napamMeTpamu: AM3J1eKTPUUeCKHe U MarHUTHbIE TPOHULAEMOCTH CPEJL
anonennst e = B = 1, 6@ = 935 uM = 4 = 4B = 1; pasmepsl aUsMEKTPHUECKUX CJIO-
éBy1/a = (y3 — y2)/a = 0,225, (y2 — y1)/a = 0,05; pasmepsl weneit d;/a = 0,05, da/a = 0,2, Tie
d; = mjy — x;1, 1 = 1;2; Koop/IMHATA LIEHTPa BTOPOH LIEH Zo2/a = 0,5.

Ha puc. 2 npejicraBiienbl JUCTIepCUOHHBIE XapaKTepuCTHKK cobeTBeHHbIX Mo KJITT. 3neck v — nocro-
sIHHbIe pacrpoCTpaHeHHs1, ONpeJieisieMble B pedyJsibTaTe pellieHdsi KpaeBoi 3ajaun, k = w/c¢ — BOJHOBOE
YHCJI0, w — YacToTa BoJHbl. KoopauHara 1ienTpa neppoii uiesin zo1 /a = 0,35. KosinuectBo 6a3ucHbiX GyHK-
1MH B peacTaB/aenusx (16) u umncsio ciaraeMbix, yunTbiBaeMbix B psifiax (15), paBHbl cooTBeTcTBeHHO N = 3,
M = 15. ITpu 3ToM aGCosoTHAst OTPELIHOCTD ONpeiesieHns 3aMe/JIeHHi v/ k B ripefiesiax rpaduka He npe-
Boiasa 0,005. Monbl, onucbiBaemble KpUBbIMU | ¥ 2, yMeCTHO Ha3bIBaTh liesneBbiMU. OHU OyayT pacnpo-
CTPAHAATbCS B JIMHUM T1epe/laud U NP OTCYTCTBHHU 3KpaHa. [lepByto ¥ BTOPYIO MOJbI MOXKHO TPUOJIHKEHHO
CUMTaTh CUH(A3HOH U MPOTHBO(A3HON COOTBETCTBEHHO, UCXO/IS B OTIpe/iesieHHH (ha3HOCTH U3 3HAUEHHUH MPo-
JI0JIbHOH KOMIIOHEHTBI £, HaNpsi2KEHHOCTH 3JIEKTPUUECKOTO 110J151 Ha LLEJISAX.

A. C. Apedghoes u dp. 557
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Mo, onucbiBaemMble KPUBBIMU 3 U 4, SIBJSIIOTCS SKpaHHBIMH. B paccMOTpeHHOM 4acTOTHOM JHanasoHe
(3 < ka < 4) tpetbeit Mosie cootBercTBYeT LM11-BoJiHa npsimoyrosibHoro BoJiHoBoja (I1B) ¢ nByxcJoii-
HBIM JIU3JIEKTPHUUECKUM 3aroJiHeHHeM, 06pa30BaHHOT0 YaCTHUHBIMH 00JacTsaMu 2, 3 (puc. 1) B caydae noJs-
HOH MeTaslJIM3alyu MX BHEUIHUX rpaHull. 3aMmemjiende uaeasbHol LMy1-BosHbl ipu ka = 4 cocrapJjsieT
v/k = 0,7832, e kputHyeckoe BoJHOBOE UHc0 kya = 2,8550. OnpejieneHne NpojoJbHbIX MArHUTHBIX
(LM) BoJsiH uacTH4HO 3anoJIHEHHBIX BOJHOBOIOB MpuBesieHo B [6]. UetBépras mona KJIIT B npenenax pucyH-
Ka siBJisiercs KBasu-Hyg-BosiHo# 1B, o6paszoBanHoro uactuuHo# obsacteio 1. B cayuae ka = 4 uneanbHas
H{p-BoJiIHA UMeeT 3aMe/IeHHne v/k‘ = 0,6190, oTceuka JaHHOU BOJIHBI HAOJIOJAETCS [TPU k:Kpa = m. B npyrux
YACTOTHBIX AMANa3oHax yNoMsIHyTble MOJIE/IH MOJL MOTPeOYIOT epecMoTpa.

Ha puc. 3 npuBejiena 3aBucumMocTh 3ame/yieHni nepsoii U BTopoit Mo KJITT oT KoopauHaThl 1ieHTpa nep-
Bo# e, KpuBble ¢ HEUETHBIMH HOMEPAMH COOTBETCTBYIOT 3HAUEHHIO BOJIHOBOTO uMcaa ka = 4, KpuBble
¢ 4éTHBIMH HOMepaMu — 3HaueHuio ka = 2. J[[o6uThcs abCOMOTHOM OLIMOKHU ONpeesieHus 3aMelJIeHHH, He
npesbitarouer 0,005, B 1aHHOM cJaydae ynanoch npu N = 2, M = 25.

C yMeHbllIeHHeM pa3Mepa LeHTpasibHOI Mosiocku (zo1 /a — 0,375—0) 3amennenune ocHoBHON Moibl KJ1TT
(kpuBble 1, 2), BHe 3aBMCHMOCTH OT PACUETHOH YacTOThI, TpubmKaetca K v/k = /(e + () /2 = 2,2749,
COOTBETCTBYIOLLEMY BOJIHE, PACIPOCTPaHsIOLLeHCS BA0JIb OECKOHEUHO TOHKOH NPOBOASLLEH HUTH, pacroJo-
YKEHHOW Ha rpaHulle IByX JAM3IJIEeKTpUUeCKUX cpeil. B cayuae 3epkasbHONH CUMMETPUH TOTIEPEUHOTO CEUEHHUsI
KJIIT npoTtuBoasHoii Mojie COOTBETCTBYET 3JIeKTpUUECKasl CTeHKa, POXo/siias uepe3 cepe/iiHy LleHTpallb-
Ho# noJiocku. [TosTomy BTOpasi Mosia, onvcbiBaeMast KpUBbIMH 3, 4, (hakTHUeCKH He OllLylllaeT HUTb Toka. Ta-
KOe 3aKJ/II0UeHHe MOJITBEP:KIAeTCs CPaBHEHHeM e€ 3ameleHHs pH o1 /a — 0,375 — 0 ¢ COOTBETCTBYIOLIUM
napaMeTpoM BOJIHOBOJIHO-111e/ieBol inHuu nepenaun (BIIJIIT), rpanulipl ieu KOTopoi HMeT KOOPAHHATHI
x1 = wo1 — di, T2 = mao. [1pu ka = 2 3amennienue octoBHo# BosHbl BULJIIT v/k = 0,6202, npu ka = 4
BesiukHa y/k = 1,5334. DTH 3HaU€HHsI MOJTyUeHbl HA OCHOBE aJIFOPUTMa, H3JI02KEHHOTO B [3].

Y6biBanue 3ameyiennst BTopoi Moabl KJIIT ¢ ymenblienuem napamerpa xg; ot 3Hauenust 0,375a = xo1—
—d1 /2 MOKHO paccMaTpUBaTh Kak Bo3myllleHHe ocHOBHOM BoJiHbl BILJIIT npu Bo3HMKHOBeHHH Ha LU
MPOBOJISILIIEH MOJOCKH. TaKoro ke pojaa Bo3MyllleHHe, HO TOJIbKO BTOPOH MPOTHBO(MA3HOH BOJHBI TPEX CBSI-
3aHHBIX L1eJIeBbIX JUHUI [epeau ¢ pa3MepoM FOPU30HTAJIbHON CTEHKH 9KpaHa, PaBHbIM 2a, HaOJI01aeTcs
NpH yBeJIMUEHHH (1 OT 3HaueHus 0,025a = d; /2. B pesysbrate KpuBble 3 U 4 nMeloT MUHUMYMbI. BJaroaa-
pst sToMy B cayuae ka = 2 Bropasi Mmozia KJITT naxe cranoBurest Hepacnpoctpansioleiicst (Rey = 0) npu
HEKOTOPBIX MOJI0XKEHUSIX T1epBoil iesin. Ha Gosblileii pacuétHoi yactote (ka = 4) KaxK10My U3 YIOMSIHYTbIX
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BO3MYLLIEHHI COOTBETCTBYET CBOH COOCTBEHHbIH MUHUMYM XapaKTepUCTHKH (KpuBasi 3). I1epBblil U3 Takux
5KCTPEMYMOB pacroJiaraercsi B Touke xoi/a = 0,068. Ero He ynaérest HabJ10/1aTh Ha PUCYHKE BH3YaJsIbHO.
AHanoruuHoe 00'bsiCHEHHE MOKHO J1aTh HEMOHOTOHHOCTH KPHBBIX 1, 2 B 00J1aCTH MaJibIX 3HAU€HHH KOOP/IH-
HaTbl NepBoi Liesu. JlaHHble, MpuBeEHHbIE B TaOJ1. 1, HITIOCTPUPYIOT CXOJUMOCTb pellieHHs TIPH U3MEeHEHNH
KoJinyecTBa cjaraembix M, yuutbiBaeMblX B psigax (15). [Tpubanxkénnble 3HaueHnsi 3ameyieH|si OCHOBHOH
Mozl KJIIT npuBenens! 1uist 1ByX Cyl1€CTBEHHO PA3JIHUAIOIIMXCS YaCTOT. Pe3ysibTaThl pacuéra crekTpasbHO-
ro napameTpa BTOPOH MOJIbl COOTBETCTBYIOT JIBYM Pa3JIMUHbIM 3HAUEHHSIM KOOPMHATBI LIEHTPa MepBOH 111eJH.
[Tpu ka = 2 B Touke z¢1/a = 0,24 HaGmonaercsi GbICTPLIH POCT 3aMe/l/IeHUs] BOJIHBI 2 (KpuBasi 4, puc. 3).
O/1HaKO 3aMeTHOTr0 yXy/ILIEeHHsT CXOJIUMOCTH PH 3TOM He MPOUCXOAMT (cM. Tabu1. 1).
Ta6s1.2 copmepxut uHpopma-

LIMI0 O CXOJUMOCTH METOJa yac- Tab6aunnal

THUYHOTO O6paLLIeHI/IH onepaTopa 1o ’y/k, N e 7
napamerpy N, oGosHauaroliemy M [ T-as mona, zo1/a = 0,37 2-ast Moja, ka = 2
YMCJIO CJlaraeMblX B IpejacTaBJe- ka = 2 ka = 4 zo1/a = 0,24 | zo1/a = 0,37
HHHM HeM3BeCTHbIX (yHKuuit. [Tpu 10 | 2,13641009 | 2,17380331 | 0,07068532 | 0,59300249
stoM B pagax  (15) yureno 25 | 2,13125191 | 2,17149774 | 0,04318773 | 0,59178738
M = 400 cnaraemblx. Kak rnoka- 50 | 2,13130440 | 2,17173993 | 0,04361884 | 0,59182372
3bIBAIOT GOJIee MOJPOGHBIE HCCIe - 100 | 2,13132599 | 2,17183079 | 0,04374927 | 0,59182865
A0BaHHst, Ha TAHHOTO PO/ CXO/H - 200 | 2,13132864 | 2,17184197 | 0,04376113 | 0,59182933
MOCTb HPaKTHUECKH HE BJMACT H3- 300 | 2,13132875 | 2,17184243 | 0,04376266 | 0,59182940
meHeHKe napametpa M, osnaua- 400 | 2,13132876 | 2,17184248 | 0,04376298 | 0,59182942
tollee yTouyHeHHue siipa HHTerpadJib-
HOr0 YypaBHEHHsI BTOpPOro poja.
AHaAJIOTHUHO, CXOAUMOCTL 110 M Ta6auua?2
MaJio quCTBI/ITeJIbHa K UBMEHEHHIO ,y/k’ M — 400
napamerpa IN. B 3Tom cMbicsie cxo- N | 1-as mona, xo1/a = 0,37 2-as1 Mona, ka = 2
JIUMOCTb TPUOGJMKEHHOTO pellie- ka = 2 ka = 4 9501/a =0,24 3301/@ = 0,37
HHsI MOKHO CUMTATh PABHOMEPHOA. 1 |2,103480 | 2,148553 0,139432 0,635543
Ha puc.4 n 5 npeacrassetbr 2 2131226 | 2,172144 0,043852 0,594071
pacnpelienienusi HopMabHOH co- 3 12131787 | 2,172503 0,043773 0,592431
CTaBJSIOLIENH  HAMPSDKEHHOCTH 4 1 2,131396 | 2,171970 0,043769 0,591994
SJIEKTPHHUECKOTO TOJIA B TI0CKO- 5 | 2,1313149 | 2,1718447 | 0,043767 0,591866
CTH Y = Y1, CONEPXKALLEH NOJIOC- 6 | 2,131315 | 2,171833 0,043763 0,591840

KH, 1151 epBo# 1 BTopoit Moz KJITT.
Pacuér npoBoju/cs Jijist yacTHY-
HOW obJsiacTH | B mpenenax uameHeHusi KoopauHatel 0,25 < x < 0,65. [1pu stom ka = 1,7; di/a = 0,05;
dy/a = 0,1; xp1/a = 04; xg2/a = 0,5, N = 2; M = 800, reomeTpuueckre U huU3nueckue napameTpbl
JM3JIeKTPHUECKHX c10€B npexkHue. Kak caenyer us rpacdukos, Ha p€6pax mosocok KoMmrnoHenta E, o6paria-
eTcst B 6ECKOHEUHOCTb. DTO 00CTOSITENLCTBO, HAPsIly C HEOOXOIMMOCTBIO UCITIOJIb30BAHHS B ITPEJICTaBJIEHHSIX
M0JIst TPHFOHOMETPHYECKOT0 Ga3uca, JIe/1aeT 3aMeTHbIMH KoJieOaHHsi TapMOHUK Ha (OHE HCTHHHOTO pacrpe-
JIeJIEHH ST TI0J1s1 M BBIHY2K/JIAeT YUUTBIBATDb JIOCTATOUHO GOJIbIIIOE KOJIHUECTBO CJIaraeMbIX B siipe HHTErPaJbHOTro
ypaBHeHHs BTOporo poaa. OTMeTHM TaKxKe, 4TO B 06/1aCTH 1e/iell 3HaueHHs1 KOMIOHEHThI Fy MaJIbl, 4To CBH-
JIETENILCTBYET O TOPU30HTAJLHON OPUEHTAIIMHM CHJIOBBIX JIMHHH 3JIEKTPHUECKOTO 110Jist BOJIM3H HEMeTa 31 -
POBAaHHOW YaCTH IPaHHIIbI IHIJIEKTPHUECKUX CJIOEB | U 2.

A. C. Apedghoes u Op. 559
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4. BAKJIIOYEHHE

[IpencraBsieHHble B paboTe MpoLieypbl YaCTUUHOTO 0OpallleHHsl CHHTYJIsipHOro HHTerpaja Kot u uH-
TerpaJga ¢ JorapupmMuueckoi 0co6eHHOCTbIO, ONPeIeIEHHBIX HA PAa3PbIBHBIX 06J1ACTSX, MO3BOJUIHN MOCTPO-
UTb 3JIeKTPOJAMHAMHUECKYIO MOJIe/Ib KOMIJIAHAPHOM JIMHUK Nlepe/iaul, 06J1a/1atoliyto XOpolleld CX0AMMOCTbIO
¥ HaXOJSILYIOCS B COMJIACHH C TECTOBbIMU pacuéramu [7]. Pa3BuThIN MOAX0M OUEBHAHBIM 00Pa30M MOXKET
ObITb 00001IEH Ha cJaydail JiIo60ro KOHEUHOTO UMCJ/a CBSI3aHHBIX 1LEJEeBbIX JUHUA Mepelaun, pacroJsoxkKeH-
HbIX B OJIHOH MJOCKOCTH BHYTPH MPSIMOYToJibHOTO 3KpaHa. JlaHHasi MeTofMKa 6e3 KakMxX-JAuO0 CyllleCTBEeH-
HbIX U3MEHEHHH MO2KeT ObITh IPUMeHEHA TaKXKe K aHaJIM3y COOCTBEHHBIX MOJL CBSI3AHHbBIX MTOJIOCKOBbIX JIMHUH
nepenayu. ToJbKO 1151 TOJIOCKOBBIX CTPYKTYP BMECTO aIMMTaHCHOTO HHTerpaJjbHoro ypasHenus (11) yno6Ho
MCI0JIb30BaTh UMIEJaHCHOE YpABHEHHE, B KOTOPOM B KAaueCTBe HEM3BECTHbIX (DYHKIMH 3a/1€CTBOBAHBI KOM-
MOHEHTbI MJIOTHOCTH MMOBEPXHOCTHOIO TOKa Ha noJsiockax. [1pu atom dopmysbl yactuHoro obpatienus (8),
(10) He uamensitest.
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STUDY OF THE EIGENWAVES OF A COPLANAR TRANSMISSION LINE
USING THE METHOD OF PARTIAL OPERATOR INVERSION

A.S. Arefyev, V. V. Kolikov, and V. A. Neganov

We propose a partial inversion procedure for the Cauchy singular integral and the integral with a logarithmic
singularity determined on a finite set of bounded intervals. On the basis of this procedure, we constructed
an electrodynamic model of a shielded coplanar transmission line (CTL). The results of calculation of the
spectral characteristics and eigenwave field distributions of this structure are presented and the data on
convergence of the approximate solution are given.
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UHTEIPAJIbHBIE KBAAPATUYHbIE ®YHKLIUOHAJbI, ONPEAEJIEHHDBIE
HA MAPKOBCKOM HOPMAJIbHOM IBYMEPHOM I10OJIE, U UX CTATUCTUKA

A. C. Masmanuweuiu

Paccmotpena 3ajaua o pacnpesiesieHUd MHTErpajbHOTO KBaApaTHUHOro (PYHKLHOHA/A, ONPEeIeJIEHHOrO Ha Map-
KOBCKOM HOPMaJIbHOM JIBYMEPHOM CTallioHapHOM cJiydaiiHom nodie. [Tosyyena npousBoasiias GyHkiMs pacrpene-
JIEHHS! CJlydaiiHbIX 3HaUeHHi (PyHKIMOHAMA W MPUOJIMKEHHOE BbIpaXKEeHHE /11 €ro MJIOTHOCTH pacrpejiesieHHst Bepo-
siTHocTei. [TpoaHasnu3anpoBaHo BAKSIHHE NapaMeTPOB IBYMEPHOTO 110151 HA CTATHCTHUECKHE CBOHCTBA pacripeiesieHust
paccmaTpuBaeMoro dyHkuroHasa. [TpemioxeHno o60061eHHe peleHs Ha ciydail cTallioHapHOro HOPMaJIbHOTO Map-
KOBCKOIO MHOIOMEPHOTO MOJIsl.

1. MOCTAHOBKA 3AJAYU

JIBymepHble ciyuadiHble 1oJisl IJaBHO CTaJId MPEAMETOM M3yueHHsl U MPUMEHSIIOTCS B CaMblX Pa3JMUHbIX
obaactsix [1—3]. M3 Bcero mHoroo6pasusi BO3MOXKHbBIX BAPHAHTOB U MOJIeJIel IBYMEPHBIX CJyUalHBIX MO-
JIell yalle Bcero, noxasyH, UCroJib3yeTcsl BelleCTBeHHOe HopMaJibHOe MapKoBCKoe aByMepHoe noJe (HMJL
noJie) H(x, y) [4—6] (ec/in oTCyTCTBYIOT JIOTIOJHUTE/bHBIE alIPUHOPHBIE PAKTOPBI ), TOCKOJBKY OHO SIBJISIETCS
y10OHBIM 06'bEKTOM /151 aHAJIH3A.

B HacTosiiieit paGote paccMaTpUBAeTCsl MHTerpaJbHbINH KBajpaTHuHblil yHkuronasn J[H|, ocHoBaHHbI
Ha BellleCTBEHHOM HOpPMaJlbHOM MapKOBCKOM JByMepHOM noJie H(z, y). DTo noHsTHE eCcTeCTBEHHO BOZHUKAET
MpH UCCJEI0OBAHUM BEPOSTHOCTEH B pa3/MUHbIX (pH3MUecKuX 3anauax. Harnpumep, B KBaHTOBOH ONTHKE, CTa-
TUCTHUECKOH painodU3nKe U TEOPUHU NPUHATHS pelleHui [7—9] MpUXOAUTCSs paccMaTpUBaTh pacrpesieeHust
BEPOSITHOCTEH C/yuaiiHbIX 3HAUEHUH KBaIPATHUHBIX (DYHKIIMOHAJIOB

ab
J[H] = / / B (2, y) dady, (1)
00

riie h(x,y) — peanusauus raycCoBCKoro aBymepHoro nosist H(z, y) B npsimoyrodibHoit o6sactu {z € [0, a;
y € [0,b]}, rie x 1y — 1eKapTOBbI KOOPIUHATHI. BayKHBIM B PHUKJIaHOM OTHOLLIEHHH SIBJISIETCS TPUMep Be-
ectBeHHoro cayuaiiHoro HMJI nosist, stoGble 0pTOroHasbHble CeueHnsl KOTOPOTo SIBJSIOTCS CTallMOHAPHbBIM
npoueccom OpHiuteitna—Yaen6eka (OY-npoueccom), KOTopbli B (hU3HMUECKOH JIMTepaType MHOI/A Ha3bl-
BalOT HOPMaJIbHbIM MapKOBCKUM 11polieccoM [ 1, 6]. [lyist MHTerpaJsibHbIX KBaJpaTHUHbIX (DYHKLMOHAJIOB BU/A
(1), ocHoBanHbix Ha OY-mpoliecce, UMeeTCs AeTalbHbIH annapar [7, 8], omMchIBaIONIMN UX CTATHCTHUECKHE
csoficta. s ciyuass HMJ nosist aHasiornuHble pe3yJ/ibTaTbl OTCYTCTBYIOT.
Onpenensiym CBOACTBOM paccmatpuBaemMoro crauronapHoro HMJIL nosist siByisieTest ero Koppessitop

KXY - KXY (l’,y7 x/7y/) = EH [H(wa y)H(.’L‘I, y/)] = pana
(2)
p=exp(-viz—2),  g=exp(—puly—y),

rie oy = B, [H?(z,y)] — MHTEHCHBHOCTb MOJISl, ¥ U j1 — JIEKPEMEHTbI 3aTyXaHHsi M0JIsl BIOJb OCel T U Y
COOTBETCTBEHHO.
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B pa6ote [4] nocTpoeHbl MapKOBCKHE MepeXo/iHble MJIOTHOCTH pacrpejiesieHusi BEPOSITHOCTEH JIisl BUHe-
poBcKoro ciyyaitHoro noJisi. O600611eHHeM H3BECTHBIX KOHCTPYKLMH — MepPeXOIHbIX MJIOTHOCTEH BePOSITHO-
cTell /151 HopMaJibHOro MapkoBckoro Q¥ -npouecca — MOXKeT CJIyKHTb CJle/lyloLlast epexoiHast I0THOCTb
pacnpenesnenus: BepositHocteld ayist HM/I noqis

fH (h($v y) | h(l’l, y)7 h(l'a y/)a h(xlv y/)) =

1 exp {_ [h(x,y) — ph(z',y) — qh(z,y') + pah(’, )] }
V- (-, 2(1-p?)(1—¢*)o

[Tonarast ¥’ — —oo wim iy’ — —o0, MOJyYHUM rpaHUuHbIE TIEPEXOHbIE MIOTHOCTH pPacipe/ie/eHHst BEPOSITHO-

cTen

(3a)

h(z,y)—ph(z’ y)]?
Fulh(a, ) | (e, 9)) = o exp { -G E il )
(30)
"Ny — 1 _ [zy)—qh(zy))?
Fa(h(a )|, y')) = oo exp { G HmeaE |

KOTOpbIE CJIY’KAT TMEePEXOAHbIMH TIOTHOCTSIMH /st napuuaibubix OY-mpoiieccos, a npu 2’ — —oo
1y — —00 MOJIyUnM BEPIIMHHYIO MJIOTHOCTh pacipe/ieieH sl BePOSITHOCTEH paBHOBECHOTO BUJIA
Y

2 T
bt = e -0 (3

JUIs calyyaiiHol BestturHbl — peanusaiun HMJI nodist B Touke ¢ KoopuuHatamu (x, y). M3 cooTHoleHuii (3)
OYEBHJIHO CJIe/lyeT KOoppessTop (2).

2. YPABHEHUE JBW)KEHHS OJ11 AMIIJIUTY bl HM/J TOJI4

Junamuky ciyuaiitoro nosst H(x, y) B npsmoyronbhuke {x € [0, al;y € [0,b]} ¢ Bepuumnoii B Touke (0, 0)
MO2KHO OIHCATh C MOMOLLBIO0 YpaBHeHHs1, 060011atolero ypaBHenue JlatxkeBeHa Ha cayudait OY-npolecca:

(881:+ >(§ +u> h(z,y) = /oy u(z,y), (4)

e u(z, y) — cJayyaiiHoe 1oJie, o6Jiajiaoliee CBOHCTBAMH rayCCOBOTO IBYMEPHOTo GeJIoro 1yma ¢ eIMHHY-
HOH MHTEHCHBHOCTBIO.

B kauecTBe rpaHMUHBIX YCJAOBHH /151 ypaBHEHHS (4) HCMOJIb3yeM JIBa HOPMaJIbHBIX CTOXACTHUECKHX MTPO-
Lecca, KOTopble OMUChIBAOTCA YpaBHeHUsIMHU JIaHKeBeHa

<aa +V) h(,0) = /o u(z, 0), ((% +u> h(0.y) = /, u(0,y) (5a)

U peaJsiu3yloTcsl B0JIb OCell & U y COOTBeTCTBeHHO. HauasbHbIM yCJ0BHEM AJIsl 3THX NpoleccoB OyayT Bep-
LIMHHbIE 3HAUEHHS CTyYaliHON BEJTUUHHBIL:

h(0,0) = /3 u(0,0). (56)

Peinienne ypaBuenusi (4) ¢ ycsoBusiMH (D) cieyoliee:
h(z,0) = h(0,0) exp(—vx) + /o, /exp[—u (x — 2')]u(z’,0) da’, (6a)
0
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h(0,y) = h(0,0) exp(—py) + /o / expl—u(y — ¢')] u(0,5) dy, (66)
0

h(z,y) = h(0,0) exp(—vz — py) +
+\/2voy, exp(—uy) /exp[—y (x — 2")]u(z’,0)dz’ +
0

)
+ /20y exp(—v) /exp[—u (y — )]u(0,y") dy' +
0

z Yy
iy [ [ explov(e o) = uly - uta' ) do' (65)
0 0

M3 (6) BuaHO, 4TO MapKOBCKOE CBOHCTBO BhIMOJIHSETCS BJIOJIL OCEH T U 4.

B [2, 3] nocTpoenbl anroputMbl pUIBTPALMK Ha POHE LITyMOB, HMEIOILIUX CBOHCTBA HOPMAJIbHBIX MAPKOB-
CKHX MOJIEH.

[Tosbaysich u3BecTHbIMU 1151 cayuasi OY -nipoliecca npaBuaamu [6] MMCKpeTH3aKH B y3J1aX NPsSIMOYToJib-
HOW PEeLETKH M TTePEHOPMUPOBKH TOPOKAAIOLIEro MoJist w(z, y), MOXKHO Ha OCHOBe peliieHust (6) MocTponTh
uMCJIeHHbIN anroput™ reHepatu HMJL nogist. DToT nepapXxuuecKuil aJropuT™ reHepaidi OTCUETOB Cayuan-
HOT0 HOPMaJIbHOTO CTALlHOHAPHOTO MapKOBCKOTO M10JI51 HA CETKE Y3JI0B B [IPSIMOYTrOJIbHOH 06J1aCTH MJIOCKOCTH
yA06HO OTHCATh CJIEAYIOUIMMHI YeThIPbMS LIaraMHu:

1) [enepauust orcuéra B BepUIMHE:

h070 = 4/ 0y U0,0- (78)
2) leHepanysi 0OTCYETOB MpolLlecca BOJb IPAHULbI MPSIMOYTOJIbHUKA, JieXKalleld Ha ocu x (j > 0):
hjt1,0 = phjo + /(1 = p?) oy ujg0- (70)

3) lenepauust oTcuéToB npoliiecca BI0Jb IPaHULbI TPSIMOYTOJbHUKA, JiexKallell Ha ocu y (k > 0):

ho k1 = qhog + 1/ (1 — ¢2) 0y uo 11 (78)

4) TTocsenoBatenbHoe (cyieBa HAMPABO U MOCJOHHO) 3aM0JHEHHE OTCUETAMU BHYTPEHHHUX Y3JI0B MPSIMO-
yroJibHuKa (j > 0, k > 0):

hit1 k41 = Phjt1 + qhj1k — pahj g + \/(1 —p?) (1 = ¢?) o Ujg1 1 (7r)

B Bbipaxkenusx (7) p = exp(—vA;), ¢ = exp(—ply), rie v 1 g — napuuaibHble 1eKpeMeHThl, a Ay 1
Ay — 11ary peméTKy Mo 0CsM & H i COOTBETCTBEHHO.

OtmeTM, uTO MpH BBIOPAHHBIX Ay, A, (T. €. TIpH 3aJaHHOM KoJnuecTBe wwaroB N, = a/A,, N, =
= b//Ay) MHTEHCHBHOCTb B YHCJIOBOM aJIrOPUTME HeOOXOMMO MepPeHOPMHPOBATh TakK, utoObl sHeprus HMJ]
10JIs, NPUXOSALIASICS Ha eIMHHULLY MJIOLIAJH, COBMA/aJa C 3aJaHHON NPH JII0OOM YHCJIe 1IAroB.

Takum o6pasom, anaroputm (7) reHepalid OTCUETOB CJAYUARHOTO T10JIs1 B IPSIMOYTOJIbHHKE HA MJI0CKOCTH
SIBJISIETCS] CTALMOHAPHBIM.

st orcuéra B o60M yaae (4, k) u3 (7) MOXKHO MOJYUUTh

<hj,k> =0, <h§k> = oy = const, (8)
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€CJIM ¢ MoMoIIIbIo (76—7T) oc/ieloBaTeIbHO TIOHWXKATh 3HAUeHUs] HHJEKCa j, 3aTeM HHJeKca k, U, HAKOHEIl,
C MoMolIlbIO (7a) HaliTH 6e3yCJOBHOE PABHOBECHOE CPEJIHEE.

Ha puc. | npuesensl Tpu peanusaunu ciaydaiinoro HMJI nosist, otsmuatolimecs ToJbKo 3HaU€HHEM Jie-
KpemeHTa pu. Ha pucyHke xopotiio BujiHa juHaMuka dopmupoBanus duykryaunit HMJL nosst mo o6eum Ko-
OpJIMHATaM.

AHaNIOrHYHO MOXKHO TIOCTPOUThL HepapXUuecKHe aJirOPUTMbl FreHepallii OTCUETOB HOPMaJIbHOTO MapKOB-
CKOTO MOJIsI TPETbEro 1 60oJiee BLICOKUX MOPSIIKOB.

3. MPOU3BOASLIASA ®YHKUHWA UHTETPAJIbHOTIO KBAAPATHYHOTI'O ®YHKLIMOHAJIA

[Tpu usyueHuu takux 0OBEKTOB, KAK, HAMPUMED, MPOCTPAHCTBEHHOE H300PAKEHHE HA 3aJaHHOM Mpsi-
MOYTOJIbHHKE, OJIHUM M3 OCHOBHbBIX BOIIPOCOB T€OPHUH OLICHUBAHHSI SIBJISIETCST HH(OPMALLKS O pacrpe/ieeHnt
cylyuaiiHbIx 3Hauenui ) gynkimonana J[H]. B cuiy nonoxurenbHoi onpeneiéHHOCTH U aIMTUBHOCTH JIBY -
MepHoro uHTerpada (1) Ha npsimoyrodibhuke {x € [0,al;y € [0, ]} yno6HO ormuchIBaTL CBOMCTBA (PYHKIIHO-
nasa J[H] ¢ momotibio mpousBositiei GyHKIUH B BUJIE CJIEAYIONIEr0 MATEMATHIECKOTO OXKUIaHHSI:

b

Qur () = By exp(- M H)] =By [exp (-2 [do [dyni(an) || (9)
0 0

rje A — NpOU3BOJIbHBIH Napamerp.
Mckomast nponsBositiias PyHKIKS MOKET ObIThb NpeJicTaB/eHa B BUle a0COJIOTHO CXOASILLErocs Mpomu3-

BejleHus [7] . e
QN =T 1TI (H%) , (10)

n=1m=1 T,noty,m

rie {A\ } 1 {\, } — HaGopbl COGCTBEHHBIX YHCEJ NAPLHAIbHBIX KOppessiTopoB K, 1 K, , KOTOpble CBSI3aHbI
C pelleHUsIMH MHTeTPaJibHbIX YpaBHEHUH

a

Px (z) = Ax (Kx7 Px (z)) = A0y /exp(—u |z — l'/DSDx(x,) da’, (11a)
0
b
(PY(y) = /\Y(KY? (lDY(y)) = )\YUH /eXp(_M ‘Z/ - yl‘)QOY(y/) dy/7 (116)
0

OTHOCSILIUXCS K TPaHULIAM MPSIMOYTOJIbHHKA.
B paccmarpusaemom ciyuae BetiectBeHHoro HMJI mosist BbIpakeHust Uist TapUuasibHbIX TPOU3BOJISILLMX
bynkumit Q (A) n Qy () nsBectusi [7, 8]:

B dvr, exp(va) 1/2

QN = [(rx +v)2exp(rya) — (ry — v)?exp(—rya) ’ (122)
_ Apry exp(ub) V2

O (e re e | R 120)

rie
re =1 (A) =/v2+2 oy, 1, =71, (\) = /u?+ 2 poy,. (128)
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[TpocTble Hy 1M 3HaMeHaTe el TPUBEAEHHBIX NapLMaIbHbIX MPOU3BOAAINX (QYHKUHA Q4 (A) 1 @y (N)
CyTb OTPHMUATENLHO ONpeeEéHHbIe HAOOPhl YHCET Ay p M Ay, DHe N, m = 1,...,00. Ha ocnoBanuu 3THx
HabopOB (TOUHee, 3a/1AI01IEr0 WX TPaBUJ/Ia) HEOOXOIUMO MOCTPOUTL POPMYJTY U1 HCKOMOK MPOHU3BOJISILIEN
¢byukupu. JlpyrumMu  cjioBaMH, HeOoOXOAMMO CBepHyTb mpousseneHue (10) u nosyuuTb KOHCTPYKTHBHOE
aHaJIUTHUECKOe BbipaxkeHHe 1151 Q4 (A), He Tpebylolllee HAaXOXKJAEHHS KOHKPETHBbIX 3HaueHHil HabopoB
Dt 1 )

OCHOBHbBIM aHaJIMTHUECKUM Pe3yJIbTaTOM HaCTOsI-
uLel paboThbl ABJSIETCS Ceyollee PeICTaBAeHHE 1J1s1
npousBojsiiieil pyHKInu Q. () pyHkuronana (1):

Qxy(N) =
— exp —ﬁc/dxc/dy {%mQX(lﬂ)} X

rie gyHkumn Q4 (), Q. (y) onpenensitorcs Bblpaxe-
nusmu (12), (n), = abo,, — cpentee 3HaueHne GyH-
kuoHana (1), (n), = aoy, u (n)y = bo, — napuuasb-
Hble MaTeMaTHueckue oxuaanust, C' — KOHTYp HHTE-
IPUPOBAHHUST B KOMIJIEKCHOM MJIOCKOCTH, MPOXOJISLIHH
uepe3 MHUMYIO ocb ¢ 06xo10M Touk (0, 0) cJeBa mo-
JIyOKPYXKHOCTBIO JIOCTATOUHO MAJIOro pajnyca.
[lnoTHocTh pacnpenenenusi BepositHocTell f(n)
cJlydyaiiHbIX 3HaueHu# 1) pyHKuMoHana J[H| onpenesisi-
eTcsi, TakuM 00pa3oM, Ha OCHOBAHHUH 0GPATHOTO Mpe-
obpasoBanust Jlansmaca oT ¢yHkuMH @y, (A). Ta-
Puc. 1. Tpu peanusaunn h(z, ) cayuaiinoro HMJT Koe npeoGpasoBanue s dyHKIui (12) wnu (13) Bos-

nosist H(z,y) npu oy, = 1,0 = 1;b = 1; MOXKHO BBIITOJIHUTD JIUIIb YUCJIEHHO, [I09TOMY 3Ta [IPO-
v =1 p = 01 (BBepxy), p = 1 (mo- ueaypa Oy1eT peajd30BaHa TeM yCIellHee, YeM TOuHee
cpeante), p = 10 (Buusy); ouiee UHCIO  yyejomasicsi aHa/MTHUCCKAs HH(OPMALUs O TPaHC-
[IPOCTPAHCTBEHHbIX Y3JIOB peLIECTKHW OAHUHa-

KEBOQp y b bopmante Q- (A).

4. BbIYUCJIEHUE MPOU3BOASLIEN ®YHKUMU UHTETPAJIBHOTO KBAJIPATUYHOTO dYHKUMOHAJIA

CxeMy Jl0Ka3aTtesbCcTBa pesysbTata (13) nocTpoum, 0oCHOBbIBasiCh Ha H3BECTHOM KAHOHHUECKOM PasJio-
xennn Kapynena—JlosBa [6, 7] no na6opy co6erBennbix GyHKUMI {¢y, (2, y)}, YIOBJIETBOPSIOUMX HHTE-
rpajbHOMy ypaBHeHHto Tuna (11), Ho ¢ siapom K :

ab
@xy(xvy) = )\XY(KXY7 QOXY(xv y)) = Ay Ox / exp(—l/ |$ - $/| — M |y - y/|)90xy(33/7y/) da’ dy/, (14)
00

KOTOPBIM COOTBETCTBYET HaGop cobeTBeHHbIX unces { A, }. MHTerpanbromy ypaBhenuto (14) MoxkHO nocra-
BUTb B COOTBETCTBHE ero JuddepeHMaNbHbIA aHaJior

2 N[
52~ ) (52— ) P (@:9) = Dy vmon ey (@), (15)
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HaGOp rPaHUUHBIX YCJOBHIH JIJIsi KOTOPOTo BhiTeKaeT U3 (14) Gyiarofapsi HaIMuMIO B sipe MOJIyJ1eil Pa3HOCTH
aprymeHToB. M3 dakropusauuu sinpa K, u Kommyrauuu auddepeHuualbHbIX onepaTopos B (15) caenyer
(hakropusalmst COGCTBEHHOH (YHKLMH Ha €€ TapuralbHble COMHOKUTENMH: @y (2,Y) = @y (z)py (y). [To-
sTOMy CriekTp { A, } sIBJIsIeTCs IPsSIMbIM MTpou3BeieHreM criekTpoB { A, } u {\, }, a ypaBHenue (14) sxBupa-
JIEHTHO YPaBHEHHIO

( SOY(y) ( X’('IDX( ))A (KvaDY(y)):
b

=AXaH/exp vz — 2oy (o) da’ - A aH/exp (—uly — /Dy () dy/- (16)
0 0

3ameTnm, uTo JI/Is MPOU3BOJILHON aHAJMTHUECKON yHKIMHU 1 (2), KoTopasi o6Ja1aeT CUéTHBIM HaGopOM
MPOCTBIX OTPULIATE/IbHBIX HyJell {zx} HMeeT aGCOMOTHO cXojsilleecs: (PaKTOPU3ALMOHHOE MPeICTAB/IeHHEe
Anamapa c HynesbiM nokasatesem pocta [13]Buna 1(2) = [[re (1 — z/zx) "}, cnpaBennBo

In(A /dz [—lnw( )] In(1—\/2)"". (17)
Hanpumep, nis napunaibHON £-# KOMIOHEHTbI

InQ, (A 2m/dx [—anX( )] In(1 — \/z)". (18)

Torna, npumensist paBeHcTBo (17) 1151 @, () 1, (y), Mosyurm HcKoMoe cooTHoleHue (13), KoTopoe nocJie
nepeHOPMHUPOBKH 3aMHllleM B OKOHYATEIbHOM BH/IE!

Qyy(A) =exp dz

dy [% In Q (x)] [% InQ, (y)} In (1 + xy);H> . (19)
C
Takum o6pasom, uHpopmatst o nopeaeHnu pynkunonana J[H] (1) Ha rpaHuiax npsmoyrosibHoi o6Ja-
cTu st ctaudoHapHoro HMJIL noJist noctaTouHa /st orpesie/ieHust ero CTaTHCTUKH BHYTPH 3TOH 06J1acTH.
Ha ocHoBanuu npousBoasiieid pyHkuud (19) MOKHO HAUTH BbIpaXKeHHUsT JIJisi MOMEHTOB CJYUaHHON BeJM-
uunbl J[H]. B peaysbraTe Bblunc/IeHHs TIEPBOH U BTOPOU MPOU3BOHBIX 10 A 0T pyHKIMH (19) B Touke A = 0
1 OMpeJiesIeHus] NMapilraibHbIX KyMYyJISTHTOB OMPe/IeJIUM MePBbIH MOMEHT

E, (J[H]) = aboy, = (n) (20a)

U BTOPOH MOMEHT

B, (J°[H]) = (1 e eXpHW) m:  (200)
OTKyJa cJieftyeT aucnepcus gpyHnkuronasna (1):
E, (J2[H]) - E2 (J[H]) = [—1 + 2va + exp(—2va)] [—1 + 2ub + exp(—2ub)] ()2, (208)

4v2p2a?b?
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5. OLLEHKA NNJIOTHOCTHU PACNIPEJEJIEHWS HHTETPAJIbHOTO KBAAPATUYHOI'O ®YHKLIUOHAJIA

[Ipexkne uem ocyulecTBUTH 0OpaTHoe npeobpasoBanue Jlanjaca uisi HaX0XK/€HHS TJIOTHOCTH pacrpe-
JesieHnst BeposiTHocTel f (1) ciyuaiiHblx 3HaueHnil pynkunonasna J[H], Bocrosbayemest npouemypoit Kom-
nyiekcudukauuu (cm., Hanpumep, [10, 11]). PaccmoTpum komniiekcHodnaunoe HMJI noJie, peanibHasi U MHU-
Mast 4acTH KOTOPOro o6pa3oBaHbl U3 BElLECTBEHHbBIX, HE3ABUCHMBbIX U CTATUCTHUECKH SKBHBaJeHTHbIX HMJ]
noJen hy (x,y) u h,_(z,y), KoTopble, B CBOIO ouepelb, skBuBasenTHl HMJI nosto h(z,y). Torna dyHk-
1y Qiy (M) siBaIsieTCSt MPOU3BOSALIEN (PyHKIIMEN HHTErPAbHOTO KBAPATHUHOTO (10 MOJLYJI0 ) yHKIIHOHAJIA
Bujaa (1), 3anucanHoro paccmatpuBaemMoro KommaekcHodHauHoro HMJI nosist. B cusy HesaBucHMOCTH ero
KOMIOHEHT TJIOTHOCTb pacrpesieseHust akTopuadyeTest Ha MJOTHOCTH pacrpefesenust (PyHKIIMOHANO0B, OT-
BEUAIOLIMX COOTBETCTBEHHO PeasibHOH W MHHUMOH 4acTsiM, @ B CHJIy SKBMBAJEHTHOCTH 3TH MJIOTHOCTH COB-
nanatot. Ecain B pesyJsibTare o6patienus npeobpasobanus Jlanmnaca 6ynet HailieHa gpopmy.ia st JIOTHOCTH
pacrpeiesieHns B KOMIJIEKCHO3HAUHOM CJydae, TO MocJ/ie epeHOPMUPOBKHY MaTeMaTHUECKOTO OXKUJIAaHUS OHA
U TIOCJTY2KHT BbIpaXKeHHeM JIJIst HCKOMOH TJIOTHOCTH pacripe/iesieHus BepositHocTelt f (7).

B npunoxkenuun nosyueno npubsamxénHoe Boipaxkenue (I1.11) st mpousBoasieil pyHKimu Q)Z(Y()\).
[Tosb3ysich nmpolielypoil KoMiiekcuUKalnm, nepeiaém cpasy K HaXoxKAeHHIO TJIOTHOCTH pacnpeiesieHust
BeposiTHocTell f (1) cuyualiHbX 3HaueHuil dyHkuuoHana J[H], BeipazkeHue JUisi KOTOPOil 3amMUChbIBAeTCS B
TepMHHaX 06paTHOro npeobpasosanus Jlamaca or Q2 (\):

£, = 5z [ e (= €+ € VIFIREE) A (21)
C

e napametp & onpenensiercs popmydiot (11.8).

B KOHTypHOM uHTerpadse (21) nepefiiém OT repeMeHHOH MHTErpupoBaHUsl A K [epeMeHHOH p =
= /142X (n)/&. Baaronapst oTCYTCTBUIO 0COOBIX TOUEK KOHTYP MHTerpHpoBaHusi C' 0CTAETCsi KOHTYPOM
BpomBuua, uto nosposisier npeodpazoBath (21) K BUILy

f,(n 2m§/e p( 51) <n>n+£—§p)pdp- (22)

dopmupys B okasaresie S5KCIOHEHTbI MOJHbINH KBAJApaT OTHOCHTEIBHO p U 10Jb3YsICh NPH UHTErPUPOBAHUH
MEeTOJIOM TepeBaJia, HalIéM 3HaueHne nuTerpaga (22):

= e e R (23)
rne 0 <n < oo.

Mo2KHO HENmocpeNCTBeHHO YOeUThest (NoJACTaHoBKaMU 71 = 1/{n), 2 = 03, m3 = 1/na uny = n3 +
+ 1/n3), uTo uHTErpas no n ot (23) B 06/1aCTH onpeiesieHns ToxKecTBeHHO paBeH 1. Takum o6pazom, hyHK-
st (23) o6aanaer CBOUCTBAMH TJIOTHOCTH pacrpeiesieHust BepositTHocTel. [lasee, aHa nTHUECKOE BbIUMC-
JleHHe MHTErpaJsioB M0Ka3biBaeT, uTo MepBblii MOMeHT paseH (1)), a Bropoil (n?) = (n)? (1 + £71), nostomy
Jucrepeus pacnpesesennst (23) cocrasaser (n?) — ()2 = (n)?/€.

Haiinennast npub.xkénnast popmyJa (23) a5 IIOTHOCTH pacnpejieieHust BeposiTHOCTeH f (1) ciyyaii-
HbIX 3HAUeHUH 77 onucbiBaeT Bkaaa paykryauni HMIL nosst no o6enm KoopauHatam B hopMHPOBaHHUE CJTy-
yaitHoil BesiunHbl — (yHKMoHana J[H].

[Tepeunciim o6liIHe CBOHCTBA HalIEHHOTO pellieHust. AHAJIU3 BbipaxKeHusi (23) mpoBeéM, onupasich Ha
annapar KBaJpaTHUHBIX HMHTErpajibHbIX (PYHKLUHMOHAJOB, H3JI0KeHHbIH B nocobuu [12]. M3 teopuun mno-
JIOOHBIX (PYHKLMOHAJ0B, OCHOBAHHBIX Ha peLIeHHsIX CTOXaCTHUeCKHX Au(depeHIHaNbHbIX YpaBHEHHH,
BBITEKAET:
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1) Bce Hysu npousBositleil pyHkuuu (13) — npocTble;

2) nyiotHoCTb pacnpenenenust f,(n) Bo duykrya-
IIMOHHOH 06J1acTH (1 < (1)) cnaaaet GbicTpee J060ro
MOJIMHOMA U TOXK/JIeCTBEHHO paBHa HyJIo 1pu 7 = 0;

3) moTHOCTL pacnpenenenust f,(n) B mepude-
puitHO# oGsacti (7 > (1)) UMeeT IKCIMOHEHIHAJb-
HYI0O aCHUMITOTHKY C jekpemeHToM &/(2(n));

4) nyoTHOCTb pacnpesiesienust f,(n) UMeeT OJUH
MaKCHMYM H JIB€ TOUKH repernoa;

5) hopmysia aJ1st aBTOCBEPTKH MJoTHOCTH f (1)
Tak»Ke uMeet BUJ (23).

[Tepeuncyientoe no3BoJIsIET FOBOPUTD O JIareppoB-

cKoM cBoficTse [ 14] HaliienHoil nioTHOCTH pacrpejie- Puc. 2. [1n0oTHOCTL pacnpejiesients BeposTHOCTeil
JICHHS. f,(n) mns pasanuHbIX 3HAUEHHIT MapaMmer-
Ha puc. 2 npuBeseHo ceMeicTBO HOPMHPOBAHHbIX pag

MJIOTHOCTEH pacnpeaesneHus Bepositnocted f (1), pac-
CUMTaAHHbIX cOrJIacHo (23) is nsATH 3HaUeHn# napamerpa &. X0/l NpUBEIEHHbBIX 3aBUCUMOCTEH MOATBEPK AT
yKa3aHHOe JlareppOBCKOE CBOHCTBO.

6. HEKOTOPDBIE OBOBLLIEHUS

Pesyabrat (13) nonyckaet pagHoo6pasHbie 0000111€HHS], B YACTHOCTH, €70 MOKHO PACIPOCTPAHUTD C JIBY-
MEpHOTO Ha MHOrOMepHbIil c/iydail. Harmpumep, B TpéxmepHoM cityuae, roJiarasi, uto corsacho (13) ais na-
pannenervnena {x € [0,al;y € [0,b]; 2 € [0, c]} Ha TPEX eKaPTOBBIX OCSAX MapliMabHble TPOU3BOASIIIIE
bynkumn Qy (), Qy (v) 1 Q,(2) 3anaHbl, HalEM

a b c
1
_ 2 _
Qyyy,(N) =E_ |exp —)\/dx/dy/dzh (z,y,2) —exp{—w X
0 0 0

x/dx/dy/dz [%m@x(g@)] [diy anY(y)] [% anZ(z)] In (1 - xy;%) . (24)

C C C

3/eCh 0 — CPe/Hsis MHTEHCHBHOCT TPEXMEPHOTO MOJIS.

[Tono6Ho (24) MOXKHO CTPOUTH TPOU3BOJSIIME (DYHKLMH U1 HOPMAJIbHBIX MAPKOBCKHX MOJIEH BBICILIMX
pa3MepHOCTeH.

BuyTpeHHsisi HepapxuuecKasi BJOKEHHOCTb U CAMOCOIJIaCOBAHHOCTb, MPHUCYILAs HOPMaJbHBIM MapKOB-
CKHM T10JI5IM, TI03BOJISIET CBSI3aTh POU3BOIsiLIIHe (DYHKIIMH B TOPSI/IKE, OTJUUHOM OT (24 ), a MMEHHO BbIPa3UTh
Qyyy (N) uepe3 Qg (A), Qy, (A) 11 Qy, (N). [Tono6Hoe pasHooGpasue npeacTaBIeHUI YBEJIHUHBAECTCS C PO-
CTOM MPOCTPAHCTBEHHOH PA3MEPHOCTH MOJISI.

B npusioxkeHnn npeiokeHa runore3a o0 BOCMPOU3BOJAMMOCTH TIPOU3BOSAIINX (PYHKIMH, OMUCHIBAIOIINX
(byHKIHOHAJIbI HOPMAJIbHBIX MAPKOBCKHX MOJI€H Pa3/IHUHbIX MOPSIIKOB. B 3TOi CBSI3M MOXKHO BBIIBUHYTD CJle-
JIOILLyI0 TUToTe3y 06 YCTOMUMBOCTH: MJIOTHOCTH pacrpejiesieHdsi 3HaueHUH MHTerpaibHbIX KBaJIpaTHUHbIX
dhyHKIMOHAI0B BUja (1), paccunTaHHble I/ MADKOBCKHX MOJIEH Pa3UUHbBIX MTOPSJIKOB UMEIOT BUJL (23 ).
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7. 3BAKJIOYEHUE

B pa6orte paccmotpeHo cayuatiHoe craunonapnoe HMJI noJie, n3yueHsl ero ctaTHCTHUECKHE CBOUCTBA U
CBOMCTBA OMNpe/IesIéHHOro0 Ha HEM MHTEerpaJbHOro KBajapaTHuHoro yHKUMoHasa. HafiieHHble pelieHust oT-
HOCSITCS, TI0 TEPMMHOJIOTHH TEOPUH OLIEHHBAHMS, K CJYUal0 PErucTPallMid TOJBKO IIYMOBOH KOMIOHEHTHI.
JlanbHeHIIUM [1aroM B 3TOM HarpaBJ/IeHUH sIBJISIeTCS BKJIIOUeHHe B (DyHKLMOHAN HabJtonenns J[H] curnanb-
HOH KOMITOHEHTHI C JIeTepPMUHHPOBAHHBIMU CBOHCcTBaMU. PaccmoTpenue Takoro GoJiee o611ero cayuast 1acT
BO3MOKHOCTb aHAJIMTHUECKH ONUCATh CHHTE3 ONTUMAJIbHbIX TPUEMHUKOB, PETHCTPUPYIOLINX BElleCTBEHHbIE
JIByMepHble CHrHAJIbl Ha (DOHE BelIeCTBEHHOrO JIBYyMEPHOI0 HOPMAJIbHOTO MAapPKOBCKOTO 1iyMa. AHAJIOTHYHO
npousBosiieil hyHkmH Q, () (12), oTBeuatolell 0HOMepHOMY 0JII0 (CTallMOHAPHOMY MPOLiecCy ), BbIpa-
»Kenus thna (13) uin (23) MoryT 6bITh HCTIOJIB30BaHbI TPU 06pabOTKe U HHTEPNIPETALMH JJAHHBIX O IByMEPHbIX
1 TPEXMEPHBIX 00BEKTaX — CJydaHHbIMU CTALIMOHAPHBIMH HOPMaJIbHBIMH MAapPKOBCKHUMH TTOJISIMH.

B zakJitouenue 6saronapto akaaemuka A. M. Axuesepa 3a o6Cy:k/1eHHE U MOIEPIKKY PabOThHI.

[TPHUJIO)KEHHE

HAXO)XEHUE MPOU3BOASLLEN ®YHKLMH Q. (\)

Paccmorpum Boipaxkenue (19) st nponsBonﬂmeﬁ ¢ynkumu. C nesbio u36exaTb TPYAHOCTEH, CBSI3aHHBIX
C Ha/JIMUNEM PaAJMKAJIOB, 3armuieM @, (A) B KOMIJIEKCH(ULHPOBAHHOM BHJIE:

d 2 2 d 2 -1
aanXY()\) = ~ i /dx/dy [—an (x )] [d—yanY(y)] (zyo, + ). (I1.1)
paCKJIaILbIBaH HOCJIeI[HI/Iﬁ MHOXKHUTEJIb B P U TPYIIIKUPYS CJlaraeMble, 3anuiieM
d . DA™ [ de [d ) dy [d )
o Q) = 2m > Z 0n+1 /ajn+1 [aanX(:c)] /yn+1 [d—y InQ2(y)| . (11.2)
C C

CorsacHo nHTerpaJjbHoil Teopeme Kotun, Boipaxkenue (I1.2) MoxkHO nocJjie MHTEerpupoBaHust nepenucarb B
BHIE

d ; & (_)\)n dn—i—l ) dn—i—l )
smam--3 A wew] [Lowaw]| . @
n=0 H z=y=0
T. €. HCKOMasi Mpou3Bojsiilasi (PyHKUMST BbIpaxKaeTcsl yepe3 KyMyJisiHTbI [9] napimabHbIX MPOU3BOASIILIMX
hyHKIMI.
Broinosinum teneps B (I1.3) 1Ba neiictBusi. Bo-nepBbiX, B 3anucu jjsi NaplUajbHbIX MPOU3BOJISIIHUX

dyHkuwi (12) orpaHuurMcs cTapuinMu (9KCMOHEHMATbLHBIMH ) UJIeHAMM:

Qi(w) A exp <a1/ —a/V?+ 2xuaH> , Qz(y) A exp (bu —by/p?+ 2y,uaH> . (I1.4)

Takoe npubankeHre oTBevaeT cjyuaro, koraa va > 1 u pub > 1. Bo-BTOpbIX, nepeiiém K nepeMeHHbIM
u = xo, /v v = yo,/p. Toraa noayunm

n+1

ianiY()\) = —aboy, i (ZA,)" ( - v1+ 2u> ( d

— nlnl (vp)™ \ du+! dontl

\/1+—2u> : (I1.5)

u=v=0
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Beeném o603HaueHust
£ =avbu, (n) = aboy, (I1.6)

C TIOMOLIBIO KOTOPBIX COCPEIOTOUMM MapaMeTpbl JIyKTyalluu, OTBeUarollie Kaxaoi u3 ocei, u npoandde-
penuupyem (I1.5) oqun pasz no u 1 oiMH pas 1o v:

d (A" (A1 a1

n—

Kak ciientyer u3 pasjena 5, napamerp £ onpejie/isieT BeJUUUHY aucnepcuu dyHkiponana (1), BoipakeHue
J1s1 KOTOpo# faércst BeipaxkenueM (20B). [Tostomy ¢ tiesbio yayuumts npubiaukenue (11.4) nanee noa stum
napamerpom OyjieM MOHUMATh BEJHUUHY

2v%a? 2112b?

&= —1+ 2va + exp(—2va) —1 + 2ub + exp(—2ub) ’

(I1.8)

CBSI3aHHYIO C IPAaBHJIbHBIM 3HaueHHeM aucnepen E (J2[H]) — E2 (J[H]) yxe a5 IOOBIX 3HAYeHHIT va 1
ub.

Teneps B (I1.7) nist npoGeli-paankanoB UCMONb3yeM HHTETPaJIbHOE MTPeCTaBleHHE, BO3bMEM BCE MPOU3-
BOJIHbIE U TPOCYMMHUPYEM I10 7 C IPUMEHEHHEM CTeNeHHOTo pas/oxKeHus st hyHKumun Beccesisi, nocJie uero
TOJIYUHM BbIpaXkeHHe

+oo
—1 Q% () = /dt1/dt2exp 2_42) J0<4t1t2 A<n>/§>. (TL.9)

N3 (11.9) yxxe BunHO B3anmoieiictBue dtykryaunit HM]I nosist no o6eum koopaunaram. [lepexons K nosisip-
HbIM KOOpJIMHATaM t] = psin ¢ Uty = p cos ¢, HAUJIEM B pe3dyJibTaTe MHTETPUPOBAHUS MO PAJHYCy p

—1/2

2m
L@, 0 =2 [ap 1+ @00 sind(2)] (11.10)
0

ITO BbIpaXKeHHe CBOJUTCS K JIMNTHUECKUM HHTerpasaM. C Le/Ibio MOJYyUUTh TPOU3BOJSILYIO0 PYHKIIHIO
Q@ (M), locTaTouHo MpHUrojiHylo i oOpaTHoro rnpeoGpasoBanust Jlansaca, 1ajee HCMOJMb3yeM ellé 0JHO
npubamxkenne: B (I1.10) samenum dynkuuio sin?(2¢p) Ha eé cpeanee sHauenue Ha untepsade [0, 2]. Torna

OKOHYaTeJIbHO HaX0J1UM
Q2,0 =exp (€= £/ TT2A()/E). (IL.11)

OtmeTuM, uto HafieHHoe Bbipaxkenue (I1.11) no erpykrype coBnanaer co cBOUM NapuualbHbIM aHaJ10-
rom (I1.4). B sTofi cBA3M MOKHO BbICKA3aTh THIOTE3Y O TOM, UTO MPOU3BOJSIIME PYHKIMH KBAAPATHUHBIX
(hYHKLIMOHAJIOB JI/Is1 HOPMaJIbHBIX MAPKOBCKHX 110J1el BBICILIMX Pa3MEPHOCTEl UMEIOT aHAJIOTHUHBIN BU/L.
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XapbKOBCKHIT TOCYIapCTBEHHbII [Toctynunia B penakiyio
MOJIMTEXHUUECKHH YHUBEPCHUTET, 8 okTsa6pst 1999 .

r. XapbKoB, YKpauHa

INTEGRAL QUADRATIC FUNCTIONALS DEFINED IN A NORMAL MARKOV TWO-DIMENSIONAL FIELD AND

THEIR STATISTICS

A.S. Mazmanishvili

We consider the problem of distribution of an integral quadratic functional defined in a stationary two-

dimensional random normal Markov field. The generating function of the functional random-value distri-
bution is found and an approximate expression for the probability density distribution is obtained. The effect
of the parameters of the two-dimensional field on the statistical properties of the functional distribution is
analyzed. A generalization of the solution to the case of a multidimensional stationary normal Markov field
is proposed.
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